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U. S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATION SYSTEM

Block 1Italic Transliteration Block Italic Transliteration
A 8 A e A, a PP A R, r

B 6 B & B, b Cc ¢ C ¢ S, s

B B e V, v T ¢ T m T, t

rr r s G, & yy Yy U, u

a =z a @ D, 4 ® ¢ ® ¢ F, f

E o E ¢ Ye, ye; E, e* X x X x Kh, kh

W m N x Zh, zh U u ad y Ts, ts

8 » 3 Z, 2z 4« ¥ « Ch, ¢h

H n H u I, 1 i w W w sh, sh

AR & A a Y, ¥ W wm o w Sheh, shch
K x K x K, k D » B » "

N =» 1 a L, 1 bl w M u Y, ¥

M = M u M, m b » b o» '

H n H ~ N, n ? o 5 E, e

O o 0 o 0, o 0 © D » Yu, yu

n na nn P, p A 2 A a Ya, ya

4 ye initially, after vowels, and after =+, p; e elsewhere,
en written as ¥ in Russian, transliterate as y¥ or ¥,
The use of diacritical marks is preferred, but such marks
may be omitted when expediency dictates.

FTD-MT-24-449-68 111



FOLLOWING ARE THE CORF.ESPONDING RUSSIAN AND ENGLISH
DESIGNATIONS O THE TRIGONOMETKIC FUNCTIONS

Russian English
sin oin
cos cos
te tan
otg oot
seo sec
cosec (-} 1.}
sh einh
ch cosh
th tanh
oth coth
sch sech:
cech cech
arc sin sin-1
arc cos cos-1
arc tg ten-1
arc otg oot~
are sec sec~l
arc cosec csc~1
a¥s sh sinh=-l
arc oh cosh-1
arc th tanh-}
arc oth coth=1
arc sch sech-1
arc asch osch-l
rot ourl
1g log
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ANNOTATION

In the book the principles of aerodynamics of
a single-rotor helicopter are discussed, and on
theilr bases the practical aerodynamics of the Mi-i
helicopter 1s analyzed. In it there are examined
in detall aerodynamics of the rotor, flight con-
ditions of the helicopter, and also questions of
balancing, controllability and aerodynamic sta-
bility of the helicopter in flight; ground resonance,
conditions of the vortex ring, separation of flow,
flutter of blades and other characteristic
phenomena explaining the causes of flight limita-
tions of the Mi-U4 helicopter and enabling pilot-
ing it safely and competently are examined.

The book 18 intended as a training manual for
students and audiences of educational institutions
of civil aviation. It can be used in the flying
and engineering-technical composition of opera-
tional subdivisions of civil aviation.

The author 1s grateful to candidates of
technical sciences A. Yu. Liss, V. I. Nikiforov,
G. P. Drobyshevskly, K. M. Rykhlov, V. A.
Yevdokimov, N. V. Chernov, and N. A. Tikhonov for
their valuable recommendations in the review of the
manuscript and for the practical help rendered in
the work.
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INTRODUCTION

Any aircraft possesses definite basic properties only Inherent
to 1t. Such propertles of the helicopter are the following:

1) possibility to take off and to land vertically and to hang
motionlessly at any altitude up to its ceiling of hovering;

2) ability to fly with forward velocity from zero to highest
possible;

3) possibility to climb and descend wilh any flight-path angie
to the horizon;

4) possibility to accomplish maneuvers In air when statlonary
and in motion;

5) ability to 1lift loads within limlts of its load capaciiy;

6) ability to accomplish safe gliding ln autorotation of the
rotor.

A helicopter cannot have greal forward velociiy, and therefore
it does not displace the aircraft but only supplements it, il.e., fills
the speed range from minimum to zero inaccessible Lo alrcraft.
Furthermore, helicopters as yet have a short {lylng range and low
economy .
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To increase the speed and flying range and to increase the
economy, at present helicopters with gas-turbine englnes are used.
Further improvement of characteristics of the given type of flying
machines proceeds along lines of the creation of winged, combined
helicopters and helicopters with stiffening of blades of the rotor.

Helicopter Mi-4 (Fig. 1) 1is a single-rotor wingless aircraft
with rotor drive from an ASh-82V reciprocating engine through normal
rigid transmission. Balancing of the reactive moment of the rotor
and also the directional control of the helicopter are carried out
with the help of the tail rotor. Blades of the rotor are fastened to
the hub with the help of flapping, drag, and feathering hinges.

The Mi-4 helicopter has been successfully operational since 1952
both in the Soviet Union and in other countries. Earlier it was pro-
duced in a transport version for transporting passengers and cargoes
and also for transporting sick persons in a lying position.

Fig. 1. Mi-4 helicopter.
A modification of transport variant Mi-4 is the Mi-U4A helicopter
with considerable design changes, improving its operational charac-

teristics. It is used in transport, medical, and rescue versions.

Mi-4P helicopter is a further modification of the Mi-4A heli-
copter. It has a comfortable passenger cabin and can transport
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10-13 passengers.

On the helicopters of the transport and rescue variants, besides
the transportation of cargoes, inside the cablin the possibility is
provided for transporting cargoes ol large dimension on external
suspension. The presence of Lhe citernal suspension ccnsiderabl;
expands the region of application of the Mi-4 helicopter in the
national economy.

Since 1960 blades of all-metal construction have been masc

produced. Helicopters with all-metal blades of the rotor possesc
the best flying characteristics and great reliability.
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CHAPTER I

PRINCIPLE OF CONTROL OF A SINGLE-ROTOR HELICOPTER IN FLIGHT

For a helicopter, as for any aircraft, the following aerodynamic
problems must be solved: a) the helicopter should have 1lift for the
balancing of its weight; b) the hellcopter should have tractive
force for advancing forward and surmounting the force of air drag;
¢c) the helicopter should be balanced in a steady state of flight, be
well controlled, 1.e., revolve around its axes on the desire of the
pllot for changing conditions of flight, and possess properties of
stabllity - independently restoring equilibrium after cessation of
the action of forces causing this disturbance.

For the aircraft the propulsion system creates a tractive force,
which imports to 1t motion surmounting drag. The wing of an alrcraft,
interacting with air, creates 1lift, which balances the welght of the
aircraft (Fig. 2a). Purthermore, an alrcraft having a definite form
of fuselage, wings and empennage 1s well balanced in the steady state
of flight, 1s well controlled owing to the great distance of all
controls from the center of gravity and possesses good stabllity.

The blade of the rotor of the helicopter, interacting with the
air, creates an aerodynamic force according to the same laws as those
of the wing of an aircraft. In vertical flight conditions the thrust
of the rotor T 1s directed vertically upwards. On hovering conditions
it 1s equal to the weilght of the helicopter G (Fig. 2b). If the thrust
1s increased, not changing its direction, the helicopter will accom-
plish vertical climb, but 1f one were to decrease the thrust, then
the helicopter wilill accomplish vertical lowering. With a change in
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Fig. 2. Schematlic diamram of the flight of
an aircraft and helicopter: a) steady flight
of an aircraft; b) hovering conditions of a
hellicopter; c) conditions of horizontal
flight of a helicopter.

direction of the rotor thrust to a desirable side of the flight, the

vertical component T _will be 1ift and it will balance the weight cf

the helicopter G, and the horizontal component Tx will create motion

in the direction of the flight, surmounting drag of the hellicopter

Q (Fig. 2c). Thus, the rotor of the helicopter replaces the wing =nd
tractor propeller of an aircraft.

At the same time with the help of a rotor 1t is possible to
control the helicopter 1iIn longltudilinal and transverss directions.
When the helicopter 1s in conditions of hovering, 1its center of
gravity [cegl (u.T.) 1s disposed approximately under the rotor thrust
of T (Fig. 3a). If the direction of tractive force 1s deflected
from the vertical forward, then between the center of gravity and
direction of the force there will be formed arm ¢, and the moment wili
appear rotating the helicopter around the lateral axis on diving
(Fig. 3b). The hellcopter will move forward. 1f the directlon of
thrust 1s deflected back, then there will apprar a positive pltching
moment, and the hellcopter will move back. By the same method 1t 1s
possible to force the helicopter to move to the left and to the right
(Flg. 3c, d).

Consequently, the rotor replaces not only the wing and propeller,
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but also controls of altitude and ailerons of the aircraft.
Directional control for a single-rotor helicopter is carried out with

the help of a tail (steering) rotor.

Fig. 3. Principle of control of a heli-
copter with the help of a rotor: a) hover-
ing conditions (side view); b) flight for-
ward; c) conditions of hovering (view from
behind); d) flight to the left.

§ 1. Control of the Lifting System

Rotor consists of a hub and blades. Each blade is fastened to
the hub with the help of three hinges: flapping [GSh] (I,
drag (Vsh] (HI), and feathering [0OSh] (Qll). Revolving around the
flapping hinge, the blade can move in a vertical plane, i.e.,
accomplish flapping. Revolving around the drag hinge, the blade
accomplishes oscillations in the plane of rotation, and revolving
around the feathering hinge the blade can change the setting angles
(angle between the plane of rotation and chord of the blade). Flapping
and drag hinges have limiters, each having them on two sides.
The definite position of the blade on the feathering hinge 1s maintained
by the cyclic pitch control (Fig. 4) through the thrust of the
setting angle control. The body of the rotor hub has in the center
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a hole wilth slits by which i1t is put on the shaft of the main reduc-
tion gear and 1s centered by two cone rings. The rotor 1s controlled
with the help of a cyclic pitch control located under the rotor hub.

Poneltod lral
sarirol

i
To the rod of lateral
eontrol

' To "pitoch=throttle"
lever

Fig. 4. Cyclic pitch control: 1 — control
lever of collective pitch; 2 — internal ring
of Cardan Joint; 3 — lever of plate of cycllc
pitch control; 4 — ball bearing of the plate;
5 — guide of the plate of cycllic pitch control
(torgue arm); 6 — plate of cyclic pitch con-
trol; 7 — rod of the control of blade pitch;

8 — lug of lateral control; 9 — rod of lateral
control; 10 - rocker of lateral control; 11 —
external ring of cardan joint; 12 — slider of
cyclic pitch control; 13 — slider.

The cyclic pitch-control mechanism consists of a gulde of the
slider 13, slider 12, plate 6 of the cyclic pitch control with levers
3, lever of collective pitch 1, rockers of pitch (seen on the figure)
and lateral control 10, rods of pltch (not seen on the figure) and
lateral control 9, rods of the céntrol of blade pitch 7, and plate
gulde of the cyclic pitch control (torque arm) 5.



The guide of the slider 13 constitutes a hollow smooth steel
cylinder fastened with the help of a flange to the crankcase of the
main reduction gear. Inside the guide the shaft of the reduction
gear passes. Moving along the guide of the slider up and down is
slider 12, which constitutes a steel cylinder. On the upper part of
the slider there 1s assembled a universal joint (Cardan Jjoint), which
consists of two rings: internal 2 and external 1l. The internal
ring of the Cardan Joint is connected with the slider by two hinged
pins through ball bearings. Similarly the external ring of the
Cardan Joint 1s fastened to the internal. Here the common axis of the
fingers connecting the internal ring of the Cardan joint with the
slider is located perpendicular to the common axis of fingers connect-
ing the internal ring of the Cardan Joint with the external. With
such connectlion the external ring of the Cardan Jjoint 1s connected
with the slider by a universal joint, owing to which deflections of
the external ring of the Cardan joint are possible in all directions,
and together with it plate 6 of the cyclic pitch control, since it 1is
set on the upper part of the external ring of the Cardan Joint with the
help of a two-row ball bearing 4. Fastened to the plate of the cyclic
pitch control are four levers 3, to which four rods 7 are joined, and
they, in turn, are connected by the other ends with levers of the
blades. The plate of the cyclic pitch control is united with the
hub of the rotor by means of the guide of plate 5 and revolves together
with the rotor. The remaining parts of the cyclic pitch control do
not revolve.

On the external side near the slider in its lower part there are
two coaxial pins. One end of the lever of collective pitch 1 1is
Joined to these pins. The second end of the lever of collective
pitch 1s connected through a system of rods, rockers, and hydraullc
boosters with the "pitch~-throttle" lever located in the cockpit.
Fastened to the slider in its lower parts are two brackets, on which
hinged rockers of longitudinal and lateral control 10 are assembled.
Some ends of these rockers are connected by rods 9 with lugs 8,
available on the external ring of the Cardan joint (the lug of
longitudinal control on the figure is not seen) and other ends through
the system of rods, rockers, and hydraulic boosters — with the
control handle located in the cockpit.
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With the help of the cyclic pitch control the rotor is controlled
in the following way (Fig. 5). With movement of the "pitch-throttle"
lever U upwards the control lever by collective pitch 11 1ifts the
slider and together with 1t, the plate of the cyclic pitch control
upwards. Levers of the plate through the rods act on levers of the
blade 17, 1increasing the setting angle of each blade by the same
value, 1.e., collective pitch of the rotor is increased. With move-
ment of the "pitch-throttle" lever downwards the collective piltch
decreases.

With deflection of the control stick (cyclical pitch) 3 to any
side thils motion 1s transmlitted through the rockers of longitudinal
and lateral control 8 and 19 to the external ring of the Cardan
Joint and, consequently, to the plate of the cyclic pitch control.

The latter is inclined together with the external ring. At the place
along the circle where the 1nclined plate will have the highest point,
the blade will have the greatest setting angle (pitch) and where the
lowest — the least setting angle. Durlng rotation of the rotor the
value of the blade setting angle 1s changed from maximum to minimum
and from minimum to maximum.

The full cycle of change of the setting angle willl pass after
one revolution, and therefore such a change in pitch 1s called
cyclical.

The rotor of the Mi-lU helicopter has a counterclockwise rotation
when observing from the cockpit. The position of the blade along the
circle 1s determined in degrees of azimuth in rotation, taking for
zero the position of the blades above the tail boom. The change in
the setting angle of the blade ¢ after one turn occurs according to
the law of sines (Fig. 6). The more the control stick 1s deflected,
the greater the difference will be in the value of the setting angles, .
and the greater amplitude will be of the sinusold.

There 1s full independence of the control of the collective and
cyclical change of pitch of the rotor, 1.e., a cyclical change 1n
pitch with the help of deflection of the control stick does not
hinder changing the collective pitch with the help of the "pitch-
throttle" lever, and a change of collective pitch 1s not reflected on

6



Fig. 5. Diagram of the control of the Mi-4
helicopter: 1 — pedals; 2 — spring loading
mechanism; 3 — control stick; 4 — "pitch-
throttle" lever; 5 — rod of longitudinal
control; 6 — rod of the connection of the
stablllizer control with the collective pitch
control; 7 — hydraullc booster of longitudinal
control; 8 — rocker of pitch control; 9 —
hydraulic booster of collective pltch control;
10 — hydraullc booster of lateral control;

11 — collectlve pitch control lever; 12 -
axlal (feathering) hinge of the blaae; 13 -—
rotor hub; 14 — blade cf rotor; 15 — drag
hinge of the blade; 16 — flapping hinge of the
blade; 17 — blade lever; 18 — cyclic pitch-
control mechanism; 19 - rocker of lateral
control; 20 — rod of lateral control; 21 - rod
of stabilizer control; 22 — rod of the control
of tail rotor pitch; 23 — hydraulic booster of
foot control; 24 — rod of foot control; 25 —
rod of pitch control; 26 — rod of lateral con-
trol; 27 - rod of engine throttle control; 28 —
cam mechanism of the control of the engine
throttle; 29 — stabilizer; 30 — sprocket wheel
of the control of the tail rotor pitch.
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] Fig. 6. Curve of the change of setting
angle of the rotor blades.

N

the magnitude of cyclical pitch. Such an independence of control

is attained owilng to the articulated Joint of rods of longitudilnal
and lateral control 5 and 20 (See Fig. 5) with rockers of longl-
tudinal and lateral control 8 and 19. The design of the plate guilde
of the cyclic pitch control permits the rotor hub to drive the plate
and does not hinder it in occupying any position in helght and slope.

The collective pitch control of rotor is urited with the engine
throttle control through rod 27 and cam mechanism 28 by this principle:
if one were to turn the handle of the gas corrector, then only the
position of the engine throttle 1s changed; if one were to deflect
the "pitch-throttle" lever, then the collective rotor pitch and
position of the throttle will be changed. At the same time the
collective pitch control of the rotor 1s united with the control of
the setting angle of the stabllizer according to this principle:
with movement of the "pitch-throttle" lever downwards the setting angle-
of the stabilizer decreases, and with movement upwards upwards it 1s
increased. Such blocking 1s necessary to increase the reserve of
control in all flight conditions and to improve the transition of the
rotor to conditions of autorotation.

§ 2. Principle of Flight of the Helicopter

Having clarified the fundamental arrangement of the rotor of
the cyeclic pitch control of the helicopter and thelr joint kinematics
with a change in collective and cyclical pitch, let us examine the
principle of vertical conditions of flight and flight with forward
velocity.

In conditions of hovering the blades, having flapping hinges,
will form a cone of rotation. The total aerodynamic force of the
rotor is perpendicular to the base of the cone. The essence of



condltions of hovering 1is that the pilot, using the "piltech-thrott le"
lever with a completely introduced gas corrector, sets such u colicea=

tive pitch and power of the engine at which there 1s created un
aerodynamic force equal to the welght of the helicopter. By the
control lever the action of this force i1s held in a vertical directi.r.

Here the mass of air passing through the rotor is rejected by
the rotor strictly downwards (see Fig. 2b).

The principle o. vertical climb is that the pilot, from condi-
tions of hovering, not changling the poslition of the gas corrector
and not changing the direction of tractive force, with the "pitch-
throttle" lever increases the collective pitch and power of the
engine. Here the thrust of the rotor 1s lncreased, and helicopter
climbs vertically.

In this case thrust was 1ncreased because through the rotor
there began to pass a large quantity of air per unit of time owing
to the increase in speed of the repulsing of it downwards.

To accomplish vertical descent the reverse action i1s necessary:
with motion of the "pitch-throttle" lever downwards the pilot
decreases the collective rotor piltch and power of the engine; with
this the thrust of the rotor decreases, and the helicopter descends
owling to 1its weight. The quantity of ailr passing through the rotor
per unriit of time decreased.

Consequently, in vertical flight conditions the pilot changes
only the magnitude of aerodynamic force of the rotor with the help cf
the "pitch-throttle" lever, maintaining vertical direction of its
action with the help of the control stick.

To produce forward rlight 1t 1s necessary to deflect the direction
of the action of aerodynamic force of the rotor from the vertlcal in
the direction of the flight, which 1s done by the pililot with the help
of the control stick. By deflection of the control stick the plate
of the cyclic piltch control 1s deflected, and a cyclical change of
pitch 1s obtained. The cyclical change of the settling angle leads



to a change of 1ift of the blades. In turn the change in 1lift leads
to flapping motlions of blades around the flapping hinges, i1.e., to a
change of position of the blades with respect to the plane of rotation.
At that place on the circle, where the blade has a maximum setting
angle and maximum 1ift 1t will have a maximum flapping angle, but
where the settlng angle and 1lift are minimum the blade will have a
minimum flapping angle. Slince such flapping motion 1s accomplished
by every blade, the cone of rotation of the rotor is deflected 1in the
direction of the deflected control stick. The action of the aero-
dynamilc force will be directed tu Lhat same direction, since thig
action is directed perpendicular to the base of the cone, i.e.,

along the axis of the cone. In this case the air mass willl be
rejJected by the rotor not only downwards but also back. Flight wil
be accomplished in the direction of the action of the aerodynamic
force (see Fig. 2c).

Greater deflection of the control stick increases the horizontal
component of aerodynamic force of ti.e rotor and flight speed of the
helicopter. With deflection of the control stick only the direction
of the action of aerodynamic force of the rotor 1s changed, since
here the power of the engine does not change. The magnitude of the
aerodynamic force of the rotor can be changed only by the "pitch-
throttle" lever, and here the vertical component of aerodynamic force
conslderably changes. Thls means that the pllot, 1n maneuvering with
two control levers (magnitude and direction or aerodynamic force),
can set any flight conditions of the helicopter. The speed along the
trajectory depends on the positiois of the control stick, and the
vertical velocity (according to the rate-of-cilmb indicator) — on the
position of the "pitch-throttle" lever.

For conditions of hovering 1t 1is necezsary with the help of the
"pitch-throttle'" lever to set the thrust of the rotor equal to the
welght of the helicopter and with the help of Lhe control stick to
direct 1t upwards. In horizontal [light the control stick sets the
necessary flight speed, and the "pitcn-throttle" lever so that the
vertical component of thrust of Lbhe votor balances Lhe welght of the
helicopter. For changing the spec¢d or {'light along the trajectory 1n
any conditions, 1t 1is necessary to chaonge cthe position of the control



stick and by the "pitch-throttle " lever to set the desirable vertical
velocity. The direction of flight 1n all these cases is held by
means of pedals.

§ 3. Advance in Pitch-=lLateral Control

Taking 1into account the inertia of blades of the rotor (earlier
It was not taken into account) the flapping motion of blades has the
followlng character. Upon deflection of the control stick forward
the plate of the cyclic piltch control will alsc be deflected forward;
in this case the blade, moving from an azimuthal position of ¢ = 0°
to ¥ = 180°, we will obtaln a stroke downwards, since the setting
angles and 1ift of it will decrease. With further motion from ¢ = 18C°
to § = 360°, although the setting angles start to be increased, the
blade by inertia will continue the stroke downwards and wlill cease
i1ts motion 1n thils directlion, passing along the circle of about 90°,
i.e., in an azimuthal position ¥ = 270°, Inasmuch as such flapping
motion will be accomplished by each blade, the cone of rotation of
the rotor and direction of action of aerodynamlic force is deflected
into position ¥ = 270°, 1.e., the deflection of them will lag behind
the deflection of the control stick and cyclic pitch control by
approximately 90° in the direction of the rotor's rotation. With
deflectlion of the control stick and cyclic pitch control forward the
cone of rotation and, consequently, the direction of aerodynamic
force are deflected into position ¢ = 270°, 1.e., to the right.
Flight of the helicopter will occur in the same directlion. Such a
control diagram is shown on Flg. 7a. Here rods of pitch and lateral
control are connected to the external ring of the cyclic pltch control
strictly along the longitudinal and lateral axes of the helicopter,
and the point, connecting the lever of the blade with the plate of the
cyclic pitch control 1s on the longitudlnal axis of the blade.

In order to force the rotation cone of the rotor and the
direction of actlion of aerodynamic force to be deflected in the
direction of deflection of the control stick, i.e., 1n order to sur-
mount the inertlia of the blades 1n their flapping motion, an advance
of control 1is provided.
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Fig. 7. Diagram of the advance of the
control: ' without advance of the con-
trol; b) advance of the control of dis-
placement of attachment polints of rods of
pitch and lateral control in a direction
opposite the rotation of the rotor; c)
advance of the control of displacement of
the point of bracing of the lever of the
blade with the plate of the cycllic pitch
control in the rotation of the rotor;

d) advance of the control of displacement
of attachment points of rods of piteh and
lateral control opposite the rotation of
the rotor and displacement of the attach-
ment polint of the blade lever with the
plate of the cyclic pitch control in the
rotation of the rotor; 1 — rod of piltch
control; 2 — rod of lateral control.

The advance of control can be carried out by several methods.
1. Not changing the angle between rods of the pitch and lateral

control (90°), displace them in the direction opposite the rotation
of the rotor by 90° (Fig. 7Tb). Then the rod of the pltch control will
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be on the lateral axls of the helicopter and rod of lateral control -
on the longitudinal axis of the helicopter. 1In this case upon deflec-
tion of the control stick forward, in the direction of y = 180°, the
plate of the cyclic pitch control will deflect to the left — to
position ¢ = 90°, i.e., with an advance by 90°. 1In the azimuthal
position ¥ = 90° the setting angle will have a minimum value, and

when ¥ > 90° it will be increased. By inertia the blade will continue
motion downwards and will cease it at position ¢ = 180°.

The rotation cone of the rotor and the direction of action of
aerodynamic force 1s deflected forward, i.e., in the direction of the
deflected control stick. In the same direction flight of the heli-
copter will be carried out.

2. Leave rods of the pitch and lateral control on thelr axes,
and displace the rod of the control of the setting angle of the blade
from the axis of the blade forward 1n rotation of the rotor by 90°
(Flg. 7c). With such a method of advance, as in the preceding method,
when the blade will be in positlion ¢ = 90°, it will have a minimum
setting angle, since the control rod of the blade 1s united with the
plate of the cyclic pltch control in position ¢ = 180°,.

With motion of the blade frcm p = 90° to ¥ = 1B0° the setting
angle will be increased, and the blade by inertia will contlnue the
stroke downwards along the flapping hinge, and the minimum angle of
the stroke will be in position ¥ = 180°, i1.e., where the control
stick is deflected.

3. Displace at angles smaller than 90° attachment of rods of
pitch and lateral control in the direction opposite the rotation of
the rotor, and rod of control of the setting angle of the blade from
its axis forward in rotation of the rotor (Fig. 7d) (such an advance
scheme 1s provided for the Mi-4 helicopter). In the presence of
such an advance of control with deflection of the control stick the
cone of rotation of the rotor and direction of actlon of the aero-
dynamic force will be deflected strictly in the directlion of deflec-
tion of the lever. Forward flight of the hellicopter will occur 1in
the same direction.
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The plate of the cyclic pitch control will be deflected not in
the direction of deflection of the lever but with a certain advance
by an angle less than 90° (for the Mi-4 helicopter, 22°), which for
flight has no significance.

§ 4. Decalage of the Rotor Shaft

The wing of an aircraft has a definite positive setting angle
(angle between the chord of the wing and longlitudinal axis of the
aircraft) so that at crulsing speeds of the flight the longitudinal
axls of the aircraft is directed along the flight path. With this
the fuselage will have minimum drag. In horizontal flight the pitch
angle of the alircraft wlll be close to zero. At speeds less than
crulising the fuselage wlll have a positive pitch angle and on speeds
greater than cruising - a negative angle. The decalage of the rotor
shaft nas the same setting.

Decalage of the rotor shaft 1s called the angle included between
the axis of the rotor shaft and vertical axis of the helicopter (Fig.
8). For the Mi-l4 helicopter this angle 1is equal to 5°, i.e., the
axis of the rotor shaft is deflected from the vertical axls of the
helicopter 5° forward. If the center of gravity of the hellcopter
1s located on the axis of the rotor shaft, then in hovering conditions
the shaft will occupy a vertical position, and the pitch angle of the
helicopter will have a positive value - about 5°,.

Vertieal axis of
Axig of rotor o= the helisopter Fig. 8. Decalage of the rotor shaft.
L]

L) -
Vet

il
Plane of _ Longitud.ral axis of

rotor rotation the heligopter

With an increase in speed of flight owing to the deflection of
the control stick the cone of rotation of the rotor and the direction
of action of the aerodynamic force will be deflected forward along
the flight. In the same direction there will be inclined the body
of the helicopter together with the hub and cyclic pitch control. The
pitch angle will decrease, and at a certain speed it willl be close
to zero. At precisely this speed the fuselage of the helicopter will

14



have minlmum drag. Upon further increase in speed the pitch angle
will become negative.

Besides decreasing the drag of the fuselage, the decalage of the
rotor shaft 1s useful 1n that 1ts presence at cruising speeds of the

flight bearings of the main reduction gear operate on axlal loads.

§ 5., Reactive Moment of the Rotor and Rudder Control

A characteristic pecullarity of the helicopter is the great
reactive moment of the rotor.

In hovering conditions the necessary torque of the rotor will be
equal to:

M.,-:m.,-f-(';—RL:R'-R (kgfem], (1)

where pr — coefficient of torque dependent on angles of attack, 1.e.,
of the pitch (determined by experimental means); p — air density;

w — angular velocity of rotation; R — radius of the rotor.

The anti-torque moment of the rotor (necessary torque of the
rotor) is the numerical value of the reactive moment transmitted to
the body of the helicopter. The necessary torque of the rotor 1is
considerably greater than the torque on the shaft of the engine.

The torque cof the engine 1s equal to:
M,,=7162 N [kgrem], (2)

and the torque transmitted to the rotor 1s determined by formula:

M.,-716,2% [kgfeml, (3)

where Ne — effective power of the engine; Npy ~ number of revolutilons

of the crankshaft of the englne; NH o
.

to the rotor hub; n B number of revolutions of the rotor.

— power of the engine transmitted

The number of revolutions of the rotor 1s many times less than
the number of engine revolutions. Therefore, the torque on the shaft
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of the rotor and, consequently, reactive moment have a large value.

To balance the reactive moment on the Mi-l4 helicopter there is
provided a tail rotor, located at a definite distance from the center
of gravity of the helicopter.

The rotor of the Mi-4 helicopter has counterclcckwise rotation
(when observing from the cockpit). The reactive moment of the rotor
is dlirected to the opposite directive of rotation of the rotor, i.e.,
it triles to turn the helicopter to the left. The tractive force of
the tall rotor 1n flight 13 directed to the left; it creates the
moment of the tail rotor which tries to turn the helicopter to the
right.

Rudder control of the Mi-4 helicopter 1s also carried out by the
tall rotor. To obtaln a right turn the right pedal moves forward.
Here the pitch of the tail rotor and its thrust are increased, the
moment of the tall rotor will exceed the reactive moment of the rotor,
and the helicopter will start to turn to the right. For a left turn
the left pedal moves forward; then the pitch and thrust of the tail
rotor decrease, and the hellcopter turns to the left.

With a change in power fed to the rotor the reactive moment of
the rotor changes, and the hellcopter turns. To prevent unnecessary
turns, the pilot should with the pedals change the pitch of the taill
rotor for balancing the appearing reactive moment. Consequently, the
pilot must operate the pedals not only during the necessary turns, but
also for preventing turns during the change in operating conditions of
the engine. Such a phenomenon occurs because the "pitch-throttle"
system on the Mi-4 helicopter 1s similar to the system of the con-
stancy of the number of revoclutions of an aircraft [RPO] (PIIO). With
an increase in pitch of the rotor by the "pitch-throttle" lever there
1s simultaneously increased the power of the englne, and at a certaln
position of the gas corrector the number of revolutions of the main
and tall rotors will be constant or will be changed very insignifil-
cantly, since both rotors have collective rigid transmission. Here
the reactive moment of the rotor increases (see Formula 3), and the
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tractive force of the tail rotor remains constant (or is insignifi-
cantly increased), and therefore the helicopter will turn to the
left. To prevent a left turn it 1s necessary to depress the right

pedal forward and thereby to increase the pitech and thrust of the
tail rotor.

With a decrease in pitch of the rotor and power of the engine, it
is necessary to depress forward the left pedal.

With further improvement of helicopters of single-rotor arrange-
ment the designers have the problem of eliminating the indicated
inconvenience in control in the following way: 1interlock the
"pitch-throttle"™ lever with the control of the pitch of the tail rotor
in such a manner so that with a change in reactive moment of the
rotor, without interference of the pilot, there would automatically
change by the same value the moment of the tall rotor. With such
blocking of the control the pilot would have to operate the pedals
only for the accomplishment of turns.
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CHAPTER II
PRINCIPLES OF AERODYNAMICS OF THE ROTOR

§ 1. Dictinction of Aerocdynamics of the Rotor from
Aerodynamics of the Wing and
Propeller of an Aircraft
Before passing to an examination of aerodynamlics of the rotor,
it is necessary 1in broad terms to set the difference between condi-
tions in which the wing, propeller of an aircraft and rotor of a

helicopter operate.

1. Thrust sufficlent for 1lifting a hellicopter 1s created by a
rotor at any flight speed of the helicopter (from zero to maximum).
The wing of an aircraft creates 1lift sufficient for balan~ing the
welight of the alilrcraft only at speeds from minimum to maxlimum. At
speeds from zero to minimum the wing of an aircraft cannot create
sufficient 1ift. Such a difference in the operation of a rotor and
wing of an aircraft exists because blades of the rotor, having
rotation around the axls of the rotor, obtain alr velocity and
therefore create 11ft when the helicopter stands or hangs 1n place.

2. The rotor of a helicopter operates at any angles of attack
from 0 to 360°, while the wing of an aircraft can operate only in a
strictly defined angular region of attack: from the angle of attack
of zero 1lift (from 0 to =3°) to 1its critical (18-20°). At angles
less than the angle of attack of zero 1ift the 1ift of the wing 1s
negative, and at supercritical angles of attack separation of flow
advances, which leads to a decrease in 1ift, an increase in drag and
other undesirable phenomena. Consequently, the working angular
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region of attack is very small, and the flying range is even less.

The angle of attack of the rotor is called the angle included
between the plane of rotation of the rotor and the direction of inci-
dent flow of alr owing to the flight, i.e., the angle between the plane
of rotation of the rotor and flight path of the helicopter (Fig. 9).
Above 1t was established that the helicopter can accomplish flight
in any direction, and therefore the angle of attack can be any value,.
By analogy with the wing of an aircraft 1t 1s accepted to calculate
angles of attack of the rotor negative from 0 to -18Q°, if the flow
advances on the plane of rotation from above, which occurs with all
forms of climb, horizontal flight, and during sloping descent with
an operating engine, and positive from 0 to 180°, 1f the flow

advances on the plane of rotatior from below, which occurs during all
forms of descent of the helicopter.

- Plans of rotor
L4 rotation
i

\’ ) -A
lm L |

Fig. 9. Angle of wing setting a and angle
of attack of rotor A.

It 1s necessary to note that any angle of attack of the rotor,
i.e., during any conditions of rflight of the helicopter, each
separate blade of it works as a separately taken wing in the angular
region of attack of the wing, only in more complicated conditions.

For the rotor of helicopter upon deflection of the control stick
back the angles of attack of the rotor (A) are increased under any
conditions of flight. With this angles of attack are increased (a)
for each separately taken blade. With deflection of the stick for-
ward the angles of attack of the rotor and each blade decrease.

3. The rotor in forward rectilinear flight has an asymmetric

field of speeds, whereas the wing of an aircraft has a symmetric
field of speeds with respect to its span. For blades advancing on the
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flow, to the peripheral veloclity 1s added the speed of flight of thLe
helicopter, and for retreating blades the speed of flight is sub-
tracted from the peripheral velocity. The asymmetric field of speeds
induces an asymmetric field of aerodynamic forces on the rotor, and
this leads to the necessity of application of different design
attachments, which will be mentioned below.

4. The rotor, as a result of its specific work, 1limits the
maximum speed of flight of the helicopter, whereas the wing does not
1limit the speed of the alrcraft, if 1t 1s designed for hilgh-speed
rlight. It 1s impossible to create great forward velocity for the
helicopter, since in the azimuthal position y = 90° the speed of flow
around the blades will be higher than critical, which will elicit
shock waves and additional wave drag, and in position ¢y = 27Q°
separation of flow from the blades will appear 1n view of the low
speed of the flow around. For thls reason speeds of even contemporary
helicopters are still very low.

5. Flows of alr before and after the rotor are not so rectilin-
ear, uniform, and stable as before and after the wing of the aircraft,
in view of the low forward velocity of the hellcopter as compared to
the aircraft. If one were to compare a helicopter and aircraft with
identical gross welghts, then the rctor orf the helicopter at low
speed should create a thrust in the same way as the 11ft of the wing
of the alrcraft at hlgh speed. Therefore, with a smaller mass of
alr passing through the rotor per unit of time, the rotor should
create great inductlve rake. This leads to the fact that the air flows
twist, are rejected with great rake nonuniformly and nonrectillnearly.

6. The whole rotor disk plane participates 1in the creation of
tractive force similar to the entire wing area of an alrcraft. This
occurs because along the whole disk surface there passes a contlnuous
flow of air down from above (inductive bevel — v) 1ndependently of
where the blades are on the surface (Fig. 10). This 1s explalned by
the fact that the air, rejected by the blad«¢ downwards, does not
instantly cease its motion after the blade moves. Furthermore, the
rotor has a quite great number of revolutions, and therefore blades
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Fig. 10. Distribution of inductive speed
along the surface.

in the given azimuth are changed very frequently, forming a contin-
uous flow of alr through the whole disk surface.

In order to examine the distinction in conditions of operation
of a propeller and rotor, 1t is necessary to remember the pitch,
advance ratio, and slip of the propeller.

The pitch of the section of the propeller blade is called the
distance which the chord of the examined blade sectlion would pass
in an axial direction if 1t were screwed in the air as in a solid.
The pitch of sectlon 1s determined by formula

H==2eRige [m/r], (4)

where R — radius ¢of the propeller; ¢ — setting angle of element of
the blade.

The propeller pitch with variable pitch along the blade 1is
conditionally considered to be the pitch of the section of the blade
from the axis of rotation at distance r = 0.75 R, and it 1s called
nominal pitch.

The advance ratio of the propeller 1s called the distance passed
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by the propeller in an axial direction during one revolution equal
to the ratio of projection of the speed of flight on the axls of
rotation to the number of revolutions of the propeller:

H,-% (m/r] (5)

where V — speed of flight, m/s; nH 3 — number of revolutions of the

rotor per minute.

Slip of the propelle, is called the difference between the
nominal pitch and advance ratioc of the propeller:

C=H—H, [m/r].

In splte of a certain communlity of geometric, kinematic and
aerodynamic properties of propellers and rotors, between them the
following basic distinctions exist.

1. For the propeller the advance ratio 1s absent, and slip
amounts to 100% only during propeller operation on a motionless
alrcraft (alrcraft stands on land). For the rotor of a helicopter
such operating conditions will be durling its operation in place and
also 1n conditions of hovering.

2. For the propeller there can only be a positlve advance ratilo,
since an aircraft flies only forward. For a rotor the advance ratlo
is also positive during all flight conditions with negative angles
of attack of the rotor, but it will be negative during all forms of
descent at positive angles of attack of the rotor.

3. For the propeller the advance ratio can be equal to the
pitch or greater than the pitch, which occurs during gliding with
the engine turned off or when diving. Here slip and thrust are
absent (conditions of zero thrust of the propeller) or are a negatlve
value. Steady flight occurs owing to 1lift of the wing. For the
rotor there cannot be such conditions, since the helicopter has no
wings. Therefore, the rotor 1n all conditions of flight, even 1n
autorotation, should create a sufficient positive thrust.
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4, The propeller operates basically only under conditions of
direct airflow, since the flow of air during flight of an aircraft
is directed along the axls of the propeller shaft. A helicopter rotor
also operates under conditions of the airflow line in all vertical
flight conditions. But during flight with a certain forward velocity
rotor operates under conditlons of oblique airflow, since the flow of
air advances to the propeller at a certain angle. The study of
oblique airflow of the rotor forms the basls of 1ts aerodynamics.

There are other secondary distinctions in the operation of the
rotor from the operation of the wing and propeller, which will be
revealed below.

Hence there follows the conclusion that the aerodynamics of the
rotor constitutes a separate theory, which 1t 1s impossible to extend
completely to it the theory of the wing and propeller of an aircraft,
although it 1is based on the latter.

§ 2. Geometric Characteristics of the Rotor

l. Diameter of the Rotor

To create the necessary thrust the dlameter of the rotor should
be large. If for horizontal flight of an aircraft 1t is required
that the thrust of the propeller be less than the weight of 1t,
then for a helicopter 1t 1s required that the thrust for hovering be
equal to the welght of the helicopter, and for horizontal flight the
thrust 1s required to be greater than the welght.

It 1s expedlent and possible to create great thrust owing to the
increase in dilameter of the rotor, since the thrust is proportional
to the diameter of the rotor in the fourth power and 1s determined
for the tractor propeller by the general formula

TeeppnlnD' [kef], (6)

where X~ aerodynamic thrust coefficient depending on the form of the

blade and angle of attack of it; p — alir density; — number of

Ncex
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rotor revolutlons per second; D — diameter of the rotor.

The diameter of the rotor 1s selected depending upon the gross
welght of the helicopter (G) and the necessary unit load on the disk
area (p):

4a
D-l/—'; [m]. (7)

Diamet 2rs of rotors of contemporary helicopters vary over large
limits. The rotor diameter of the Mi-4 helicopter 1s equal to 21 m.

2. Blade Profile

The selection of blade profile willl govern the aerodynamic and
flvine properties of the hellcopter and also problems of flight
safety. Therefore, the blade profile of a rotor has the following
requirements.

1. The profile should have a high lift-drag ratio. The maximum
ratio of the blade profile of the Mi-4 helicopter, taking into account
profile and induced drag at the most advantageous angle of attack
{4.5°), 1is equal to 21.8.

2. The profile should have a high critical M(Mxp) number:

My =Yoo | (8)
where VK — c¢ritical speed of flow at which 1n some part of the pro-

file there appears speed equal to the 1local velocity of sound; a —
speed of sound.

For the blade profile of the Mi-4 hellcopter an = (.72 at an
angle of attack of zero 1ift, when the coefflcient of 1lift cy = 0.
With an increase 1in angles of attach (cy), M“p decreases, and at the
most advantageous angle of attack at which cy = 0.6, Mxp = 0.64,
When MRp = 0,64 the critical speed is:

Vepm=a:0,64 ==341.0,64 =218[m/s ]
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(a = 341 m/s under standard atmosphere conditions at sea level).

Consequently, during flight in such conditions the tips of the
blades can have 'a speed up to 218 m/s without a threat of appearance
of shock waves and additional wave drag, which worsen operating
conditlions of the rotor. Such values of Mxp and VKp are attained for
the blade of the Mi-4 hellcopter owling to the selection of the
appropriate profile, i.e., 1ts form relative to the thickness and

quality of treatment of the external surface.

During flight Mx changes from the change in angles of attack of
blades, includling from the change 1n pitch of the rotor, and also
from altitude of flight and atmospheric conditions, since with this
the speed of sound changes. Tips of blades of the Mi-4 helicopter in
all conditions of flight have a speed of flow around of less than
218 m/s. Thus, for example, in takeoff operating conditions of the
engine (2600 r/min):

=R R o 314260 165
s=eR= QR = ' 105=2124 [m/s],

where w — angular velocity; 13.45 — gear ratio.

At the most advantageous speed of horizontal flight, 140 km/h
(39 m/s), and in crulsing revolutions of the crankshaft of 2200 r/min
for the Mi-4 helicopter the true speed of flow around of the blade
tip in the azimuthal position ¢y = 90° will be:

- — _3.14.2200 _ .
We=ut+V “®1aes 105+39=179139=218[m/s],

where u — peripheral velocity; V — speed of horizontal flight.

Consequently, in basic flight conditions of the hellicopter the
blade tip operates at M numbers less than 0.64, 1.e., less than MR B
which favorably affects operation of the rotor. At speeds greater
than 140 km/h the blade tips will have a speed of flow around greater
than the critical. Thus, for example, at a speed of 155 km/h and at
nominal turns (2400 r/min) the true speed of the flow around of the
blade tip in position ¥ = 90° will be:
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W=uiV=106}43=239 [m/s].

Such a speed exceeds its critical value. 1If, however, MK) le decrenned
by increasing the collective pltch, the blade willl operate at a uach
number clearly larger than MK » which 1s undesirable, sinee hers

shock waves willl appear, and they will lead to a decrease in 11ft,

increase 1in drag and other undesirable phenomena.

3. The blade profile should have small movement of the cento:r
of pressure chordwise from the change in angles of attack (pitch
the rotor). This 1s necessary so that movement of the center of
pressure back does not create a diving moment on the profile, whi ..
will twist the blade to a decrease 1in angles of attack and 117t ot
the rotor, which can lead to the pulling of the helicopter into
dive.

For symmetric profiles at flylng angles of attack, the center
of pressure almost does not move and therefore for blades of the
rotor of the Mi-4 helicopter a profile close to symmetric is zelectui.
To obtain even better characteristics for blades of mixed constructtlic:.
from the 28th rib and for an all-metal blade from the 17th secticn
up to the blade tip a modiflied profile is applied. Modificaticn
consists 1n the fact that the tail of the profile 1s elevated upwaric.
All these measures exclude the possibility of pulling the l-u ifc:l-
copter into a dive at speeds of fllght permissible in operation.

4, The blade profile should be such that the blade passes we.l
into autorotation in a large angular regilon of attack (pitch of th.-
rotor), i.e., so that with fallure of the englne at any pltch the
rotor passes into autorotation, providing safety of further flight.
This requirement is ensured by the high lift-drag racio of the prori.-
of the blade, the quality remaining constant (or decreases inslignifi-
caritly in the large angular region of attack.

5. The blade should be made with accurate holding of the form
of the designated profile and dimenslions. Otherwise 1ts aerodynamic
and other characteristics are changed, which will entail impairment



of flying properties of the ncli:opter.

6. The blade profllc should hive a minimum profile drag, the
value of which for the chosen protile of definite form depends on
the material of coverling of the biase and quaiity of external treat-
muent of this material. A sl protile trag Is given by a metallic
sain of the blades and large pro Utae i by piywood and linen.

Thus, for example, for the M=% L1110 pter the rotor with
all-metal blades gave an focrease b oot of wbout 400 kgl as
compared to the thrust of a rotor wlin blades of mlaed counstruction.

The high-quality external treaitment of blades 1s necessary not
-nly for decreasing the general drag of the blades, which leads to &
Jecrease of the required power for rotation of the rotor, but also
for lncreasing the critical angle at which the separation of flow
advances. The worse the external treatment of the blade, the earller
(.t less speed) the phenomenon of separation of flow advances.

7. Transverse centering of the blade should be to prevent
vibration of blades of the flutter type. Transverse centering of
blades of the Mi-4 hellcopter on the overawe 1s 22-23% and 1s reached
(e to the arrangement of c¢lements of the blade and due to counter-
Luises. The counterpoise for u biade of mixed construction consti-
tutes a rectangular steel bana g lucd intoe nose stringer, on the rib
zection from 20 to 57, ana for an all-metal blade — six steel pleces
inserted into the nose of the blade along its whole length.

All requirements enumerated above are satisfied by the profiles
NACA-230 and NACA-230M, which ure used for blades of the Mi-4
hellcopter of both mixed and all-metal construction. For blades of
mixed construction from the root and up to the 28th rib profile
NACA-230 is applied, and from the &£8th rlb to the blade tip, NACA-230M.
For the all-metal blades from section 2 to sectlon 16 profile
NACA-230 (without modification) is applied, and in the area from
section 17 to sectlon 23, profile NACA-.30l (modified). Between
sections 16 and 17 there 1s the transitlion area from the NACA-230
profile to NACA-230M profile. The profile 1is convexo-convex,



asymmetric, and with variable relative thickness along the length

ot the blade.  The relative thickness of the blade ¢ of mixed con-
structlon on the area from rib 4 to 1% 1s equal to 12.5%, and from
rib 15 the thlckness gradually increases up to 14% on the blade tip
Fig. lla). For an all-metal blade the relative thickness between
sectlions 2 and 3 !s equal to 13%, between sections 4 and 10 — 12% and
between sections 11 and 23 ~ 11% (Fig. 11b).
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F%g. 11. Relative thickness of the blades:
a) mixed construction; b) all-metal construc-
tion.

Aerodynamic data of the profile are characterized by the follow-
ing parameters: the angle of attack of zero 1lift 1is equal to -1.2°,
the most advantageous angle of attack is 4.5° (at which the profile
has maximum a 1lift-drag ratlo equal to 21.8), and the critical angle
of attack 1s about 12° (here the maximum coefficient of 1iift cy = 1.29).

3. Blade Planform

There are many dili'ferent blade planforms, but the main ones arc
the following.

1. Elliptic planform. This is the most profitable form in an

aerodynamic respect especlially for operating a rotor in place, but
such blade 1s complicated to produce. Therefore, at present 1t 1is
not applied.

2. Blade of the N. Ye. Zhykovskiy type [NYeZh] (HEM). This 1s
a trapezoidal blade with narrowing of the chord toward the blade tip

four times. A blade of such planform, other ithings belng equal,
creates greater 1lift as compared to other forms, since in places with
low peripheral velocities it has a larger chord. But a rotor with
such blades passes poorly 1into autorotatiocn, which is dangerous in the



case of sudden fallure of the engine. Therefore, such blades did not
achieve wlide application.

3. Rectangular blade. Such a blade passes well into autorota-
tion and is simple to produce, but 1t creates smaller 1ift due to the
nonuniform distribution of 1t along the length of the blade. Such a
planform 1s basically used for all-metal blades in view of the
simpliclty of its productlon and the possibility of replacement of
sectlons when they are damaged.

4, Trapezoidal blade with twice narrowing of the chord toward
the blade tip. It 1s 1ntermedlate between blades of the NYeZh type
and the rectangular. Such a blade more evenly distributes 1ift
along the length and relatively well passes to autorotation, and
therefore it has obtained the greatest application.

For the Mi-4 helicopter blades of mixed construction have a
trapezoidal planform with twice narrowing of the chord toward the
blade tip: from rib 1 to 4 — trapezoldal, from 4 to 15 — rectanguf??‘mu
and from 15 to 57 — trapezoidal (Fig. 1l2a).

The all-metal blade of the Mi-U4 helicopter has a rectangular
planform with a constant chord along length equal to 0.52 m (Fig. 12b).
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3 ‘ Figz. 12. Planform of blades: a) mixed
- construction; b) all-metal construction.
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4, Geometric Twist of the Blade

The geometric twist of the blade is the difference between the
setting angle at the root of the blade and at the tip. This
difference at any propeller pitch remains constant. The twist is
necessary for lncreasing 11ft of tne blade, which leads to an increase
in thrust of the rotor of the hellicopter in all flight conditions on
the average by 7%. Consequently, the twist permitted increasing the
pay load of the helicopter. Furthermore, owing to the twist the
centers of pressure of the blades move to the axls of rotation by
5%, which leads to a decrease in required power for rotation of the
rotor and all of thls — to an increase in efficiency [KPD] (KIlIl) of
the rotor. The twist also increases the critical stall speed and,
unloads the tip part of the blade from great air loads, distributing
them along the length of the blade evenly.

The blade of the Mi-4 helicopter of mixed construction has twist
A¢p = 4° 30' and 1s carried out in the following way: on the sectlon
from the blade tip to rib 37 the setting angle is constant and equal
to zero, on the section from rib 37 to 11 the setting angle 1is
variable — is increased from 0 to 4° 30', and on the section from rib
11 to 3 — constant and is equal to 4° 30'(Fig. 13a). Consequently,
the blade constructively 1is twisted by 4° 30'only in the middle of
the blade, 1.e., on the section from rib 11 to 37 the blade tlp and
its root are not twisted.

The all-metal blade of the Mi-4 helicopter has a geometric twist
of 5°. On the area from section 2 to 4 the blade 1s not twisted, and
then from section 4 the angle of setting gradually decreases and for
section 23 1t 1s equal to zero, with the exceptlion of the area
between sections 10-11 where the twist 1s equal to 3° 20' (Fig. 13b).

From what has been sald it 1s clear that the geometric twist of
blades 1s small. Earlier it was considered that large twist leads to
the impairment of properties of autorotation of the rotor, which 1s
not safe in case of engine fallure. Recently 1t has been established
by experiments and confirmed by practice of flights that this
opinion is erroneous: the blade passes well to conditions autorotation,
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Fig. 13. Geometiric twist of blades: a) mixed
construction; b) all-metal construction.

even thcse having large twist. Thus, for example, the twist of
blades of helicopters Ka-15 and Ka-18 is 10° (and for helicopter
Ka-26 even larger), and they have very good properties of autorota-
tion.

5. Number of Blades of the Rotor

From the point of view of aerodynamics, the less the number of
blades, the better the rotor operates, especially the main rotor,
since it has low forward veloclty along the axis of rotation. But a
small number of blades, especlally for a heavy hellicopter, requires a
large diameter of the rotor and gives nonuniform operatlion. Thus,
for example, for a two-bladed rotor with a hinged suspension of the
blades there is observed increased vibration transmitted to the body
of the helicopter, inasmuch as total thrust is changed in value for
each full revolution. For this reason application of two-bladed
rotors is limited, and 1f they are applied, then only on a Cardan
Joint for light hellicopters and for tail rotors.

In the world practice of helicopter construction the number of
blades of the rotor was set from two to five depending upon gross
weight: for light helicopters, 2-3 blades, for medium helicopters,
3-4 blades, for heavy, 4-5 blades. Helicopters Mi-1, Mi-2, Ka~-15,
Ka-18, and Ka-26 have three-bladed rotors, helicopters Mi-4, Yak-24 —
four-bladed, and helicopters Mi-6, Mi-10, and M1-8 — five-bladed
rotors.

6. Unit Load on the Disk Area

The unit load on the disk area is defined as the ratio of gross
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welght of the helicopter to the disk area:

r=— [kgf/m?]. (9)

The value of the unit load 1s selected from calculation of the
obtalning of permissible vertical velocitles in the autorotation
regime of the rotor, since vertical velocity (Vy) in autorotation
during vertical descent 1s directly proportional to the unit load
and 1s determined by formula

V,=[/—"-'L (m/s],!? (10)
cp2?
where p — unit load on the disk area; Cr ~ coefficient of total

aerodynamic force; p - mass alr density.

But 1t is 1nexpedlent to have a very small unit load for obtain-
ing low vertical velocity 1in autorotation, since for this it will be
necessary for the glven gross welght of the helicopter to increase
the rotor dlameter. With an increase in rotor diameter the load on
the engine shaft will increase which will lead to a lowering of
efficlency of the rotor.

Besides this, the unit load must be 1lncreased for heavier
helicopters, especilally for twin-rotor, because of the design incon-
veniences of the creation of large rotors and drive mechanisms. For
contemporary helicopters the unit load varies from 10 to 40 kgf/m2
depending upon the gross welight.

The unit load for the Mi-l4 helicopter with maximum permissible

!With vertical descent in autorotation the full aerodynamic force
R 1s the rotor thrust and 1s equal to the weight of the helicopter:

Re Gumep -;—r...v; [kegr].

Solving this equation with respect to Vy and equating p = G/Fou, we

obtain the given formula (10) of vertical velocity in conditlions of
vertical autorotation.
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gross welght 1s

G 7350 2
’-r-wﬂzl [kgf‘/m ],

2

where FOM — disk area and 1is equal to 346 m“ for the Mi-4 helicopter.

7. QRotor Solidity

Rotor solidity 1s determined by the ratio of the area of all the
blades to the disk area:

Sy z
Fou ' (11)

where Sn — area of one blade; z — number of blades.

Rotor solidity 1s an abstract number showing what part of the
disk area 1s filled by the blades. Rotor solidity for contemporary
helicopters is selected from 0.03 to 0.09 (from 3 to 9%). A too
small rotor solidity, less than 3%, limits the maxir.um speed of the
helicopter by the fact that the critical stalling speed decreases,
since with the small area of the blades to create the needed thrust
it 1s required to hold them at large pitch and this will lead to the
separation of flow from the blades tips in the azimuthal position
Yy = 270° at a lower speed of flight. Too large rotor solidity,

higher than 9%, gives high profile drag in view of the large area of
the blades, which leads to a lowering of the efflclency of the rotor.

Rotor solidity of the Mi-4 helicopter with blades of mixed
construction ¢=§£1.=%%$.- 0.0669, 1.e., near 7%. Rotor solidity with
all-metal blades

4.36-4
316 ~ 0.0505, i.e., higher than 5%.

8. Blade Angle (Propeller Pitch)

Blade angle (propeller piltch) is called the angle 1ncluded
between the plane of rotation of the rotor (plane of the hub) and
the chord of the element of the rotor blade. The setting angles to
blades of the rotor are set small for the reason that the forward
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veloclty of the rotor along the uxis of rotation of 1t 1s small both
under vertlcal conditions of flight and during flight with forward
speeds, since a great part of the speed descends not along the axis
of the shaft but over the plane of rotation of the rotor. The low
speed along the axis of rotation will insignificantly affect the
decrease 1in angles of attack of the blades, 2nd 1n order to keep them
close to the most advantageous the settlng w:..gles are made small.

On the majJority of the helicopters, including on the Mi-=4
helicopter there are electrical indl ~~ors of the setting angles
(collective pitch of the rotor) on tLi.-: ‘nstrument panel. Furthermoree,
the value of the collective pltch is duplicated by a mechanical
collective pltch indilcator placed on the toothed sector of the
"pitch-throttle" lever. For the Mi-U4 helicopter the coliiective pitch
of the rotor, according to the 1ndicators, is from 3° 30' to 14°.
These values of collective pitch are conditional, since the pitch
indicators are calibrated according to the setting angles of blade:s
in the cross sectlon of the blade (r = 0.7R) in the position of its
plane of rotation. During flight in all conditions of the blades
the angle of conicity will be formed, i.e., they are elevated above
the plane of rotation, and therefore owing to the presence of the
flapping control upon mo*ion of them upwards from the plane of rota-
tion the setting angles will decrease. For this reason the setting

angles will actually be somewhat less than the pltch indicator will
show.

The pitch indicator facllitates plloting of the helicopter,
especlally if the piliot 1s tralned <o use it during instructlon.
But the indicator of collective pitch of the rotor 1s not obligatory,
since the pllot can control the power of the engine by the number of
revoiutlions and boost pressure. Thus, for example, on hellicopters
Ka-15 and Ka-18 the 1indicator of collective pitch of the rotors 1is
absent.

9. Plane of Rotation and Cone of Rotation of the Rotor

The plane of rotation of the rotor is called the imaginary plane
located perpendicular to the axls of the rotor shaft and passing
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through the center of the hub (1t is frequently called the hub plane).
Since in view of the presence of horizontal hinges the blades are

not in this plane, they will form the cone of rotation. With respect
to the plane of rotation setting angles of the blades (propeller
pitch) and also angles of attack of the rrtor are counted off (Fig.
14).

.I Cons of Fotor Fig. 14. Plane and cone of rotation
rotation of the rotor.

Plana af rutor
rotation

The cone of rotation of the rotor will be formed by blades

during rotor operation in all conditlions of flight owing to the pre-
sence of flapping hinges of the blades. The base of the cone is a
plane drawn through tips of the blades; the summlt of the cone 1s at
the hub. Along the axis of cone, perpendicular to the base, the
direction of action of the full aerodynamic force of the rotor R.

The cone of rotation of the rotor, 1n contrast to the plane of
rotation, 1s deflected by the pilot with the control stick to the
desirable side, and to the same side the direction of action of the
aerodynamic force of rotor R will be deflected. The cone of rotation
and the direction of action of aerodynamic force of the rotor will
also be deflected and 1ndependently in forward flight owing to
flapping motlions and other causes, which will be discussed more
specifically below.

10. Root and Tip Losses

The central part of the disk surface is occupied by the hub, and
root parts of blades of the rotor have small peripheral velocity
and, therefore, almost do not participate in the creation of 1ift.
All of this constitutes root losses of the rotor.



Tip parts of blades also do not participate in the creation of
1ift, since along the periphery of the disk surface there occurs
overflowing of air masses from the region of raised pressure under
the rotor into the region of lowered pressure above the rotor. As
a result of this the pressure 1s equalized, and this forms tip losses
of rotor.

Root and tip losses are expressed in percents of the magnitude
of disk area and in sum comprise from 8 to 10% of this surface.
Therefore, the effective disk area is:

Fogm=(0,9+- 0,97 F,,.

These losses are rather great. Thus, for example, 10% of the
losses from the disk area of the Mi-4 helicopter will be 36.6 m2.

§ 3. Weight and Rigidity of the Blade Construction

Besides the examined geometrilic characteristics affecting the
operation of the rotor, the following characteristics are important.

Welght of the blade. The greater the weight of the blade, the
greater the inertia of rotation, the greater the reserve of time in
transition to autorotation during engine failure, the less the angle
of flapping and the less the avalanche of the cone and direction of
aerodynamic force of the rotor back in forward flight. Consequently,
the increase in weight of the blades positively affects the rotor
operation. But too much weight of the blades causes great centri-
fugal forces, which will require ensuring the strength by increasing
the section of parts, and this will lead to a further increase 1n
weight of the construction and lowering of the payload. At low
welght of the blade centrifugal forces will be insufficient, the blade
will stand on rests of the hinges, and there will also be a small
reserve of time for transition of the rotor to autorotation.

For these reasons the weight of blades should be fully determined
for a given rotor and strictly combined with its other characteristics.

36



In the practice of hellcopter construction it is established
that the weight ot the rotor of a sirngle-rotor helicopter should be
9-13% of the total gross welght of the helicopter, and the welght
of the tall rotor — 1% of the gross weight of helicopter. The
welght of the rotcr blade of the Mi-4 helicopter of mixed construction
is 120 kg and all-metal - 130 kg, weight of the hub — 420 kg. The
welght of the whole rotor with blades of mixed construction 1s 900 kg,
with all-metal blades — 940 kg, and this 15 about 13% of the normal
gross welght of the hellcopter — 7100 kg.

Rigldity of constructlion of the blade. Durlng rotor operation

the blade recelves flexural and twisting deformatlons, and therefore
it should be not only durable but also have definite rigidity. Too
rigid a blade gives good controllability by the rotor in that commands
p2s5sed by the pilot through the cyclic piteh-control mechanism for
changing the setting angles are transmitted rapidly over the entire
blade, but such a blade will have great weight, great centrifugal
forces will appear, and moreover, it cannot dampen accldentally
appearing aerodynamic and inertial forces. All of this will cause
increased vibrations.

Although tou flexible 4 vlade wi.. 4 wapool. d:claentnl aerodynamic
wod inertial forces very well cwing toe its own bend and torsion, 1t
will worsen controllability, since francmitvted changes of the setting
augles from the directlion of the eyellc pilten control will proceed

Lo the blade inaccurately and with acloo.,

The existing rigidity of blades ot the Mi-4 helicopter satlsfiles
all the requirements. During the stuaruaing of the helicopter on land
with an inoperative rotor, tine blud.c droop in view of their definlte
flexibility, and the impression 1s c¢rvated that they are not durable
and cannot hold the heilcopter in flight. Upon operaticon of the rotor
in flight owing to centrifugal torces, the blades are stretched and
constitute a durable structure similar to the wing of a flghter
airplane. Having definite rigidity, the bLlade 1is controlled well
by the cyclic pitch control and, having detinite flexibllity, smooths
well the irregularity of acrodynamic ana inertlial forces.



KRN slnemutlc Cauracterlisiles of Carrying Screw

1. Kinematics ot the Rotor 1n Vertical Flight Conditilons
(Stralght Line Flow)

Revolutions of tLhe rotor., In vertical t'1llght conditions of the
helicopter blides <t' the rotor ure f'lowed around by alr basically

owlng to the rotation ot them in a clircle.

The number of revolutlons of a rotor of definite dlameter is
selected such that the perlphersl velocity of the blade tips together
with the forward veloclty during maximum speed of flight of the
helicopter in the aximuth position of ¢y = 90° would not be greater
than the critical, and in position y = 270° there would not appear
separation of flow at the same speed of flight. If one were to
designate a great number of revolutlons, then the separation of flow
will not be at high speeds 1n position ¢ = 270° but will then be the
supercritical speed at position ¢ = 90°, which will cause shock waves,
and normal operation of the rotor will be disturbed. A small number
of revolutlons will cause separation of flow fr m tips of the blades
already at low flight speeds.

Consequently, the great number of revolutions of the rotor 1is
limited by the compressibility of air in the azimuthal position of
90°, and the small number of revolutions by the separation of flow
in position 270°.

For the Mi-4 hellcopter the gear ratio to the rotor is such that
its number of revolutions is 13.45 times less than revolutions of the
crankshaft of the engine. Then the maximum number of revolutions of
the rotor ir. take-off operatlng conditlions of the englne nH.B =
= 2600/13.45 = 193, in normal operaling counditions of the engine
2400/13.45 178, and in crulse conditions of englne operation

2200/13.45 163 r/min.

n
H.B

n
He.B

L}
]

For the Mi-4 helicopter the gear ratio to the tail rotor 1is such
that 1ts number of revolutions is decreased 2.3 times as compared to
revolutions of the cranksharft of the engine.



Pattern of streamline flow of the separate blade elements. In

conditlons of hovering on the element of the blade, which 1s at a
certain setting angle ¢ (Fig. 15a), to the plane of rotation flow
acts owlng to the rotation of the element about the circumference
(peripheral velocity u = wr). At the same time on the element there
will act an inductive speed due to the flow of alr passing through
the rotor down from above (inductive rake). In desiring to add the
peripheral and inductive speed by the triangle rule, we will attach
the vector of 1lnductive speed to the end of the vector of peripheral
velocity. The total 1nductive flow of the whole rotor acts perpen-
dicular to the plane rotation (in parallel to the shaft axis), and
for a separately taken element this flow 1s directed perpendicular
to the chord of the element. The closing side of the trlangle 1s the
total speed — true speed of flowlng around of the element of the
blade W. The angle included between the true speed of the element
and chord of 1t is the angle of attack a. As can be seen from the
figure, the angle of attack of the element owlng to inductive speed
is less than the setting ¢.

sl ! LY /\ o) |
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Flg. 15. High-speed polygons of the element of
the rotor blade under vertical flight condltions:
a) during hovering; b) durlng vertical rise; c)
durling vertilcal descent.

An additional factor during the vertical climb will be the speed
of the vertical climb, therefore to the vector of the peripheral and
inductive speeds we add the veloclty vector of vertlcal climb Vy
(Fig. 15b). The closing side of the polygon is the true speed of
flowing around of the element of the blade W. As can be seen on the
figure, at the same setting angle (propeller pitch) the angle of
attack of the element due to the vertical velocity will be still less
than that in hoveriling. Therefore, in order to climb the pllot should
increase the angles of attack — lncrease the setting angle (collective
pitch).
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With vertical descent to the peripheral and inductive speeds
will be added the speed of vertical descent, directed from bottom
to top, and therefore to the vector of inductive speed we add the
vector of vertical velocity of decent Vy (Flg. 15c¢). The closing
side of the polygon will be the true speed of the element of the blade
Ww. As can be seen from the figure, the angle of attack of the element
owing to the rate of descent willl be increased, and for the possi-
billity of descent 1t is necessary to decrease 1t — decrease the
setting angle (collective pitch).

The given pattern of streamline flow in all vertical flight
conditions will be the one for all elements of the blades, but there
will be different perlipheral and inductive speeds on different radii,
and also there are different setting angles owing to the twist of
the blades. Having examlined the high-speed polygzons of elements of
blades in the conditions shown, 1t is easy to present the pattern
of streamline flow of each blade and the whole rotor. According to
high-speed polygons 1t 1is clear that in all vertical flight conditions,
angles of attack of the blade element are always positive and close
to being the most advantageous, although angles of attack of the rotor
can be different in the conditions shown both during vertical lowering
and durling vertical climb.

Pattern of streamline flow of the whole rotor. In vertical
flight conditions through the disk area there is passed air down from
above with a definite i1nductlive speed v owing to the interaction of
the rotor with the air (Fig. 16). At a certaln distance from the
rotor above the alr 1s in a state of rest; in the region located
nearer to the rotor the speed of suction appears, and wlth the
approach to the rotor this speed grows and in the plane of the rotor
will be equal to definite quantity v proportlional to the power
supplied to the rotor. Under the rotor the air is already rejected
by the rotor downwards, and therefore the speed of it continues to
grow, the flow narrows and at a certain distance, approximately
about half of the radius of the rotor, the flow will have the
narrowest sectlon, and the speed, the maximum, equal to 2 v, i.e.,
twice greater than the speed in the region of the rotor 1itself. The
diameter of the narrowest section of the flow 1s determined by formula
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o B, (12)
V2
where d — minimum diameter of the stream under the rotor; D — diameter
f* the rotor. t

T

#ig. 16. Distribution of inductive speed and

static pressure in the flow of the rotor in

vertical flight conditions: a) hovering;

b) climb; c) descent; 1 — diagram of inductive :
speed; 2 — diagram of static pressure. y

Below more, approximately at a distance of 5 diameters of the
rotor, the flow finally calms down, and its speed 1s equal to zero
"igzure 16 gives a dliagram of inductive speeds in the common form for

svering, vertical climb, and vertical descent.

Inductive speed 1s called the flow rate along the axi:z of !

or shaft down from above, appearing as a result of the Interacud

" the rotor with the air. Owing to this speed the difference

cssures appesrs under the rotor, and above the rotor and 1ift
rust) 1is created.

The value of the mean necessary inductive speed in verticsa!

onditions of flight for an ideal rotor is determined from the Iormu
o7 thrust of an ideal rotor

T=2xR%v? [kgf], (13)

from which

o,,—‘/ h;? [m/s],
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where =Rwp=F,vp 1S the mass flow per second of air passing through
the disk area.

The inductive speed for a real rotor 1s determined by a more
complicated empirical formula applied for the aerodynamic design of
the helicopter.

It 1s necessary to note that in vertical flight conditions of
the helicopter, the magnitude of necessary inductive speed as compared
to any other flight with forward veloclty is the largest, since
through the rotor a small mass of alr passes per unit of time, and
therefore to create thrust equal to the welight of the helicopter
will require a high speed of repulsion. For thils reason, as we will
set below, in vertical -~ "nditions of flight high induced drag of
blades 1is obtalned, anao therefore high power for the accomplishment
of these flight conditions 1s required.

For conditions of hovering under conditions of standard atmosphere
(see Fig. 16a) and for normal gross weight of the Mi-4 helicopter,
the magnitude of the inductive speed in the region of the rotor (speed
of suction) 1is numerically equal to about 8-10 m/s, and under the
rotor (speed of repulsing) it is twice greater than the speed of the
suction and amount to 16-20 m/s.

Static pressure 1in the flow from the rotor will be distributed
in the following way: above the rotor where the inductive speed is
equal to zero, the pressure will be atmospheric, with an increase
in speed nearer to the rotor the pressure will decrease, and directly
above the rotor it will be minimum. Then 1t will be 1ncreased and
ln the plane of rotation of the rotor will be agaln equal to atmo-
spheric. Under the rotor the pressure grows spasmodically, and 1t
will be maximum; with distance from the rotor downwards the pressure
will decrease and where the speed will be equal to zero the pressure
will be atmospheric. Figure 16 also gives dlagrams of static
pressures in hovering, vertical climb, and vertical descent.

Consequently, above the rotor the pressure 1s lowered, and under
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the rotor it is ralsed as compared to pressure in the surrounding
atmosphere. Owlng to the difference In pressures there appears
dynamic force — thrust of the rotor. Simultanecusly the flow twists
in the direction of rotation of the rotor, but the angular velocity
of the twisting is less than that for the propeller of an alrcraft,
in view of small number of revolutions of the rotor as compared to
revolutions of the propeller.

As can be seen on the diagrams, the change in the speed and
pressure in the flow contradicts the Bernoulll law, 1.e., where the
speed 1s maximum, and the pressure is not minimum. The examined flow
is not subordinated to the Bernoulll law, since here in the path
of tne flow the rotor stands, which supply energy to the flow from
the engine. The Bernoulll law examines the flow without removal and
supply of energy. Inasmuch as energy is supplied from the engline,
+herefore under the rotor the great potential energy 1s static pressure,
and the great kinetic energy 1s speed. Under the rotor the pressure
grows rapidly, spasmodically, and the speed grows gradually in view
of the inertia of air.

With vertical climb the pattern of velocity distribution and
static pressure will be the same as that in hovering, and the only
difference of pressures under the rotor and above the rotor will be
smaller, owing to the decrease in angles of attack of blades in view
of the presence of vertical velocity of climb. By further deflectiocn
of the "pitch-throttle" lever back the pilot increases the setting
angles and power of the engine, inductive speeds will be greater than
those in hovering, which will lead to an increase in the difference
in pressures under the rotor and above the rotor, and the thrust of
the rotor, necessary for vertical climb, will be increased (see Fig.
16b).

With vertical descent actions of the pilot and phenomena will
be inverse to that described during vertical climb: inductive speeds
will be less, the difference in pressures will be less, the tractive
force will decrease, and the helicopter will descend (see Fig. 16c).
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Fig. 17. Addiltion of speeds during forvard
flight: a) to the formation of speed Vl; b)
values of instantaneous true speeds W of rotor
blades in azimuthal positions J, 90, 180 and
270°; ¢) value of instantaneous speed W in

the arbltrary azimuthal positicn y.
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where uw - angular velocity; r — radius of the blade element.

In position ¢ = 90° the true speed will be maximum, since the
whole forward velocity, lying in the plane of rotation, wiil be
added with the peripheral velocity and sin 90° = 1, With further
motion of the blade to ¥ = 180° the speed will decrease and, when
it occupies position y = 180°, it will have only a peripheral
velocity, since sin 180° = 0 (see Fig. 17bh).

Upon motion of the blade to ¢ = 270° it will retreat from the
flow. Prom the peripheral velocity there will be subtracted at
first part of the forward velocity, and in the azimuthal position
v = 270° = all the forward velocity Vl. Consequently, in position
v = 270° the blade will have a minimum true speed of flow. In this
azimuth with the approach to the axis of rotation, for elements of
the blades the peripheral velocity will decrease, and the forward
velocity Vl, subtracted from the peripheral will be constant. There-
fore, the true speed will decrease, and on some section of the blade
it will be equal to zero, and the peripheral velocity is equal to
the forward Vl.

On sections of the blade even nearer to the axis of rotation the
peripheral velocity will be less than the forward Vl, and therefore
the blade in these places will obtain a reverse flow, i.e., 1t will
be flowed around not from the leading edge but from the tralling
edge. To the right of the axis of rotation (for the Mi-4 helicopter
during forward flight) there will be formed the zone of reverse
flow around in the form of a circle (see Fig. 17b), having gotten
into which part of the blade is flowed around from the trailing
edge. The magnitude of this gzone (its diameter) depends on the value
of forward velocity and peripheral velocity (number of revolutions
of the rotor): the more the speed of the flight Vl and the less the
number of revolutions of the rotor, the bigger the diameter of the
gone of reverse flow will be. In the zone of reverse flow lift is
not created.

As can be seen from the right triangle (see Fig. 17a), the speed
lying in the plane of rotation,
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V=V cos A. (16)

Let us substitute this expression into formula (15), and we will
obtalin the true speed of flow around of the element of the blade:

Wewr+V cos Asin. (17)

From formula (17) it 1s clear that the velocity of flow around
of the examined element of the blade depends on the angular velocity
of it — w (number of revolutions of the rotor), the radius of the
blade element to the axis of rctation r, the speed of flight of
helicopter V, the angle of attack of the rotor A and the azimuthal
position of the blade ¢y at which this element i1s found.

Consequently, from the pattern of streamline flow of the rotor
the conclusion can be made that in forward flight the rotor has an
asymmetric velocity field, i.e., for half of the disk surface where
the blades, advance on the flow (for the Mi-U4 helicopter the left
half), the speed of flow around will be gréater than the peripheral
velocity, and for other half where the blades retreat from the flow
(for the Mi-4 helicopter the right side), the speeds will be less
than the peripheral owing to the subtractlion of forward velocity.
Such an asymmetric velocity field will cause an asymmetric field of
aerodynamic rofces in the presence of a rigid rotor.

Influence of the speed of flight V, lylng perpendicular to the
plane rotation. This speed, being added with the induced speed, will
decrease the angles of attack to all elements of the blades. Flgure
18 gives a velocity polygon of the element of the blade of the rotor
in forward flight. If flight passed at an angle of attack equal to
zero, then there would be absent the speed lying perpendicular to
the plane rotation, Vz, and there would be only speed V1 sin ¢; then
the true speed of the element would be Wl, and the angle of attack of
the element a;- But if flight 1is accomplished at speed V (in this
case climb) at an angle of attack A, then this speed can be decomposed
into components Vl sin ¢y and V2 lying perpendicular to the plane
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Pig. 18. Velocity polygon of
the blade element of the rotor
during forward flight of the
helicopter.

rotation. This speed will decrease the angle nf attack by A4a, the
true speed will be W, and the true angle of attack a« is less than the
former ay.

ARelative speeds. Operating conditions of the rotor or con-
ditions of flight of the helicopter can be characterized by two
relative speeds — by dimensionless gquantities less than unity:
characteristic of conditions u and coefficient of flow .

The characteristic of operating conditions of the rotor is
determined by the ratio of flight speed lying in the plane of
rotation to the peripheral velocity of the blade tip of the rotor:

pu v:‘. or the characteristic of the conditions can be defined as

the ratio of the diameter of the zone of reverse flow around to the
radius of the rotor: p—%. since d-‘%. and the dilameter of the

zone of reverse flow around d is the radius of the section in which
the true speed of flow around 1s equal to zero:

Weor4VcosAsin@mertV cosAsin270°=er+
" 4VeosA(—1)mer—V cos A=0,

V co8 -=d,
- L

then wr = V cos A. Hence rss
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Inasmuch as most frequently flights on helicopters are carried
out with forward velocity and at average speeds at which the angle
of attack of the rotor is small, about 5-10°, and the cosine of
small angles is close to unity, the characteristic of the conditions
is practically determined by the division of the speed of flight of
the helicopter by the peripheral velocity of the blade tip of the

v
rotor #™=5° 1In conditions of hovering the characteristic of

operating conditlions of the rotor is equal to zero, and with an
increase in speed of forward flight with constant revolutions of
the rotor it is increased and at maximum speed for the Mi-i4 heli-
copter reaches the value of 0.3.

The characteristic of operating conditions of the rotor shows
that part of the peripheral velocity of the blade tip is comprised
by the speed of forward flight of the helicopter or what part of
the length of the blade is occupied by the zone of reverse flow
around. -

The flow coefficient is determined by the ratio of the sum of
speed of flight lying perpendicular to the plane of rotation (along
the axis of the rotor) and induced speed to the peripheral velocity
of the blade tip of the rotor:

A Yoisd+o |

The coefficient of flow has maximum value in conditions of the
most advantageous climb and for the Mi-4 helicopter is about 0.2, in
conditions of iovering it 1is less, about 0.05 (since speed V sin A
is absent), and at maximum speed of horizontal flight even less,
about 0.03.

The coefficient of flow shows what part of the peripheral
velocity of the blade tip is comprised by the flow rate of air
through the rotor down from above along the axis of the shaft (speed
of flow),

L9
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The 1indicated relative speeds in flylng practice are not
encountered, but they received wide application in aerodynamic
designs of helicopters.

Inducad sgéed during forward flight. In vertical conditions
of flight the rotor creates a tractive force owing to the rejecting

of the mass of air through the rotor with a definite induced speed.
The volume of this airmass per second is the volume of the cylinder
with a diameter equal to the diameter of the rotor and height egual
to the induced speed. The thrust of the rotor is defined as the
product of airmass flow rate per second through the rotor by
inductive speed (see Formula 13). Here the operation of the rotor
can be compared with the operation of the propeller of an aircraft.

In forward flight operation of the rotor of a helicopter can
be roughly compared with the operation of a wing — monoplane of an
aircraft. From aerodynamics of an aircraft it is known that the
volume.or air per second participating in the creation of 1lift of
the monoplane is equal to the volume of a cylinder with a diameter
equal to the wingspan and with an height equal to speed of flight of
the aircrarft. Here the section of the stream of air 1is presented
in the form of a circle with a diameter equal to the wingspan (front
view). The 1ift of the wing can be determined by the product of
flow rate per second of airmass through the wing by the speed of
induced rake.

There will be such a diagram of the formation of thrust by the
rotor in forward flight. The volume of alr per second partilclipating
in the creation of tractive force will be equal to the disk area,
on the speed of forward flight of the helicopter, and thrust will be
determined by the product of this volume by the mass air denslity and
the speed of inductive rake. But since the speed of forward ilight
is great, the flow rate per second of airmass through the rotor will
be great, and, consequently, to create the same tractive force as
that in conditions of hovering, according to theorem of momentum,
there will be required a lower speed of repulsion, 1l.e., lower
inductive speed. This means, 1in forward flight in the creatlon of
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tractive force there additionally participates the speed of flight,
and the greater the speed of flight, the greater the flow rate per
second of airmass through the 1lift system, and the greater the -
thrust of the rotor. On the basis of this the thrust of an ideal
rotor in flight with forward velocity is determined by the formula

TRV [kgr), (18)
where V 1s the speed of forward flight of the helicopter in m/s.

Solving this equation with respect to v, we obtain the formula
of the average requlired induced speed in forward flight:

o= s (/81 (19) -

From formula (19) i1t 1is clear that the greater the speed of
forward flight of the hellcopter, the less inductive speed is
required. On the average one can assume that at maximum speed of
horizontal flight it 1s twice less than in conditions of hovering
for a given helicopter. A decrease in inductive speed leads to a
decrease in induced drag of blades of the rotor, and with an increase
in flight speed of the helicopter — to a decrease in the necessary
inductive power, which will be discussed more specifically below.

¢
Formation of lateral moment in a rigid rotor amd the necessity
of the introduction of a flapping hirnge. Above examined was the

operation of a rigid rotor, the blade of which did not have a hinge.
Here it established that duriang forward flight the rotor has an
asymmetric velocity field over the span of the rotor. This, in turn,
leads to the creation of asymmetric thrust along this surface. If
the rotor will be rigid, then half of the disk surface where the
blades advance on the flow wlll have greater thrust than the opposite
half where the blades retreat from the flow. The resultant thrust ~
will pass not through the axis of rotation, but nearer to the large
force and will create for a single-rotor helicopter a lateral moment
around the longitudinal axis of the helicopter, which will tilt the
helicopter 1n the direction of retreating blades from the flow

(Fig. 19a). Thus this was the case for the first single-rotor
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Fig. 19. Lateral and pitch moments in
a rigid rotor: a) for a rotor with any
number of blades; b) for a two-=-bladed
rotor.

helicopters with rigid rotors: they could fulfill hovering, move
at low speeds, but at high speed a lateral tilting moment appeared, -
which was impossible to parry by control. For this reason the
speeds of helicopters were extremely limited.

For a two-bladed rigid rotor, besides the lateral moment a
pitching moment appears around the lateral axis of the helicopter,
since the asymmetry of thrusts appears and along the longitudinal
axis in view of various speceds for blades which are simultaneously
in various aximuthal positions, for example, 1in position y = 45
and 225° (Fig. 19b).

Furthermore, the blade of a rigid rotcr is loaded by aerodynamic
forces, and there is great bending moment at the plaée of attachment
of the blade to the hub. In vertical flight conditions this moment

- does not change 1in magnitude in one revolution. In forward flight
owing to the asymmetric velocity fileld and lifts the bending moment
in one revolution will change for each blade from the minimum to
maximum value. This will lead to fatigue stresses and breakdown of
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the blade. To ensure the strength of such a rotor it will be
required to increase the section of bracing elements and this wil)
lead to an increase in weight of construction of the helicopter.

Then with that same power of the engine it is necessary to proceed in
decreasing the useful load.

At the same time periodically changing moments will be trans-
mitted to the helicopter, causing increased vibrations, and will
harmfully be reflected on the whole construction of the helicopter,
its equipment and on the organism of man. Furthermore, for a
helicopter with a rigid rotor stability worsens, and it is impossible.
to control it with the help of the automatic pitch control.

At present different methods are applied for eliminating the
above-enumerated deficiencies of the rotor with rigid blades, but
the most widespread method is the hinged suspension of the blades.

3. PFlapping Hinge

With stiffening of the blade to the hub lift forces gh, created
by it will be periodically changed in value in one revolution in
forward flight, as is shown on the diagram of loads (Fig. 20a). Kere
the bending moments My, will also change in each revolution, as was
shown on the diagram of moments. In the presence of a flapping
hinge the bending moment at the place of sealing of the blade will
be equal to zero (Fig. 20b), since through the hinge moments are
not transmitted, and the sum of moments of all forces having an

effect on the blade relative to the flapping hinge in the same way will

be equal to zero. For this reason there will be provided a more
reliable attachment of the blade to the hub and the section of the
bracing parts 1is decreased, and therefore the decrease in weight of
construction of the helicopter is possible. Since moments through
the hinge are not transmitted, then vibration helicopter up to
permissible limits will be decreased.

Only with the introduction of the flapping hinge is it possible
to control the helicopter by a change in cyclical pitch of the rotor
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Fig. 20. Aerodynamic loads and bending mo- .
ments having an effect on the blade in forward

flight: a) on a rigid blade; b) on a blade

having a flapping hinge.
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with th2 help of the cycliec pitch control.

Owing to the spacing of the flapping hinges (distances from
the axis of rotation to the axls of the flapping hinge) the helicopter
obtained a damping moment of the rotor, which prevents the disturbance
of equilibrium by external forces acting on the helicopter. But the
main assignment of the flapping hinge consists 1n the fact that now
the blade was able to accomplish flapping motions around the flapping -
hinge not only at the will of the pllot by cyclical change in pitch
but also independently in forward flight owing to the difference in
speeds and 1ifts. Flapping motions in the presence of a flapping
hinge lead to the preservation of 1lift of for a separately taken
blade constant in one revolution (see Fig. 20b) and to almost equal
distribution of 1lifts over the disk surface. The uniform distribu-
tion of 1ift led to the elimination of lateral tilting moment, and
this, in turn, made 1t possible tc 1lncrease the speed of the single-
rotor helicopter.

Consequently, by introduction ¢t the flapping hinge the following
were achieved: .

a) reliable fastening of blades to the hub;

b) decrease in welght of construction of the hellcopter;
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c) possibility of control of the helicopter by cyclic rotor %
pitch; '

d) decrease in the level of vibrations
e) certain static stability;

f) flapping motion of the blades, owihg to which 1ift over the
disk surface is evenly redistributed, and thereby the lateral moment
is removed and other characteristics of the helicopter are improved.

Forces acting on the blade in the flapping plane. In order to
examine the kinematics of a blade having a flapping hinge and te '

understand how lift from the blade is transmitted to helicopter if
moments are not transmitted, we will examine forces acting on the
blade in the flapping plane and their action.

Acting on the blade in the flapping plane in vertical flight
conditions of the helicopter are the following forces (Fig. 2})3'
1irt !n, force of weight of the blade G and centrifugal force ruﬁ.
In forward flight besides these forces there will still be acting
inertial forces Fi' because of the change in acceleration of flapping
motions of blades and their droop.

In vertical flight conditions the blades will form the coning
angle aq (angle between the blade and plane of rotation of the
rotor), -since lift of the blade is greater than its weight. 1In
vertical conditions of flight the coning angle is constant for all
blades and in all azimuthal positions. In forward flight, owing to
flapping motionr, the coning angle changes, and then it 1is called the
angle of flapping 8. Owing to lift the blade does not depart high
from the plane of rotation, since the centrifugal force and weight
of the blade create moments acting in the opposite direction of the
moment from lift. The sum of all moments with respect to the
flapping hinge is always equal to zero, and the blade is set in a
definite place on the flapping hinge, i.e., 1t will be directed along
the resuitant of all forces Ra acting on the blade and will be
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Pig. 21. Porces acting on the blade in
the flapping plane.

lower than the upper rest of the flapping hing.

Lift from the blade 1is transmitted to the helicopter in the
following way. Resultant forces of each blade Ra are directed from
the plane of rotation upwards at a certain coning angle ag Or
flapping angle 8 and stretch the helicopter beyond the rotor hub. If
all the resultants are added pairwise by rule of the parallelogram,
then we will obtain the total force - resultant of the whole rotor;
it is the total thrust of the rotor or 1lift (depending on what
conditions of flight the helicopter is 1in).

Forces acting on the blade in the flapping plane considerably
differ from each other in magnitude. Lift of the blade is usuall~
12-15 times more than its weight, and centrifugal force is 10-12 times
more than lift. Thus, for example, the weight of a blade of mixed
construction of the Mi-U4 helicopter is 120 kg and 1ift — 1800 kg.

The centrifugal force of the blade is determined by the formula

’--Qt"a. : (20)

where m — mass of the blade equal to {?q ru.T — radius of center of

gravity of the blade; « — angular veloéify.

In nominal operating conditions of the engine a centrifugal
force of about 20,000 kgf acts on every blade. Centrifugal force is
a powerful damper of flapping motions of blades around flapping and

arag hinges.
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The flapping hinge of the blade has upper and lower limiters
(rests). The upper rest of the flapping hinge is located so that the
blade can rise\25° above plane of rotation. The lower rest permits
lowering the blade U4° lower than the plane of rotation (anéle of
6§erhang), and at revolutions below 1700 per minute the angle of
overhang is 1°40' owing to the centrifugal limiter of the angle of
overhang.

4. PFlapping Motion of the Blades

It is established that in hovering conditions and vertical
conditions of flight during the rotor operation, blades of it are
lifted above the plane of rotation owing to the fact that their lifts
are greater than the welght. Since l1ift of blade does not change,
then the coning angle as yet will be considered constant. 1If,
however, in any vertical flight conditions cyclical change of rotor
pitch with the help of the control stick is given, then in each
revolution of the blade the setting angles from their some minimum
to maximum value will be changed. A change in setting angles will
lead to a change 1n angles of attack and 1lifts of the blades. As
a result of the change in 1ifts the blades will accomplish oscilla-
tions around the flapping hinges which is called flapping motion af
the blades.

But in forward flight the flapping motion of blades will be
carried out independently, without interference of the pilot, since
here 1ifts of blades will be changed owing to various true speeds
of the flow around.

Independent flapping motions of blades in forward flight lead
to two phenomena: redistribution of 1lift over the disk surface and
collapse of the cone of rotation back and to side.

Redistribution of 1lift. When the direction of flight coincides
with the plane of rotation the angle of attack of the rotor is equal
to zero. Such a flight can be with oblique descent with an operating
engine ahd with a small angle. When the blade is above the tail, it
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will have only peripheral velocity, since the forward velocity V
acts along the blade and there is no influence on the magnitude of
the angle of attack and 1lift of it. Therefore, it is not depicted on
tle velocity polygon in a zero azimuthal position (Fig. 22).

Fig. 22. Redistribution of 1lift over the
disk surface owing to flapping motions of
blades.

With motion of the blade to position ¢ = 90° the true speed of
flow around will be increased, and 1lift will also be increased. But
since the blade has a flapping hinge, it willl flap upwards. As a
result of this the blade will obtain additional speed of flap Véa".
With the addition of the four speeds, peripheral, induced, forward
and flapping speed in the position 9 = 90°, the true speed W will
be directed toward the chord of the element of the blade at a smaller
angle of attack a, the . the true speed in position vy = 0. This means
that the .angle of attack of the blade element decreases owing to
additional flowing around from above with a flap of the blade upwards,
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and this leads to a decrease in the coefficlient of 1lift cy, which,
in turn, leads to a decrease in 1lift, since 1ift of the blade

Ye=c, I8 [kerl, (21)

where S — area of blade of the rotor.

Consequently, the blade passed through the region of high speeds,
but as a result of the flap, because of the decrease 1in angles of
attack and coefficlient of 1i1ft the 1ift was almost maintained the
former.

With motion of the blade to position y = 180° the speed of flow
around will decrease, and when the blade occuplies the azimuthal
position of 180° there will be the same phenomenon as in a zero
azimuthal position, 1.e., the speed of flight will 1lle along the blade
and there will be no influence on the magnitude of 1lift.

With motion of the blade to position y = 270° the speed of
flow around will decrease, 1lift will also decrease, and in view of
the presence of a flapping hinge the blade will move downwards,
decreasing the flapping angle. The blade will obtain additional flow
around from below, as a result of which the angle of attack and
coefficient of 1ift will increase — 1lift of the blade will be
preserved. Consequently, the blade passed through the region of low
speeds, and 1lift was not changed in view of the flap downwards and
increase in angles of attack and coefficlent of 1lift.

The change in angles of attack a, coefficient of 1lift cy and
11t Yn for a separately taken blade 1in one revolutlon durilng
flapping motion 1s shown in Fig. 23. It 1s necessary to note that
an increase in angles of attack and coefficlent cy with deviation
from the flow will occur to a greater degree than will their
decrease with the approach of the blade on the flow. Thus, if in
position y = 90° the angle of attack of the blade decr=ased by 2°,
then in position ¢ = 270° it will be increased not by 2° but bty a
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Filg. 23. Change in angles of attack of
1ift coefficient and 1ift of the blade
in one revolution durling its flapplng
motion.

greater value (in our example in Fig. 23, by 4°). Thls 1s explained
by the fact that the flapping speed downwards 1n position ¢ = 270°
will be greater than that upwards 1n position ¢ = 90° because of a
sharper fall of the 1ift due to the difference 1in speeds. But

such a different change in angles of attack leads to a more equal
distribution of 1ift over the disk surface.

A change 1in angles of attack and coefficient cy will occur to
a greater degree for those elements which are located nearer the
tip of the blade, since 1in these places the flapplng speed is greater..
Filgure 23 shows two curves of the change in angles of attack: for
the sectlon of the blade tip and for section located 1in the mlddle
of the blade (dashed curve). The nearer the section to the root of
the blade, the change in angles of attack and coefficlient of 1ift
willl be less, and at the blade root these changes will not occur.

The magnitude of flapping motions and also the degree of change
in angles of attack and coefficlient cy depend on the speed of forward
motion: the higher the speed, the more the flapping motlions, and
the degree of change 1n angles of attack and cy wlll be greater, but
11t will be maintained in view of its redistributilon. At very
high speed, higher than is permissible in operation, anesles of attack_
in the azimuthal position of 270° can become greater than the
critical; then separation of flow from hlades advances, which leads
to a decrease in coefficlent c_, and an increase in the coefficient
of drag Cye The redistribution of 1ift evenly over the disk
surface makes it possible to eliminate the liateral tilting moment
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which was with the rigid rotor and thereby obtain the possibility
of increasing the speed of helicopters.

From what has been said the conclusion can be drawn that if
for the wing of an ailrcraft in rectilinear flight along the wingspan
a symmetric fleld of speeds, angles of attack, coefficients cy and
l1ifts are observed, then for a rotor with hinged blades in the same
flight owing to flapping motlions we observe an asymmetric velocity
field, asymmetrlic fleld of angles of attack and coefficients cy,
but the symmetric field of lifts 1s along the span of the rotor.

Character of flapping motions and collapse of the cone of
rotation. As was mentioned above, flapping motions of blades,
induced by the pilot through the automatic pitch-control mechanism,
caused deflection of the cone of rotation of the rotor and direction
of action of aerodynamic force to an undesirable direction owing to
the inertia of blades in thelr flapping motion. This deflection is
eliminated because of the system of advance of control. In forward
flight flapping motions of the blades, appearing because of the
asymmetric veloclty field, can also cause deflection of the cone of
rotation of the rotor and direction of the action of aerodynamic
force of the rotor to some direction.

If one were to conslder forces of 1lnertia of the blade with
1ts flapping motion, 1t will have a minimum flapping angle 1in
position vy = 270°, where the speed of flow around and, therefore,
1ift are minimum. With 1ts subsequent motion the speed of flow
around, and this means 1ift, will increase, and the blade will start
to rise, revolving around the flapping hinge, increasing the flapping
angle. In position ¢ = 90° the flapping angle should be maximum,
since here the speed is maximum. Then the blade will be lowered,
decreasing the flapping angle, following to position ¢ = 270°. But
acting on the blade with its flapping motion 1s the force of 1nertia,
which changes the character of the flapping motions. The force of
inertia always strives to maintain the speed constant and 1s directed
to the side opposite acceleration. This means that with the
acceleration of flapping the force of inertia will be directed
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opposite the motion of the blade along the tlapplng hinpe, and with
deceleration of the flappling speed — In the dlrection of the motion
of the blade.

The maximum speed of flow around 1s reached by the blade 1n posi-
tion ¢ = 90°, and therefore with motion of 1t to this azimuth it
will flap upwards. With further motion of the blade thc speed of
flow around it decreases and the flapplng rate decreases, but tie
force of inertia will be directed upwards, and therefore the blade
will continue the flap upwards, increasing the angle of the flap.
The blade will cease 1ts upward motion, investigations showed, only
emerging beyond the position y = 180°, about ¢y = 200°. Here 1t will
take the highest position with the maximum flapping angle.’ Then
the blade will start to be lowered. After position ¢ = 270°,
although the speed wlll be 1increased, the blade will continue
lowering by inertia, and 1t willl attain the minimum flapping angle
in the azimuthal position of about 20° (Fig. 24a). But since such
flapping motion is accomplished by each blade, then 1t appears that
the cone of rotation of the rotor wlll deviate owing to flapping
motions 1in the direction of advancing blades on the flow, more
accurately, in the direction of the azimuthal position of 20°, 1l.e.,
back and to the left (Fig. 24b, c).

The collapse of the cone of rotation of the rotor back is
explained not only by the 1inertla of the blades in their flapping
motion but also by the change 1n 1ift of the blade owing to the
change 1in angles of attack depending upon the direction to it of
the speed of flight. With flight of the helicopter forward, when
the blade 1s ahead of the helicopter — in the second and third
quarters of the circle, the flow will approach to 1t from beneath
(Fig. 25a), and the angle of attack of the blade will become greater
(Fig. 25b). An increase 1n the angle of atta:k will lead to an
increase in 1ift, and the blade will continue flapplng upwards, 1n
spite of the fact that after the azimuthal position of 90° the speed
of flow around of the blade decreases. When the blade 1s behind the
helicopter — in the fourth and first quarters, the flow will approach
it from above (see Fig. 25a), and therefore the angle of attack of
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Fig. 24. Change in flapping angle and deflec-
tion of the cone of rotation of the rotor: a)
curve of the change in flapping angle of the
blade 1in one revolution; b, ¢) collapse of the
cone of rotation of the rotor.

the blade will become less (Fig. 25¢). A decrease in angles of
attack will lead to a decrease 1n 1lift, and the blade will continue
flapping downwards, in spite of the fact that from the azimuthal
position of 270° the speed of flow around of the blade started to
increase. Therefore Lthe cone of rotation will be collapsed (blown
away) back.

Such an collapse of the cone of rotation of the rotor 1s
undesirable, since the aerodynamic force of the rotor acting
perpendicular to the base of the cone (plane passing through tips
of blades, which is called the effective plane of rotation of the
rotor) willl deviate to the same direction, 1i.e., back and to the
left. Deflection of the direction of action of aerodynamic force of
the rotor to the left creates left slip to the helicopter, and 1if one
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Fig. 25. Effect of incident flow at speed
of flight V on angles of attack of blades:
a) direction of flow on blade of rotor in
horizontal flight; b) angle of attack for
element of the blade passing ahead of the
helicopter; c) angle of attack for element
of the blade passing above the tail boom.

were to consider that tractive force of the tail rotor in flight
with an operating engine also acts to the left, then there 1is

created such a left slip with which i1t will be impossible to handle
the control system of the helicopter. Deflection of the direction

of action of aerodynamic force back will cause a longitudinal force,

which will brake motion of the helicopter forward. Therefore, the
flapping motion of the blades must be limited in magnitude, and it
1s necessary to direct the cone of rotation and aerodynamic force
in the needed direction.

The powerful means limiting the flapping motion of the blades
are their centrifugal forces. Moreover, the flapping motion is
limited by the fact that with flapping the angle of attack of the
blade 1s changed. This limitation received the name "aerodynamic
flapping balance.™ But one aerodynamic balance is insufficient,
since this balance 1s uncontrollable. Therefore, a damping device
is introduced, which limits flapping even greater. Such a damping
device is the flapping control (guide flapping compensation). The
flapping control is provided not only as a means of a control

advance but also as a means of limitation of flapping motions of the

blades.
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Flapping control. The essence of the flapping control (guide
compensation) consists in the fact that the rod connecting the lever
of the blade with the plate of the cyclic pitch control occupies
strictly a definite position with respect to axes of the flapping
and feathering hinges. This rod 1is displaced from the longitudinal
axis of the blade forward on rocation of the rotor at distance b
and from the axis of the flapping hinge into the depth of the blade
at distance a (Fig. 26a). Such a position of the rod shown permits
that with flapping of the blade upwards its setting angle decreases,
and with flapping downwards it is increased (Fig. 26b). This change
in setting angle occurs because the blade upon flapping rocks around
the axis of the flapping hinge, and together with it the lever of the
blade will rise, but the rod fastened to the plate of the cyclic
pitch control remains motionless; as a result the blade 1s forced to
rotate around the feathering hinge, changing the setting angles. The
greater the distance a, the setting angle ¢ will be changed to a
greater degree upon flapping of the blade. An increase in distance
b of the rod control of the blade from the axis of the feathering
hinge increases the degree of advance of control.

Fig. 26. Flapping control; a) kinematic dia-
gram; b) setting angle of blade during its
flapping; 1 — rod of lateral control; 2 — rod
of longitudinal control.

This means that setting angles of blades ¢; for the Mi-4
helicopter are changed by the "pitch-throttle" lever by the same
value for all blades simultaneously and by the control stick -
cyclically and independently owing to the presence of the flapping
control,-ir they accomplish flapping motions around the flapping
hinges.
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The presence of the flapping control will limit the flapping
motion of the blades, since upon flapping of the blades upwards a
decrease 1n setting argle will lead to a decrease in lift and limita-
tion of flapping upwards. With flapping downwards, on the other
hand, an increase in setting angle will 1limit flapping of the blade
downwards.

Besides such limitation of flapping motlons, the flapping control
will transfer the maximum and minimum angles of flapping of blades
to another azlimuthal position. If without the flapping control the
maximum angle of flapping was 1n position ¢y = 200°, and the minimum
flapping angle in positlion ¢ = 20°, then now the maximum flapping
angle will be approximately 1in position ¢ = 160°, and the minimum
in the opposite position — about ¢ = 340°. Therefore, the cone of
rotation will appear deflected in the direction of ¢ = 340°, i.e.,
back and to the right. To the same direction the direction of action
of aerodynamic force of the rotor will deviate, and its lateral
component will be directed to the right and will balance the thrust
of the taill rotor acting to the left. Then flight will be accomplished -
without slip even with the neutral control stick in a lateral ratio
if the indicated forces will be equal to each other. If, however,
the lateral component of the aerodynamic force of the rotor acting
to the right will not be equal to the thrust of the tail rotor, then
slip w1ill appear. Then the pillot is obliged to balance these forces
by deficcting the control stick in a lateral direction.

In average speeds of flight of the helicopter the deflection of
cone of rotation of the rotor and direction of action of aerodynamic
force of the rotor owing to the flapping motions and presence of the
flapping control of the rotor completely balances the thrust of the
tall rotor, without 1interference of the pilot, so that the control
stick can remain in a neutral position in a lateral ratio. At speeds
less than medium flapping motions of the blades and deflection of
the cone of rotation of the rotor are insignificant, the lateral
component of aerodynamic force 1s insufficient and the pilot
supplements it by motion of the control stick to the right. At
speeds hlgher than average flapping motions of the blades and
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deflection of the cone of rotation of the rotor are unnecessary;

the pllot decreases the lateral force by motion of the control stick
to the left. Furthermore, the flapping control more accurately
redistributes 1ift over the disk surface. If without the flapping
control with motion of the blade to position ¢ = 90° its angles of
attack decreased owing to the presence of the flapping rate upwards,
which decreased 1ift, then now the flapping control will additionally
decrease the setting angle, decreasing 1lift to a greater degree.
With motion of the blade to position y = 270° a reverse phenomenon
will occur: the flapping control will increase 1lift owing to the
increase in setting angle.

With engine failure and also when turning the engine off for
the purpose of intentional gliding the flapping control promotes the
better and faster transition of the rotor to autorotation. With
failure or turning off of the engine the number of revolutions of
the rotor decreases, this leads to a decrease of centrifugal forces
of the blades, but as a result of this the coning angle increases,
and flapping controls decrease the setting angles of the blades by
an identical value, i.e., decrease the collective pitch without
interference of the pilot. Such an action promotes transition of
the rotor to autorotation.

The degree of action of the flapping control is determined by
the characteristic of flapping control K. The characteristic of
the flapping control is the tangent of the angle of the flapping
control Gy i.e., the angle included between the axis of the flapping
hinge and straight line connecting the point of crossing of axes of
the flapping and feathering hinges with attachment point of the lever
of the blade and control rod (see Fig. 26a, b): K-uq—%.

The characteristic of the flapping control for helicopters
occurs within limits of 0 to 1. If K= 0, this means that distance
a 1s equal to zero; and then with flapping of the blade 1its setting
angle will not be changed, since the blade and its lever will revolve
around one axis of the flapping hinge. If K= 1, then distances a
and b will be equal to each other and the effect of the flapping
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control wi ' be great. For the Mi-4 helicopter the characteristic
of the flapping control K = 0.5. Such a vlaue of the characteristic
of the flapping control ensures at average speeds of flight deflec-
tion of the cone of rotation of the rotor and direction of action
of aeroc,namic force so that its lateral component 1s equal to

tre thrust of the taill rotor, and flight is accomplished without
slip at neutral position of control stick in a lateral directlon.

Coefflients of flapping motion. ¥rom that examined earliler

i1t follows that the cone of rotation of the rotor and, together

with 1t, the directlion of action of 1its aerodynamic force can be
deflected to any slde by the desire of the pillot. But at the same
time the cone of rotation and direction of action of aerodynamic force
are also deflected back and to the ieft owing to flappling motions

in forward flight. However, 1in connection with the fact that the
deflection to the left 1is 1rratlional, then wilth the help of the
flapping control deflectlon of the cone of rotation and direction of
actlon of aerodynamic force to the right changed, and thereby
balanced the tractive force of the tail rotor completely or partially,
depending upon the speed of flight and magnitude of deviatilon.

The magnitude of flapping motions 1s changed (estimated) not
by the magnitude orf the flapping angle but by coefficlents of
flapping motion aq and Ly (al — angle of deflectlion of axls of the
rotor cone from the axls of the rotor shaft back and b1 — angle of
deflection of the axis of the cone from the axis of the shaft to
the right — Filg. 27a, b). The magnitude of flapping motions, and
this means and coefficlenta albl’ depends on the characteristic
of operating ccnditions of the rotor uw or on the speed of flight of

the hellcopter V.

In conditions of hovering flapping motions are absent, and
therefore coefficlents of flapping motions are equal to zero. With
the transition to forward flight flapping motions appear and
coefficlents of these motions grow, 1.e., the deflection of the cone
of rotation back and to the right 1s increased (Fig. 27c). But at
any flight speed, or with any characteristic of operating conditions
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Fig. 27. Coefficlents of flapping motions:
a) coefficient of flapping motion character-
izing deflection of the cone of rotation of
the rotor back; b) coefficient of flapping
motlion characterizing deflection of the cone
of rotation of rotor to the right; c¢) depen-
dence of coefficlents of flapping motion on
the characteristic of operating conditions
of the rotor.

of the rotor u coefficlient a, 1s greater than b1 approximately
twice, since the cone 1s always deflected back more than to the
right. The coefficients shown are small in value. Thus coefficient
a, at maximum speed 1is about 6° and coefficient b, — about 3°.

Inertial moments of the hub owing to spacing of flapping hinges.
In forward flight of the helicopter on the rotor hub there are
longitudinal and lateral moments from mass (centrifugal) forces of
blades. These moments appear due to the presence of the spacing of
the flapping hinges.

Spacing of the flapping hinge 1s called the distance from the
axils of rotation of the rotor to the axis of the flapping hinge
(distance 2 in Fig. 28a). When the axis of the cone of rotation
coincides with the axlis of the rotor, the moment from centrifugal
forces of the blades 1s absent, since centrifugal forces are directed
along the plane of rotation of the rotor (see Fig. 28a). In forward
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Fig. 28. Moments of the hub owing to the
spacing of the flapping hinges: a) con-
ditions of hovering; b) flight forward.

flight with oblique airflow of the rotor the cone of rotation of
the rotor is deflected back, then centrifugal forces act 1n parallel
to the base of the cone of rotation (perpendicular to the axis of
the cone), but they are located in various planes and therefore
will form a pair of forces with arm ¢ (Fig. 28b). The moment of
this pair of forces will be tﬂe moment of the hub owing to the
difference in the flapping hinges:

M, =F ¢ [kgf-m].
In this case the moment of the hub will be longitudinal, since we
took the pair of forces in longitudinal plane, and it will be
pitching, 1.e., directed in the direction of deflection of the cone
of rotation of the rotor. If the pair of forces is examinec¢ in a
lateral plane, the moment of the bushing will be lateral and
directed also in the direction of deflection of the cone of rotation.

Aerodynamic and automatic flapping compensation. The independent
flapping motion of blades in forward flight 1is a positive phenomenon.
It is created by the introduction of flapping hinges 1in order to
redistribute 1ift evenly over the disk surface, thereby to eliminate
lateral tilting moment taking place for a rigid rotor and to make
it possible for a helicopter to develop relatively high speed. But
too high flapping motion of the blades can lead to an impact of
them against the upper and lower rests of the flapping hinges. If,
however, there are no impacts, then there will be great deflections
of the cone of rotation of the rotor back and to the side, which is
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also undesirable since there will appear great projections of
aerodynamic force on the plane of rotation of the rotor, and thase
forces willl create braking of the flight and slip. Therefore,
flapping motions of the blades must be limited.

This limitation 1s carried out on the one hand owing to the
change 1n angles of attack during flapping motion and bears the
name of "aerodynamic flapping compensation" and on the other owing
to presence of the flapping control, i.e., the change in setting
angles during flapping motions of the blades; it has name of "auto-
matic or guide flapping compensation."

5. Drag Hinge

With the introductilion of flepping and drag hinges the motion
of the blade was complicated, and now it consists of forward motion
together with the helicopter, rotation of the blade with respect
to the axlis of the rotor, flapping motions relative to the flapping
hinge and rotation around the drag hinge.

In order to clarify the assignment of the drag hinge, let us
examine forces acting on the blade in the plane of rotation of the
rotor and what influence they render on its kinematics.

The following forces, act on the blade in the plane of rotation
of the rotor (Fig. 29).

1. The drag of the blade Q, (circumferential force) 1is applied
to the center of pressure of the blade and 1s directed to the side
opposite the rotation on a tangent to circumference, which is
circumscribed by the center of pressure of the blade. The drag of
the blade, as also drag of the wing, consists of induced, profile
and wave drag if the blade tip 1is flowed around with supercritical
speed. In forward flight with a constant number of revolutions of
the rotor the drag of the blade in each revolution, although 1t 1is
changed in value owing to the asymmetric field of speeds it 1is
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Fig. 29. VForces acting on the blade in
the plane of rotation of the rotor.

insignificant, since the flapping motion of the blades and presence
of the flapping controi redistributes evenly over the disk surface
not only 1lift of the blades but also their drag.

2. Forces of inertia FHH acting in an opposite direction to
angular acceleration. With an increase in the number of revolutions
the inertial force will act to a side opposite the rotation and
with a decrease in the number of revolutions, in the rotation (shown
in Fig. 29 by a dashed vector) L rce of inertia is applied to

the center of weight of the blade.

3. Centrifugal force Fue 13 applied to the center of weight
of the blade and is directed from the axis of rotation of the rotor.

4, Coriolis forces (turning) FK acting in the rotation and
opposite the rcotation depending upor the flapping motion of the

blades.

Coriolis force. Coriolis force is an additional force of

inertia appearing with the resultant motion consisting of rotary
and forward if even these motions are uniform. Coriolis force 1is
named after the French scientist Coriolis, who first revealed this
force.
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For clarification of causes of the appearance of Coriolis
forces, we will perform following experiment (Fig. 30). Let us
force a body of defined mass M to revolve about a circumference
together with a disk, 1.e., give to it velocity of following (u =
= wr). Simultaneously let us force load M to move over the radius
of rotation from the center to the periphery, i.e., let us give to
it relative speed VOTH. At a definite moment of time the load 1is
in position 1 and has peripheral veloclity u, = wry and forward
velocity (relative) from the center to the periphery, VOTH‘ After
some interval of time the disk together with load M will turn at
angle ¢. Here load M, revolving together with the disk and moving
forward (participating in resultant motion) will move to position 2.
In this new position load M will already have a different peripheral
velocity owing to the increase in radius, u, = wr,, and the same
forward velocity, VOTH' The angular velocity of rotation w and
forward velocity VOTH were constant, and the peripheral velocity
u, increased as compared to the preceding peripheral velocity u;.
Therefore, the load actually moved with circumferential acceleration,
the acceleration being directed in rotation. The increase in speed
causes the appearance of an inertial force acting 1in the opposite
direction of acceleration, and this will be the Corilolis force FK‘

With movement of load M in the opposite direction, 1l.e., from
the periphery to the center of rotation, the circumferential
acceleration will be directed opposite the rotation and the Coriolis
force in rotation.

The appearance of turning forces can be explained on the basis
of the law of conservation of energy. In this particular case the
law of conservation of energy will be formulated as the law of
conservation of angular momentum, mVr. In our case angular momentums
of two positions of body M will have the form:

for position /= MMr=meryr,emerl;
for position 2— muyr;e=me,ryr;=meri

According: to the law of conservation of angular momentum these
moments in two positions should be equal to each other:

73



n-,r: = W;

Since masses m are equal, then “1r§ = “erg should be equal. But since
in position 2 the radius 1s greater then in position 1 (r2 > rl),
then, consequently Wy < Wy, i.e., the angular velocity in position 2
should be less than that in position 1. This decrease in angular
velocity occurs owing to the appearance and action of the Coriolis
force, which acts in this case oppo iic the rotation (see Fig. 30).
With movement of lcad M to the center of rotation there will be the
reverse phenomenon — the Coriolis force will act in rotation, increas-
ing the angular velocity of rotation.

U "’ :
\\\\ Fig. 30. Diagram of the
formation of Coriolis

forces.

The Coriolis force 1s equal to the mass of body multiplied by
Coriolis acceleration:
Fx=mj, (22)

where JH — Coriolisly acceleration (turning).

From mechanics it 1s known that coriolis acceleration! 1s equal

1By the action of Coriolis forces certain interesting phenomena
in nature are explained. In rivers flowing from north on south or
from south to north, masses of water constantly wash the same shore:
in the Northern Hemisphere — right, in the Southern Hemisphere -
left. As a result of this c¢ne shore of the river always occurs steep
and the other sloping. The diurnal rotation of the earth deflects
the mass of air owing to Coriolis forces acting at a right angle to
velocity vector of the wind to the right of the direction of the mo-
tion of wind in the Northern Hemisphere and to the left in the
Southern Hemisphere. Coriolis forces act on the change in the flow
of masses of water in seas and oceans.
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to the doubled product of angular velocity by relative speed
(perpendicular to the axis of rotation)

Jx =3V ome. (23)

With flapping of the blade downwards its center of gravity
appears on the large radius from the axis of rotation, i.e., the
mass of the blade moves further from the center (r2 is larger than
rl) if the blade will not turn lower than the plane of rotation of
the rotor (Fig. 31). Therefore, there will appear a Coriolis force
acting to the side opposite the rotation, being added with the ’
circumferential force of the blade (see Fig. 29). With flapping of
the blade upwards 1its center of gravity will move nearer to the
axls of rotation, and therefore a Coriolis force acting in rotation
will appear.

Fig. 31. Change in the radius
of the center of gravity of
the blade with flapping.

The appearance of Coriolis forces can be visually observed by
the organization of experiments on an operational apparatus. The
apparatus consists of a pedestal on which a disk revolving by an
electric motor is set. On the disk two lead loads, colored with
white paint are placed in grooves. The loads can move simultaneously
over the radius of rotation to the center or from the center to
the periphery by another electric motor through a special reduction
gear. The disk can revolve both to the right and left side. A
tachometer and control panel are mounted on the pedestal. The
apparatus operates on direct current with a voltage of 24 V.

The setting of the experiments is produced in the following
way. The disk 1is accelerated by an electric motor to the right up
to steady revolutions, and then the motor is turned on, moving the
lead loads from the center to the periphery. On the instrument one
can see how the revolutions decrease, and consequently, a Cariolis
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force actlngs opposlite the rotation appears. When moving the loads
to the center of rotatlion the revolutlions lncrease, and this means
the Carlolls force is directed 1n rotation and 1lncreases the angular
velocity.

Function of the drag hinge. Let us 1magline a blade not having
a drag hinge but only a flappling hinge. In vertical flight con-
ditions when flapplng motlions of blades are absent, on the blade

in the plane of rotatlon bending moments from drag will :ict. The
greatest moment wlill be at the attachment point of the blade to
the hub, but the magnitude of this moment does not change if the
revolutions and collective pitch are constant (Fig. 32a).

Bending
moment

Fig. 32. Diagrams of bending moments in
the plane of rotation of the rotor with
stiffening of the blade (a) and with the
drag hinge (b).

In forward flight there will appear Corlolis forces, which will
change the magnitude of the bending moments owing to the change 1n
direction of the Coriolls forces. With flapping of the blade
upwards the Coriolis force will be directed in the rotation, decreas-
ing the bending moment, and when flapping downwards it will be
directed opposite the rotation, and, belng added with drag, will
increase the bending moment. Live loads will cause fatigue stresses
and can lead to destruction of the blade. To provide strength will
require an increase in the section of components fastening the
blade to the hub, which will lead to an increase in the welght of
construction of ti.e helicopter. Moreover, live loads will be
transmitted to the body of the helicopter, causing ralsed vibration.
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By introducing the drag hinge the indicated deficiencies are
eliminated, since moments through the hinge are not transmitted. At
the place of the drag hinge the moment will be equal to zero (Fig.
32b). Consequently, by introduction of the drag hinge reliable
bracing of the blades is ensured, the weight of construction 1is
decreased, vibrations are decreased, and other characteristics of
operatlion of the blades and rotor are improved.

Drag hinges have vibration dampers — frictional dampers which
decrease vibrations of blades in flight, during acceleration and
stopping of the rotor on land, and they prevent the possibillity of
the appearance of lateral oscillations of the helicopter on land '
(ground resonance).

Kinematics of blades in the presence of a drag hinge. The
kinematics of blades 1n the presence of a drag hinge will be the
following. In power-on flight the blades always have an angle of
lag of about U4° (see Fig. 29) owing to the action of the drag. The
blade does not reach the backstops of drag hinges due to the action
of centrifugal forces, moments of which are directed forward in
rotation. Such moments of centrifugal forces are obtained due to
the spacings of the drag hinges, i1.e., the distance from the axis
of rotation to the axlis of the drag hinges. The blades accomplish
oscillations around the drag hinges owing to a change 1n direction
of the Corlolis forces. The magnitude of these oscillations depends
on the speed of forward motion of the hellcopter. In conditions of
hovering osclllations are absent, with an increase in speed they
appear and increase within 1limits up to 1.5° at maximum speed. The
drag hinges have backstops (limiters). On the Mi-4 helicopter the
backstop 1s at 6° 40' from the neutral axis of the blade (perpen-
dicular to the axis of the flapping hinge).

In autorotation of the rotor the blades have a lead angle, l.e.,
they are ahead of their neutral axis because of the action of
aerodynamic forces on them. These aerodynamic forces drive the
rotor and transmission in the same direction as power-on flight.

But the blades also do not reach the front stop of drag hinges
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due to the actlion of the came centrifugal forces whose moments are
directed to the side opposite the rotation of the rotor. The
blades will accomplish oscillations around vertical hinges owing to
the change In direction of Coriolis forces in the same limits as in
power-on flight. On the Mi-4 helicopter the front stop of the drag
hinge 1s at 13° 20' from the perpendicular to the axis of the
flapping hinge.

6. Feathering Hinge

Besides flapping and drag hinges the blade of the rotor of a
helicopter also has an axlal (feathering) hinge, revolving around
which, 1t changes the setting angle as is carried out for any
propeller of an alrcraft of variable pitch. As has already been
clarified earlier, the blade of rotor will revolve around the
feathering hinge upon the actlon of the "pitch-throttle" lever, and
the angles change for all blades by the same magnitude — a change
in collective pitch of the rotor occurs. But the blade revolves
around the feathering hinge, and the control stick produces a .
cyclical change in pitch. Furthermore, the blade will accomplish
rotation around the feathering hinge independently when it accomplishes .
flapping motion around the flapping hinge in forward flight owing
to the presence of a flapping control. The feathering hinge of the
blade of the Mi-4 helicopter permits changing the setting angle of
the blade in the whole range of the change in collective pitch
from 3° 30' to 14°.

Acting around feathering hinges of blades are aerodynamic and
inertial moments, which try to change the setting angles of the
blades, exerting pressure on the automatic pitch-control mechanism
and twisting the blade. Too great twisting of the blade can change
the aerodynamic property of the blades, and this means flying
properties of the helicopter.

To decrease longitudinal moments from aerodynamic forces the
profile of the blade is selected so that the center of pressure
coincides with the axis of rotation or close to it. The modified




proflle NACA = 230M is such a profile which creates insignificant
moments.

Besides aerodynamic moments, acting around the longitudinal
axis of the blade are lnertial moments from lateral components of
centrifugal forces of the mass of the blade itself. These moments,
Just as for propellers of an aircraft, act on the twisting of
blades in the direction of a decrease in setting angles and exert
pressure on the automatic pitch-control mechanism. To decrease the
indicated moments on propellers of alrcraft and on rotors of heavy
hellcopters counterweights are installed, and moments of centrifugal
forces of these act in the opposite direction.

In concluding an examination of the kinematic characteristics
of a 1lift system, one should draw the conclusion that besides
rotation around the axis of the rotor and forward motion together
with the helicopter in a steady state of flight with forward velocity
and with a constant number of revolutions when all control levers
are stationary, the blades still have continuous motion (oscilla=-
tions) around all three hinges. Around flapping hinges oscillations
occur owing to the asymmetric field of speeds over the disk surface,
around drag hinges -~ owing to Coriolis forces and around feathering
hinges — owing to the presence of the flapping control. In hovering
these oscillations do not appear, with an increase in forward
velocity they are increased and at maximum speed they attain the
greatest magnitude. These oscillations are accomplished in defined
limits so that during correct flying operation of helicopter the
blade does not hit against the available rests.

7. Non-Co-Conicity®* of Blades of the Rotor and
Driving of the Control Stick

After the setting to all blades of the rotor of ldentical setting

angles in the process of preliminary control in the operation of the
rotor it can appear that not all the blades describe an 1identical
cone, 1.e., is obtained the so-called non-co-conicity [*Translator's
note: This word is not verified] of the blades.
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Co-conicity of the blades can be only in the case when all
blades have especlally exclusively geometric, kinematic, aerodynamic
and mass parameters. Since even with the most thorough manufacture
of blades it 1s impossipble to achieve the identical indicated
parameters, and since every blade will have various parameters, then
each of them will describe 1ts own cone. Consequently, there will
be obtained several cones of rotation of the rotor and according to
the number of blades.

In the presence co-conicity of the blades the resultant of the
aerodynamic forces of the rotor R will pass through the axls of
rotation. In the presence of non-co-conicity of the blades the
resultant of aerodynamic forces of the rotor wlll be displaced to
the side of the axis of rotation. This will cause shaking oi the
whole helicopter not only in a forward motion, when the rotor will
have oblique airflow, but also in vertical flight conditions in the
presence of axlal flow around (direct flow).

A check of co-conicity of the rotor 1s produced in the following °
way.

1. Prepare a post on the end of which fasten a package of
tight paper 0.5-0.8 m high. Color the edges of blade tips with
colored pencills or mastic, each blade a different color. For an
all-metal blade for the protection of the glass of the contour light
from a blow against the paper there is an attachment - a brush
constituting the usual brush fastened under screws of bracing of the
tip fairing.

2. Start the engine, switch in the transmission and to set
conditions of the engine: revolutions — 1800 per minute, collective
pitch — 6-7.5°. Then bring the post with paper to the blade tips of
the rotor in front of the helicopter or to the left in such a manner
that the paper 1s directed toward the axils of the rotor. After tips
of the blades touch the paper, remove the post. Measure the distance
on the paper between imprints of the blades. The width of washout of
the imprints should be not more than 25 mm. If this distance 1s more,
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it is necessary to reach distance 25 mm by controlling setting angles
of blades with the help of control rods.

A blade whose imprint lies higher than the average imprint has
a large setting angle and 1ift. Therefore, it 1is necessary to
decrease 1ts setting angle by means of decreasing the length of
the rod. For a blade whose imprint 1s lower than the average imprint,
has a smaller setting angle, it is necessary to extend the control
rod of this blade. One turn of the blade control rod in the thread
in the upper branching of the rod changes the setting angle of the
blade 26', which changes the height of motion of the blade tip by
80 mm. A turn of the rod on one edge (1/6 of a revolution) causes
a change in height of motion of blade tip of 10-15 mm.

) 3. Having achieved co-conicity of the blades at revolutions of
1800 per minute, it 1s necessary to check co=conicity at other
revolutions, since the obtalned co=-conicity at some revolutions of
the rotor can turn into non-co-conicity at other revolutions. This
is explained by the fact that blades of the rotor are not absolutely
rigid, and from the action of aerodynamic and inertial forces they
are subjected to not only bend but also torsion. Torsion of the
blade during its bend occurs because the center of gravity and
center of pressure of the blade do not always coincide with the
center of rigidity of 1it. The weight balancing designer seeks
coincidence of the center of gravity with the center of rigidity, or
they should be close to one another. The position of the center of
pressure is not constant and depends basically on the magnitudes of
angles of attack. Therefore, in turning to other revolutions, the
changed moments around the longitudinal axis of the blade will twist
separate blades on an increase or decrease in the setting angles.
This will lead to a change in angles of attack, 1lift and formation
of another cone of rotation by this blade.

Consequently, after there will be attained co=-conicity at
1800 r/min, it is necessary not changing the magnitude of collective
pritch, to increase the revolutions with the help of a throttle
control up to 2300-2400 r/min and to check co-conicity in this way.
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Here the 1mprints on the paper will be already different as compared
to their imprints with satisfactory co-conicity at 1800 r/min. The
blade departed from the middle position upwards has a setting angle
owing to the twist by its positive pitching moment. It is necessary
to decrease the posltive pitching moment of this blade by bending
the aerodynamic plate of the blade downwards. The blade departed
from the middle position downwards has a smaller setting angle due
to the twist by diving moments, and on this blade it 1is necessary to
increase the positive pitching moment by bending the aerodynamic
plate upwards. Bending the plate 1° changes the height of the
imprint on the paper 40-50 mm at 2400 r/min.

The angle of bending of the plates should be not arbitrary but
limited. Thus for blades of mixed construction in view of their
definite characteristics, the angle of bending on each blade should
be only downwards at 6:%0, counting off from the lower edge over
the average angle along the length of the plate. The divergence of
angles between separate blades 1s allowed at no more than 5°. For
all-metal blades the angle of bending of the plate is allowed on
each blade downwards at U4° and upwards at 6°. The divergence
between angles of separate blades of the given set should not exceed

8°.

4§, After obtaining co-conicity with operation of the rotor at
2400 r/min again co-conicity during 1its operation at 1800 r/min 1s
checked, achieving co-conicity by a change 1n length of blade control
rods. Then agaln co-conicity during rotor operation at 2400 r/min
is checked, achieving 1t by bending of the plate.

Thus, by eliminating non-co-conicity by consecutive approach
there are achieved cones of rotation of separate blades during rotor
operation at 1800 r/min — the change in length of control rods of
the blades, and by means of changing the position of aerodynamic
plates on blades during rotor operation oi 2400 r/min. In the
presence of a sufficient experiment fo: reduction of the number of
startings of the engine both these operations are produced simul-
taneously.
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Non=-co=-conicity of the rotor causes not only vibration of the
whole helicopter but also vibration (driving) of the control stick.
Thls driving appears from forces transmitted along the circuit of
longitudinal and lateral control from blades to the lever. If
moments around the longitudinal axis for a pair of mutually opposite
blades are not equal to each other, then the blade with a large
moment on the decrease of the setting angle will exert pressure on
the automatic pitch-control mechanism greater than the blade with a
smaller moment; the plate of the automatic pitch control will be
banked, and along the control circuit this motion is transmitted to
the lever. But since the plate revolves together with the blades,
then the control stick will make a circular motion in the direction
of rotation of the rotor. The magnitude of these motions will depend
on the difference of moments around the longitudinal axes of a pair
of mutually opposite blades.

With a disconnected hydraulic system the driving of the control
stick will be considerable, since the circuits of pitch and lateral
control from the automatic pitch control to the control stick are
rigid. As a result of eliminating non-co=-conicity by means of
bending the compensating plates in rotor operation at 2400 r/min
(on the combined indicator) eliminations of lever driving are simul-
taneously achieved. It 1s necessary to achleve that driving of
the lever with a disconnected hydraulic system be not more than
+10 mm.

The magnitude of lever driving 1s checked on land and in flight
by the following method. Control of the hellicopter 1s carried out
by the left lever and to the right lever there 1s attached a pencil
in such a manner that the point 1s directed upwards. Then the
operating conditions of the engine or flight conditions (with a
check during flight) are established. A plane table with paper 1is
turned downwards, touching the paper to the point of the pencill and
smoothly transferring the plane table in a lateral direction. On
the paper a wavy line will be written. The Leight of the wave 1s
divided into two, and this will be the magnitude of oscillations
of the control stick. The obtained number with a disconnected
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hydraulic system should not exceed 10 mm. With the hydraulic system
included the pulling of the cyclic pitch control from the above-cited
causes will be transmitted to the hydraulic system, and in 1t there
will be a pulsation of pressure. But since the volume of the
hydraullc system, especially with the hydraulic accumulator 1is

rather large, then this pulsation of pressure will be insignificant.
The pulsation of pressure in the hydraulic system will also be
transmitted along the control circuit and to the control stick, but
already considerably less than with the hydraulic system disconnected.
In thlis case the permissible driving of the lever should be not more
+3 mm.

All the lndlcated works on checking and eliminating non-co-
conicity of the rotor and driving of control stick are fulfilled
with the position of the helicopter on a line with a wind of not
more 3 m/s. Control of the helicopter 1s carried out necessarily
by a member of the flylng crews.

§ 5. Aerodynamic Characteristics of the Rotor

1. Force Polygon of the Element of the Rotor Blade

In order to present a plilcture of the formatlon of aerodynamic
forces by the rotor, 1n the beginning we will examine the dlagram
of aerodynamic forces of a separately taken element of the rotor
blade, for example, during vertical climb (Fig. 33). Acting on the
element of the blade are peripheral velocity u, inductive speed v
and vertical climb veloclity Vy. Adding these speeds by the rule of
speed polygon, we will obtain the resultant speed W, which will act
on the chord of the element at a certain positive angle of attack a.

As a result of the action of flow by the element of the rotor
blade there is created a total aerodynamic force of the element of
the blade AR. In aerodynamics of a wing of an aircraft 1s spread
this force to 1ift AY, acting perpendicular to the incident flow W,
and drag AQ, acting in parallel to this flow to the side opposite
to the motion of the blade element. In aerodynamics of a rotor 1t
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Fig. 33. Forces acting on the
element of the blade during
vertical climb.

is expedient to decompose aerodynamic force AR on thrust AT, acting
perpendicular to the plane rotation, and drag of the blade (cir-
cumferential force) AQn, acting in the plane of rotation to the side
opposite to the motion of the blade. The sum of all thrusts of
elements along all blades will give the total thrust of the rotor,
and the sum of all resisting forces of the blade will give the total
resisting force of the rotor (drag to rotation), which is surmounted
by torque applied to the shaft of the rotor.

Let us show that the analogous force polygon of the blade
element will be along the entire length of blades of the rotor and in
all conditions of flight. The only difference will be in the fact
that there will be various forward velocities both in magnitude and
in terms of direction depending upon flight conditions, different
setting angles ¢ and different angles of attack a, but they will
always be positive. Therefore, all elements of blades in all flight
conditions, even in autorotation, will create positive thrust.

2. Creation of Tractive Force by the Rotor in Hovering
and Vertical Conditions of Flight

A diagram of the formation of aerodynamic forces by the rotor
in vertical flight conditions is shown in Fig. 34. On a blade
taken separately the following forces act: 1lift of the blade %] is
directed perpendicular to the blade and is applied to the center of
pressure of it, the force of the weight of the blade Qn acting
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Fig. 34, Diagram of the formation of trac-
tive force of the rotor in hovering and
vertical flight conditions.

vertically downwards 1s applied to the center of the weight of the
blade, and the centrifugal force th acting perpendlcular to the

axis of rotation. Adding all these forces acting on the blade, we
will obtain the resultant of all forces Rﬁ’ which 1s directed along
the length of the blade at a certain angle to the plane of rotation

— conlng angle age The sum of moments of all forces acting on the
blade relative to the horizontal hinge 1s equal to zero at a deflnite
magnitude of the conling angle depending upon the number of revolutions
and flying welight of the hellcopter.

If one were to transfer resultant forces of blades Rn along the
line of thelr action to the axis of rotation of the rotor and add
them by the rule of the parallelogram, then there will be obtained
the total aerodynamic force of the whole rotor R, acting perpendicular
to the base of the cone of rotation. Figure 34 conditionally shows
two blades in one plane, actually four of them, and therefore it is
necessary to represent that the resultant rotor is obtained from
the addition of not two RJI but four.

The resultant force R 1s simultaneously the thrust of the rotor
T, since it acts perpendicular to the plane rotatlon, inasmuch as
the plane of rotation in vertical flight conditlons can approximately
be considered parallel to the base of the cone. This force 1s also
1ift Y, since it balances the welght of the helicopter 1in these
conditions.
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If all blades of the rotor during rotation move along the
surface of the same cone, then such motion is called co-conical.
If any blade emerges from the common cone, then the rotor will have
non-co-conicity. Then the resultant will pass not through the axis

of rotation and, accomplishing a circular motion, will be cause an
impermissible vibration of the helicopter. Non-co-conicity 1s
eliminated by a change in the setting angles of the blades and folds
of trimming tabs on the blades.

The magnitude of the total aerodynamic force of the rotor
(thrust) 1s changed by the "pitch-throttle" lever: to increase 1t
the pllot deflects the lever upwards and to decreasebit — downwards.
Tie magnitude of the total aerodynamic force (thrust) of the real
rotor in conditions of hovering is determined by the formula
analogous to the formula of total aerodynamlc force of the wing of

an alircraft:

Rup=ceL- (RP=R? [kgf]. ; (24)

But since thrust of the rotor 1s obtalined owing to the power
f'ed to 1%, it is therefore necessary *o connect thrust with power
of the engine so that 1t would be possible to judge the 1nfluence
uf power on the magniltude of thrust. In practical aerodynamics
there was widespread application of the formula of N. Ye. Zhukovskiy
with the power 2/3 with respect to the pulse theory, which shows
factors affecting the magnitude of tractive force in conditions of

hovering:

T=(a,VatDN,)**
or T=(33,254, VAIDN, ), (2ba)

where a,=16.63—£:==775]/;m==33.25m — coefficient Vell'ner [Wellner];

4==f= — rclative alr density; ¢ — utilization power factor; D -

(]

diameter of rotor; Ne — power of engine; ng — relative efficliency
rotor.
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From formula (24a) it is clear that thrust increases not
proportional to power of the engine but slower — by the power 2/3.

In order to obtaln forward flight, aerodynamic force of the
rotor 1s deflected by the control stick through the c¢yclic pitch
control 1n the direction of desirable flight, and here its magnitude
in the beginning acceleration of speed does not change, and only
direction changes. With the appearance of speed independent flapping
motlions of the blades begin, which lead to deflection of the cone
and direction of action of aerodynamic force from the position
assigned by pillot.

In the plane of rotation of the rotor drag forces will act on
each blade, which will create drag to the rotation. The antitorgque
moment will be balanced by torque on the rotor shaft transmitted
from the engine.

3. Aerodynamic Forces of the Rotor in Forward Flight

Force polygon of the element of the rotor blade. The force
polygon of the element of the rotor blade (Fig. 35) will be the same
as the force polygon in vertical flight conditions (see Fig. 33).
The only difference will be in the fact that in forward flight the
plane of rotation of the rotor will be directed in the directicn of
flight, since the pitch angle of the helicopter decreases with an

increase in speed. Both the velocity force polygons, i.e., speed
and force will be inclined in the direction of flight at the same
angle as the plane of rotation of the rotor. Thrust of the element
of the blade AT wlll be directed perpendicular to the plane rotation,
drag of the element of the blade AQ_n — in parallel to the plane of
rotation and in the opposite direction of motion of the element of
the blade; the resultant force of the element of the blade AR will
obtain a corresponding direction depending upon the relationshilip of
magnitudes of forces AT and AQn'

Aerodynamic forces of the rotor. In forward flight the cone
of rotation of the rotor, the direction of actlion of aerodynamic
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Fig. 35. Force polygon of
the blade element in forward
flight.

force of the rotor and, behind them, the whole helicopter are banked
forward by the control stick (Fig. 36). Then owing to flapplng
motlions the cone of rotation and force R of the rotor are deflected
back at angle a, and to the right at angle bl' Aerodynamic force

of the rotor R, having such direction, will render a corresponding
actlon on the helicopter. In order to analyze the action of force R
of the rotor on helicopter, let us decompose 1t 1q the bound system
of coordinates (along axes of the helicopter) into three components:
thrust of the rotor T, longitudinal force QB and lateral force Zg
(see Fig. 36). For this let us use a parallelepiped, mentally set
by 1ts base on the plane of rotation of the rotor or two parallelo-
grams in longitudinal and lateral planes. Here the total aerodynamic
force of the rotor R 1s directed along the axis of the cone of
rotation (perpendicular to the base of the cone) and 1s determined
by the formula (24).

Fig. 36. Diagram of formation
of aerodynamic forces of the
rotor in forward flight.
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The tractlve force of the rotor T acts perpendicular to the
plane rotation — along the axls of the shaft, and it fulfills useful
work, balancing the weight and appearing drag of the helicopter in
forward flight. In magnltude it differs insignificantly from the
total aerodynamic force R, since angle a, 1s small and is changed
within 1limits of 0«6° (T = R cos al). In hovering these forces are
combined and equal to each other (R = T); with a growth in speed
the thrust decreases as compared to force R, but the difference
remains inslgnificant. 1In practice these forces are equal to each
other at all flight speeds from hovering to the maximum speed. The
tractive force of the rotor 1s determined by the formula analogous
to the formula of 1i1ft of the wing of an aircraft and differs from
formula (24) only by the coefficient:

Temer HFE R [1pr], (25)

where Cp — aerodynamic thrust coefficlent dependent on the same
factors as those of coefficient CR and insignificnatly differs from
it in value.

Thils formula clearly shows factors affecting the value of
thrust of the rotor, which has practical importance for the com-
prehension of flying properties of the helicopter and peculiaritiles
of the piloting of 1it.

During flight with forward velocity on a given helicopter at a
given time, at constant altitude and at constant number of revolu-
tions and boost pressure (constant power), the ¢ractive force of
the rotor will be changed from the magnlitude of forward veloclity and
angle of attack of the rotor owing to the change 1n coefficlent Crps
which depends in given constant conditions on the relative speed and
angle of attack of the rotor (Fig. 37).

At an angle of attack equal to zero, when the flow slips along
the plane of rotation, with an increase in flight speed tractive
force will be increased in view of the large mass of air passing
through the 1ift system per unit time (see formula 18 of the thrust
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Fig. 37. Character of the

g change in rotor thrust from
-9 flight speed at different
> angles of attack.

-o°

; ' v )

of an ideal rotor in forward flight). If angles of attack of the
rotor are decreased, the tractive force will decrease owing to the
iccrease in angles of attack of the blades, and when the angle of
.ttack will be =90° (which in practice in flight cannot be), then
{he tractive force will decrease with an increase in speed, just as
for a propeller of an aircraft. However, with acceleration of the
:peed of the helicopter, it has simultaneously and continuously
dccreased angles of attack of the rotor, since the greater the
sueed, even a greater slope of the rotor 1s required in the direction
¢ flight. Therefore, owing to the increase in speed tractive force
increases, and owing to the decrease in angles of attack 1t simul-
taneously decreases. With this, up to the economic speed the tractive
force will increase, and with a further increase in speed it will
le {aasc both due to a decrease in angles of attack and due to the
.pansion of the zone of reverse flow around. This means that up
t %he economic speed the operating condition of the rotor in oblique
Jiu}low are improved and tractive force increases, and beyond the
cconomic speed operating conditions of the 1lift system worsen and
tractlve force decreases. This is one of the reasons for limitation

of Che maximum speeds of helicopter.

Besides such an independent change in thrust of the rotor from
the speed of flight, the pilot can change 1its magnitude by the
"pitch-throttle" lever changing the collective pitch and number of

revolutions of the rotor.

The longitudinal force Qg (see Fig. 36) acts in the plane of
+otation of the rotor to the side opposite the directlion of flight.
This force limits the speed of flight of the helicopter, being the
drag of the rotor, and is determined by the formula:
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Qu=cs, L («R?=R? [kef], (26)

where ¢, — coefficlient of longitudinal force (drag of the rotor).
B
In conditlions of hovering the longitudinal force will be equal
to zero; with an increase 1n speed 1t increases but considerably less
than the tractive force in view of small angles a;, and at maximum
speed will be 6-7% of the thrust of the rotor (QB = T sin al).1

Lateral force ZB (see Fig. 36) acts 1n the plane of rotation to
the right, and it balances che thrust of the tail rotor and 1s
determined by the following formula

Zyme, R [igr], (27)
where c, — coefficient of lateral force.

In conditions of hovering the lateral force is equal to zero,
since flapping motions of blades are absent and the cone of rotation
of the rotor and its force R are not deflected. With an increase
in speed this force increases, but at any speed it is twice less
than the longitudinal force (approximately), since angle b1 1s 1less
than a, (Zy = T sin by).t

It 1s necessary to note that lateral force ZB balances the
tractive force of the tail rotor without interference of the pilot
only at a definite average flight speed, and at other speeds it willl
be less or greater than the thrust of the taill rotor. Then the pllot
will have to increase or decrease it by deflection of the control
stick in a lateral direction, following the sideship indicator.

Drags of blades, acting in the plane of rotation, create
antitorque moment of the rotor, which should be balanced by the

1The tangent of small angles up to 6° 1s equal to the sine of
these angles.
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torque of the engline applied to the rotor shaft. The necessary
torque of the rotor is determined by formula (1).

§ 6. Powers
l. Requlred Powers for Helicopter Flight

The regulired power for the flight of a helicopter 1s called
the power necessary for certain conditions of flight which 1is used
for surmounting forces of terrestrial gravity (weight), air drag
and forces of 1nertla durling curvilinear flights and transient
conditions. The required power for hellcopter flight in a steady
rectilinear flight 1is composed of three powers: 1nduced, profile

and power of motion:
NW-NN+N-'+~.--

Induced power 1s the power necessary for surmounting induced
drag of blades of the rotor, and it 1s expended for the creation of
induced speed, owing to which there 1s created 1ift by the rotor,
balanclng the weight of the hellcopter. Induced power 1s determined
by the following formula:

New=3- [hpl. (28)

In conditions of hovering 1induced required power 1s maximum,
since here there is maximum induced speed, and therefore maximum
induced drag occurs. With an increase in forward velocity of the
helicopter induced power decreases 1n view of a decrease in 1induced
speed and induced drags. In conditions of hovering the induced
power 1s about 75% of all the required power of hovering, and with
an increase in speed 1t decreases and at a maximum speed of horizontal
flight amounts to about 15% of all the required power at thils speed.

With an increase 1in flight altitude the 1nduced power increases

in view of the drop in mass air density, since for the creation of
the same 1ift at smaller density there is required greater induced
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speed and induced drag appears for the surmounting of which high
power will be required (Fig. 38a).

a) . b .
- %

—— e

Fig. 38. Required powers for
flight of a helicopter: a)
induced power; bL) profile power;
c) power of motion; d) sum of
required powers for flight on
land (zero altitude).

Profile power is the power necessary for the surmounting of
profile drag of blades of the rotor and also for twisting of air in
the direction of rotation of the rotor for the 1irregularity of
induced flow over the disk surface, and for tip, root and other
losses. All losses henceforth wlll be called proflle losses of the
rotor and the power expended for surmounting these losses, the profile
power, since of the enumerated losses the profile losses comprise
the greatest magnitude.

Profile power 1is determined by the formula
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My
Ny=—% [hpl,! (29)

In conditions of hovering the profile power is approximately
equal to 25% of all the required power of hovering. With an increase
in speed of horizontal filght it insignificantly increases and at
maximum speed is aboui U40% of all the required power at this speed.

The 1ncrease in profile power with an increase in speed 1s
explained by the following reasons. The average speed of flow around
of the blades when hovering and in forward flight 1s not changed,
since 1f in the position ¢ = 90° forward velocity 1s added to the
peripheral veloclity, then in position ¢ = 270° such forward velocity
i1s subtracted from the peripheral velocity; consequently, the average
speed remains constant. If the profile drag depended on speed in
the first degree, then the average profile drag, and this means
required power for surmounting it, with an increase in flight speed
would be constant. But profile drag, as any aerodynamic force, depends
on the square of the speed, and therefore the average profile drag also
increases with an increase 1n speed.

This means that the profile power expended for surmounting this
increasing drag increases.

With an increase in altitude of flight the profile power
decreases owing to a decrease in mass alr density (Fig. 38b) under a
condition of constancy of true flight speed of the helicopter, number
of rotor revolutions and collective pitch. Practically occurs so
that with a ¢limb on altitude 1t 1s necessary to increase the
revolutions and collective pitch of the rotor, and also the true

1This formula is obtained in the following way:

My o
R e a3

where Mg, — moment of average proflle drag equal to the product of
average profile drag by the radius o: the rotor:

“.- QugR-
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speed under the condition of constancy of the indicated airspeed.
On this basis the profile power with a c¢limb on altitude practically
can remaln the same as that for land or even be increas:ad.

Power of motion 1s the power necessary for the creation of
forward motion of the helicopter, which proceeds to surmount its
parasite drag of the fuselage and all nonlifting parts. The power
of motion 1s determined by formula

N..-% [hpl,!} (30)

where Q — drag of the helicopter equal to the product (QS)%F, for

the Mi-4 helicopter (cxs)a-O = 3,2 m2; V — speed of forward flight

of the helicopter expressed in m/s.

In conditions of hovering the power of motion 1s equal to zero,
since there is no motion and no parasite drag. With an increase 1in
forward veloclity the power of motion consliderably increases, and
at maximum speed 1t 1is about U5% of all the required power at this
speed.

With an increase 1n altitude of flight the required power of
motion with the same true speed decreases in view of a decrease 1in
the parasite drag owing to a drop in ailr density (Fig. 38c). If,
however, with an ascent on altitude the indicated airspeed is
maintained, then the true speed will be increased, and also the
required power of motion will be increased according to the general
laws of aerodynamics.

The sum of all required powers for horizontal flight with an
increase in speed up to the economic speed decreases, and wilth a
further increase in speed it increases (Fig. 38d). The decrease in

lFormulas (28, 29 and 30) are not appllied in aerodynamic design,
since they have general form. For calculation there are applied
working more accurate and complicated formulas, which are not given
here.
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required power upon acceleration of speed up to the economic is
explalned by the considerable decrease in induced power as compared
to the increase in profile power and power of motion. Beyond the
economic speed the required power increases owing to the sharp
increase 1in power of motion in view of the increase in parasite
drag of the helicopter.

2. Avallable Power of the Rotor

Engine performance of the ASh-82V. To ensure the -\ecessary
power not only for horizontal flight but also other conditions of
flight on helicopters appropr.ate engines are installed. The engine
installed on the Mi-4 helicopter is a piston fourteen-cylinder
two-row radial high-altitude engine ASh-82V with two speeds of the
supercharger with a takeoff effective power of 1700 hp taken from the
head of the crankshaft, taking into account power used by the fan for
forced cooling of the engine.

Effective horsepower is the power of the engine taken from the
head of the crankshaft. It 1s determined by the formula

M, 5
N=% [hp], (31)
where Mx - torque; g ~ number of revolutions of the crankshaft

per minute; 716.2 — constant number.!

1This number is obtained as a result of the following actions.
Let us assume that the shaft of t.e engine (reduction gear) 1s set
into rotation by force F applied on radius r. The force of F 1in one
revolution will be equal to F2rr, and th: work in one minute willl be
egqual to F2nrnnB. Power is the work per second:

Ne -"'—::"7- —'-'%"- Cker /) and o e Mey.

then N_'_"fn.lkgf n/s); 1N horsepower this will be:

"‘-':na "'a"a‘:n ";uz R
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By formula (31) with the help of specilal testing units there
are constructed external and throttle performance, according to
which the engine 1s evaluated. Any reciprocating engine is character-
ized by external, throttle (propeller) and altitude performances
and also by conditions of operation accepted for its operation.

The external engine performance 1s called the change in power

and specific fuel consumption with respect to the number of revolu-
tions with full opening of the throttle and a change in the load on
the rotor. The maximum power of any engine with a completely open
throttle will be at a strictly definite load on the rotor (at definite
revolutions). Changing the load in the direction of an increase or
decrease, 1n both cases the power will decrease; only 1n the first
case the number of revolutions will be less than the maximum of the
given engine and in the second case greater than the maximum. The fall
in power with a too lightened rotor with a completely open throttle

is explained by a decrease 1n the average effective pressure with

an increase in revolutions of the crankshaft in view of the combined
influence of weight charge and mechanical efficlency on 1t, which

with thils decrease.

The throttle engline performance 1s called the change in power
and specific fuel consumption with respect to the number of revolu-
tions of the crankshaft with a constant load on the shaft (constant
propeller pitch) and opening of the throttle.

For the ASh-82V engine it 1s accepted to characterize the
change 1n effective power from boost pressure (px) by separate curves
for different numbers of revolutions of the crankshaft. Under these
same conditions fuel consumption per hour for the whole engine 1s
given. These characteristics are given separately for the first
and second speeds of the supercharger.

Figure 39 gives the indicated engine performances of the ASh=-82V
of the 6th series. Characteristics are taken at a barometric pressure
of 760 mm Hg and air temperature of 15°C. As can be seen by the
curves, the greater the boost pressure and number of revolutions of
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Fig. 39. Characteristics of the
change in power and fuel consumption
per hour by supercharging and revolu-
tions of the crankshaft of the engilne
ASh-82V: a) when operating engine in
first speed of the supercharger; b)
when operating engine 1n second speed
of the supercharger.

the crankshaft, the greater the power of the englne and sreater fuel
consumption per hour. With operation of the engine in the second
speed of the supercharger at those same revolutions and supercharsine,
the effective power of the engine is less than during 1ts operation
in the first speed, inasmuch as for rotation of the supercharger
(impeller) in the second speed high power 1s expended. According

to the curves it also 1s clear that at revolutions of 2400 and 2000
per minute the difference in powers is extremely insignificant, and
therefore in practice of flights during optimum revolutions under
takeoff conditions of the engine frequently revolutions close to



2400 per minute are taken.

Altitude performance of an engine is called the dependence of
effective pcwer and effective specific fuel consumption on flight
altitude at a constant number of revolutions of the crankshaft and

with the maintaining of constant design pressure behind the super-
charger from land up to an altitude, starting from which the throttle
1s open completely. Figure 40 shows altitude performance of the
ASh-82V engine.

Fig. 40. Altitude performances
= of the ASh-82V engine: 1 -

with a completely open throttle
valve in the first speed of the
supercharger; 2 — in normal rat-
ing in the first speed of the
supercharger; 3 — 1in normal rat-
ing in the second speed of the
supercharger.

b
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Operating conditions of the ASh-82V engine. For each aircraft
engine the most profitable, applicable in operation, basic conditions
of 1ts operation are established. Operating conditions of the
ASh-82V engine are shown in Table 1.

Takeoff operating conditions of the engine are used for takeoff,
landing, vertical conditions of flight, especlally under complicated
conditions (Alpine locality, high air temperature, low atmospheric
pressure, high atmospheric humidity, overloaded helicopter), and
also short duration for climbing with a forward velocity when
necessary. The takeoff engine operating mode 1s designated by way
of introduction of the gas control completely to the right and
collective pitch of the rotor at about 8-9° according to the principle
of "much gas — little pitch." These conditlons can be applied con-
tinuously for not mor. :than 5 minutes with respect to conditions of
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Table 1.

Power, | Hevolu~ | Pressure | Speeifie
Operating eonditions of the hp tions of] of mix~ fuel eon-
engine erank- | ture be- | sumption,

shaft, hind su- g/hp=h
r/min | pereharg-
er,
mn Hg

Takeoff — diring 5 min of cone
tinuous operation (first speed of *
SUPOrOhArger).cceessscacscscsssns 1700 2600 1125+ 10 | 325360

Nominal on lands .

at first speed of super-
ONAr [ ereescsssssosasssssas 1430 2400 970£10 | 285318

at seoond speed of super-

Ohargeresesesssscccenasass 1150 2400 8701 10 | 315340

Nominal altitudets
at first spesd of super-

oharger, height 155 m.... 1530 2400 870+ 10 -
ot negen, Retend 2B, | 1350 | 2100 | or0810| —

Cruising (0.75 of nominal
terrestrial power):

tr d - [
* hanger peed of muper- .. | 100 | 2200 | st0£10 | 230250
at second speed of super- 260 2200 810210 | 250—278"

B L T
Cruising (0,65 of nominal
terrestrial power):

t first d :
e e O LA 2100 | 760410 | 215--278
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durability of the engilne.

Normal operating rating of the engine is applied basically for
climb with forward velocity, especlally at full flight weight or
overloaded helicopter and the necessity of rapid climb. Normal
conditions are assigned by means of establishing nominal revolutions
by the gas control, and it occupies approximately the middle position
and nominal supercharging; the collective pitch should be more than
on takeoff conditions, within 1limits of 9.5-10° depending upon the
altitude: the more the altitude of flight, the greater the collectivce

rotor pitch.

Cruising ratings of engine operation are applied mainly for
horizontal helicopter flight and for climb with forward velocity
with incomplete flying weight and in the absence of the necessity

101



of a rapid climb. For the assignment of cruising rating it is nec-
essary to set crulsing revolutions by the gas control, and the
control will be almost all the way to the left; by the collective
pltch lever there is set the necessary supercharging, and here

the collective pitch will be greater than at normal rating (near
10.5-11°) depending upon altitude of flight and flying welight of

the helicopter: the more the altitude and flying weight, the greater
the collective pitch.

Crulsing revolutions of 2100 per minute for the Mi-4 helicopter
are forbidden by the manual on flying operation of this helicopter,
and the minimum permissible revolutions for all conditions of flight
durlng operation of the engline are set at 2200 per minute. This
i1s done 1in order to have a sufficlent reserve for transition of the
rotor into autorotation in the case of engine failure. Revoiutions
of 2100 per minute can be allowed only before the switching of
the supercharger to the second speed and for flight with the
appearance of flutter signals.

Available power of the rotor. The effective power of the engine,
taken from the crankshaft of engine, is distributed for rotation of
the rotor, rotation of the blower, surmounting friction in the whole
transmission of the helicopter and surmounting drag to rotation of
the tail rotor. Power of the engine, which 1s expended for rotation
of the blower, transmission and tail rotor, consists of losses of

power.

The available power of the rotor is called the power of the
engline arriving for rotation of the rotor. It 1s determined by sub-
traction from the effective power of the englne losses to cooling
and friction in the transmission and on the taill rotor:

NW-N‘—N-‘:— N,’-N.',..

Power of cooling is the power of the engine expended for
rotation of the blower for forced engine cooling. This power
comprises 6% of the effective power of the engine. The indicated

percent of losses does not change from the speed of flight.
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Power of friction is the power of the enpmine expended for
surmounting friction in the whole transmisslion. It makes up about
4% of the effective power of the engine; the magnitude of these
losses does not change from the speed of flight.

Power of the tail rotor is the power of the engine expended

for surmounting drag to rotation taill rotor in air. 1In conditions
of hovering this power 1s maximum and amounts to about 9-11% of the
effective power of the englne, since in this regime conditions of
operation of both rotors are difficult: for balancing the great
reactive moment of the rotor there is required grea’. thrust of the
tail rotor, and therefore i1t must be assigned, great pitch. With
an increase 1ln speed of forward flight power of the tall rotor
decreases, since condltions of operation of both rotors in oblique
airflow are improved, and thrusts of them increase owing to oblique
airflow. The power supplied to the rotor decreases, the reactive
moment of the rotor drops, and therefore a smaller moment of the
tall rotor 1s required. Thrust of the tail rotor owing to oblique
airflow continues to grow up to a speed greater than the economic,
and therefore the tall rotor must be placed at smaller pitch, which
will lead to a decrease in drag to rotation and decrease 1n losses
of power for surmounting it.

At the maximum speed of horizontal flight the power of the taill
rotor will be approximate twice less than that for hovering. For
vertical climb power for the tail rotor will be required greater than
that for hovering.

The indicated power losses of the engine on a hellcopter are
considered the utilization power factor of the engine.

Utilization power factor of the engine is determined by the
division of the available rotor power by the effectlive power of
the engine:

h.:&:h;_
N,
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The utilization power factor of the engine for a single-rotor
hellcopter, depending upon conditions of flight, is within 0.8-0.9.
For the Mi-4 in conditions of hovering it 1s equal to 0.8, and with
an increase in speed it 1is increased and at a maximum is 0.87. The
utilization pcwer factor of the engine considers i1osses of effective
power of the engine on the hellicopter and shows what part of this
power goes to the rotor.

3. Losses of Avallable Power an~ *lative
Efficiency of the Roto:

Avallable power of the rotor through the utilization power
factor will be equal to: WNpun,, =N, . Since the sum of all losses
with an increase 1n flight speed will decrease owlng to a decrease
in losses on the tail rotor, i.e., the utilization power factor
will be increased, then the avallable power with constant power of
the engine with an increase in speed of flight will be significantly
increased.,

Not all the avallable power of the rotor supplied to it 1is used
in useful work for the creation of tractive force and accomplishment
of forward flight. On the rotor there are in turn losses to the
surmounting of profile drag of the blades, twisting of the stream
of air in the directlon of rotation of the rotor, heating of air
and blades owling to their mutual friction, tip and root losses,
and also because of the disregard of true distributlon of induced
speeds over the disk surface by the rotor and others. All these
losses amount to 25% in hovering up tc 40% in maximum speed of the
available power of the rotor. The losses shown can be referred to
required power for flight of the helicopter as the profile power,
which was mentioned above. Consequently, the rotor has its own
efficiency. It 1s not possible to apply to the rotor the usual
efficiency applied for propellers, since in conditions of hovering
of such efficiency will be equal to zero and willl not correctly
reflect operation of the rotor:



Therefore, to evaluate the operation of the rotor there is chosen a
relative efficiency of the rotor, which is determined by a different
method as compared to the efficiency of alr-tractor propeller.

The relative efficlency of the rotor is determined by the ratio
of power, which 1t is necessary to supply to the ideal rotor (not
having losses), to the power supplied to the real rotor having

losses, 1.e., to the avallable power of the rotor under the condition
that both these rotors (ideal and real) will create identical thrust:

- Nung
For creatlion of identical thrust to ideal and real rotors, it
1s necessary to supply to the real rotor greater power than that to
ideal rotor, and therefore the relative efficiency of the rotor is

less than unity by the magnitude losses on the real rotor.

For contemporary rotors, including for the rotor of the Mi-4
helicopter with blades of mixed construction, the relative efficlency
is within 0.6-0.75. The value of thils coefficient depends on the
design shaping of the rotor and quality of external treatment of the
blades. Thils coefficlent can be Increased by the appllcation of
rotors with a large number of blades and low revolutions.

For a rotor with all-metal blades the relative efficiency is
more than for a rotor with blades of mixed construction in view of
smaller proflle and other losses. Therefore, flying properties of
a helicopter with such a rotor are better than those with a rotor
having a blade of mixed construction.

The relative efflciency considers losses on the rotor and shows
what part of power supplied to the real rotor is expended for
useful work, i.e., for the creation of tractive force.

4, Balance of Powers

Figure 41 shows in general form the balance of all earlier
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! Fig. 41. Balance of powers.

- i

examined powers. Here it is shown how all powers are changed from
the speed of flight at deflinite assigned operating conditions of the
englne.

In Fig. 41 dotted along the axils of the ordinates 1s the effective
power of the engine (NBQ)’ for example, on the normal rating of its
operation; plotted along the axis of the abscissas is the true speed
of flight of the heliicopter (vch)' The effective power of the
engine does not change from the speed of flight, and therefore this
power 1s deplicted by a straight line parallel to the axis of the
speeds. The area of the rectangle a, b, ¢, d 1s conditionally taken
as the effective power of the engine in selected conditions of
operation. This power 1is distributed along four channels; rotation

of blower — power of cooling (N rotation of all transmission -

ox.n) 2
power of friction (NT ), rotation of tail rotor — power of taill
rotor (Nx.B) and rotatilon of rotor — available power (Nper,,). Above
there are plotted consecutively powers of coollng, friction and taill
rotor. The power of cooling and friction do not change from speed
but the power of the tall rotor decreases with an increase 1n speed.
The available power of the rotor, as can be seen, with an increase
in speed will be considerably increased owing to the decrease in

losses on the tall rotor.

On the same graph all required powers, for example, for hori-
zontal flight are plotted: 1nduced (Nunn
of motion (NnB)’ constructing one above the other. The sum of all
necessary powers should fit into the area of avallable power 1in order

), profile (an) and power
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to ensure horizontal flight in the entire speed range; at the same
time, 1t 1is desirable also that there be a surplus of power for the
possibillity of accomplishment of other, more complicated conditions
of flight.

The sum of all required powers, as can be seen from Fig. 41,
with an increase in speed decreases and at a certain speed it will
be minimum, and therefore thils speed 1s called economic speed. With
a further 1ncrease in speed beyond the economic the required power

will be increased. The required power for horizontal flight up to
the economic speed wlll decrease owing to the considerable decrease
in induced power beyond the economic spéed the required power is
increased owlng to the sharp 1lncrease in power of motilon.

The surplus of power (AN), will be maximum at economic speed,
at other speeds — less than or greater than the economic speed -—
it will be less and at maximum flight speed wilill be equal to zero.

Subsequently, for consideration of flying characteristics of
the helicopter in all flight conditions there will be used only
curves of avallable and necessary powers without subdivision of the
necessary power into its components and without representation of
lost powers to cooling, friction and the tail rotor.

In aerodynamic design the necessary and available powers,
depending upon flight speed of the helicopter at various altltudes,
are represented in the form of a change of the necessary and
avallable torques through coefficlents of these moments m}(p from the
characteristic of operating conditions of the rotor (flight of the
helicopter) u with respect to altitudes (Fig. 42). Furthermore, by
aerodynamic design there are determined necessary and available
angles of attack of the rotor A and collective pitch of it with
respect to altitudes depending upon the performance characteristic
uys these changes are presented for clarity in the form of curves.
These data are not glven here, since they are not of great practical
importance for rules of piloting a helicopter, but the physical
meaning of them and the practical application are examined in detail
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Fig. 42. Necessary and available
torques of the Mi-U4 helicopter.

in this paragraph and wlll be examined during the study of condltions
of flight.

Operation of the tail rotor 1s not investigated separately,
since 1ts design shaping and operatlion are almost analogous to the
design and operation of the rotor. For the tail rotor there are
provided the same constructive elements as for the maln rotor, with
the exception of that blades of it do not have drag hinges in view of
small their mass and, therefore, insignificant Coriolis forces. The
plane of rotation of the tall rotor 1is located perpendicular to
the plane rotation of the main rotor.

For the tail rotor there 1s produced a change in collectilve

pitch, and the blades accomplish flapping motions revolving around
the flapping hinges. Limitation of flapping motions occcurs owing
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to the presence of the flapping control. In oblique airflow the
tail rotor, just as the main rotor, has deflection owing to flapping
motions, and the thrust of 1t therefore creates longitudinal and
lateral forces.

The tail rotor has 1its reactive moment acting in the direction
of pitching of the helicopter.
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CHAPTER III

HOVERING AND VERTICAL FLIGHT CONDITIONS OF THE HELICOPTER

§ 1. Hovering

l. General Characteristic

Hovering 1s the basic rated conditions ¢f the flight of a
helicopter. The hellcopter 1s created basically so that it will
accomplish hovering, vertical climb and vertical lowering for take-
off and landings even from temporary, hastily built heliports. Hence
there emanates the baslc advantage of the helicopter over other
aircraft: the possibility of transporting loads and people over
an assigned distance without the building of special expensive
airfields.

Hovering 1s at the same time a difficult flight regime, since
conditions of operation of both rotors in place in direct airflow
are worsened, and therefore high power is required, and conditions
are not economical. Furthermore, in conditlons of hovering stability
is absent — the helicopter occupies neutral equilibrium, and there
is small power reserve and reserve in deflection of all control
levers, especlally on the limiting centerings. Therefore, the pllot-
ing technique of a helicopter when hovering 1s complicated and requires
special attention on the part of the pilot. On this basls hovering
is 1limited and is applied only when this is justified by a acute
necessity.
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Application of conditions of hovering. Hovering 1is used for

checking the operation of the engine, transmission, control, deter-
mination of power reserve and centering before every flight, for
loading and unloading of the helicopter during an impossibility of
landing. Hovering is used for various kinds of assembly, construction,
rescue and other special works, and in the military — with different
tactical purposes, and also for the instruction of flying personnel.
Besides everything mentioned, hovering 1s a component part (element)

of any vertical takeoff and landing, since they are most frequently
fulfilled through short-term hovering.

2. Necessary and Avalilable Powers

In conditions of hovering most interest lies in values of
necessary and available powers, since the surplus of power depends
on their values and relationships, and the value of the celling of
hovering depends on the value of surplus of power. This will reflect
flying properties of the helicopter in vertical conditions of flight,
and this means its load capacity and takeoff and landing performances.

Required power for hovering 1s the power necessary for the

creation by the rotor of a tractive force equal to the welght of the
helicopter. The required power for hovering consists of 1nduced
power, which 1s expended for the creation of induced speed owlng to
which there will be formed thrust of the rotor equal to the weight

of the helicopter, and profile power expended for surmounting profile
and other losses on the rotor:

Nl"'..g'= A'-u + Nn’.

Induced power, as was established earlier, with an increase in
altitude of flight 1s increased at all speeds of flight, 1including
in conditions of hovering. Profile power with an increase in altitude
of flight depending upon condltions can decrease, remain constant or
be increased, which depends on the change in revolutlons and collective
pitch of the rotor. Altogether the required power for hovering
with a rise on altitude will be increased (Fig. 43).
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Fig. 43. Necessary and available powers of
hovering of the helicopter: a) for a heli-
copter with the engine operating at one speed
of the supercharger; b) for a helicopter with
the engine operating at two speeds of the
supercharger.

Required power also depends on flying welght of the hellcopter
and atmospheric conditions: the more the flying welght and the less
the mass air density (high tempcrature, low atmospheric pressure),
even greater power will be required for hovering and conversely (see
Fig. 43a, b).

The total required power for hovering is determined by the
formula

Neepe= 22 [np1, (32)

where Mxp is the necessary torque determined by formula (1). Replac-
ing Mxp in terms of its value by formula (1), we will obtain the
expression for the required power when hovering:

Nuorppu= 5 MugpR2 @R} [hp]. (33)

With an increase in altitude of hovering, which will lead to a
decrease in mass density, or with a decrease in mass density at the
same altitude from a change in atmospheric conditilons, the required
power for hovering in both cases will increase, since although a
decrease in density leads to a decrease in required power in view of
the decrease in torque, but with this it 1s required to increase the
power factor (mxp) or number of revolutions (angular veloclty w)
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with the help of the "pitch-throttle" lever, which will lead to an
increase In both induced and profile powers.

The available power in hovering 1s the power of the engine

arriving on the rotor hub. It less than the effective power of the
engine by the magnitude of losses to cooling, friction and to the
tail rotor: Npws, =N,” . For the Mi-4 helicopter Ny, =N,-08.

The magnitude of avallable power 1n hovering on land will be
proportional to the power assigned to the engine. With an ascent
on altitude the utilization factor of power of the engine § 1is not
changed, and therefore the available power will be cuaanged, since the
power of the engine with ascent on altitude is changed. If the
engine 1s unboosted (AI-14VF on the helicopter Ka-15), then the
available power with ascent on altitude will decrease as does the
power of the engine, only 1t will be less by the magnitude of losses:

Nyeea =NE-A, (34)

where A = f(H) — coefficlient of drop in power of the unboosted
englne according to the altitude shown in the table of standard
atmosphere.

Since the required power for hovering of the helilcopter with
assigned flying welght with ascent on altitude 1s 1increased, and
the avallable power decreases, then at a certaln altitude these
powers will be equal to each other 1n takeoff operating conditions
of the engine. This altitude (Hn.B) will be the ceiling of hovering
of the helicopter with thls takeoff welght.

The celling of hovering of a helicopter is called the limiting
altitude at which given the helicopter can hover in air. With a
change in flying welght of the helicopter and atmospheric conditions
the celling of hovering will be changed: the more the flying weight
and the worse the atmospheric conditions (the less the mass ailr
density), the ceiling of hovering will be less and conversely. In
practice the ceiling of hovering 1s changed in large limits so that
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i1t can be lower than the level of the place where the hellcopter

1s, l.e., the helicopter in this case cannot hover or will hover only
owing to the effect of the alir cushion. From this it i1s seen that

to lncrease the celling of hovering, and this means to improve
takeoff ard landing properties of the helicopter and to increase the
payload a high altitude engine is necessary, which is provided on

the helicopters Mi-1 and Mi-=4,

In the presence on the helicopter of a high-altitude engine
with a supercharger (AI-26V on the Mi-1l helicopter) the available
i ower of the rotor in normal rating of engine operation will be
Increased up to the rated altitude (Hp = 2000 m) and beyond the rated
1ltitude will decrease. In this case the curve of avallable power
1lso repeats the altitude englne performance and passes below by a
magnitude of the losses (Fig. U43a). Since on the Mi-4 helicopter
there is the ASh-82V engine with two speeds of the supercharger, then
the avallable power of the rotor will be changed from altitude as
the power of the engine on normal rating of operation (Fig. 43b).

The rated ceiling of hovering of the Mi-4 helicopter 1is equal
to 1500 m for a flying welght of 7100 kg under standard atmospheric
conditions. Practically as for any helicopter, the ceiling can be
changed 1in great 1limits so that 1t can be below the level of the
place at which the helicopter is, then it will not hover or will
hover because of the effect of the alr cushion.

3. Thrust of the Rotor and Effect of the Air Cushion

The thrust developed by a real rotor in conditions of hovering
1s determined by the formulas (24) and (24a). On land in takeoff
operating conditions of the englne the rotor develops maximum thrust.
With ascent on altitude the rotor thrust will decrease in view of
the decrease in power of the engine and decrease in mass air density.
The rotor of the Mi-4 helicopter with blades of mixed construction,
according to aerodynamic design on land (at standard atmosphere)
during takeoff operating conditions of the engine develops thrust
of about 6500 kgf outside the effect of the air cushion. Since 1n
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hovering rotor thgust should be equal to the flying weight of the
helicopter, then 6500 kg will be the maximum permissible flying
welght of the helicopter for hovering (takeoff) outside the zone of
the influence of the air cushion.

With ascent on altitude the thrust developed by che rotor will
be decreased on takeoff conditions, and therefore the maximum per-
missible flying weight of the hellicopter will be decreased for
hovering (takeoff) outside the influence of the air cushion. In
normal operating rating of the engine the thrust of the rotor will
be less than that on takeoff conditions and will be about 6000 kgf
(Fig. H44). With ascent on altitude in these conditions thrust will
be increased, in view of the increase in power of the englne, and
at a rated altitude of 1900 m will be 6200 kgf.

}A kot
e — ! Fig. 44. Maximum thrusts of
‘“ﬁ;Td%ff rotor in hovering.
:ggns. -——7_——-\
[ —5—/ N
) Normal
rating
it ) F 77

The rotor with all-metal blades has a high relative efficiency
ngs and therefore in all conditions of flight it develops greater
thrust than the rotor with blades of mixed construction (see formula
24a). This difference 1s about 400 kgf. Therefore, the pzyload
of the helicopter with all-metal blades 1s increased by this amount.

The magnitude of tractvion developed by the rotor in hovering,
is greatly influenced by atmospheric conditions: temperature, pres-
sure, humidity and wind. The higher the alr temperature, the less
thrust created by the rotor, since an increase in temperature leads
to a decrease in power of the engine and decrease in the actual

thrust owing to a decrease in air density. An increase in temperature

of ambient air each 10° leads to a decrease in thrust of the rotor
of the Mi-4 helicopter by 160 kgf. An increase in atmospheric
pressure leads an increase in thrust of the rotor, since the engine
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power and mass ailr density increase.

An increase in atmospheric humidity leads to a decrease in
power of the engine, and this means thrust developed by the rotor.
An increase in atmospheric humidity by 20 mm Hg leads to a decrease
in thrust of the rotor of the Mi-4 helicopter by 230-240 kgf. Wind
in hovering gives an increase in thrust to the rotor as velocities
of the flight increase approximately by the quadratic law.

In aerodynamic design of a helicopter the change in thrust of
a rotor in place (hovering) is accepted to depict in terms of thrust
coefficient Co depending upon the coefficient of torque mxp’ The
curve showing the dependence of thrust coefficient on coefficient of
torque 1is called the polar of the rotor analogous to the polar of a
wing of an aircraft. Here coefficient ¢q 18 analogous to the
coefficient of 1lift of a wing cy, and the coefficient of torque m“p
is analogous to the coefficient of drag Cye The polar of the rotor
in place (in hovering) for the Mi-4 helicopter with blades of mixed
construction is shown in Fig. 45. As can be seen from the polar,
the greater the coefficient of torque, i1.e., the greater the torque
is applied to the rotor, the greater will be the thrust coefficient
and this means the greater the thrust of the rotor.

Y Fig. 45. Polar of a rotor
s in conditions of hovering

//_ u=20; o= 0.067.
4 .

A considerable increase in thrust of the rotor is obtained with
hovering of the helicopter near land owing to the so-called air
cushion.

Influence of air cushion. With hovering of the helicopter near
land the rotor creates greater thrust at the same power than faraway
from it becaur~ -f the influernce of the air cushion formed under the
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rotor. The essence of the phenomenon of the air cushion consists -
in the fact that induced flow, repulsed by the rotor downwards,
encounters a screen — the earth's surface -~ and cannot freely disperse
in space as when hovering faraway from land. - The flow under the
rotor, encountering the earth's surface, is expanded, static pressure
in it grows, the difference in pressures under the rotor and above
the rotor becomes greater, and therefore the helicopter is required
less power for balancing the flying weight (Fig. 46). If, however,
the power 1s not decreased, then the rotor will create great thrust,
and therefore it is possible to accomplish hovering with increased
flying welight of the helicopter.

Fig. 46. Principle of the crea-
tion of an air cushion.

The influence of the air cushion for helicopters has great
importance. For takeoff and landing of the helicopter the greatest
power 1is required. All helicopters are constructed with a design
that they should takeoff and land with the ure of the air cushion, but
this will require installing on the helicopter engines with less power
leading to an increase of economy. For forward flight of the heli-
copter there 1s required power almost twice less than that for
takeoff landing.

The influence of the air cushion starts from the distance from

land to the wheels of the helicopter equal to the diameter of the
rotor. For the Mi-4 helicopter the influence of the air cushion
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starts from the height of 15 m from the wheels to land. In practice
the perceptible influence of the air cushion on the creation of
thrust for the Mi-i helicopter will be at'n distance of 10 m of the
~wheels from land, and the less the height, the greater the effect
of the air cushion. Thus, for example, if in takeoff conditions
faraway from land the rotor creates thrust equal to about 6000 kgf,
then at a height of 2 m the thrust will be equal to 7250 kgf (Pig.
47). The air cushion gives a maximum increase in thrust directly
near land and amounts to about 15f as compared to the thrust
developed by the rotor faraway from land at the same power of the

engine.
'z Fig. 47. Change in thrust of the rotor
depending upon height owing to the in-
\ fluence of the air cushion with loca-
"—\ tion of the heliport at an elevation of
500 m and at constant power of the
s \g\ : engine (an = 2400 r/min, Py * 1125 mm Hg).

For hovering on the air cushion with the given flying weight
there will require less power of engine than for hovering outside
the zone of influence of the air cushion. The change in necessary
supercharging and collective pitch of the rotor for hovering of
the Mi-=4 helicopter with various flying welghts at various heights
at 2400 r/min (heliport at 500 m) of the engine crankshaft is shown
in Fig. 48. As can be seen from the curve, the greater the flying
welght, the greater the boost pressure is required and the greater
the collective pitch. At the same time it is clear that for a
helicopter with a flying weight of 6065 kg at a height of more than
10 m the necessary supercharging and collective pitch are fixed
and almost constant.

At heights of less than 10 m, when there will start to appear

the influence of the air cushion, the necessary supercharging and
collective pitch decrease, and the less height of hovering, the less
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the supercharging and collective pitch. Thus, for example, for a
helicopter with a flying weilght of 6065 kg up to a height of 12 m
the necessary supercharging for hovering is constant and is equal to
1015 mm Hg, and the collective pitch 1s equal to 9.3°, and at height
2 m for the same flying weight supercharging is about 850 mm Hg and
collective pitch, 8.3°. Such a pattern of the decrease in necessary
supercharging and collective pitch with the approach to land will

be the case for other flying weights, which confirms the increase in
the influence of the air cushion with the approach to land.

When hovering in the zone of influence of the air cushion the
helicopter is more stable than when hovering faraway from land,
since with the appearance of bank stabilizing moments appear, which
restore equilibrium to the helicopter. The appearance of stabilizing
moments is explained by the fact that with a bank the lowered part
of disk creates greater thrust than does the raised part in view of
their different distance to land. '

The influence of the air cushion in hovering with a wind or in
the presence of forward velocity of the helicopter decreases. The
greater the wind in hovering or the greater the velocity of flight,
the less the influence of the air cushion. Thus, by tests it 1is
established that with a wind of 10 m/s the influence of the air
cushion compietely vanishes already at a height of 10 m, and at a
wind of 20 m/s the influence of the air cushion vanishes at a height
of 2 m; with acceleration of the indicated speed of the Mi-i
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helicopter up to 50 km/h the influerce of the air cushion vanishes
at a height of 4-5 m. Although an increase in wind in hovering or
an increase in forward velocity of the helicopter lower the effect
of the air cushion, but then there appears oblique airflow of the
rotor, which provides an increase in thrust of it to a greater
degree than a decrease in it owing to the disappearance of the
influence of the air cushion.

This circumstance indicates the fact that the wind in hovering
or acceleration of velocity always leads to a decrease in the required
power or increase in permissible flying weight at the same power.

The higher the area above sea level above which the helicopter
hovers, the less the height from which there begins to appear the
effect of the air cushion owing to a decrease in air density. Thus,
flight tests have established that with the location of a heliport
at an elevation of 500 m above sea level the influence of the air
cushion completely vanishes at a height of hovering of 15 m, and
with the location of the heliport at 2000 m its influence vanishes
already at a height of hovering of 10 m.

When hovering above a water surface the effect of air cushion
decreases in view of the freer dispersion of air over the smooth
surface of the water. If we consider that hovering above the water
surface is permitted at a height of not lower than 7 m, then in
practice during calculation of flying weight for operating above
the water the effect of the air cushion is not considered.

When hovering and flying at low spee& and at a height above
forests and shrubs, even if they are dense, the air cushion will
not be formed, and therefore a decrease in required power for such
a flight will not occur.

4., Porces and Moments Acting on the Helicopter in Hovering

With steady hovering the following forces and moments act on

helicopter (Fig. 49): traction of the rotor T, thrust of the tail
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Fig. 49. Diagram of forces and moments act-
ing on the helicopter in hovering and vertical
conditions of flight: a) view on the left;

b) rear view; c) top view.

rotor Tx.n’ drag of the fuselage — owing to airflow of it by
induced flow, 1lift of stabllizer Y,, - owing to airflow of it by
induced flow of the rotor, weight of the helicopter G, reactive
moment of the rotor MPH.B.’ yawing moment of the tail rotor, reactive
moment of tail rotor MPx.B and }ongitudinal and lateral moments of
the hub due to the spacling in flapping hinges MZBT and Mxnw'l

Thrust of aerodynamic force of the rotor is directed perpen-
dicular to the base of the cone of rotation of the rotor, and 1it,
together with the cone of rotation, 1s deflected to the right and
is spread according to the rule of the parallelogram on the vertical
component T and lateral horizontal component Tz. Thrust of the
tail rotor is directed to the left and on the arm Ly.m creates a
yawing moment of the tail rotor to the side opposite to the reactive

moment of the rotor.

lFurthermore, in conditions of hovering, as in all other con-
ditions of flight, longitudinal, lateral and yawing moments of the
fuselage act on the helicopter. In order to avoid complication of
the material, these moments are not examined in detaill in the book.
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Fuselage drag owing to blowoff by the flow from the rotor Qg is
directed downwards is applied in the center of pressure of the fuse-
lage, which is beyond the center of gravity and creates stalling mo-
ment. The magnitude of this force for a single-rotor helicopter 1is
about 1.5% of the flying weight of the helicopter and for the Mi-i
helicopter is about 100 kgf.

Lift of the stabilizer ch owing to blowoff by the flow from
the rotor is directed downwards and creates to the helicopter positive
pitching moment. Lift of the stabilizer is insignificant in value
and in practice its value will be disregarded, although the moment
created by it 1is consideread.

Welight of the helicopter G is appllied to the center of gravity
which more frequently is located ahead of the axis of the rotor shaft,
and therefore thrust with respect to the center of gravity creates a
negative pitching (diving) moment.

The reactive moment of the rotor MPH.B. is directed in an
opposite direction to the torsional (active) moment of the rotor,
1.e., in the opposite directilon of rotation of the rotor. The
reactive moment of the tail rotor Mpx.s. is also directed in the
opposite direction of rotation of the talil rotor and creates to
the helicopter a positive pitching moment.

Longitudinal moment of the hub Mz owing to the spacing of

the flapping hinges creates a positive!gitching moment to the heli-
copter, since it is directed in the direction of deflection cf the
cone, and the cone of rotation of the rotor in this case 1s deflected
back (for parrying of the diving moment from the tractive force —

in Pig. 49 the deflection back 1s not shown). The lateral moment of

the hub Mx because of the spacing of the flapping hinges is
BT
directed to the right, since the cone of rotation of the rotor is

filled by the pilot to the right by the control stick.

For balancing the helicopter in steady hovering there should be
observed the following relationship between forces and moments
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acting on the helicopter. .The vertical compenent of rotor thrust

Ty should balance the weight of the helicopter G and drag of the
fuselage owing to the airflow by the rotor qb (for observance of the
constancy of hovering altitude): T& =Qq + . The horizontal
component of thrust — the lateral force Tz, which acts to the right,
should be equal to the thrust of the tail rotor T&.n' which acts to
the left for the absence of lateral movements of the helicopter:

T, = X.B" The reactive moment of the rotor ﬂpu.n.,which turns the
helicopter to around the left (in the opposite direction of rotation
of the rotor — active moment), and yawing moment of lateral force Tz,
which acts in the direction of the reactive moment, should be
balanced by the yawing moment of the tail rotor, which turns the
helicopter around to the right (for maintaining the direction of
hovering): My 4T -amM qmTyr, L.

The sum of all longitudinal moments acting around the lateral
axis of the helicopter Z should also be equal to zero (for maintain-
ing longitudinal equilibrium of the helicopter in hovering): zMz = 0,
The helicopter usually hovers with positive pitch angle, depending
on the centering of the helicopter: the more it is back, the greater
the pitch angle and conversely.

The sum of all lateral moments around the longitudinal axis X
also should be equal to zero for the observance of lateral equilibrium
of the helicopter in hovering: 2Mx = 0, The Mi-U4 helicopter hovers
with a small right bank of about 2° in view of the action to the
right side (to the side of deflection of the cone) of the lateral
moment of the hub because of the spacing of the flapping hinges -

Mx . Therefore, the helicopter not only hovers with a right bank

BT
but also produces vertical landing, touching land at first by the
right wheel and then left. In the same way the helicopter is detached
during vertical takeoff: at first the left wheel 1s detached and
then the right wheel. For this reason the helicopter will have a

right bank in forward flight.
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5. Peculiarities of Piloting and Maneuvering
a Helicopter in Hovering

In order to accomplish steady hovering and attain the indicated
scheme of forces and moments and relationships between them, the
pilot should hold all levers in a fixed position.

In hovering the control levers must not be in a neutral position
but should have the greatest deflection from neutral position as
compared to any established regime of flight with forward velocity.

The control stick with average centering of the helicopter in
a longitudinal relation should be deflected back, since its neutral
position by intention cof the designer is provided for average!
flight speed. In connection with the fact that average speed the
helicopter is found in the part of the time of flight, then the
neutral position of the lever is the most convenient. Moreover,
in the speed range from zero to maximum the control stick should
move only forward. Therefore, at speeds less than the average the
stick is moved back, and at speeds greater than average, back. The
designer reached such a principle of control on the Mi-i helicopter
by means of deflecting the plate of the cyclic pitch control forward
45' with a neutral control stick in a longitudinal relation, which
is attained with control of the control system.

In hovering the plate of the cyclic pitch control in a longl-
tudinal relation should be horizontal, and then the action of the
aerodynamic force of the rotor will be directed vertically (see Fig.
49). This can be achieved by means of deflection of the control stick
from the neutral position back. But here it 1s necessary to note
that in spite of such a principle of control, the position of the
control stick in hovering in a longitudinal relation will still depend
to a greater degree on the centering of the helicopter.

1By average speed is implied the speed between minimum and
maximum.
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In a lateral relation the control stick should be deflected to
the right for deflection of the cone of rotation and thrust of the
rotor to the same side in order to obtain the horizontal component ® '
of thrust — T,, which balances the thrust of the tail rotor. More-
over by deflecting the lever to the right there should be lolootod

. the deflection of the plate of the cyeclic pitch control of 20', whieh
is provided with the position of the lever in the neutral lateral
relation and 1s set with setting of the control. Here also on the,
intention of the designer, for convenience of control the neutral
position of the control stick in a lateral relation is provided for
the average flight speed. And since in the whole speed range from
zero to maximum the control stick in a lateral relation should move
only to the left, then at speeds less than average it will be to the
right of the neutral position (all the more so in hovering) and at
speeds greater than average — to the left.

The reason for needing such a movement of the lever in a lateral
relation from the speed of flight will be examined later in the
, account of horizontal flight.

The load from the control stick must be taken by longitudinal
and lateral trimmers, using an eight-position trimmer switch or a
pushbutton in the presence on the helicopter of semiautomatic trim-
mers.

In conditions of hovering there be given forward right pedal,
approximately half of its movement. Here also on the intention of
the designer, for convenience of control there is provided a neutral

- position of the pedals in average speed of flight. And since in
the whole speed range from zero to maximum the pitch to the tall
rotor must be decreased by movement of the left pedal forward, then
at speeds lei"than average forward right pedal will be given and
at speeds greater than average, forward left pedal.

In the regime of hovering the conditions of operation of main

and taill rotors are difficult, and for balancing the great reactive
moment there is required great thrust of the tail rotor. The tail
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rotor operates under conditions of direct airflow and, in order to
create great thrust it must have great pitch, which is attained by
deflection of the right pedal forward.

In conditions of hovering the gas control completely should be
put fully to the right, and the magnitude of collective pitch
depending upon the flying weight and height of hovering can te
different, but not more than for takeoff conditions of the engine,
8-9°. Here the power is set as for takeoff of an aircraft according
to the principle "much gas — little pitch." With such a position
of the control of throttle and collective pitch maximum relative
efficiency of the rotor will be attained, and these will be high
maneuverability of the helicopter in hovering and vertical flight
conditions.

The constant height of hovering is maintalned by movement of
"pitch-throttle" lever, and therefore in hovering it on the stop
is not placed. Hovering above the assigned place is maintained by
the control stick and the direction of hovering by the pedals; more
accurately the helicopter 1s held in hovering by coordinated move-
ments of all the control levers.

In principle hovering can be accomplished at any altitude up
to the ceiling of hovering but in practice — only at low altitudes
near land. Without any limitations it 1is possible to hover up to
a height of 10 m, since in the case of engine failure from such
helight the helicopter will land safely in view of the gradual drop
in revolutions and decrease in thrust of the rotor after engine
failure. At heights from 10 to 200 m hovering is permitted but
only during extreme recessity (upon takeoffs and landings from
temporary heliports, limited high obstacles, during rescue works,
during.warks. with. external suspensiqn and athers).. .Limitatian in this _ ..
case is introduced because upon engine fallure the height for con-
version of the helicopter from vertical autorotation to forward
flight is insufficient, and safe landing is not ensured.
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At helghts of more than 200 m hovering cannot be carried out
for other reasons. From these heights the pillot can no longer judge
movements of the helicopter over land and at the same time use the
speed indicator. The latter 1s explained by the fact that on heli-
copters thus far there have been installed the usual aircraft
indicators US=250 with alr pressure receivers located on struts of
the front chassis — in the region of action of the stream from the
rotor. In connection with this the speed indicator gives stable
readings only at a speed of not less than 50 km/h, and the pilot
cannot Jjudge movements of the helicopter when it 1s less than this
value. With the necessity of hovering or flight at speeds less
than 50 km/h at heights of more than 200 m, in each separate case
there 1s produced a method of orientation or supply of commands to
the pllot prior to the application of television installation on-
board the helicopter.!

Hovering above a water surface 1n principle must be accomplished
at greater helght than it 1s above land. This is explained by the
difficulty in the determination visually of the height of hovering
and also the possibllity of great heaving, which hampers the operation

or-wni-oeding-—and-—eoading—oft—tire—irelitoopiornr—iitirpire—twictng—onioard—o—
of people or cargoes, hovering must be accomplished at heights of

not less than 7 m, and the height of hovering must be controlled by
radio altimeter. For the same causes, for hovering above water and

the fulfillment of works there is required a great reserve of power

of the engine, which can be obtained by decreasing the flying weight

of the helicopter. The maximum permissible flying welght of a
helicopter for the execution of works by loadlng and unloading above
the water surface for the Mi-4 helicopter must be determined by a
nomograph, according to which there 1s determined the maximum flying
welght of the helicopter for takeoff and landing with hovering out- o
side the influence 5T thé dir &Ushioi when using maxImum power of

the engine.?

1Indicators of low speeds are created, and with installation of
them on helicopters this limitation can be taken.

2This calculation will be described more specifically in Chapter
V.
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Maneuvering in hovering also has certain peculiarities of
plloting of the helicopter.

Turns in hovering are fulfilled by deflection of the pedal in
the direction of the desirable turn; here the pitch of the tail
rotor and its thrust is changed, the equilibrium of yawing moments 1is
disturbed and helicopter turns in the direction of action of the
large moment. With a turn to the right the helicopter loses height,
and with a turn to the left it climbs, expecially if these turns are
made vigorously. This 1s explained by the fact that when depressing
the right pedal forward for a right turn the tall rotor is loaded
by a large pitch. But inasmuch as it has a common linkage by trans-
mission with the rotor, then with the same power fed from the engine
the whole transmission, and this means the rotor, decreases the
revolutions, thrust of the rotor drops, the helicopter descends and
turns to the right owing to the increasing yawing moment of the tail
rotor. With a left turn the opposite is obtalned: the helicopter
climbs. Therefore, when turning the height of the hovering 1is
maintained by a change in the collective pitch of the rotor by the
"pitch-gas" lever: during a right turn - increase 1in collective
pitch, during a left turn — decrease in collective pitch. For

easing the piloting technique and decreasing the load on the tall
boom and tail rotor, the speed of turns in hovering should be not
more than 12°/s, i.e., one turn should be carried out during the
time of not less than 30 s. With a change in the direction of
rotation the rate of change in deflection of the pedals should be
during the time of not less than 3 s.

Hovering above the assigned place must be accomplished windward,
since such hovering is stable, it constitutes flight with respect
to air with the speed of wind, and the greater the speed of the
wind,. the greater. the. air speed of _the _flight,_ the . gtahler_the_
helicopter and less power for hovering is required.

Turns in hovering with the wind require even greater, special

attention on the part of the pi’ot, since the wind affects speed
of turns and changes the pitch angle, and this requires the pllot
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to maintain a constancy of speed in the turns by the appropriate
action of the pedals and with the control stick to prevent lowering
or lifting of the nose of the helicopter. Moreover, to eliminate
drift during turns the control stick should always be deflected to
the windward side. The helicopter 1s unstable, and in a yawing
relation it 1s difficult to maintain in a desirable direction: it
tries to put its nose windward. In connection with this on the
Mi-4 helicopter it is permitted to turn windward at any angle up to
360° only with a wind up to 5 m/s, and with a wind of more than
5 m/s 1t 1s possible to turn windward only at an angle of not more
than 90°. ;
With movements the main and tail rotors and also the fuselage
of the helicopter enter into complicated conditions of flow, and
therefore thrusts of the rotors are changed, and piloting of the
helicopter 1s complicated. As 1s known, the thrust of the rotor in
hovering 1s deflected only to the right (see Fig. 49), and therefore
with movements forward or back the vertical component of thrust Ty
will decrease and the helicopter, moving because of the appearance
of the horizontal component, will simultaneously descend. For
preventing descent of the helicopter it 1s necessary to increase

the total thrust ol the Trotor T By e TuuIvtIom or power-vy tihe

"pitch-throttle" lever with such calculation in order to maintain
altitude, and for balancing the increasing reactive moment it is
necessary to push right pedal forward. But such phenomenon willl
occur only in the beginning of the movement up to acceleration of
speed of about 5 km/h, and with further increase 1in speed both
rotors, obtaining oblique airflow, increase the thrust and the
helicopter will start to climb. Consequently, for maintaining
altitude it 1s necessary to decrease the power, moving the "pitch-
throttle" lever downwards, and to decrease the pitch to the tail
rotor_by decreasing the pressure on tpe right pedal.

With movement to the right the helicopter also in the beginning
loses height, since the vertical component of thrust T decreases
upon deflection of the control stick to the right, and the increasing
lateral force Tz will move the helicopter to the right. To maintain
altitude it is necessary also to increase the total thrust of the
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rotor T by the addition of power. But soon the helicopter will
start to climb, since the oblique airflow of the rotor will increase
its thrust and the direct airflow of the tail rotor on the right
will increase the angles of attack and thrust to tall rotor. In-
creasing the thrust of the tail rotor and lateral pressure on the
fuselage will turn the helicopter in the direction of the movement,
i.e., to the right. In order to prevent a turn, the pilot will have
to depress the left pecal forward, which inturn will facllitate
transmission. The facilitation of transmission will lead to an
increase in revolutions and an increase in thrust of the rotor. To
maintain altitude with further movement 1t 1is necessary to decrease
the power by movement of the "pitch-throttle" lever downwards.
Approximately such a pattern is obtained with hovering or vertical
takeoff with a right wind. Therefore, experienced pilots sometimes
use this phenomenon for easing of takeoff with respect to the con-
ditions of power, although the reserve of control decreases and the
technique of takeoff is complicated.

With movement to the left the vertical component of thrust Ty
increases and, if one were not to consider operation of the tail
——-okgr, the helicopter should climb. But when moving to the left the
angles of attack of the tail rotor decrease, 1ts thrust drops, and
the helicopter tries to be turned to the left not only owling to the
drop in thrust of the tail rotor, but alsc due to the lateral
pressure on the fuselage. For preventing a left turn it 1s necessary
to increase the thrust to the tail rotor by movement of the right
pedal forward, the transmission 1s loaded, revolutions and thrust
of the rotor decrease and therefore the tendency to climb from an
increase in vertical component Ty will not occur. For this reason
upon moving to the left in the beginning the helicopter alsc tries
to descend but to a lesser degree than when moving to the right.
- YWith further -aceeleration of speed owing to the oblique airflow of
the rotor, thrust of it increases and for maintaining altitude the
power must be decreased.

In view of poor stability and complexity of piloting, movements
of the helicopter are permitted only with a speed of not more 10 km/h
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at a helght of 5 to 10 m, above obstacles — at a height of not less
than 10 m, and above aircraft — at a height of not less than 25 m.

Maneuvers in hovering with maximum centering, in general, are
difficult, and therefore they are forbidden; and if they are extremely
necessary, then smooth movement of the control stick must be ful-
filled very carefully, since it i1s not possible to have the reserve
of deflection of the control vanes for creation of the desirable safe
position of helicopter when maneuvering.

Maximum centering of the Mi-4 helicopter is obtained in the case
when it is not loaded, and onboard there i1s a crew of four persons
and fuel less than 200 &. With such centering the nose of the heli-
copter 1s lowered, the shaft, hub, pltch-control mechanism and 1its
plate are deflected forward, and therefore the blades obtain a cyclical
change in pitch; the cone of rotation and thrust of the rotor are
also deflected forward, and the helicopter moves forward. For
retention of the helicopter in place the pilot will be forced to
pull the control stick back more than should be and use all or
almost all its movem=2nt and deflection of the plate of the cyclic
pitch control back. With forward centering there cannot be enough
reserve of deflection of the control vanes, especially in the presence
of wind, since in hovering and with average centering all control
levers by intention of the designer have the greatest deflection
from the neutral position as compared to any established regime of
flight with forward velocity.

Piloting a helicopter in hovering with a load on the external
suspension 1s more complicated with a load in the fuselage for
several reasons. In connection with the fact that for hovering
with a load on the external suspension greater altitude is necessary,
i.e., such an altitude when there will be no effect of the air
cushion, the reserve of power decreases, and this means the per-
missible flying weight of the helicopter 1is possible. Furthermore,
the load, especially of great dimension, distorts the induced flow
under the rotor, and this worsens the stability of the helicopter.
The length of the suspension should be as little as possible: the
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more the length of the suspension, the greater the amplitude of
swaying of the load, the more complicated the piloting. For this
reason suspension of loads 1s allowed from the helicopter at a
distance of 3 to 20 m depending upon the relief of the terrain and
dimension of the load. Maneuvering in hovering with a load on
external suspension 1s not recommended, since piloting 1is complicated
and it 1s not possible to have reserve of power for manecuvering.
Hovering with loads on external suspension 1s allowed only with a
wind up to 10 m/s.

6. Flying Limitations in Hovering
Altitude of hovering. The altitude of hovering is permitted

without any limitations up to 10 m, and from 10 to 200 m only in
special cases by assignment. At heights of more than 200 m it 1is

necessary to maintain by instrument a speed not less than the minimum
permissible in horizontal flight at a given height (for the Mi-4
helicopter 50 kim/h up to a height of 2000 m), since otherwise the
pilot cannot from such heights estimate movement of the helicopter
without an instrument, and the speed indicator US-250 at speeds less
than 50 km/h glves incorrect readings.

The height of hovering with standard vertical takeoff and
landing should be 2-3 m, with vertical takeoff with the use of the
air cushion - at a height of not less than 1.5 m, and with vertical
takeoff outside the effect of the alr cushion — at a height of 10 m
above obstacles. The altitude of hovering during takeoff and land-
ing with loads on the external suspension should be such that the
distance of the load to land 1s not less than 2 m.

Speed and altitude of movements. Movements to any side should
be with a speed of not more 10 km/h in view of the absence of
directional stability of the helicopter and the complexity of
pliloting. If movements are conducted above a level terrain, then
the altitude should be within 1limits of 5 to 10 m, since at an
altitude of more than 10 m it is dAifficult to judge the speed of
movement. Movements above obstacles should be conducted at an
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altlitude of not lower than 10 m and above aircraft and helicopters
at an altitude of not lower than 25 m.

Wind. Hovering and also takeoffs on the Mi-U4 helicopter are
permitted with a wind up to 18 m/s and with loads on the external
suspension — up to 10 m/s. It is desirable to accomplish hovering
windward, since such hovering requires less power and gives a certain
directional stabllity. Such hovering constitutes flight with respect
to air with the wind speed. It 1s possible to turn windward at any
angle in the whole 360° with a wind up to 5 m/s and with loads on
the external suspension up to 4 m/s. With such a wind the pilot
can rather easily cope with plloting of the helicopter. With a wind
from 5 to 18 m/s 1t 1s possible to turn into the wind at an angle
of not more than 90°. With the approach to uncoupling of the load
on the external suspension at any wind, the approach should be at an
angle of not more than 90° windward.

Speed of rotation. The angular velocity of turns in hovering
must not exceed 12°/s, i.e., 1t 18 necessary to make one turn during
the time of not less than 30 s. Upon cessation of rotation or a
change in direction of rotation full change in the deflection of
the pedals during the time of less than 3 s 1s not permitted. Such
limitations are set for the easing of piloting and for preventing

the appearance of great loads on the blade of the tail rotor.

When hovering with maximum centering. With maximum forward
centering it 1is necessary to hover only with a head wind, maneuvering
in this case 1s forbidden, since there 1is not enough reserve of
control. In the case of emergency movements by control levers
should be smooth and careful, especlally the control stick forward.

When hovering above a water surface. When hovering above a
water surface for unloading or loading a helicopter, the latitude
of hovering should be within 7-10 m and there should be greater
reserve of power than for hovering above land under the same atmo-
spheric conditions. The maximum permissible flying weight for hover-
ing above the water surface 1s determined by the same nomograph as
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that for takeoff and landing outside the zone of the effect of the
air cushion, if the temperature of the external air 1s higher than
20°C and the atmospheric pressure is less than 745 mm Hg. At an

air temperature up to 5°C and atmospheric pressure of not less 745
mm Hg, the flying welght should not exceed 7000 kg, at an air
temperature of not more 15°C and atmospheric pressure of not less
745 mm Hg — 6800 kg, at an ailr temperature of not more than 25°C

and pressure of air of not less than 745 mm Hg — 6600 kg; on a
helicopter with a rotor of mixed construction in any case the flying
welght should not exceed 6600 kg.

§ 2. Vertical Climb

1. General Characteristic

Conditions of vertical climb are, Just as hovering, difficult
conditions of flight, since for their fulfillment even higher power
than for hovering is required. In view of small surplus of power
the vertical velocity of climbing 1s insignificant and is therefore
an uneconomic regime. Using these conditions, it is possible to
gain only the ceiling of hovering of the helicopter, which in
magnitude 1s many times less than the celling of the helicopter.
With vertical c¢limb, besides the small reserve of power, there 1is
also little reserve in deflection of the control levers {(less than
that in hovering), the helicopter does not possess stability and
these conditions are complicated by the piloting technique. For
the enumerated reasons the application of conditions of vertical
climb 1s limited, and it 1s applied only when there 1s a justified
necessity.

Application of vertical climb. This regime is a component part
of vertical takeoff of a helicopter. Since vertical takeoff for
the Mi-4 helicopter is the basic form of takeoff, therefore vertical
climb has obtained wide application. 1In other cases vertical climb
is applied only with the impossibility to be lifted to an assigned
altitude because of the presence of obstacles.
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Scheme of forces and moments acting on the helicopter during
vertical climb. With the steady state of vertical climb the same
forces and moments as in conditions in hovering act on the helicopter,
only the numerical value of them will be different (see Fig. 49).
Thus, for example, drag of the fuselage qb and 1ift of stabilizer Yeorn
will be greater 1n value as compared to their value in conditions
of hovering, since in additicn to induced flow there will be added
flow on the fuselage and stablilizer owing to movement of the heli-
copter upwards. Therefore, a great vertical component of thrust of
rotor T will be required for balancing of the increasing drag
Ty=G+Qe If, however, climb will occur with acceleration, then the
thrust will be required even more, since it will have to balance
in this case not only the weight of the helicopter, parasite drag,
but also the force of 1lnertia acting in the opposite direction of
acceleration, i.e., in the direction of the parasite drag: Ty =
=G4+Qy+ F

For the augmentation of thrust of the rotor T and its vertical
component Ty high power will be required; then the reactive moment
of the rotor will increase, and the helicopter will try to turn left.
For preventing this turn the pilot will be forced, in 1lifting the
lever of collective pitch upwards, to depress the right pedal for-
ward for increasing pitch to the tail rotor and increasing its
thrust. As a result of this the yawing moment of the tall rotor will
increase, and the increasing reactive moment of the rotor will be
balanced: My,  =Mio=Tyss.

In order that the helicopter does not move to the left owing
to the increasing thrust of the tail rotor, by moving the control
stick to the right the pilot should increase the lateral force:
T, = Tx.

.

However, in connection with the fact that steady climb 1is
accomplished, there should be maintained a condition of equilibrium
around all axes of the helicopter, 1.e., for balancing the helicopter
in these conditions the sum of all moments with respect to all axes
of the hellicopter should be equal to zero: IM = 0.
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2. Requlired and Available Powers and Thrust

The required power for vertical climb will be expended for
surmounting induced and profile drag of blades of the rotor and
parasite drag of the fuselage and for lifting helicopter vertically.
As was established earlier, for hdvering the required power 1is
composed of induced and profile powers. For vertical climb there
will be required greater power than for hovering: New =Ng,4+Nyp+AN =
=Ny.+AN.

Hence 1t 1s clear that vertical climb 1s possible only in the
presence of greater power than which 1s required for hovering, i.e.,
with a surplus of power. The power surplus is determined by the
difference between avallable and required power for hovering:
AN==Nyeenpo,— Noewp,,, (see Fig. 43). Here the power surplus will be
expended for accomplishment of climbing with a fixed vertical velocity
Vy:

av,
ANe—L [hp]. (35)

The avallable power of the rotor, as was established earlier,
with an ascent in altitude is changed, since the effective power of
the given engine installed on the helicopter is changed (see Fig. 43).
For the Mi-i{ helicopter the avallable power of the rotor up to the
rated altitude is increased as is power of the ASh-82V engine, and
beyond the rated altitude it decreases. The required power for
hovering with ascent in altitude 1s increased. The power surplus
with ascent in altitude decreases, and therefore vertical climb is
possible up to an altitude at which the power surplus will be equal
to zero, i.e., up to the celiling of hovering.

The required thrust for vertical climb will be composed of a
magnitude of flying welight of the helicopter and drag of the fuselage:

Toowppeg™ 0+ Qy-

The available thrust of the rotor with ascent in altitude for
the Mi-4 helicopter will be changed approximately, since the power
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of the englne 1s changed with the altitude in normal operating con-
ditions, {.e., up to a certain altitude it will be increased and
then will decrease both owing to the decrease of power of the engine
and owing to the decrease in air density (see Fig. 44),

From this the voncluasion can be drawn that for the possibility
of vertical climb the pilot should increase the power of the engine
by the "pitch=thrott)e” lever owing to the available surplus of
power. And as soon as the whole reserve of power will be expended,
the climb will be ceased, and the helicopter will be at the celling
of hovering.

Vertical climb velocity. Vertical climb velocity is determined
from formula (35):

V. eV [m/s].
> 7]

From the formula it is clear that vertical climb velocity is
directly proportional to the surplus of power AN and inversely
proportional to the weight of the helicopter G. Since the surplus
of power for the Mi-4 helicopter in these flight conditions 1is small,
then the vertical velocity of climb cannot be great. In connection
with this with vertical ascent the pilot carefully operates the
"pitch=-throttle" lever, not allowing high speeds of climb and rotor
heaviness.

3. Peculiarities of Fulfillment of Vertical Climb

After lift-off of the helicopter from land during takeoff or
from hovering, vertical climb is fulfilled by motion of "pitch-
throttle" lever upwards, not changing the position of the throttle
control, which was moved completely to the right while still on land
before takeoff. When moving the "pitch-throttle" upwards there
are insignificantly increased revolutions of the whole transmission,
and thrust of the tall rotor simultaneously increase at the former
position of the pedals. But the yawing moment of the tail rotor will
be increased by a smaller value as compared to the increase in
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reactive moment of the rotor, and therefore the hellcopter will turn
to the left. To :revent this turn one should deflect the right pedal
forward. Then the thrust of the taill rotor will be incrzased by

a greater value than will the horizontal component of thrust of the
rotor Tz’ and the helicopter will start to move to the left. To
prevent this movement the pillot will have to increase lateral force
'I‘z by moving the control stick to the right. At the same time when
moving the "pitch-throttle"™ lever upwards the pitch angle of heli-
copter 1s changed, since the center of gravity does not lie on the
axis of rotation of the rotor and airflow of the body of the heli-
copter and stabilizer 1is changed, and therefore the helicopter will
start to move in a longlitudinal relation. The pitch angle can be
decreased or be increased depending upon the value of centering of
the helicopter, but most frequently it decreases, and therefore the
helicopter tries to move forward. By moving the control stick in a
longitudinal relation the pilot will have to parry the tendency of
the helicopter to longitudinal movements.

After achievement of the assigned altitude, the pillot by a
smooth and insignificant motion of the "pitch-throttle" lever
downwards inpedes the hellicopter from further rise and holds 1t at
this height, not placing the "pitch-throttle" lever on the stop.

Consequently, we see that for moving the helicopter only upwards
with preservation of the direction coordinated motion by all control
levers 1s required. The magnitude and direction of such deflections
is selected by the pilot depending upon concrete conditions of pllot-
ing of the helicopter.

It 1s necessary w0 note that not only with vertical climb but
also under any conditions of flight even with forward speeds and at
any position of the throttle control, with deflection of the "pitch-
throttle" lever upwards, it 1is necessary to deflect forward the
right pedal for preventing a left turn and deflect the control
stick to the right for preventing movement to the left in vertlcal
conditions or preventing left slip with forward flight. These
positions always remain correct in view of the imperfect control
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system on a single-rotor helicopter.

4. Flying Limitations During Vertical Climb

Here the limitations remain only 1in altitudes (other maneuvers
are forbidden). A climb can be conducted without any limitations
up to an altitude of 10 m, at altitudes from 10 to 200 m — during
an emergency, and at altitudes of more 200 m — to hold the indicated
speed at not less than the minimum permissible. But one should note
that the altitude from 10 to 200 m during a climb 1s more dangerous
than when hovering. During a climb the collective pitch 1is more
than in hovering and in the case of engine failure there will be
great drag to rotation, and consequently, a smaller number of
revolutions of the rotor. Therefore, the energy of rotation of the
rotor during landing will be less — less effect will be from the
action of the "pitch-throttle" lever on the decrease in vertical
velocity before landing, and the landing can be rougher than landing
during engine failure from conditions of hovering.

In the case of the necessity to conduct ascent in altitude of
more than 200 m with a forward velocity of less 50 km/h or strictly
vertically, then there are produced in each separate case speclal
methods of orlentation, which are mentloned above.

§ 3. Vertical Descent

1. General Characteristilec

Conditions of vertical descent, as hovering and vertical climb,
are difficult conditions; for their fulfillment high power 1s
required, and therefore these flight conditions are uneconomical.

In conditions of descent the reserve of power and reserve in deflec-
tion of the control levers are small; the helicopter has insufficient
stablility, and depending upon this complicated pilloting technique.
If one were to allow great vertical velocity of descent (more 3 m/s),
then the rotor can enter into conditions of the vortex ring. This
means that at low altitudes and near obstacles these conditions to a
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certaln degree are unsafe.

For the enumerated reasons the application of vertical descent
is limited. It is applied only during an emergency when its applica-
tion 1is Jjustified 1in conditions which have formed. If, however, it
1s possible there 1s attempt to conduct descent with forward velocity.
Then the enumerated deficiencies are eliminated.

Vertical descent is a component part of vertical landing of a
helicopter. Since this landing for a hellcopter 1s the basic form
of landing, vertical lowering has obtained wide application.

Force and moments acting on a helicopter during vertical descent.
During the steady state of vertical descent the same forces and
moments as during hovering and vertical climb will act on a heli-
copter, only the numerical value of them will be different (see
Fig. 49). The resisting force of the fuselage and 1ift of the
stabilizer Ycr will be directed also downwards, only the magnitude of
them will be less than in conditions of hovering, since the rate of
descent is directed upwards, and it will be subtracted from the
speed of induced flow directed downwards. In connection with this
the total flow downwards will be less than that in hovering, and
means the aerodynamic forces will be less. As a result of this
there will be required less vertical component of thrust of the

rotor Ty for balancing the same weight of the helicopter and decreased

drag:
T,=0+Q,

If, however, vertical descent will be conducted with accelera-
tion, the thrust required will be even smaller, since to the opposite
side of acceleration will act the force of inertia (it will be
directed in this case upwards):

1‘,—0+Q.—F--

To decrease thrust of the rotor T and 1its vertical component

Ty less power on rotor will be required; then the reactive moment of
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the rotor will decrease, and the helicopter will try to turn right.
To prevent this turn it 1is necessary to lower lever of collective
pltch downwards and simultaneousliy depress the left pedal forward.
Thereby pitch of the tail rotor will decrease, its thrust will
decrease, and with a decrease in yawing moment of the tail rotor the
directlon of the helicopter will be preserved: M, == My,=T"y,.

In order that the helicopter does not move to the right owing
to a decrease in thrust of the tall rotor, one should decrease the
lateral force 'I‘z by movement of the control stick somewhat more to
the left than the position which it occupied in hovering: T,=Ti.,.

So that vertical descent 1s established there should be main-
tained the condition of equilibrium around all axes of the helicopter,
i.e., for balancing the helicopter in this conditions the sum of all
moments wlth respect to all axes should be equal to zero: IM = O,

2. Peculiarities of the Fulfillment of Vertical Descent

Vertical descent from hovering is fulfilled by moving the
"pitch-throttle" lever downwards, not changing the position of the
throttle control, which in conditions of hovering occuples the extreme
right position. With a decrease 1in the collective pitch there will
be decreased revolutions of the whole transmission, and consequently
also the reactive moment of the rotor and thrust of both rotors will
decrease, and then the total balancing of the helicopter will be
disturbed. In Jer to maintaln a strictly vertical trajectory of
descent and preserve the fixed direction of the helicopter, it 1is
necessary to operate in coordination other control levers.

When moving the "pitch-throttle" lever downwards there 1s an
insignificant decrease in revolutions of the whole transmission,
and thrust of the tall rotor is at the former position of the pedals.
A decrease 1in thrust of the tail rotor will lead to a decrease in
yawing moment of the tall rotor but by a smaller magnitude than the
reactive moment of the rotor will decrease. Therefore together with
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the descent the helicopter will turn to the right. To prevent this
turn the pllot will have to deflect the left pedal forward. With
this the thrust of the taill rotor will decrease by a greater magnitude
than the lateral force Tz’ and the helicopter will start to move to
the right. Then to prevent this movement one should decrease the
lateral force Tz by moving the control stick to the left of its
position which it occupiled in hovering.

At the same time when moving the collective pitch lever down-
wards the pitch angle of the helicopter will change, and this inturn
will lead to the fact that the helicopter will start to move forward
or back depending upon the centering of helicopter. It follows to
parry this movement in a longitudinal relation by the control stick
of the helicopter.

With vertical descent the "pitch-throttle" lever 1s deflected
downwards smoothly and insignificantly in order not to allow a
vertical velocity of descent greater than 3 m/s. Actions by the
control stick and pedals must be smooth, short and double.

After achievement of the assigned altitude by a smooth and
insignificant motion of the lever of collective pitch upwards the
pilot delays the helicopter from further descent and holds at this
height, not placing the "pitch-throttle" lever on the stop.

Thus, for moving the helicopter only downwards along a vertical
trajectory with preservation of the direction, motion by the control
levers 18 required, but in the opposite direction as compared to
their motion during a vertical climb. The magnitude and direction of
such movements by the control levers 1s made by the pllot, as when
climbing, holding the direction of the helicopter along selected
reference points.

In the practice of flights conditioas can be complicated for
many reasons: character, direction and force of the wind, conditions
of approach to the heliport, character of the helliport and others.
Then the pilot should consider all these circumstances and act
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depending upon the conditions forming and behavior of the helicopter.

During vertical descent and during descent with any forward
speeds and at any position of the throttle control, with deflection
of the "pitch-throttle" lever downwards, it 18 necessary simulta-
neously to deflect forward the left pedal for preventing of a right
turn and deflect the control stick to the left (or to actuate 1t
with the help of a tab) for preventing movement and slip to the
right.

3. Flying Limitations During Vertical Descent

1. In altitude flying limitations for the Mi-4 helicopter
during vertical descent are the same as for hovering and vertical
climb. From an altitude of 1000 to 200 m it is possible to descent
only with a forward indicated velocity of not less than 50 km/h.
From an altitude of 200 to 10 m vertical descent 1is permitted only
upon the necessity of such descent during forming circumstances.
The reasons for such limitations are the same as those for hovering
and vertical climb.

2. During vertical descent it is forbidden to produce simulta-
neously any other maneuvers in order not to complicate the piloting
technique.

3. Vertical descent velocity should be not more than 3 m/s
both with vertical descent and descent with forward indicated
velocities less than 50 km/h. When exceeding the indicated speed
the rotor enters into conditions of the vortex ring.

4, Conditions of the Vortex Ring

Physical meaning of conditions of the vortex ring. In con-
ditions of hovering (Fig. 50a) air from all sides approaches (is
sucked) the rotor, so that at a certain distance from it (over the
spheric surface) the speed of suction will be equal to zero. Under
the rotor the air will be repulsed downward at a fixed rate. The

143



vay | s
'IHLIH
IRARNAR
Pttt
Prr At
111 1 \\\

Fig. 50. Diagram of the formation of conditions
of the vortex rin a) hovering; b) descent

with low speed; % conditions of vortex ring; d)
conditions of 1dea1 autorotation; e) beginning

of the transition to conditions of vertical auto-
rotation; f) vertical autorotation.

alr partially will also overflow from the region of raised pressure
under the rotor along the periphery of the rotor in the region of
lowered pressure above the rotor. This overflowing 1s insignificant,
and there is no harmful influence on the operation of the rotor; it
only partially decreases the thrust owing to the leveling off of
pressures under the rotor and above the rotor, which consists of tip
losses of the rotor.

With vertical descent (Fig. 50b) induced flow under the rotor
is directed toward the flow due to the descent. At a certain distance
from the rotor below and above where the induced speeds will be
equal to the rates of descent (v = Vy) there will be formed interfaces
of flow in which the total speed is equal to zero. Between these
interfaces under the rotor vortexes and annular flows appear owing
to the repulsion of flow from the lower interface. At a small rate
of descent (up to 3 m/s) these vortexes do not have a harmful effect
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on the operation of the rotor, just as with hovering. But with an
increase in the rate of descent of more 3 m/s the interfaces approach,
and then the streams reflected from the lower interface go upwards
and enter into the region above the rotor, are drawn in and again
pass through the rotor several times. The interfaces are unstable -
they oscillate; vortex flows under the rotor are also unstable,
since they are continuously destroyed by the main flow. Part of
power suppllied to the rotor is expended on all of this vortex. In
connection with this the thrust of the rotor drops, oscillations of
the helicopter occur and shocks on the rotor and on control stick
and control of the helicopter worsens.

With an even greater rate of descent (7-8 m/s) the interfaces
approach even more and join around the rotor and then there will be
formed a spheric surface with zero speed — "air body" (Fig. 50c¢).
Inside the "alir body" air from the lower border of the interface,
not having kinetic energy, is drawn in by the rotor, passes through
it, accelerates, and agaln the same process is repeated. This
means that the "air body" constitutes flow circulating around the
rotor. The "air body" 1s flowed past by the total flow because of
the descent. But such flow cannot exist for a long time, since 1t
is unstable and sharply decreases the tractive force. Therefore, it
disintegrates, being turned into the flow described earlier (see
Fig. 50b). Again tractive force 1is increased, and then the phenomenon
is repeated, as a result of which a pulsation of air appears. All
of this causes bumps of the helicopter from side to side, and the
control even more worsens. Such conditions are conditions of the
vortex ring.

In certain cases (during definitely created conditions) the
rotor can be briefly flowed past as a flat plate set to the flow at
an angle of 90° (Fig. 50d). Such a case of flow around recelived
the name: "Conditions of ideal autorotation."

With further 1increase in the speed of vertical descent (more

than 8 m/s) the vortex ring will lag behind the rotor upwards owing
to the great support of air from below. This is the end of the
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vortex ring with which controllability is again (Fig. 50d4).

With an even greater rate of descent (12-15 m/s) the rotor
passes over to conditions of vertical autorotation, not requiring
power for its rotation, and conversely, will be 1itself transmit
power to the rotor shaft (Fig. 50f).

In flying practice conditions of the vortex ring can appear
during vertical descent or descent with low forward speeds under the
condition if the pilot allows high speeds of vertical descent, for
the Mi-4 helicopter higher than 3 m/s. This can occur, for example,
in the case of the extinguishing of forward velocity prior to
hovering without the addition of appropriate power (although there
is reserve of it), in the case of decreasing the speed prior to
hovering for landing with a deficiency of power 1n view of an over-
loaded helicopter, high-mountain terrain, high temperature of the
external air and low atmospheric pressure.

Consequently, in order to prevent entrance of the helicopter
into conditions of the vortex ring, it 1s necessary to produce
vertical descent carefully, not allowing great vertical velocities.
Upon extinguishing forward velocity prior to hovering before landing,
it is necessary simultaneously to 1increase the power, not allowing
high speeds of vertical descent. Landing should always occur with
sufficient power reserve. Therefore, before the flight it is nec-
essary to load the helicopter 1in such a manner so that its landing
weight is not more than the maximum permissible for given atmospheric
conditions.

Criteria of conditions of the vortex ring are the following:
1) spontaneous increase in vertical velocity of descent, which
the pilot notices on the approach to land or on the rate-of-climb

indicator;

2) increased vibration of the whole helicopter;
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3) impairment of controllability;

4) bumps of the helicopter from side to side, especially in
the second part of the vortex ring at rates of descent higher than
7-8 m/s.

Method of gulding the helicopter from conditions of the vortex
ring. When the helicopter 1s in conditions of vortex ring it is
dangerous, especially at low altitudes and near obstacles. Therefore,
with the appearance of the first criteria of such conditions it 1is

necessary by the "pitch-throttle" lever to increase the power and
bring the rate of descent to that required. If, however, there 1is
no reserve of power or condlitions of the vortex ring was developed
so that the addition of power does not give results, and vertical
velocity does not decrease, it is necessary to put the helicopter

in forward flight by the control stick in a direction free from
obstacles. With great vertical velocity of descent, the longitudinal
controllability can be so worsened that the helicopter will not
react to actions of the control stick. In this case it 1is necessary
to lower immediately the "pitch-throttle" lever and put the heli-
copter in autorotation. When controllability 1is restored one should
transfer the helicopter to forward flight and then emerge from
conditions of autorotation on powered flight.

In the case of the appearance of the beginning of conditions of
the vortex ring upon decreasing the speed less than 50-40 km/h, it
is necessary in the first place to increase the speed by the control
stick and after achievement of it up to 60-70 km/h decrease the
vertical descent velocity by moving the "pitch-throttle" lever
upwards.

Conditions of the vortex ring can also appear for the tail rotor
during a sharp left turn of the helicopter, which can be upon
maneuvering in conditions of hovering or when decreasing the speed
prior to hovering before landing. In the first case conditions of
the vortex ring can appear with a left turn at great angular velocity,
when the tail rotor moves to the right; in the second case the vortex
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ring can appear for the tail rotor when the pilot sharply moves the
"pitch-throttle" lever upwards, not parrying at the proper time the
tendency of the helicopter to turn left owing to the increasing
reactive moment by deflection of the right pedal forward. Here the
same phenomenon as that for the rotor occurs, which leads to a
spontaneous decrease in thrust of the tail rotor and rapid involuntary
further turn of the helicopter to the left. With this the control

of the tail rotor, as the control of the main rotor, also worsens,

and an increase in pitch of it by moving the right pedal forward can
not produce desirable results.

If conditions of the vortex ring appeared for the taill rotor,
and the helicopter continues to revolve to the left with a right
pedal completely deflected forward, it 1s necessary with the control
stick to transfer helicopter to forward flight and simultaneously
deflect the lever to the right. The appearing oblique airflow will
improve operation of the tail rotor, the thrust of it will be
increased, and the right slip owing to deflection of the lever to
the right will create lateral pressure on the right, which will try
to turn the helicopter to the right.
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CHAPTER Iv
HORIZONTAL FLIGHT OF THE HELICOPTER

§ 1. Diagram of Forces and Moments in Horizontal Flight

In horizontal flight the following force and moments act on the
helicopter (Fig. 51): total aerodynamic force of the rotor R,
thrust of the tail rotor r,, , drag of the helicopter Q, weight of
the helicopter G, reactive moment of the rotor M,_,. yawing moment of
the tail rotor M., longitudinal aerodynamic moment of the total
aerodynamic force of the rotor (diving), longitudinal moment of the
stabilizer, longitudinal reactive moment of the tail rotor M, ,,
longitudinal moment of the hub owing to the spacing of the flapp1n¢'
hinges A, , lateral moment of the hub due to the spacing of the
flapping hinges M,,,, lateral moment of the tail rotor 7,, and
lateral moment of the lateral force Z.

In horizontal flight the cone of rotation of the rotor 1is
deflected forward by the control stick by a magnitude dependent on
the flight speed. To the same side 1s deflected the direction of
action of the total aerodynamic force of the rotor R, since it is
directed perpendicular to the base of the cone. Force R creates a
diving moment, and therefore following the cone of rotation of the
rotor the body of the helicopter is deflected forward, and owing to
flapping motions of the blades and the presence of the flapping '
control the cone of rotation and together with it force R are
deflected from the former assigned position by the control stick
back and to the right.
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In the bound system of coordinates force R 1s spread over three
components: thrust of the rotor T, longitudinal force QB and pain
force ZB; tractive force T 1s directed along the axis of the shaft
(perpendicular to the plane of rotor rotation), longitudinal force
Qg 18 directed along the plane of rotation in a direction opposite
the flight, lateral force Zyz 1s directed along the plane of rotatilon
to the right. 1In turn the thrust of the rotor T in the high-speed
(continuous) system of coordinates spread according to the rule of
the parallelogram on Ty — vertical component, directed along Y axis
upwards, and Tx — horizontal component directed along the X axis
forward in flight. Hence force 'I‘y will be 1ift and Tx — thrust.
Longitudinal force QB 1s also spread in the high-speed system of
coordinates on QB s acting in the direction of force Ty (super-

y
imposed on force Ty), and an, acting along the X axis in the

direction opposite the direction of flight. This force 1s drag of
the rotor.

Fig. 51. Diagram of forces and moments
acting on the helicopter in horizontal
flight: a) view on the left; b) rear
view; c) top view.

Thrust of the tail rotor 7T;, in horizontal flight is always
directed to the left.
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Drag of the helicopter Q appears owing to airflow of the
fuselage by basic and induced flow and 1is directed in the direction
opposite the flight. The point of application of this force can be
located higher than the center of gravity, below it or in the center
of gravity of the helicopter depending upon flight conditions.

The force of weight of the helicopter G is directed vertically
downwards.

In a steady horizontal flight at a fixed speed following
equations of equllibrium of forces must be observed:

a) during rectilinear and horizontal flight forces T_ and Qg

y y

balance the weight of the helicopter G:7Ty+Q.,~G;

b)‘during uniform flight force Tx balances force QB and
x

Q:7:=Qp ,+Q;.

c) in the absence of slip during flight the lateral force zB
balances the tractive force of the tall rotor T;,:Z,=Ty,;

d) with the observance of total balancing of the helicopter
(longitudinal, lateral and directional) the sum of all moments with
respect to each axis of the helicopter 1s equal to zero:

EM=0.

The indicated diagram of forces and moments in Fig. 51 1is given
for a fixed speed of flight. If the flight occurs at another speed,
then the dlagram of forces and moments and the relationship between
them will be the same, only at high speed of flight there will be
great drag of the helicopter Q and horizontal component of longi-
tudinal force Qg . Therefore, to balance them will require great

x

thrust 'I‘x and, consequently, thrust of the rotor T. The thrust of
the tail rotor T&.B and lateral force ZB will also be different in
magnitude.
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§ 2. Required and Available Thrusts and Powers for
Horizontal Fiight

1. Required and Available Thrusts

The required thrust for horizontal flight is thrust which is
required for conditions of horizontal flight for balancing the
welght and drag of the helicopter. It can be defined by this
formulal:

Tem=0}/ 14(2)" (36)

From this formula it 1s clear that for conditions of hovering
there is required thrust equal to the weight of the helicopter,

since in hovering the expression '/rb+({}y will be equal to unity

(Q = 0). With the transition to horizontal flight the required
thrust will be increased, since it will have %o balance the constant
weight of the helicopter G and increasing drag of it Q (Fig. 52).
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Fig. 52. Required and
available thrusts for
horizontal flight of the
helicopter.

1This formula is obtained in the following way. Earlier we
accepted that the total aerodynamic force of the rotor R in practice
can be equated to thrust of the rotor T, then longitudinal force Q.
1s not considered. The thrust is the hypotenuse of a right triangle
for which one leg is the vertical component of thrust Ty and the
other, the horizontal component 7, (see Fig. 51). According to the

Pythagorean theorem: fim r;+r3 or M=g+@, then re=yV o+ @ Converting
this expression, will obtain the above-cited formula (36).
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With an increase in altitude of flight the required thrust for
horizontal flight at that same indicated airspeed 1s not changed,
since the weight and drag remain constant.

With an increase 1in flying weight of the helicopter the required
thrust for horizontal flight is increased and can be determined
depending upon the weight by formula

G,
Ta=Ti G (37)

where T2 — required thrust for increased weight of the helicopter
(Gy); T, — thrust required for less gross weight (G,).

The available thrust of the rotor i1s called thrust which is
created by the rotor at a definite assigned power of the engine.
As was determined earlier, the thrust of an ideal rotor in forward
flight is determined by formula (18) and a real rotor — by formula
(25). If in conditions of hovering at a definite assigned power
of the engine the rotor creates thrust equal to the weight of the
helicopter, then with an increase in speed up to the economic the
avallable thrust will be increased owing to the improvement of
conditions of operation of the rotor 1n oblique airflow (see Figs.
37 and 52). The growth in thrust at constant power is explained
by the increase in the flow rate per second of alr through the rotor,
which 1s clear from formula (18), i.e., the rotor per second interacts
with the large mass of air at the same induced rake and with that
same 1induced power. But such a growth in thrust 1s observed only
up to economic speed. With a further growth in speed with that same
input power, the thrust of the rotor i1s decreased owing to the
impairment of conditions of the rotor operation at high speeds.
This 1s explained by the fact that at speeds higher than the economic
profile drag is increased both due to the increase in speed and
owing to the expansion of the zone of reverse flow around. At these
speeds the consumption of power supplied to the rotor for surmounting
the profile drag is increased, and less of it remains for surmounting
the induced drag, 1.e., for the creation of thrust. Moreover, with
an increase in speed angles of attack of the rotor are decreased,
and it passes from conditions of oblique airflow to conditions of
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direct airflow, 1.e., to conditions of operation of a tractor
propeller, for which in the whole speed range thrust decreases with
an increase in speed.

If the power fed to the rotor decreases, then the available
thrust also decreases, but the character cf its change from the
speed of flight remains the former, i.e., it will be maximum at an
economic speed, and with a decrease or increase in speed the thrust
will decrease. Consequently, at the economic speed of flight
conditions of operation of the rotor are best, and it develops
maximum thrust. This circumstance conditions the specilal flying
properties of the helicopter in contrast to an aircraft, including
such as the necessity to feed to the rotor different power depending
upon the flight speed.

For maintaining horizontal flight at varlious speeds the task
of the pllot is to ensure that the available thrust is always equal
to the required; otherwise a steady state of flight will not occur.
This means that fcr hovering it is necessary to set such power of
the engine so that .he rotor develops thrust equal to the weight of
the helicopter. In other words, so that the available thrust in
hovering is equal to the required, for this 1t 1s necessary to
combine point a on the curve of available thrust with point b on
the curve of required thrust (see Fig. 52). With transition to
horizontal flight from hovering, the required thrust with an 1increase
in speed will increase, the available thrust will also increase,
but to a greater degree than the required (curve bc). Therefore,
there will appear a surplus of thrust AT, owing to which climb will
be accomplished. In order to maintain horizontal flight, it will
be necessary to decrease the avallable thrust, 1.e., to combine be
with curve bd. It is possible to decrease thrust only owing to a
decrease in power of the engine.

The aerodynamic design of horizontal flight for the [Mi-i]
(Mu-4) 1s conducted only by the method of powers, and therefore
curves of required and available thrusts for horizontal flight are
shown in general form in order to show the change in flying
properties of the helicopter in the speed of flight.
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2. Requlired and Avallable Powers

The required power for horizontal flight 1s the power required
for the accomplishment of horizontal flight of the helicopter at a
certain speed, i.e., for the creation of required thrust for this
half of the flight. The required power for horizontal flight 1is
composed of lnduced and profile power and power of motion,.

The required power for horizontal flight with an increase in
speed up to the economlic decreases owing to the improvement of
conditions of operation of the rotor and growth in its thrust more
than the required (it 1s necessary to decrease thrust). With an
increase 1n speed greater than the economic, the required power 1is
increased in view of the impairment of conditions of rotor operation
at high speeds and decrease in its thrust. 1In this case it 1s
necessary to increace the thrust up to the required. At speeds
greater than the economic proflle drag of the rotor is considerably
increased, and drag of the fuselage increases. For surmounting
these drags 1t 1s necessary to increase the thrust (Fig. 53).
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Filg. 53. Required and avallable powers
for horizontal flight of the hellcopter.

The magnitude of required power for horizontal flight depends

on the flying weight of the helicopter, number of revolutlons,
pitch of the rotor, dimensions of loads on the external suspension
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and altitude of the flight. An increase in weight will require
great induced power for the creation of great 1ift. With a change
of number of revolutions and collective pitch the profile power
will be changed: the more the pitch and greater the number of
revolutions, the greater the power will be required. If loads are
placed not in the cabin but on the external suspension, then high
power will be required for maintaining the assigned speed in
horizontal flight.

The available power of the rotor is called power proceeding to
the hub of the rotor. It 1s less than the power of the engine by
the magnitude of losses to friction, cooling and power for rotation
of the tail rotor, and it 1s determined by the product of effective
povwer of the engine by the utilization power factor. The available
power with an increase in speed at constant power of the engine 1s
insignificantly increased owing to a decrease in power transmitted
to the tail rotor, 1.e., because of the growth in power factor £.

For execution of the steady state of hovering or horizontal
flight, it is necessary that the avallable power always be equal to
the required power; otherwise, the steady hovering or horizontal
flight will not occur. On the graph the curve of the available
power should pass through point A. With an increase in speed the
avallable power grows, and the required power decreases up to the
economic speed. Therefore, it 1s necessary to decrease the engine
power so that at any speed the avallable 1s equal to the required
power. With a further increase 1n speed the pilot should increase
the power of the engine in order to maintain horizontal flight.
Consequently, with an increase in speed 1t 1s necessary to change
the power of the engine in such a manner that the curve of avallable
powers will pass along the trace of the curve of the required powers.
With this the available thrusts will be equal to the required.

In flying practice it is also necessary for the pilot to do
the following: with an increase in speed from the minimum up to
the economic he decreases the power of the engine, and with further
increase in speed he increases the engine power; with an increase
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in speed from maximum to the economic he decreases the power, and
with further decrease in speed he increases it.

With an increase in flight altitude with the maintaining
constant indicated airspeed, the required power is increased in any
speed range, as 1s the true speed of flight, by a value of the
altitude speed factor according to the general laws of aerodynamics:

Nmp”-N-m‘ V's'r (38)
where Ny, — required power on altitude; Naop, — required power on
land; 2 _— altitude speed factor.

.

Curves of required powers for high altitudes will be located
above along the axis of the powers and to the right along the axis
of speeds, as 1s shown in Fig. 53.

At speeds less than the economic (under the condition of
constant true speed) with an increase in altitude of flight the
required power 1s increased owing to the growth in necessary induced
power from altitude because of a decrease in air density (point 1°',
2', 3'). At speeds greater than the economic with an increase in
altitude of flight, the required power decreases due to the sharp
decrease in power of motion at these speeds also because of a
decrease in alr density (1", 2", 3").

The avallable power of the rotor from the altitude of flight
will be changed exactly as the effective power of the englne is
changed. In connection with the fact that on the Mi-4 helicopter
the [ASh-82V] (All-82B) engine with two speeds of the supercharger
is installed, then in the normal rating of operation up to the first
rated altitude 1t will be increased, and after the rated altitude
it will be decreased. After switching to the second speed of the
supercharger the power will increase up to the second rated altitude
(4550 m), and above 1t will decrease (see Fig. 40).
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Figure 53 shows :zurves of required and available powers for
horizontal flight of the helicopter with a high-altitude engine on
it at three different altitudes in the general form. Figure 5S4
gives concrete curves of required and available powers with respect
to the speed of flight on land and at an altitude of 1000 m for the
Mi-4 helicopter with a flying weight of 7100 kg. This graph 1s
obtained as a result of the conversion of available and required
coefficlients of torques m,, from the characteristic of conditions
of flight u depicted in Fig. 42.
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Fig. S54. Available
powers on rotor and
required powers for
horizontal flight of
the Mi-U4 helicopter
with a takeoff weight
of 7100 kg.

The aerodynamic design of horizontal flight 1s conducted by the
method of powers. According to the obtained of calculation and
flight tests, there are constructed curves of required and avallable
powers and different tables of other data by which 1t 1s very
convenient to Judge the flying characteristics of the helicopter.

§ 3. Characteristic Speeds of Horizontal Fiight

On the helicopter is 1s possible to accomplish horizontal flight
in the whole speed range from zero to maximum. But there exlist
characteristic speeds applied in practice, depending upon conditions
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of the flight, and also limiting speeds.

The Mi-U helicopter has four characteristic speeds in horizontal
flight: minimum, economic, optimum and maximum.

l. Minimum Speed
The minimum speed of horizontal flight of the helicopter 1s

the speed at which the helicopter can hold in horizontal flight at
a given altitude in takeoff conditions of the engine.

The minimum speed of horizontal flight for any helicopter at
altitudes from land to the celling of hovering in principle is equal
to zero, and higher than the celling of hovering it 1s gradually
increased up to the economic speed at the ceiling of the helicopter.
Such a change in minimum speed from altitude of the flight occurs
in view of the presence of laws of change in the required and
avallable powers for horizontal flight in speeds and altitudes.

The required power for hovering and horizontal flight with
ascent to altitude at speeds up to economic 1s increased, and with
an increase 1n speed from zero up to the economic it 1s decreased.
The avallable power with an ascent to altitude decreases, especially
beyond the rated altitude. Therefore, the higher the altitude
above the ceilling of hovering, the greater should be the minimum speed
of horizontal flight. At the ceiling of the helicopter (dynamic)
the minimum speed will be egqual to the economic speed, since at
this speed for horizontal flight minimum power is required. Conse-
quently, with an increase in speed from zero to the economic there
is gradually freed a surplus of power, which 1s expended in the c¢limb.

Minimum speeds of horizontal flight for a given helicopter can
be obtalned both by aerodynamic design and in practice with the
help of flight tests.

The change in minimum speed from the altitude of flight in the
takeoff regime of operation of the engine for the Mi-4 helicopter
is represented conditionally (theoretically) by curve a in Fig. 55.
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Fig. 55. Characteristic speeds of hori-
zontal flight; a) minimum true speeds of
horizontal flight in takeoff operating
conditions of the engine (theoretical);
b) minimum true speeds in normal rating
of the engine; c¢) minimum indicated ailr-
speeds set by manual on flying operatlion
of the Mi~4 helicopter with the ASh-82V
engine; d) economic indicated airspeed;
e) economic speed true; f) most advan-
tageous indicated airspeed; g) maximum
indicated airspeeds set by the manual on
flying operation of the Mi-4 helicopter
with the ASh-82V engine; h) maximum
indicated airspeeds set by the chief
designer on conditions of strength of the
rotor and separation of flow; 1) maximum
true speeds of horizontal flight according
to the power of the engine obtalned by
aerodynamic design; J) maximum true speeds
according to the power of the englne
obtained by flight tests.

But since in takeoff conditions the engine can operate fcr a short
duration, then it is accepted to determine the minimum speeds 1n the
normal rating of operation of the engine. Minimum speeds of
horizontal flight for the Mi-4 helicopter with a flying weight of
7100 kg in normal rating of operation of the engine, obtalned as a
result of aerodynamic design, are represented by curve b, The
helicopter in normal rating of operation of the engine on land can
have a speed of not less than 30 km/h, 1.e., in these conditions

of the engine it 1s not able to hover. With ascent to altitude

the minimum speed of horizontal flight is increased depending upon
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the speed of operation of the supercharger and on the position of
the throttle of the engine.

But in practice of flights minimum speeds are limited even to
a greater degree by conditions of vibrations, complexity of the
plloting at low speeds and imperfection of aircraft speed indicator.
For the Mi-4 helicopte> of all modifications by the manual on
flying operation the minimum indicated airspeeds of horizontal flight
are set in the following limits (see curve b, Fig. 55):

Altitude. n Speed, km/h
0200 ¢ cc o0 cv oo sseenns )
0-2000° . *. o v c 0o 00 ceccsonne g_”
W00-8000. . - - ..ol iILLILLt 0
8000—-8800. . . c « e oo rec oo ease 90~-100

2. Economic Speed

The economic speed of horizontal flight 1is the speed during
flight at which minimum power of the engine and minimum consumption
of fuel per hour are required. In economic speed with the given
fuel reserve the greatest duration of flight 1s obtained, and for
flight in the assigned time 1ts minimum quantity will be expended.

Table 2 gives results of flight tests of the Mi-4 helicopter
in conditions of horizontal flight for altitudes of 500, 1000, 2000
and 3000 m, converted for the standard atmosphere, with fuel
servicing of fuel of 960 ¢ (main tank) and servicing of 1460 £ (with
an auxiliary tank) and for two flying welghts: normal — 7100 kg
and maximum permissible — 7350 kg. The table shows data only for
horizontal flight with deduction from full fuel servicing of
consumption in climbing and descending from an assigned altitude
and also a navigational reserve for 30 minutes of flight (130 &),
nondepleted surplus (10 £2) and consumption of fuel during operation
on land (30 &). Values shown in the numerator pertain to data when
refueling of the main tank — 960 2, and in the denominator — the

main and auxiliary tank — 1460 2.
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Table 2.

uel conq Fuel |nygtance of] Duration
:H:;: Vape | Vocr. | & | Zxe fsumption]| con-  honizontal | of hori-
ke |/ | mm r/ain er kilo- Prpliglll FSTPis zontal
eter, or lan flight,
our , h, min
£ /xm
Hey=500 m. Reservs of fuel for horizontal flight 751/1251
7100 | 160 172 | 2230 ¢ 770 1,64 283 487/764 2-394-25
7100 | 150 | 162 | 2200 | 758 1,60 259 469,782 |2--54/4—-50
7100 | 140 52 | 2200 | 740 1.58 240 308 5—414
7100 | 130 42 | 2200 | 730 1,80 226 469/782 |3-19/5=32
7100 | 120 32 | 2200 | 728 1,68 219 482/755 |3—25/5—44
7100 | 110 | 122 | 2200 | 723 1,76 217 422/703 | 327,
7100 | 100 | 112 | 2200 : 720 1,95 219 3B5/642 |3—25,5—44
7100 | 90 | 102 | 2200 | 723 2.20 228 /568 | 3—20/8—32
71 [ )] 92 | 2200 | 725 2,60 239 208/482 |3—09/5-—14
71 70 82 | 2200 | 738 3,12 256 /402 —56/4—53
7350 | 160 72 | 2230 | 778 1,79 308 418/700 —26/4—04
7350 | 150 62 | 2200 | 785 1,78 283 428/718 —39,4—25
7350 | 140 82 | 2200 | 743 1,72 262 2—52/4 47
7380 | 130 42 | 2200 | 738 1,73 246 3—-03;.
7380 | 120 32 | 2200 | 730 1,79 ‘236 418/700 | 3—10,5—18
% 110 22 | 2200 | 727 1,92 4 X 3128521
100 12 | 2200 | 730 2,12 237 354/802 |3-—10/5—18
7350 90 02 | 2200 | 738 2,3 244 314/524 3—05/5—08
7380 %0 92 | 2200 | 740 2,78 256 270/480 —56/4—53
7%0| 70 82 | 2200 | 750 3,32 272 , 377 —48/4
7%0) 60 72 | 2200 | 760 4,13 2097 181/303 —32/4—14
Hey=1000 m. Reserve of fuel for horizontal flight 718/1218 £
7100 | 180 | 178 | 2230 | 764 1,70 208 422/716 | 2—84/4—04
7100 | 150 | 165 | 2200 | 746 1,68 2 438/738 )—41/4--33
7100 | 140 | 155 | 2200 | 733 1,66 288 . 433/733 —47/4—44
7100 | 130 | 148 | 2200 | 723 1,68 238 /798 3—03/5—10
7100 | 120 | 135 | 2200 | 718 1,60 228 428/720 }—00/8—2
7100 | 110 | 128 | 2200 | 714 1,79 24 /680 e 12§27
7100 | 100 | 115 | 2200 | 718 1,98 228 363/618 3—09/5—21
71001 90 | 106 | 2200 | 717 2,23 4 /546 4/8
7100] 80 |. 956 | 2200 | 72! 2,58 25 278/472 —56/4—58
7100{ 70 85 | 2200 | 728 3.10 263 /383 | 2—~44/4—38
7100 | ©0 75 | 2200 | 738 3.8 206 189/320 —30/4—16
;g 160 173 | 2230 | 768 1,82 318 305/668 |2—18/3
180 | 165 | 2200 | 748 1,76 2% 1692 (2-—28/4—12
730 | 148 | 158 | 2200 { 733 1,73 267 4177708 | 2—-41/4
7300 | 130 | M5-] 2200 | 728 1,74 252 413/700 | 2—52/4—49
- 73801 120 | 135 | 2200 | 720 |. 1,98 240 3-00/5-06
e m 190 | 125 | 2200 | 718 1,90 238 378/641 | 3=01/8-07
100 | 118-1 2200 | 720 3.09 241 / 2-—-59/8—-03
730 1- 90 { 106 | 2200 1 724 37 249 303/513 |2—-83/4—54
73001 80 98 | 2200 | 731 2,63 261 [} 2—45/4—40
780 70 88 | 2200 | 73 3,27 278 /| 2--35/4--23
70| €0 78 | 2200 | 783 4,04 303 177/302 |2--22/4—02

In analyzing data of flight tests for altitude 500 m and a
flying welght of 7100 kg, we see that the minimum comsumption of
fuel per hour will be at the indicated airspeed of 110 km/h and will
be 217 &/h. Consequently, for the Mi-4 helicopter under these
conditions the economic indicated airspeed is equal to 110 km/h.
When flyling at this speed the helicopter has a maximun. duration of
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Table 2 (Cont'd.)

Flying » el cond Puel |Distance of] Duration
weight Yap: | Vaers | = € lgumption| eon- |herizontal | of hori-
ke |wmm i/ |r/uin| ™ per kilod susp- [flieht, zontal
He Leter, tion Jon fr1ight,
£ /ion per h, min
hour,

Hey=2000 m. Reserve of fuel for horizontal flight 651/1151 £

7100 | 140 | 163 | 2250 ) 722 1,08 270 302 004 }—24 4—16
7100 ) 130 | 1583 | 240 | 712 1,68 253 I 60 |23 +-33
7100 | 120 | 142 | 2220 | 707 1,70 242 383 678 )41, 4—45
7100 | 810 | 132 | 2220 | 703 1.78 238 365 647 —43 4—32
7100 1 100 | 121 | 2220 | 703 1,96 28 332588 |2—43 +—50
7100 9 | 110 | 2220 | 707 2.20 24 206 524 |2-40 4—¥44
7100 80 99 | 2230 | 712 2.56 255 254 410 | 2—33 431
7100 70 88 | 2230 | 720 3,00 72 2010371 |2-24 4—14
7100 60 78 | 2230 ) 732 3.62 298 172302 | 2--11/3—381
7350 | 140 | 163 | 2260 | 725 1N 280 %0674 | 2—20/4—07
7350 | 130 | 153 | 2240 | 718 1,72 263 378,670 [2—-28/4-22
7350 | 120 | 142 | 2230 | 710 1,77 252 368,651 —34/4—34
7350 | 110 | 132 | 2230 | 707 1,88 20 346/612 | 2—38 4—37
7350 | 100 | 121 | 2230 | 708 2,08 252 3135583 |2—34,+-34
7. 9 | 110 | 2230 | 712 2,35 259 277490 | 2—30/4—26
7350 80 9 | 220 | 720 2,72 270 240/423 |2—24 4—13
7350 70 88 | 240 | 731 3,27 288 200, 2—15/4—00
7350 60 78 {2240 | 745 3,97 310 164/290 |2—06,3—-42

Hey=3000 m. Reperve of fuel fer horizontal flight $589/1089 £

7100 | 130 | 160 | 2280 | 708 1,68 270 350/618 |2—11 4—02
7100 | 120 | 149 | 2260 { 695 1,71 256 w 2--18 4—13
7100 | 110 | 138 | 2250 | 693 1,80 29 1608 |2—22 4—22
7100 1 100 | 127 | 2230 | 694 1.88 28 302 560 |9—3234-23
7100 90 | 115 | 2240 | 698 2,20 254 263/498 |2—20 418
7100 80 | 104 | 2250 | 704 2,52 263 231433 |2—14 400
7100 70 93 [ 2250 | 714 3,02 201 193/360 |2-08 3—83
7100 60 82 | 2250 | 730 3,78 310 156,288 |1—54,3—3)
7350 | 130 | 160 | 2300 | 708 1.73 w7 31060 |2--07 358
7350 | 120 | 149 | 2270 | 699 1,79 267 320000 |2—-124-04
7350 | 110 | 138 | 2260 | 607 1,91 04 308570 | B—14 407
7350 | 100 | 127 | 2250 | 697 2.09 266 282520 |2—134-03
7350 90 | 115 | 2250 | 702 2,38 w2 250 460 | 2—104—00
7350 80 | 104 | 2260 | 710 2,72 n 216402 | 2--05,3~81
7350 70 93 | 2270 | 724 3.20 297 181 340 | 1—850 3—40
7350 60 82 | 2270 | 742 3,88 318 152300 |1-80,3-25

flight of 3 h 27 min with full refueling of the main tank and 5 h
46 min with servicing of still the auxiliary tank.

With a change in flying welght the economic speed both on the
instrument and true does not change and only the consumption per
hour changes and accordingly — duration of flight. The greater the
flying weight, the greater the required power for flight at the
same economic speed, the greater the consumption per hour and the
less the duration of flight. Thus, for a flying weight of 7350 kg
at an altitude of 500 m at an economic indicated airspeed of 110 km/h
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the consumption of fuel 1s 234 &/h, and the duration is 3 h 12 min
with servicing the main tank and 5 h 21 min with the auxiliary tank.

From the table 1t 1s also clear that with an increase 1in
altitude of flight the economic indicated airspeed remains constant,
and the true speed increases (curves g and d in Fig. 55). But the
more the altitude, the greater the required power for flight at the
same indicated airspeed, and therefore the consumption of fuel per
hour will be increased, and the duration of flight decrease. Thus,
for example, for a flight at the economic speed of 110 km/h at an
altitude of 1000 m with a flying welght of 7100 kg the consumption
of fuel is 224 2/h and the duration of flight i1s 3 h 12 min with
servicing the main tank and S h 27 min with servicing the auxiliary
tank. For great flying welght at this altitude the consumption per
hour will be even greater and the duration less. Such a law of the
change in consumption of fuel per hour and duration of flight from
weight and altitude remains correct for all altitudes and flying
weights.

The economic speed 1s used for patrolling, instructed flights
and other forms of works not connected with the necessity of
surmounting distances.

The magnitude of economic speed of horizontal flight for any
helicopter can be determined by the curve of required powers for
horizontal flight of a given helicopter by means of drawing a
tangent to the curve in parallel to the asix of speeds; the
perpendicular from the point of contact on the axis of speeds will
indicate the magnitude of economic speed (see Fig. 54).

The economic speed of horizontal flight will be the optimum
speed of climb, since at this speed there is maximum surplus of
power,

3. Optimum Speed

The optimum speed of horizontal flight 1s the speed at which
there 1is obtained the minimum fuel consumption per kilometer. At
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this speed the helicopter has a maximum flight range, and for passage
of the assigned distance the minimum quantity of fuel will be
expended.

With the analysis of data obtained during tests of the Mi-§
helicopter with a flying welight 7100 kg at an altitude of 500 m, it
is clear that the minimum fuel consumption per kilometer at this
altitude will occur at the indicated airspeed of 140 km/h and will
be 1.58 2/km. With this the maximum range of flight, 475 km will
be obtained with full servicing of the main tank and 792 km with
full servicing of the main and auxliliary tanks. Consequently, for
the Mi-4 helicopter the optimum indicated airspeed is equal to
140 km/h.

On the basis of the general laws of aerodynamics the optimum
speed depends on the flying weight of the aircraft: the higher the
flying weight, the greater the optimum speed and conversely. In
practice with a change in flying weight the optimum indicated
alrspeed does not change, but fuel consumption per kilometer and,
accordingly, flying range will change: the higher the flying weight,
the greater the fuel consumption per kilometer and the less the
flying range. Thus, for example, for the same altitude of 500 m
with the maximum permissible flying weight of 7350 kg at a speed of
140 km/h, the consumption per kilometer will be 1.72 t/km, and the
flying range is 436 km with full servicing basic tank and 728 km
with servicing of the auxiliary tank. This circumstance facilitates
the operation of the helicopter, since the pillot need not make
complicated calculations before the flight for obtaining a more
economic flight.

With an increase in flight altitude, other things being equal,
the optimum true speed is increased, and the indicated airspeed
remains constant (see Fig. 55, curve f), which is clear from data
of Table 2. But in separate cases the experiments can give
certain deviations from the general laws.
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For the Mi-4 helicopter, starting from the altitude of 2000 m
and above, the optimum indicated airspeed is greater than the
maximum permissible for conditions of flow separation and reserve of
strength of the rotor, and therefore flight tests were conducted
only up “v an altitude of 3000 m.

The optimum speed 1s used for usual cruise flights. This speed
gives the most economic flight, and therefore it has received wide
application.

The maximum range of flight for helicopters with nonsupercharged
engines 1s obtalined with flight near land. For helicopters with
high-altitude engines tne maximum range in practice is not changed
during flight at any altitude up to the rated altitude, since the
fuel consumption per kilometer in altitude of flight practically
does not change. With flight at an altitude greater than the rated,
the flying range insignificantly decreases.

In desiring to obtain maximum flight range or minimum fuel
consumption at the assigned distance, it 1s necessary to set the
optimum indicated airspeed and maintain the minimum permissible
revolutions (for the Mi-4§ helicopter 2200 r/min), and with this it
is necessary to consider the change in flying weight owing to
consumption of fuel and direction of the wind. With a decrease 1in
fuel it is necessary to maintain the speed of flight constant but
gradually decrease the power by the "pitch-throttle" lever for
maintaining horizontal flight position.

With a headwind it is necessary to hold the speed higher than
the optimum and with a tailwind — less than the optimum. If there
are accurate curves of required power for horizontal flight of the
given helicopter, then the magnitude of the optimum speed of flight,
taking wind into account, can be determined, as is shown in Fig. 56.
Such a change in the optimum speed depending tpon wind is explained
in the following way. The consumption of fuel per hour 1is pro-
portional to the required power for flight of the helicopter, and
therefore the character of the of flow rates per hour from the speed
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Fig. 56. Changes in optimum flight speed
from wind; a) by required power; b) by
consumption of fuel per hour; 1 — optimum
speed with tallwind; 2 — optimum speed in
the absence of wind; 3 — optimum speed with
headwind.

will be the same as that of the required power from the speed. The
optimum flight speed will occur with the minimum fuel consumption
per kilometer, which i1s determined by the division of the consumption
per hour by the groundspeed of the flight: C.—%‘..
During a calm the optimum speed can be found by drawing a
tangent to the curve of consumptions per hour from the origin of
the coordinates, since at the point of contact there will be the
minimum value of the ratio Ch/V. With a headwind the minimum
consumption per kilometer will be at the minimum ratio Ch/V, and
therefore for finding the optimum flight speed the tangent to the
curve of consumptions per hour must he drawn not from the origin of
the coordinates but from a point located to the right of the origin
of the coordinates, 1.e., from the end of the vector of the headwind.
Dropping a perpendicular from the point of contact on the axis of
the absclssas, we will obtain the optimum flight speed; 1t will be
greater than the speed during a calm. With a tailwind the minimum
consumption per kilometer will be at the minimum value 1;%;;, and
therefore the tangent to the curve of consumptions per hour must be
drawn not from the origin of the coordinates but from the point
located to the left of the coordinates, 1.e., from the end of the
vector of the tallwind. The optimum speed here will be less than
the optimum speed during a calm.
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4, Maximum Speed
For the Mi-U4 helicopter there are three maximum speeds.

1. Maximum speed according to the power of the engine. This
speed is changed depending upon the altitude of flight and power of
the engine in the normal rating of its operation. Up to the first
rated altitude 1t 1s increased, and then it decreases; after
inclusion of the second speed of the supercharger it again starts
to be increased up to the second rated altitude; after the second
rated altitude 1t decreases down to the economic speed at the
celling of the helicopter. Values of maximum speeds according to
the power of the engine in normal rating with respect to altitudes
for the Mi-4 helicopter, obtained by aerodynamic design, are
confirmed by flight tests: near land, 203 km/h, at an altitude of
1500 m 225 km/h, the greatest value (see Fig. 551). At the indicated
speeds it is forbidden to operate the helicopter according to strength
conditions of the rotor and separation of flow from blade tips
[tip stall].

2. The maximum speed set by the chief designer with respect to
conditions of strength of the rotor and separation of flow. This
indicated airspeed for the Mi-U helicopter with normal flying weight
with respect to flight altitude 1s changed in following limits
(see curve h, Fig. 55):

Altitude, m Speed, km/h

. .
R 148
B T T I 1%

110

This speed up to an altitude of 2500 m is limited up to the
shown limits with respect to conditions of strength of the rotor
and at high altitudes with respect ot conditions of separation of
flow from blades of the rotor.
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For the Mi-4 helicopter with maximum flying weight the maximum
indicated airspeed 1s limlited over altitude to the following limits:

Altitude, m Speed, km/h
Dt i i et e ee e e e e e et
oo D TTIIIITIIIiiIiiii i%
%. 0 oo e 6% o aibnis s e s s s e e “8
- 100

3. Recommended maximum speed. This speed increases the safety
factor of the rotor, and it 1s economic, since it 1s close to the
optimum speed; and therefore it 1s accepted in the operation of the
Mi-4 helicopter with the ASh-82V engine in civil aviation. These
indicated air and altitude speeds (independently of flying weight
of the helicopter) are set in the following limits (see curve g,

Fig. 55):

Altitude, m Speed, km/h
B, ¢ ¢t o c ot e et o s ot e s s0sseea
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% ................... PR =g
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5. Separation of Flow [Stalll]

From the aerodynamics of an aircraft 1t 1s known that the wing
is flowed past smoothly only at small angles of attack — up to the
critical. Beyond the critical angles of attack separation of flow
advances, as a result of which coefficient of 1lift cy decreases,
the coefficient of drag Cy is increased, lift-drag ratio of the
wing decreases, the center of pressure of the wing shifts both
chordwise and along the span, and the aircraft stalls. Blades of
the rotor can appear in the same conditions of flow.

At high speeds of flight and especially at minimum revolutions
of the rotor in the aximuthal position of 270° the true speed of
flow around will prove to be the minimum. Deceleration will lead
to a decrease in 1lift of the blades, and this, in turn, will lead
to an increase in speed of flapping of blades downwards. An increase
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in the speed of flapping downwards will lead to an increase in
angles, and they can appear higher than the critical; then separation
of flow advances, which will increase the 1ift divergence more

owing to the decrease in the 1lift coefficient. There will appear a
bank in the direction of blades retreating from the flow, vibration
and other undesirable phenomena. The separation area begins to
appear at position ¢ = 270° in the first place on tips of the blades,
since at this place the speed of flapping of the blade downwards is
the greatest.

With an increase in flight speed the separation area will be
expanded (Fig. 57). Simultaneously, with an increase in speed the
area of reverse flow around will be expanded. But since both these
areas decrease the 1ift, the right side of disk surface, will
create less lift than the left, and therefore for the helicopter
a right bank with forward flight will appear. Moreover the
helicopter will sway in longitudinal and lateral directions and
react poorly to deflections of the control levers, i.e., controlla-
bility and stabllity of helicopter become worse.

L Bl

Fig. 57. Expansion of areas of separatlion
and reverse flow around with an increase
in speed of flight of the helicopter.

In flying practice the phenomenon of separation of flow can
advance in the following cases:

1. With an increase in speed of flight above the maximum
permissible (higher than the critical stalling speed) in horizontal
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flight, climb with the use of power of the engine, during descent
with an operating engine and descent in autorotation.

2. With an increase in speed above the permissible at different
altitudes. The maximum permissible speed in altitude 1is always
less than that near land, since 1t is necessary to maintain high
pitch because of the lesser alr density. In this case angles of
attack of the blades will be grea ¢r, ar. separation advances at a
lower speed than during flight na- o land (Fig. 58a).

."5 Feglon ‘] Reglan
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Fig. 58. 1Influence of
different factors on
separation of flow: a)
change of critical stalling
speed depending upon the
altitude of flight H and
number of revolutions of
the crankshaft of the
engine; b) change 1in
critical stall pitch
depending upon operating
conditions of the rotor u.

3. With a decrease in revolutions of the crankshaft of the
engine Nns at high speeds of flight, since with this the peripheral
velocities are less, and the separation of flow in position ¢ = 270°
advances at a lower flight speed. From this it follows that the
more the revolutions, the higher the critical stalling speed.
Therefore, upon the necessity of flight at high speeds it 1s
recommended to hold the increased revolutions of the rotor in order
to avoid stalling.

L, With'an increase in collective pitch of the rotor during

flight, especially at high speeds., With an increase in pitch the
angles of attack of the blades wil) be greater, and the separation
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of flow advances at a lower speed, which 18 lower than the critical
stalling speed in normal pitch. Consequently, the critical stall
pitch (pitch at which separation advances) will be greater, the less
the speed of flight and the greater the revolutions, i.e., the less
the characteristic of operating conditions of the rotor u (Fig. 58b).

5. During flight at speeds less than the minimum permissible
at altitudes beyond the static celling according to the power of the
engine. With this owing to the deficiency 1n power at these
altitudes, the helicopter will descend, which will lead to an increase
in angles of attack of the blades from all azimuthal positions, and
in position y = 270° they can become higher than the critical.

6. Periodically with flight at high speeds under conditions
of atmospheric turbulence, when horizontal gusts in front increase
the true speed of the helicopter and ascending gusts increase the
angles of attack of the blades, which causes short-term phenomena
of separation of flow. Therefore, when flying in such conditions
it is not recommended to maintain high speeds of flight, since at
high speeds the separation of flow will advance more frequently,
even with insignificant horizontal and vertical gusts.

7. With great overload during the flight, for example, in
steep turns and sharp guiding from a steep descent with an operating
engine or gliding. In these cases angles of attack of the rotor
and, consequently, of the blades are also lncreased, which leads to

a separation of flow from the blades in position ¢ = 270°,.

The criteria of separation of flow from blades of the rotor
are the following:

a) raised shaking of the helicopter, which gradually grows with
an increase in speed; :

b) right bank;

c) sharp swaying of the helicopter in a longitudinal and,
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especially, in lateral directions, which is accompanied by descent
of the hellcopter and steering of the control stick;

d) impairment of stability and controllability.

To gulde the helicopter from conditions of separation of flow,
it is rossible to use deceleration of flight, increase in the number
of revolutions of the rotor, decrease in collective pitch of the
rotor and altitude of the flight.

Coming out of a stall by the method of decreasing the altitude
is a long process, and 1t 1s inexpedient to emerge at high speeds
by increasing the number of revolutions. The most effective
measures of exit from conditions of a stall are the decrease in
collective pitch of the rotor up to the permissible 1limit depending
upon the altitude, up to autorotation, with a simultaneous deceler-
atlon of flight by the control stick. With a decrease in collective
pitch it 1s necessary to observe the revolutions and not allow them
to become lower than the permissible - 2200 r/min. After the
cessation of criteria of the stall 1t i1s necessary to turn to the
standard flight. This method is recommended by the manual on
flying operation of the Mi-4 helicopter and 1s most frequently
applied in practice.

§ 4. Pecullarities of Horizontal Flight and
Its Fulfillment

1. Peculilarities of Horizontal Flight

Flight at low altitude. Horizontal flight at low altitude
with different purposes can be fulfilled at altitudes of 5-10 m.
The acceleration of speed from the position of hovering is fulfilled
by deflection of the control stick back, maintaining with this the
flight altitude by the "pitch-throttle" lever. With such flight,
especially at low speeds, 1t 1s necessary to consider that 1t 1is
carried out with influence of an air cushion, 1.e., with decreased

power, In the case of lowering of the relief the air cushilon
vanishes. Then the assigned power will be insufficient for flight,
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and the helicopter will descend. 1In this case for maintaining the
alt.tude of flight, it 1s necessary to increase the engine power but
with such calculation in order not to overbalance the rotor and

not to worsen the position, since with overbalancing of the rotor
the number of revolutions of it and thrust will decrease, and the
helicopter will obtain even greater descent. During flights at

low altitudes and speeds the gas control should be completely moved
to the right, and, furthermore, it is necessary to have a sufficient
reserve of pltch power owing to the decrease 1n °' - 'ght of the
helicopter.

To ensure flight safety, 1t 1s recommended to fly above broken
terrain (ravines, gorges) at an altitude of not Jower than 10 m
with a speed of not less than 60 km/h, when the influence of the
ailr cushion is absent and rellef will not affect the flight.

If horizontal flight at low altitude 18 produced windward at a
speed less than the economlic, and the wind will suddenly cease or
will decrease (gusts), then the¢ helicopter can also descend. 1In
this case sudden cessation of the wind will lead to a decrease 1in
airspeed, and at speeds less than the economic, as 1s known, there
will be required higher power for horizontal flight (see Fig. 54).
If, however, flight is accomplished at speeds higher than the
economic, then cessation of the headwind will cause a decrease 1n
alrspeed and soaring upwards of the helicopter. Therefore the power
set earlier will appear unnecessary and because of the surplus in
power the helicopter ascends upwards. The same rhenomenon willl
occur with any change in magnitude and direction of the wind and
speed of flight or with a turn downwind.

During a flight with a tailwind the phenomena will be the very
same, but the influence of them on the helicopter will be the
opposite: with flight at a speed of less than the economic, with
cessation of the wind, the helicopter is lifted, and with flight at
a speed greater than the economic the hellicopter will descend.

This means that a strong gusty wind 1is dangerous for flight at low
altitude. The pilot must not allow losses of airspeed and descent
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of the helicopter when flying at low altitudes. The presence of a
sufficlent power reserve permits him to maneuver well vertically
and prevent such descent.

During flights at low altitudes it is necessary to remember
also the sufficient reserve of movement of the control stick, which
depends on the magnitude of centering, direction of the wind and
speed of flight. The greater the centering, the less the speed of
flight and greater tallwind, the less the reserve of movement of the
control stick back. Therefore, during a flight with a tallwind with
limiting forward centering, the pilot should be especlally attentive.
If the reserve of movement of the control stick is absent in such a
flight, then 1t wlll be impossible to get the hellcopter to hover.
In this case it 1s recommended before hovering to turn windward or
to change the centering, the reserve of movement of the lever back
will be increased, and 1t is possible to produce hovering, landing
and other maneuvers.

During flight at low speed and altitude, in view of the unstable
readings of the speed indicator [US-250)] (YyC-250), 1t 1is recommended
to maintain a speed being orliented with respect to the land.

Movement by all control levers during flights at low altitudes
and speeds must be smooth.

Flight at high altitudes. Pecullarities of horizontal flight
at high altitudes (higher than the ceiling of hovering) consist in
the following. With a rise on altitude the speed range of
horizontal flight decreases (see Fig. 55), and therefore at these
altitudes 1t 1s imposslble to allow the speed to be greater than
the maximum permissible at the given altitudes and less than the
minimum permissible. In both cases there will appear the phenomenon
of stall and loss of altitude. It 1s known that flight at high
altitudes because of lowered alr density occurs at great pitch of
the rotor, and therefore separation of flow advances at lower speeds.
For the Mi-4 helicopter the speed range of horizontal flight is
maintained sufficiently great up to the altitude of 3000 m (Fig. 55,
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curves c, g). At an altitude of 3000 m the range is 125 - 80 = 45
km/h, at altitude 4000 m, 100 - 80 = 20 km/h, and at altitude 5500 m
the range will be equal tc zero, since here the maximum and minimum
speeds are equal with each other and are 100 km/h.

With the rise on altitude the surplus of power is decreased, and
therefore maneuvering properties of the helicopter worsen. Together
with that stability and controllability worsen, and piloting of the
helicopter i1s complicated. For these reasons at altitudes of more
than 2000 m turns must be accomplished with a bank of not more than
20°, actions by the control levers must be smooth, and also there
should be a thorough observation of the speed of flight and position
of the helicopter.

Position of control levers on the whole speed range of
horizontal flight. The position of the control levers in horizontal
flight 1s different at different speeds. 1In conditions of hovering
the control stick in a longitudinal relation is deflected back (the
reason for such position of the lever was analyzed earlier in
examining conditions of hovering). With an increase in the speed
of flight the lever should be deflected forward and at an average

speed of flight occupy a neutral position, the most convenlient
speed at which prolonged flights occur. With further acceleration
of speed 1t 1s necessary to deflect the lever back for great
deflection of the cone of rotation of the rotor and its thrust
forward.

In a lateral relation in conditions of hovering the control
stick is deflected to the right for creating lateral force, which
balances the thrust of the tall rotor directed to the left. With
the acceleration of speed the cone of rotation owing to flapping
motions 1s deflected to the right, and if the position of the handle
in a lateral relation 1s left the former, the helicopter will
accomplish flight with a right slip. Therefore, so there will not
be slipping, with an increase 1in speed the control stick must be
deflected to the left (take pressure from it- by the lateral tab)
and at an average speed of flight set neutrally in a lateral relation.
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With further increase in speed the control stick must be continued
to be deflected to the left, since flapping motions continue to
grow and the cone of rotation of the rotor all the more deflects to
the right.

As was discussed earlier, the right pedal in conditions of
hovering should be depressed forward. This position of the pedal
was explained by the necessity of maintatning great pitch of the
tall rotor during operation of 1t in direct airflow. With an
increase in flight speed both rotors fall into conditions of oblique
airflow; then thelr thrusts increase, and the power of the rotor
and 1ts reactive moment decrease, and therefore smaller yawing
moment of the tail rotor 1s required. But since the taill rotor
itself increases the thrust owing to oblique airflow, the augmenta-
tion of thrust proves to be superfluous, and in order to decrease
the thrust 1t is necessary to decrease the pitch to the tall rotor,
which one should do by gradual setting of the pedals in a neutral
position at an average flight speed.

With further acceleration of speed, 1t is necessary to continue
to move the left pedal forward, since, although the rotor 1s
assigned high power and the reactive moment of 1t increases, the
tall rotor continues to increase the thrust owing to the oblique
airflow (economic speed of the tall rotor 1s greater than the
economic speed of the rotor). Only at speeds close to the maximum,
and above them is 1t necessary to increase the pitch to the taill
rotor by moving the right pedal forward. Since in the whole speed
range from hovering and almost up to the maxlimum speed, pitch to
the tall rotor must be decreased ( move the left pedal forward all
the time), then by intention of the designer control of the tall
rotor 1s carried out so that at an average speed of flight the
pedals must be in a neutral position. Then there will be maximum
reserve of the deflection of pedals with the control of the tail
rotor, Just as there will be maximum reserve of deflecting of the
control stick in a longitudinal and lateral relation.
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With the acceleration of speed in horizontal flight from zero
to maximum the posit’on of the "pitch-throttle" lever and gas
control should change accordingly. When hovering and at low speeds
of flight the gas control should be moved completely to the right,
since for these conditions high power and relatively little pitch
are required. At flight speeds of more than 50-60 km/h the required
power 1is considerably reduced, and therefore it 1s necessary to
move the gas control to the left and to increase the collective
pitch for loading of the rotor in view of the decrease in angles of
attack of the rotor and blades with an increase in speed. At speeds
greater than the economlic 1t is necessary to add power by the
"pitch-throttle" lever, and at speeds close to the maximum and at
the maximum 1t 1s necessary to move the gas control again to the
right for increasing the number of revolutions up to the nominal.
This 1s done for preventing the phenomenon of stall and nonadmission
of a right bank, and then the reserve of control stick in a lateral
relation is increased. The method of balancing of the hellicopter
in all conditions of flight and speeds with the help o. control
levers will be discussed more specifically in the last chapter.

Dependence of the pitch angle on the flight speed. In
connection with the fact that tractive force of the rotor 1is applied
to the rotor hub, the pitch angle depends on the flight sreed: the
more the speed, the less the pitch angle and conversely. In view
of the presence of the decalage of the rotor shaft, which for the
Mi-4 helicopter 1is equal to 5, in conditions of hovering with
neutral centering the pitch angle will be positive and of small
value. With an increase in flight speed it decreases and at an
average speed 1s close to zero. With further increase in speed 1t
continues to be decreased and at a maximum speed is about =4°,
Furthermore, the plitch angle depends on the centering of the
helicopter: the more the centering forward, the less the pitch
angle, and conversely.

Slip and angle of roll during horizontal flight. The Mi-4
helicopter in horizontal flight can be balanced with a left slip
without bank or without slip but with right bank. If lateral
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force Z 1s equal to the thrust of the tail rotor I, (see Fig. 51),
then flight 1s accomplished without slip but with right bank in
view of the action of the lateral moment of the hub owing to the

spacing of horizontal hinges of moment Mx « In flight both right
BT

and left slip with various banks can be permitted.

It is recommended to accomplish flights without slip, since
with slip drag 1s increased which leads to an increase in consumption
of fuel and impairment of controllability. To prevent slip at all
speeds of flight the lateral force should always balance the tractive
force of the tall rotor. The absence of slip is determined by the
slip indicator.

Flights with loads on external suspension. During horizontal
flight with loads on the external suspension, the helicopter has
much drag, which leads to an increase in power for flight, expended
fuel per kilometer and a decrease 1in flying range and locad capacity
of the helicopter. Thus, for the Mi-4 helicopter a flying welght
of not more than 7100 kg 1s 8¢t, and the load on the external
suspension 13 allowed at not more than 1300 kg. Fligﬁ% speeds are
also limited: 1f flights are accomplished at great distances, the
indicated alrspeed should be nct more than 100 km/h, and 1f the
distance 1s short, up to 20 km, then the speed should be 70-80 km/h.

In piloting technique fiights with loads on the external
suspension are more complicated have a numbter of peculiarities.
Swaying of the load on suspension leads to a swaying of the heli-
copter, especlally in a longitudinal relation, and therefore it 1is
more difficult to hold the assigned speed. To prevent rocking of
load and the helicopter, the pilot should balance the hellcopter
more attentively and with great care; movement by control levers
must be smooth and proportionate. It 1s necessary to make strictly
coordinated turns with a bank of not more than 10°. Uncoordinated
turns lead to great rocking of loads and the helicopter. For
piloting the helicopter with loads on the external suspension, the
pilot should have sufficient experience.
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Flight during failure of the airspeed indicator. Upon failure
of the airspeed indicator it is necessary to switch it to a second
pitot-static tube, and if after that the airspeed indicator does
not give the correct readings other instruments for preservation of
the neecded balancing and endurance of required speed must be used.

Such instruments are the gyrohorizon, rate-of-climb indicator
and altimeter. 1In thils case it 18 necessary to hold the silhouette
of aircraft of the gyrohorizon from the artificial horizon at the
same level as that at the given flight speed. Furthermore, the
needed speed of flight can be approximately held by projection of
the natural horizon on the canopy of the pillots, and for this 1t 1is
necessary to remember at what characteristic places 1t 1s projected
when hovering and at other flight speeds. For the best maneuver-
ability and controllability with failure of the airspeed 1indicator,
1t 1s desirable to set increased revolutions but not more than
2300 per minute and sufficlent supercharging.

2. Pecullarities of the Fulfilliment of
Horizontal Flight

For horizontal flight the speed 1s selected from conditions
and flight mission: this wlll be the flight with minimum fuel
consumption per hour for obtaining greatest duration of flight, with
minimum fuel consumption per kilometer for obtaining the maximum
range of flight or a flight at which 1t 1s necessary to expend
minimum time. According to the selected speed, altitude of flight
and flying weight, there i1s determined the necessary operating
conditions of the engine with respect to revolutions and boost
pressure, and also fuel consumption according to tables of cruilse
flight settings placed in the Manual on Flying Operation of the Mi-4
Helicopter (see Table 2). These conditions are obtained by flight
tests of the Mi-l§ helicopter with flying weights of 7100 and 7350
kg and are reduced to standard temperature both on land and in
altitudes. If, however, the actual temperature at the given altitude
of flight will differ from the standard in the direction of a decrease
or increase by more than 10°C, then data shown in the table will be
inaccurate. In this case operating conditions of the engine and
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fuel consumption on the given flight are determined by a cruising
graph placed in the Manual on Flying Operation of the Mi-4 Helicopter
with the ASh-82V engine.

For horizontal flight the following are recommended:
a) range of cruising speeds from 90 to 150 km/h;

b) 1n order to obtain maximum range — the optimum indicated
airspeed of 140 km/h at engine revolutions of 2200 per minute;

¢) in order to obtain the greatest duration — economic indicated
alrspeed of 110 km/h at engine revolutions of 2200 per minute.

It 1s necessary to pllot the helicopter in horizontal flight
and in turns without slip, since otherwise the economy of the flight
descends and the control of the helicopter 1is complicated. Slip on
the indicator is allowed when deflection of ball from the middile
position will be at a value of not more than one diameter of 1it.

Guiding from slip must be produced by smooth movements of the
control levers.

In order to transfer the helicopter from conditions of hovering
to conditions of horizontal flight, 1t i1s necessary to deflect the
control stick forward, holding with this the helicopter from descent
by the smooth increase in collective pitch of the rotor.

In order to transfer the helicopter from conditions of horizontal
flight to conditions of hovering, it 1s necessary to extinguish the
speed by the control stick and, starting from the speed of 50-60
km/h, simultaneously increasing the power in order to prevent
descent. Starting from the speed of 40 km/h and below, it is
necessary to parry the tendency of a left turn and 1lift of the nose
by moving the right pedal forward and deflecting the control stick

forward.
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In order to transfer the helicopter from conditions of horizontal
flight to conditions of descent with an operating engine, it is
necessary to decrease the collective pitch of the rotor up to the
obtaining of the necessary vertical velocity of descent. Revolutions
of the crankshaft of the engine must be held within 2200 per minute,
and 1t 13 necessary to balance helicopter by corresponding position
of the control levers, maintailning the constancy of the flight
speed of the helicopter.

For transition from conditions of descent with an operating
engine to conditions of horizontal flight, it is necessary to
increase the collective pitch of the rotor up to cessation of the
descent and balance the helicopter in conditions of horizontal
flight.

With horizontal flight under conditions of bumpiness of average
intensity the indicated airspeed can change within 15-20 km/h, and
for retention of the constancy of conditions it 1s necessary to make
great movements by the control levers.

During flights in powerful and storm bumpiness the speed will
be changed within 50-60 km/h, and here insignificant vibrations and
also thrusts of the helicopter up and down appear. When the
helicopter enters into airflows of great speed, there 1is created
the impression of the loss of controllability, and in this case 1t
is necessary to key the helicopter in horizontal flight. If the
speed 1s increased and reaches 200 km/h and more, it 1is necessary
to impart to the helicopter a positive pitch angle of 8-10° by
pulling the control stick back and simultaneously decreasing the
collective pitch. If the helicopter loses speed and reaches 60 km/h
and, furthermore, has tendency to decrease, by deflecting the
control stick forward, it 1is necessary to create a negative pitch
angle of 5-7°.

When piloting under conditions of bumpiness the control levers

can reach their extreme positions, and movements of the control
levers should be smooth but powerful. When the helicopter enters
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into conditions of storm bumpiness the pilot should take measures
for the urgent departure from this zone.

3. Flight Limitations in Conditions of
Horizontal Flight

l. The maximum indicated airspeed of horizontal flight,
independently of the flying welight of the Mi-U4 helicopter, should
not exceed with respect to altitudes the following limits:

Altitude, m Speed, km/h
Q. o aeoeececeosoenssoasans 158
BO0. o v e s e s e e b e e 150
1000, o ¢ o e s o oo a0 s s oo e menoas 148
2000. . o ut il s e eaeaeee e 138
00, ....... 50 A 008000000 128
40005500 . 500 D0000000000 0 100

2. The minimum indicated alrspeed of horizontal flight with
respect to altitudes should be not below the following limits:

Altitude, m Speed, km/h
0-200 . .. 000000 u s e s e s e s 0
200-2000. . . . ... . . P e s s e e e e 20
000—8000. . ¢ « « ¢ ¢ o« o o a0 o s 0 n e 80
8800 . . . c o et e e st e e s 100

3. The speed ©f horizontal flight with a load on the external
suspension during flight at a distance up to 20 km should be 70-80
km/h and at a distance of more than 20 km — 100 km/h. In the case
of light loads of great dimension on the external suspension, the
speed of horizontal flight should be not more than 60-70 km/h since
at high speeds the loads are subjJected to much rocking, and a great
diving moment 1s obtained.

4. The maximum altitude of horizontal flight 1s 5500 m. With
a flying welght of 7350 kg the maximum altitude of flight 1s 4200 m
with operation of the engine at the first speed of the supercharger.
The maximum altitude of the [Mi-4P] (Mu-4]) helicopter (passenger)
is 4000 m.
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5. Above rugged terrain the flight altitude should be not
lower than 10 m and the speed — not less than 60 km/h.

6. Revclutions of the crankshaft of the engine in horizontal
flight should be not lower than 2200 per minute. Such revolutions
are set proceeding from conditions of minimum fuel consumption and
the possibility of successful transition of the rotor to conditions
of autorotation 1n case of engine fallure. Depending upon the
flying welight of the helicopter and altitude of flight, the revolu-
tions will be selected according to Table 2.

§ 5. Vibration of the Flutter Type

On the wing of an aircraft and blade of a rotor at high speeds
of flow by airflow bending-torsional flutter can appear. Both for
any form of vibration and for this, definite energy 1is required.
For this form of vibration energy to blade 1s supplied owing to the
counterflow at great speed, which appears both owling to rotation of
the rotor at a great number of revoluitons and due to the high
speed of flight.

Development of vibration of the flutter type 1s influenced by
the rigidity of construction of the blade for bending and twisting,
the position of the center of pressure of the blade, the magnitude
of the characteristic of the flapplng control, and the basic effect
is the position of the center of gravity of the blade chordwise
with respect to the center of rigidity. Position of the center of
gravity of the blade 1s determined by its lateral centering. With
a definite combination of the indicated parameters and upon achieve-
ment of stalling speed of flow with respect to flutter, the blade
can recelve vibration of this type.

Stalling speed of flow around or critical number of flutter
revolutions are called revolutions and speeds at which the feed of
energy from the flow 18 equal to losses of 1t for operation of the
internal elastic forces of construction of the blade. Critical
flutter revolutions decrease with an increase in speed of flight of
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the hellcopter, since the blade obtains high speec of flow around
owing to the forward velocity and great amplitude of flapping
motions. At a speed or at revolutions less than the ~-*‘{cal all
the energy from the flow 1s expended for operating th 1n rnal
elastic forces, but at a speed and at revolutions high .an the
critical with respect to flutter the surplus of the supp.ied energy
causes this vibration.

The designer always tries to lncrease the critical speed and
flutter revolutlons, which depend on the mutual location of the
center of rigidity and gravity, rigidity of control, torsion and
bending rigitity of the blade, characteristic of the flapping
control, moment of friction of feathering hinges, geometric forms
of the blade and other design parameters. In selecting the defined
indicated parameters, the designer trlies to have the critical flutter
revolutions and speed higher than the speeds and revoltuions applied
in operation in all flight conditions.

If blade has the defined indicated parameters, and one of them,
the center of gravity of 1t is located-behind the center of rigidity,
and 1f 1t will obtain initial bend downwards for some reason (great
flapping motion owing to the high speed or great and sharp deflection
of the control stick), then this bend will promote twilsting of the
blade around the axls of rigidity for decreasing the setting angle,
since with thilis the mass of the blade, concentrated in the center
of gravity, will lag behind the bend by lnertia. This twisting for
decreasing the setting angle will lead to a decrease in 1ift and to
even greater tendency of the blade downwards (Fig. 59a). With motion
of the blade upwards, it wilil twist for increasing the setting
angle, which will lead to an increase in 1ift and greater tendency
upwards. With this the amplitude and frequency of flexural and
torsional vibrations will be increased up to destruction of the
blade.

If the center of gravity of blade will be placed in the center

of rigidity of it, then in obtaining the indicated bends it will
not twist, and if 1t does, then it 1s for other reasons.
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Fig. 59. 1Influence of lateral centering
of the blade on vibration of the flutter
type: a) rear centering; b) forward
centering.

If, however, centering will be more forward, i1.e., the center
of gravity will be located ahead of the center of rigidity (Fig. 59b),
then the phenomenon will be reverse to that described with rear
centering. Upon bending of the blade downwards, the mass concentrated
in the center of gravity of it will lag by inertia from the motion
of the blade, and it will twist for increasing the setting angle,
which will lead to an inocrease in 1ift and decrease in amplitude of
motion downwards. With motion of the blade upwards, the setting
angle and also the tendency of the blades to move upwards will
decrease. Such twisting of the blade around the axis of rigidity
will lead to damping of the flexural oscillations and cessation of
vibration.

The phenomenon of flutter of the wing of an aircraft was first
revealed when aircraft started to develop a speed of more than
600-700 km/h. At present flutter of the wing of an aircraft and
blade of a rotor is well studied, and with their designing it is
prevented beforehand. The phenomenon of flutter on helicopters
is8 less dangerous than it 1s on aircraft, since the speed of flow
around of the blades changes depending upon the azimuthal position
of the blade, and therefore it first enters into flutter when
advancing on the flow and then emerges from it when retreating from
the flow. In connection with this flutter for a helicopter advances
not instantly as for aircraft, but there appear so-called "flutter
signals," which warn of the approach of flutter, and the pilot can
succeed in taking measures for guiding the helicopter from flutter.

To decrease the lateral centering of blades of the Mi-i4
helicopter both of mixed and all-metal construction, antiflutter
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loads are placed in them. For blades of this helicopter the critical
flutter revolutions and speed 1is higher than revolutions and speed
applied in operation, and therefore vibration of this type on the
Mi-4 helicopter does not appear under the condition of a correct
technical and flight operation of it. Despite the fact that the
designer succeeded by selection of the indicated parameters in
avoiding the phenomenon of flutter at operational revolutions and
speeds of the Mi-4 helicopter, the blades in the process of production
and operation pass a ground check for flutter (this is provided by
Instructions on the Operation and Maintenance of the Mi-4 Helicopter).
For operation sets of blades are allowed at which criteria of

flutter did not appear at 2000-2450 r/min when checking them on a
line with artificially increased centering with the help of standard
loads (on every blade there 1s attached on the tab plates 860 g

each).

The ground check of blades.for flutter in subdivisions 1is
conducted in the following cases:

a) after repair of the blades, before the beginning of operation
of the blades, which are stored under conditions of increased
humidity;

b) when preparing the helicopter for winter or summer operation
or not less than once per year, if such a preparation 1s not conducted
in special climatic conditions;

c) upon statements of the pilot of appearing criteria of
flutter during flight.

In spite of all the measures undertaken for preventing vibration
(flutter) and in spite of the fact that this form of vibration is
extremely rare for the Mi-l4 helicopter, the pilot should know the
criteria of flutter and methods of getting out of it if it ever
appears.

The appearance of flutter of blades of the rotor is most
probable at high speeds in horizontal flight of the helicopter,
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but 1t can appear during operation of the rotor on land, in hovering
and in other conditions of flight.

The criteria of flutter (flutter signal) are:

1) the falling out of separate blades from the total cone of
rotation, well visible from the cockpit, while during the check for
co-conicity this was not observed; here the blade tip describes a
curve, leaving after itself a dark trace;

2) increased shaking of the control stick or the "pitch-throttle"
lever with variable frequency and amplitude (jerks);

3) increased vibration of the helicopter in conditions of
flight with increased revolutions or in autorotation during revolu-
tions exceeding the optimum; vibration of the helicopter with
variable frequency and amplitude ("shuddering");

4) impairment of stability of the rotor, leading to awaying of
the helicopter and hampering the control of the helicopter under
conditions of bumpiness;

5) driving of the control stick, which is difficult to eliminate
by usual measures in the process of control.

The actions of the pilot upon the appearance of criteria of
flutter are:

1) Aif criteria of flutter appear upon operation of the rotor
on land it is immediately necessary to decrease the revolutions with
the help of shifting the throttle control to the rest of little
throttle;

2) upon the appearance of criteria of flutter in hovering, it
is necessary to move quickly the throttle control to the left to
the limit and land, softening the landing by moving the "pitch-
throttle" lever upwards;
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3) upon thg appearance of flutter criteria in flight at low
altitude, it 1s necessary to move the throttle control to the left,
decrease the collective pitch and speed, and then land;

4) 1if flutter criteria appear in usual flight in altitude, then
one should immediately move the throttle control to the left, lower
the "pitch-throttle" lever to a value necessary for descent with an
operating engine; then turn to horizontal flight with the minimum
permissible revolutions — 2100 per minute; if flutter criteria are
repeated, then 1t 1is necessary to make a forced landing.
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CHAPTER V

TAXIING, TAKEOFF AND CLIMB WITH FORWARD VELOCITY

§ 1. Taxling

l. General Positions

With helicopters taxiing is allowed and even recommended, since
it is considerably more economic in comparison with an approach at
low altitude. With an overloaded helicopter or during flights it 1is
impossible to manage without taxiing in general. With such flying
weight there 1s expended about 1/3 of the rated power on taxling.
Furthermore, it 1s expedient to apply taxiing during takeoff from
dusty sites and with freshly falling snow, since the forming vortex
does not make it possible to accomplish approach at low altitude in
view of poor visibility.

Taxiing by the piloting technique 1s simpler than an approach at
low altitude. But on the other hand, taxiing can be applied only
over even, hard ground and for short distances. The helicopter has
a high position of the center of gravity, and in connection with
this 1t is difficult to set symmetry of forces acting 1t, and there-
fore on land it possesses poor stability. If, however, conditions
for taxiing are absent, then it is recommended to make an approach --
movement at low altitude. Furthermore, the helicopter when moving
over land is subject to the phenomenon of "ground resonance.” 1In
order to ensure safety when taxiing, a special method of taxiing is
set and definite limitations are established.

Besides taxiing forward, it 1s possible for the helicopter
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to accomplish theoretically during an emergency backward movement

on land and also accomplish turns in place to both sides at any angle
by decreasing or increasing the thrust of the tail rotor. With

deflection of the left pedal thrust of the tail rotor decreases, the
helicopter turns to the left because of the reactive moment of the
rotor and partially because of the change in direction of thrust

of the tail rotor (if the left pedal is deflected far). with
deflection of the right pedal forward the tractive force of the tail
rotor 1s 1lncreased, and the helicopter turns to the right because

of the increasing moment of the tall rotor as compared to the reactive
moment of the rotor.

2. Diagram of Forces and Moments Acting
on the Hellicopter When Taxiing
When taxiing with a helicopter the following forces and moments
act: tractive force [thrust] of the rot.» T, thrust of the tail
rotor TX.B” drag of the helicopter 4, {.rce of friction of wheels
agailnst the ground FTp’ force of welght of the helicopter — G, force

of reaction of the ground Fp 39 reactive moment of the rotor Mp 0
* HeB
reactive moment of the tail rotor - Mp and yawing moment of the

o Xe

tail rotor on the arm £, (Fig. 60). The tractive force of the rotor
T is deflected by the control stick forward and to the right, and
therefore it 1s spread to three components: vertical component T
longitudinal component T directed forward, and lateral component

Tz directed to the right. The tractive force of the tail rotor

Tx.B 1s directed to the left, drag of the helicopter Q — to the side
opposite the motion of the helicopter, frictional force of wheels
against the ground — to the side opposite the motion of the heli-
copter, force of weight of the helicopter G — vertically downwards,
and the force of reaction of the ground Fp.a — vertically upwards.

The reactive moment of the rotor MpH 3 acts ©o the left, since the

rotor revolves to the right. The reactive moment of the tail rotor

p creates positive pitching moment to the helicopter. Yawing
X.B
moment of the tail rotor on the arm z B 18 directed to the right.

Furthermore, tractive force of the rotor T creates a diving moment to
the helicopter with respect to supports of the wheels, the lateral
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force Tz with respect to the point of supports of the right wheels
creates a moment banking the helicopter to the right, and thrust
of the tail rotor Tx.n’ with respect to points of supports of the
left wheels, a moment banking the helicopter to the left.

Fig. 60. Diagram of forces and moments
acting on the helicopter during taxiing:
a) view on the left; b) rear view; c) top
view.

For the uniform and rectilinear motion of the helicopter on
land, there should be observed the following equality of forces and
moments acting on the hellicopter. For uniform motion it 1s necessary
that the longitudinal component of thrust of the rotor Tx be equal
to drag of the helicopter Q and frictional force of all wheels
against the ground Fep:Ty=Q+Fyp. In order that there is no slip of
the helicopter over land [YuZ] (K03) [Translator's note: only
abbreviation for this refers to southwest], and also for preventing
lateral pressures on tires of the wheels and a tendency of tilting of
the helicopter to any side, it is necessary that the tractive force
of the tail rotor Tx.n be completely balanced by the lateral com-
ponent of thrust of the rotor T,:T;,=7T, For the observance of
rectilinearity of motion 1t is necessary that the reactive moment of
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the rotor Mp be completely balanced by the yawing moment of the
HeB
tail rotor M :
Ix.B
MM-M,“—T..J“.

Furthermore, for a stable position of the helicopter on land
it 18 necessary that the vertical component of thrust of the rotor
’I‘y be considerably less than the weight of the helicopter G:T,<G.

3. Possibillity of Tilting of the Helicopter on the Side

The diagram shown on Fig. 60 of forces and moments and also the
relationship between them are ideal, i.e., desirable for complete
safety 1in taxiing. But it 1s rather difficult for the pilot to observe
such a dlagram of forces and moments in taxiing, since there is not
complete possibility of controlling the magnitude and relationship
between all the indicated forces and moments. If one were to consider
that the center of gravity of the helicopter has a high position,
then 1t is possible to bank 1t, and this means tilting on the side.

Thus, for example, according to the constancy of speed and
rectilinearity of motion of the helicopter, it is possible to judge
the equality of force of the longitudinal component of thrust of
the rotor Tx to drag forces @ and fricticn of the wheels against the
ground F&p’ and also the equality of the reactive moment of the rotor
”PH.B to yawing moment of the tail rotor Myx.n' But it is impossible

to control the equality of lateral forces 'and moments. In the same
way 1t 1s difficult to control the magnitude of the vertical component
of thrust of the rotor Ty. Therefore, in order that this force 1is
necessarily less than the weight, there is established the correspond-
ing limitation in magnitude of the set power of the engine both in
revolutions and in collective pitch. For balancing the thrust of

the tail rotor Tx.n and lateral moment from this force around the
point of support of the left wheels on arm h (see Fig. 60), it is
necessary to deflect the thrust of the rotor to the right and cause
the lateral component of 1t Tz with the help of the lateral trim

tab. But as to how far to deflect this thrust to the right there is
nothing on which to judge; 1t 1s possible ‘to do this only
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approximately. If the lateral component of thrust of the rotor 'I‘z
is made insufficient, then there will appear a tendency of a left
slip of the helicopter on the ground, a lateral load on tires of
the wheels and tilting on the left side. if, however, the lateral
force is made greater than the thrust of the tail rotor, then there
will be a tendency of helicopter to shift and bank to the right.

If one were to consider that the ground is uneven and there can be
sharp shocks in a lateral relation, or it is soft and with a slip

to the external side of the wheels a roller preventing lateral shift
will be formed, and then evident conditions on tilting of the heli-
copter will be created on right or left side.

Let us consider conditions under which the danger c¢f tilting of
the helicopter on left side can appear. Let us assume that the
lateral force '1‘z is absent or it is considerably less than the thrust
of the tail rotor Tx.B' With respect to the point of support of the
left wheel on the helicopter, there will act the following moments
(See Fig. 60b): moment of thrust of the rotor Tyl directed to the
left, lateral moment of thrust of the tail rotor Tx.nh directed to
that same side, and the moment of force of weight Gf directed to the
opposite side. If thrust of the rotor will be less than the weight
of the helicopter, the moment from the force of weight will be
greater than the sum of moments from thrust of the main and taill
rotors: Q@GI>TI4+Tssh. The more this inequality, the more the heli-
copter is stable on land.

If for some reasons the helicopter is banked to the left, for
example, from the force of the blow of the right wheel during taxiing
over uneven ground at a certain angle to the horizon, then the
tractive force of the main and tail rotors and the force of the blow
will create moments in the direction of the increase in the bank,
and the force of the weight — in the direction of a decrease in the
bank (Fig. 61). The appearing bank will change the relationship of
these moments so that with an increase in bank the moment of the
force of weight will decrease owing to a decrease in arm £, since the
center of gravity will approach the point of support of the left
wheel. In view of the decrease in the moment from the force of
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Fig. 61. Diagram of forces and moments
a:ti?g on the helicopter with a bank (rear
view).

welght, the stabllity of the helicopter will decrease. lpon
achievement of the critical angle of bank the rolling moments from
thrusts of the rotors will be equal to the moment appearing from the
weight of the hellcopter: @GimTi+4+7T.sA. Then the helicopter will obtain
neutral equilibrium on points of supports of the left wheels, and
with small vertical separation of rolling moments above the moment of
force of weight (QI<Ti4T..A) the helicopter will continue to increase
the bank, and if urgent measures are not taken it will overturn on

its left side.

Such a danger of tilting will occur on the right side if there
appears for acclidental reasons a right bank with lateral force Tz’ and
all the more so if this force 1is greater than the thrust of the tail
rotor Ty p (see Fig. 60).

But the danger of tilting on the right side 1is less probable in
view of the presence of the constantly acting force of thrust of the
rotor to the left.

The critical angle of bank Yy for a given helicopter 1s not a
constant value. It depends on the width of the track of the landing
gear, altitude of the center of gravity of the helicopter, values of
tractive force of the main and tail rotors, and also on the value of
lateral force Tz during a right bank.

The more the width of the landing gear track, the lower the
center of gravity, the less the thrust of the main and tail rotors,
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the greater the critical angle of bank Yxp and the more stable is
the helicoptor on land.

With the appearance of bank it 1s necessary immediately to
lower the "pitch-throttle" lever downwards to the limit, the force
of thrust of both rotors will decrease, their moments will also
become less than the moment from the force of welight, and the heli-
copter will restore the equilibrium. If, however, bank will be
obtained great and the decrease in collective pitch does not guarantee
restcration of the equilibrium, then it 1s necessary to 1lift the
helicopter from land by a smooth but energetic motion of the "pitch-
throttle" lever upwards.

Moving the pedal in the direction of the bank and moving the
control stick in the opposite direction of the bank with a simultan-
eous decrease of the collective pitch will not give a great positive
result, since with a decrease 1n collective pitch thrusts of both
rotors will decrease and an attempt to move them to the opposite
side of the bank will not produce result, and gulding of the heli-
copter from the bank will only be complicated.

On the basis of everything considered conditions of taxiing of
the helicopter on the ground represent definite difficulties and
therefore requires special attention and much experience from the
pilot and strict fulfillment of all limitations set for taxling.

Furthermore, on taxiing the helicopter can obtain a special
oscillation mode — "ground resonance."

4, "@round Resonance" of the helicopter

"Ground resonance" of the helicopter pertains to the type of
self-excited oscillations in contrast to the usual oscillations, and
therefore it i1s called "natural oscillations of the helicopt«er."

Since such oscillations spread to dangerous ones more frequently when
the helicopter is on the ground or upon contact with it and for the
first time they are revealed here, then these oscillations are called
"ground" although they can appear in the air during flight. The
indicated oscillations are also called "lateral oscillations" inasmuch
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as they appear only in a lateral plane of the helicopter.

"Ground resonance" is the interaction of two vibrating systems:
the 1ift system (of blades relative to the drag hinges) and heli-
copter on 1ts landing gear.

"Ground resonance'" appeared only as a result of the introduction
of the drag hinge of the blades. All helicopters without exception,
having drag hinges without dampers, are certainly subject to "ground
resonance." Dampers of drag hinges serve only for eliminating
"ground resonance,”" and in the remaining operation of the rotor
they are an interference. Therefore, the deslgner always tries to
decrease tightening of dampers of the drag hinges up to zero.

Usually 1t 1s made so that the frequency of natural osclllations of
the helicopter on the landing gear is lower than the frequency of
oscillations of the 1lift system, since in this case even with the
accretion of oscillations of these two systems they will pass with
lower intensity and will require smaller damping. The low frequency
of natural osclllations of helicopter 1s attained by smaller rigidity
of the supports. The less the rigidity of the supports, the less at
low revolutions appears "ground resonance,'" and the easier it 1s to
depart from it. But the rigidity of the supports can be decreased
to definlite limits, which depends on the necessary damping of the
whole hellcopter.

"Ground resonance" depends on the flying welght of the heli-
copter, characteristics of shock absorbers of the landing gear, tires
of the wheels and tightening of dampers of the drag hinges. For the
Mi-4 helicopter the designer selected a volume of fluid and initial
alr pressure in shock absorbers and initial pressure in tires of
wheels and moment of tightening of the dampers of the drag hinges so
that the frequency of oscillations of the 1ift system does not coin-
cide with the natural frequency of osclllations of the helicopter
found on land, and therefore with correct technical and flying
operation of "ground resonance" 1s eliminated.

But this does not mean that "ground resonance" will not appear.
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If one were to deviate from the mentioned norms: not to maintain the
necessary level of liquid and air pressure in the shock absorbers

of the landing gear and also pressure in the tires of the wheels, to
make nonuniform and incorrect tightening of the dampers of the drag
hinges, to allow error 1in testing the operation of the engine and
transmission on a line not to obey limitations when taxiing, takeoff,
and landing like an aircraft, to allow error during vertical takeoffs
and landings, then "ground resonance" is possible.

As 18 known, blades in forward flight accomplish oscillations
around the drag hinges owing to Coriolis forces and also partially
owing to the change in aerodynamic drag depending upon their azimuthal
position, and upon motion of the helicopter on land these osclllations
are increased in view of 1ts natural rocking. With this the blades
will appear in various places with respect to the drag hinges, 1l.e.,
between the blades there will not be the angle of 90° but one greater
or less. For this reason the common center of gravity of the blades
is displaced from the axis of rotation of the rotor, and on the rotor
hub there appears an unbalanced centrifugal force, which sways the
1lift system with a fixed frequency. With thilis the trajectory of the
center of gravity can have the form of a circle or the form of a com=-
plicated closed curve, and in all the 1ift system will accomplish
oscillations.

When the helicopter 1s in flight, these oscillations are
insignificant. They are transmitted to the helicopter but do not
coincide with natural oscillations of 1t and cause no harm. When
the helicopter moves over the ground or is near 1t, the oscillation
of the 1ift system 1is increased in view of great motion of the blades
on the drag hinges, and the helicopter itself 1is in suspension, then
the frequency of oscillations of the 1lift system can coincide (enter
into resonance) with the frequency of natural oscillations of the
helicopter. The cause for the beginning of such oscillations can be
some immaterial factor: accidental unevenness of the surface of
the land, sudden gusts of wind, sharp or great deflection of the
control stick from the .osition corresponding to the absence of the
cyclical change of setting angles (pitch), high speed of motion on
land and others. The combination of the enumerated factors with
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incorrect parameters of tightening of dampers of the drag hinges,
charging of shock absorbers of the landing gear and pressure in
tires can create favorable conditions for the development of lateral
oscillations of the helicopter. The coincidence of frequencies of
oscillations of the two systems will lead to a rocking of the heli-
copter, from this the axis of the shaft will start to be deflected
in space more and more and will lead to an increase in the radius

of rotation of the center of gravity, and this will amplify the motion
of the blades on the drag hinges. Therefore, the unbalanced centri-
fugal force willl increase, and oscillations of the whole helicopter
will rapidly progress.

The source of energy for lateral oscillations of the helicopter
is the operating engine. When rotor revolutions are low any appear-
ing oscillation of the 1ift system 1s damped by shock absorbers of
the landing gear, tires of wheels and dampers of the drag hinges. With
an increase in revolutions the work of forces causing osclllations
increases, and the work of damping forces decreases in view of the
increase in thrust of the rotor and decrease in connection with this
the stroke of shock absorbers of the landing gear and tires of the
wheels.

Startlng from certain revolutions, the flow of energy from the
engine, which sways the 1ift system, will be greater than the energy
of its dispersion in all the shock absorbers and dampers, and there-
fore oscillations will increase, and, 1f one were not to take urgent
measures, destruction of separate parts of the hellicopter 1s possible.
The oscillations will be developed not in all directions, but only
in a lateral plane, since the lateral moment of inertia of helicopter
1s considerably less than the longitudinal moment. In beginning of
oscillations the contact of the tires of the wheels with land is
not disturbed but then with an increase in amplitude of oscillations
the contact 1s disturbed. Wheels of the landing gear are alternately
detached and hit agalinst the ground first on the right and then on
the left side. In connection with this the magnitude of the banks
will increase and blades of the rotor will start to hit agalnst rests
of the drag hinges, and since in plane of rotation they have great
rigidity, then they can be destroyed.

Tail rotor will lag behind lateral oscillations of the helilicopter
and therefore the tall and end beam can be deformed up to destruction.
Osclllations of the helicopter can lead to a blow by tips of the
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blades against the ground, destruction of the landing gear and tilting
of the hellcopter.

To prevent the possibllity of appearance of "ground resonance"
of the Mi-4 helicopter, it is necessary to obey the following rules
of technical and flying operatilon.

1. The moment of tightening of dampers of the drag hinges should
be identical for all blades and not lower than 16 + 0.5 kgf (half-sum
of the measured forces in two directions applied to blade at the 54th
rib of mixed construction or at the 21lst section of all-metal con-
struction.

2. The charging of shock absorbers of the landing gear struts
by a mixture by both air in volume and in pressure should be within
limits of the set norm: mixtures in damping struts of main wheels

of the landing gear — 2400 cm3, in struts of the front wheels — 730

cm3, initial pressure of air in shock struts of main wheels of the
landing gear -— 36 kgf/cmz, and 1in struts of the front wheels - 18

kgf/cma.

3. The filling of tires of the wheels with air should be within
the norm: 1initial pressure in tires of the main and front wheels 1is
4+ 0.2 kgf/cm?.

4, A stand for testing the operation of the engine and trans-
mission in a moored state should be equipped in accordance with
technical conditions.

5. With the testing of the operation of the engine and trans-
mission on a line the control stick must be held in the position at
which cyclical change of ‘the setting angles 1s absent. For this the
mechanism of longitudinal control according to the trim tab indicator

should be set one graduation back, and the mechanism of lateral

control — in a neutral position. Do not allow sharp Jerks of all
control levers.

6. When taxiing on land observe the following limitations.
Speed of taxiing must not exceed 10 km/h. Perform taxiing only with
a wind of not more than 12 m/s, do not taxi over great distances,
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on uneven and soft ground ,and in deep and friable snow. The
collective pitch of the rotor when taxiing must not exceed U-5°, and
the number of revolutiohs (on the combined indicator) should be
within 1700-2000 per minute,

7. With takeoff like an aircraft in training purposes strive
for the minimum length and time of run, do not allow a lift-off
speed greater than 30 km/h. With the necessity of takeoff like an
alrcraft in industrial conditions, accomplish lift-off at the
minimum possible speed, depending on flying weight, atmospheric con-
ditinns, barometric altitude of the site and experience of pilot.

8. When landing like an aircraft in training purposes do not
allow a landing speed of more than 25 km/h, and after landing
immedla*~ly move the "pitch~-throttle™" lever downwards to the limit.
To decrease the landing run use the rotor and the brakes. When
landing like an aircraft in industrlial conditions perform landing
at the minimum possible landing speed, depending on gross weight,
atmospheric conditions, barometric altitude of the given site and
experlience of pilot.

9. With vertical takeoff dd not hold the helicopter for a long

time in semisuspension prior to lift-off of the wheels from the
ground and near the ground after lift-off.

10. With vertical landing do not hold the helicopter for a long
time near the ground and in semisuspension after the contact with the
ground by the wheels.

The beginning of "ground resonance" 1s easily determined. The
criteria of 1t are rapidly growing lateral oscillations of the helil-
copter with subsequent variable separation and blows first by the
right and then left main wheel of the landing gear against the ground.

In all cases and in all stages of "ground resonance" 1t is
necessary to extinguish the source of energy of these oscillations,
the operating engine, stroke the shock absorbers, cease the flapping
motion of the blades around the flapping hinges and oscillations of
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them around the drag hinges. For this it is necessary to move the
gas control rapidly to the left, simultaneously lower the "pitch-
throttle" lever downwards to the 1limit, set it on the stop and turn
off englne. Then transfer the control stick in a longitudinal
direction at a position corresponding to hovering conditions (back),
be prepared for parrying of a right turn and, as soon as the heli-
copter starts to turn to the right, vigorously depress the left pedal
forward to the 1limit.

It is not recommended to cease lateral oscillation of the Mi-4
hellicopter by the method of lift-off from land, since the reserve of
power for lift-off can not always be sufficient, and if it 1is
sufficient 1t 1s 1nexpedient to 1lift into air in view of the possible
damages to the helicopter during the time of the mentioned oscilla-
tions on the ground. It 1s possible to cease oscillations by the
method of lift-off only in the case of their appearance during
vertical takeoff, but such cases can be very rare (on the Mi-Y§
helicopter they are not recorded).

One also should not try to cease lateral oscillations of the
helicopter by action of the control stick in a lateral relation.

. .__Such actions - cannot-be-means- eof-cessatien—of-osctXlations 1In view of
the presence of consid-rable delay of control by the rotor and for
other reasons.

The helicopter subjected to '"ground resonance" undergoes a
thorough inspection to eliminate malfunctionings obtained from
"ground resonance", and only after this can it be allowed to fly.

5. Pecullarities of the Fulfillment of Taxiing

Before taxiing it 18 necessary to set the trim tabs in a takeoff
position: the longitudinal — one division forward and the lateral - @0 o o
half division to the right. Move the gas control to the right to
the 1limit and set the collective pitch 4-5°, then with a smooth
motion of the control stick forward to transfer the helicopter to
taxiing. If the helicopter does not start moving, it 1s necessary
to increase insignificantly the collective pitch, but not by more
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than 5°. The tendency of the helicopter to turn left 1s warded off

by depressing the right pedal. Revolutions (on the combined indicator)
during taxling are maintained within 1800-2000 per minute and not less
than 1700 r/min for preventing blows of the blades against the
centrifugal limiters. Revolutions of more than 2000 per minute and

a collective pitch of more than 5° will create too much thrust, which
decreases the stability of the hellcopter on land. The speed should

be held at not more than 10 km/h, controlling it by the cyclical

pltch lever.

Perform turns by a smooth motion of the pedal to the correspond-
ing side with preliminary deceleration of the taxiing speed.

Wind, especially strong and gusty, complicates taxiing, and
therefore taxiing is permitted with a wind of not more than 12 m/s, and
during a strong gusty wind it 15 necessary to maintain revolutions
greater than those set for normal taxiing by 50-100 r/min. During a
crosswind the helicopter tries to be turned opposite to the wind, and
the cone of rotation and thrust of the rotor is deflected downwind.

In connection with this it 1s necessary to keep the helicopter from
turning by pedals and deflect the ccntrol stick windward. With

T T prolonpedtaxtImg WIthTd Crosswind ItTIT TrRTesSaryto- take—the -

pressure off of the control stick by the lateral trim tab.

During taxling it is necessary to lock at the ground in taxl
strip, conduct the necessary circumspection, and also attend to the
operation of the engine. With the appearance of banks or "ground
resonance," it 1is necessary to act as was indicated above.

To stop the hellicopter 1t 1s necessary to deflect the control
stick back to the full stop of the helicopter and only then decrease
the collective pitch of the rotor. Upon the necessity of a fast
stop of the helicopter it follows simultaneously with deflection of
the control stick back to increase the collective pitch of the rotor
and apply the brakes. A reduction in collective pitch for such a
stop will not bring the needed results, since with this the thrust
of the rotor will decrease and deflection of the control stick back
will not give the needed effect, and the helicopter will continue
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inertial motion.

6. Limitations with Engagement of the
Transmission and Taxiing

1. It is possible to engate the transmission before the begin-
ning of taxiing at any position of the helicopter windward, if the
wind is not more 10 m/s. 1If, however, the wind 1s from 10 to 18
m/s, then it is necessary to set the helicopter by its nose or left
side windward. To eﬁgage the transmission with the force of the
wind from 10 to 18 m/s with the direction of it on the right or from
behind 1s prohibited, since the peripheral velocities will be less
than the speed of the wind, the blades of the rotor will create
negative 1lift and be lowered lower than the set level, and therefore
blows of blades against the tall boom are possible,

With a wind of more than 18 m/s 1t is prohibited to start the
transmission and accompliéh taxiing and takeoff.

The same limitations with respect to the wind and for the same
reasons are set when stopping the transmission.

T sem—ee—rerr—tex i revoIOtIONS BT the rotorTUSTDE mhin'ﬁmﬂr-—‘—
of 1700-2000 per minute and the collective pitch, 4-5°,

3. The speed of taxiing must not exceed 10 km/h.
4. Taxiing must be done with a wind of not more than 12 m/s,
and during a strong wind instead of taxilng it 1is necessary to make

an approach to the necessary place at an altitude of 5-10 m.

5. It is prohibited to taxi over viscous, uneven ground and
deep and loose snow.

6. It is prohibited to taxi for great distances. 1In this case
it 1s expedient to replace taxiing with an approach at low altitude.
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§ 2. Takeoff of the Hellicopter

1. General Information

On the Mi-4 helicopter two forms of takeoffs are applied depend-
ing upon conditions: like a helicopter (vertical) and like an
alrcraft. Combined takeoff was proposed, but it did not receive
application 1in view of the complexity of the method of fulfillment
and absence of some advantages as compared to the indicated forms of
takeoff.

Vertical takeoff for the helicopter is the basic form of takeoufrf,
even 1f takeoff 1s accomplished from airfields and heliports of the
first type. Although such a takeoff is less economic as compared to
the takeoff like an aircraft (greater i1cquired power), but in view
of the ease of technique of its fulfillment, which ensures higher
safety of the flight, 1t received wide application.

Takeoff like an aircraft requires less power, and therefore it
is possible to accomplish 1t with great flying weight, but it 1is
complicated in piloting technique, which does not always ensure
safety and therefore requires higher qualification and experience of

— tThe pillot. With the accumulation of operational experlence and
improvement of flying and technical properties of helicopters, take-
off like an alrcraft will gradually be applied more extensively in
the presence of conditions for such a takeoff. Vertical takeoff
should gradually turn into the second plan and will be applied only
with an impossibility to accomplish takeoff like an aircraft.

Maximum operating conditions of the engine in combination with
the rotor, as is already known, correspond toc revolutions of 2600
per minute. But in vertical takeoffs with the maximum permissible
flying weight, when maximum power 1s used 1in the absence of oblique
airflow of the fotor, the maximum thrust is obtained with super-
charging of 1125 mm Hg and revolutions of the crankshaft of the
engine of 2400 per minute. Consequently, the optimum revolutions for
such takeoffs are 2400 per minute. At these revolutions the rotor
has a maximum relative efficlency, and these revolutions must be
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maintained during takeoffs from heliports located at altitudes

up to 800 m above sea level. To obtain such revolutions 1t is
necessary to load the rotor with a completely introduced throttle
control. At altitudes higher than 800 m above sea level the optimum
revolutions for such takeoffs will be 2500 per minute. At these
altitudes on the rated power of engine with a completely open throttle

and decreased ailr density the rotor develops maximum thrust at 2500
r/min.

As a result of flight tests of Mi-4 helicopters, there are
obtained the following possible trajeltories and takeoff distances
depending upon flying welight, which are reduced to standard atmos-
pheric conditions (Fig. 62).!
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L 4 = i b va .l.u-
Fig. 62. Takeoff distances of the heli- —
copter depending upon riying weIignt wnen
THB = 6300,

Vertical takeoff, in turn, depending upon conditions is sub-
divided into the following forms:

1) 1lift-off of the helicopter vertically at an altitude of 2-3 m
with subsequent acceleration of forward velocity;

2) lift-off of the helicopter vertically with subsequent

1A nomograph for the determination of takeoff run and takeoff
distance does not exist. Takeoff is carried out from permanent and
temporary heliports of the first and second type, the dimension and
approaches to which are determined by order of the chief of the Main

Administration of the Civil Air Fleet [GUGVF] (T'YI'B®) No 784 from
20 December 1963.
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acceleration of rorward velocity in the zone of influence of the air
cushion;

3) lift-off of the helicopter vertically at an altitude more
than 10 m with subsequent acceleration of forward velocity outside
the zone of influence of the air cushion.

2. Lift-off of the Helicopter Vertically
at an Altitude of 2-3 m with Subsequent
Acceleration of Forward Veloclty
This form of vertical takeoff 1s applied 1n favorable conditions
from airfields and also permanent and temporary helliports of the first
type with open approaches, when the pllot 1is absolutely sure of a
favorable outcome of takeoff and is not required to produce any
calculations before takeoff. This form of takeoff consists of the
following elements: vertical 1ift-off at an altitude of 2-3 m,
short-term hovering at this height, acceleration of speed up to the
optimum climb speed (100 km/h) with a gradual departure from land
and transition to climb at this speed (Fig. 63).

Lhan

Fig. 63. Profile of takeoff by the
method of lift-off vertically with
subsequent acceleration of speed.

With vertical 1lift-off the so-called "overloading of the rotor"
is possible, which lies 1in the fact that during rapid motion of the ._.._ ..
"pitch-throttle" lever an increase in collective pitch of the rotor
leads the increase in supercharging of the engine corresponding to
this pitch. With this the thrust, owing to the inertia of rotation
of the rotor, can increase, and the helicopter can leave the ground
and even climbj; but then the rotor revolutions will fall, inasmuch
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as 1t 1s lnaded, and the power of the engine corresponding to this
pitch sti. . will not manage to increase, the thrust willl decrease
and the helicopter will start to descend. Therefore, transition from
1400-1500 r/min to the normal rating should be accomplished by motion
of the "pitch-throttle" lever slowly, not less than 5-7 seconds. 1If,
however, the motion is faster, then overloading of the rotor will be
obtained. With the appearance of such overloading 1t is necessary

to decrease the collective pitch insignificantly and hold the helil-
copter in a horizontal position — the helicopter hovers or lands.
After that it is necessary to decrease the collective pitch and
repeat takeoff with a smoother motion of the "pitch-throttle" 1lever
upwards.

In the beginning of the acceleration of speed from hovering
the helicopter tries to descend, since the thrust of the rotor T is
deflected forward by the control stick and its vertical component
T becomes less than the welght of the helicopter. Therefore, to
prevent descent it is necessary by deflecting the control stick to
increase simultaneously the thrust of the rotor by motion of the
"pitch-throttle" lever upwards. Then in banking, the thrust will be
increased, and its vertical component T, will not decrease and will
be maintained equal to the weight (see Fig. 63).

The followling peculiarity of the acceleration of speed after
hovering 1s the appearance of increased vibration — '"shaking condi-
tions" in the velocity range of 20-40 km/h.

Increased vibration during the acceleration of speed in the
speed range of 20-U40 km/h is regular for the helicopter and to be
free from 1t completely 1s impossible; 1t can only be decreased in
magnitude, and it 1s possible to reduce the duration in time. The
cause of the appearance of the indicated vibration consists in the
reconstruction of the axial vortex system in conditions of hovering
into the vortex system of the rotor in forward flight.

In conditions of hovering, as is known, the flow 1s set so that
the air passes through the rotor down from above, and along the
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periphery of the rotor there occurs overflowing of air from bottom
to top owing to the difference in pressures under and over the

rotor. In forward flight inducted flow down passes also through the
rotor from above, but it 1s beveled by the main flow back. Beyond
the tips of blades of the rotor (regions of azimuths of 90° and 270°),
as beyond tips of a wing of an aircraft, there 1s observed twisting
of the flow owing to the overflowing of air from bottom to top and
the continuocusly incident flow with motion of the helicopter forward.
Reconstruction of steady flow in hovering to steady flow in forward
flight occurs in beginning of the acceleration of speed. During

this reconstruction the vortex system of the rotor becomes unstable,
and therefore an increased vibration — "shaking conditions," is
created.

This vibration will be greater, the lower the &altitude of
hovering, since the air repulsed by the rotor, being reflected from
the ground, resonates with the frequency of oscillations of the
rotor. At high altitudes, outside the influence of the air cushion,
"shaking conditions" are considerably less.

The magnitude of vibration alsoc depends on the flying weight of
the helicopter. Thus, for example, for the Ka-15 helicopter this
vibration is absent, for the Mi-1 helicopter 1t 1s insignificant,
and for the Mi-4 helicopter it 1s considerable and at the same time
more with flying weight than with full flying weight than
with an empty helicopter. Besides this, the magnitude and duration
of this vibration depends on the rate of acceleration of speed: the
slower the acceleration becomes, the higher and longer the vibration.
In order to reduce the magnitude and duration of this vibration, 1it
1s necessary to pass the indicated speed range faster.

"Shaking conditions" are also observed when reducing the speed
to hovering for the same reasons, i1.e., owlng to the reconstruction
of the vortex system in forward flight to the vortex system 1in
hovering. With this the magnitude of vibration is higher than that
with the acceleration of speed.
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The next peculiarity of analyzed form of takeoff lies 1in the
fact that with an 1lncrease in speed balancing of helicopter in yawing
lateral and longitudinal directions changes. Therefore, to maintain
travel, the absence of banks and slip and to prevent pitching, the
pilot should actuate in an appropriate way all control levers. In
a directional relation with the acceleration of speed the helicopter
tries to turn right, since the tail rotor enters into oblique airflow
and 1ts thrust 1s 1lncreased. Therefore, the pilot should with the
acceleration of speed depress the left pedal forward for decreasing
pitch and thrust of the taill rotor. 1In a lateral relation with the
acceleration of speed, the helicopter tries bank and slip to the
right because of the increase in collapse of the cone of rotation of
rotor to the right with an increase in speed. Therefore, to prevent
a bank and slip the pilot should, by deflecting the control stick
forward, simultanecusly move it to the left for decreasing lateral
force. In a longitudinal relation with the acceleration of speed,
especially with the approach toward a speed of 40-50 km/h, the heli-
copter tries to pitch owing to the obtaining of airflow of the
stabilizer. To prevent this phenomenon the pilot should deflect the
control back more energetically, thereby parrying the tendency of
pitching.

The trajectory of takecff even with open approaches should be
such that upon the achievement of optimum speed of 100 km/h the
altitude 1s not less than 25 m. The acceleration of speed with the
simultaneous departure from land is necessary so that in the case
of engine failure it is possible to land safely in autorotation at
any point of the trajectory of takeoff. Failure of the engine will
lead to an unbalance of the helicopter, and if there 1s little
altitude, tne pilot will not succeed in balancing the helicopter in
conditions of autorotation and also will not succeed in reducing
the speed to ensure normal landing. Consequently, the helicopter
during takeoff should be higher than the dangerous zone b (Fig. 64).
On the other hand, with the acceleration of speed it 1s impossible
to gain high altitude, since the helicopter will enter into another
dangerous zone of low speeds, just as in the case of engine failure
(Fig. 64, zone a).
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Fig. 64. Dangerous zones for hovering,
flight at low speeds and takeoff in the
case of engine failure: a) dangerous
zone for hovering and flight at low
speeds; b) dangerous zone for takeoff.

As is already known, the aititude from 10 to 200 m is dangerous
for hovering, since in the case of engine failure this altitude wlll
be insufficlent for the acceleration of forward velocity from condi-
tions of autorotation in order to land successfully. With the
acceleration of speed from hovering the dangerous zone of altitudes
narrows. Its upper edge 1s lowered, since the more the forward
velocity of flight, from a lower altitude 1t 1is possible to gain the
necessary speed for landing after engine failure. The lower edge of
the dangerous zone with an increase in speed rises, because the more
the speed, the less the angles of attack of the rotor will be after
engine fallure, the slower the revolutions will decrease, and this
means the greater will be the reserve of energy of rotor rotation, and
the slower the vertical descent veloclty increases. Consequently,
the high altitude willl be enough to land the helicopter in the 1nertlia
of rotation of the rotor and by the moment of touchdown the maximum
vertical velocity in autorotation will not manage to increase. Then,
in order to decrease the speed necessary for landing, a great effect
can be reached by loading the rotor by the "pitch-throttle" lever.

Thus, during takeoff 1in the case of engine failure the
helicopter should follow a safe "corridor" (see Fig. 64).
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At the end of acceleration at a speed of 90 km/h the helicopter
is transferred into a climb regime by deflection of the control
stick back and by converting conditions of the engine to nominal by
simultaneous moving of the throttle control to the left and increasing
the collective pitch of the rotor, and then the speed 100 km/h is
established.

Vertical takeoff should be produced into the wind, since with
this less power 1s required for takeoff, and the pilloting technique
is facilitated. When necessary 1t is possible to takeoff both with
a crosswind up to 5 m/s with the direction of it up to 90° 1in
relation to the helicopter and with a wind up to 7 m/s and direction
of it 45-50°,

Takeoff with a lateral right wind is more complicated than that
with left. Wind on the right requires great consumption of power in
view of the necessity of great deflection of the thrust to the right.
Furthermore, the reserve of deflection of the control stick in a
transverse relation decreases, since the lever should be deflected 1in
a windward direction for the parrying of drift, but it in hovering
and at low speeds even with a headwind occuples a right position.

Method of takeoff. Before takeoff the throttle control 1is
moved completely to the right and the tabs are placed in the takeoff
position: the longitudinal tab at one division forward, the trans-
verse tab at a half division to the right, the foot tab on zero
according to the trim tab position indicators. Having obtained
takeoff clearance, it 1s necessary to look at the ground to the left
of the longitudinal axis of the helicopter 20-25° and forward
10=-15 m. Unlock the "pitch-throttle" lever and with a smooth upward
motion with the simultaneous pushing of the right pedal forward and
deflection of the control stick back and to the right produce
vertical lift-off at an altitude 2-3 m. At this height establish
short-term hovering and balance the helicopter. Then with a smooth
motion of the control stick back with a simultaneous insignificant
lifting of the "pitch-throttle" lever, transfer the helicopter to
acceleration of speed, not allowing much lowering of the nose and
descent of the helicopter.
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When moving the "pitch-throttle” lever upwards watch that the
magnitude of collective pitch does not exceed the value of takeoff
conditions — 8.5-9° (nnB = 2600 r/min, Py * 1125 mm Hg); otherwise,
there can be overloading of the rotor which will decrease the thrust,
and the helicopter can descend to landing. The tendency of a right
turn, bank and shift to the right should be warded off by motion of
the left pedal forward and deflection of the control stick to the left.
Upon achieving a speed of 90 km/h, by the control stick it 1s necessary
to put the helicopter in climb, set the speed of 100 km/h and decrease
operating conditions of the engine by moving the throttle control to
the left and loading the rotor by the "pitch-throttle" lever to
normal rating or to another necessary regime for climbing depending
upon the conditions.

3. Lift=0ff of the Hellcopter Vertically with Subsequent
Acceleration of Forward Speed in the Zone
of Influence of the Air Cushion
This form of vertical takeoff is applied in complicated condi-
tions (high-altitude helipoyt, high temperature of external air, low
atmospheric pressure, absence of wind, with a complicated assignment
with respect to loading) when the pilot is not sure of the sufficient
reserve of power for takeoff. The reserve of power for such a take-
off should be such that the helicopter stably hovers at an altitude
of 1.5-2 m. In order to obtain such a power reserve, the pllot should
select the takeoff weight from a nomograph and load the helicopter
in accordance with the obtained calculation. Such a takeoff is
possible from heliports (permanent or temporary) of the first type,
which allow conducting acceleration of forward velocity near the
ground in the zone of influence of the air cushion.

Before takeoff it is necessary to determine the magnitude of
the maximum permissible flying weight, depending upon the barometric
elevation of the heliport, air temperature, speed of headwind and
atmospheric humidity from a nomograph, which considers the increase
in thrust of the rotor 1n takeoff conditions owing to the influence
of an air cushion (Fig. 65).
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Fig. 65. Nomograph for the deter-
mination of maximum weight of the
helicopter with blades of the rotor
of mixed construction with which
vertical takeoff is ensured 1in the
zone of influence of the alr cushion
with the use of maximum power of the
engine.

The nomograph constitutes a graphic change in maximum thrust of
the rotor in conditions of hovering, taking into account the influence
of the air cushion at an altitude of 1.5-2 m with the operation of
the engine in takeoff conditions (and this means at the maximum
permissible welght of the helicopter on takeoff). With this the
barometric elevation of the heliport from which takeoff is produced,
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temperature of ambient air, speed of the headwind and absolute
atmospheric humidity are taken into account.

The nomograph consists of three graphs. In this case the
nomograph for a rotor with blades of mixed construction 1is examined.

The upper graph shows the change in thrust of the rotor (takeoff
welght of the helicopter) under the indicated conditions depending
upon barometric elevation of the heliport and temperature of the

ambient air. From the curves of thls graph one can see the followlng:
the lower the temperature, the greater the rotor creates thrust

owing to the lncrease in mass density, the greater the permissible
flying weight for takeoff and conversely. Together with this the
change in air temperature for each 10°C changes the thrust and this
means flying weight of 160 kg. The broken line on the graph shows

the change in thrust of the rotor in takeoff conditions at an

altitude of hovering of 1.5-2 m, depending upon the barometric
elevation of the heliport under conditions of standard atmosphere.

As can be seen from curves of the upper graph, with an increase
in barometric elevation of the heliport the thrust up to a fixed
altitude 1s increased and then decreases, and the lower the alr
temperature, the increase in thrust occurs up to a high altitude.

In exactly the same way the maximum permissible takeoff weight of

the helicopter from the barometric elevation of the heliport will be
changed. Such an increase in thrust in takeoff conditions of the
engine with a rise 1n altitude is explained by the increase in
takeoff power of the engine up to a fixed altitude up to which the
boast control [RPD] (PIll) maintains constant takeoff supercharging
(for the ASh-82V engine — 1125 mm Hg). With this the power of the
engine and thrust of the rotor, and this means the maximum permissible
takeoff weight of the helicopter, will be increased. With further
climb (with a completely open throttle) the power of the engine, and
this means thrust of the rotor, will decrease. Thls depends on the
ambient temperature: the lower the temperature, the greater the
throttle will be covered at the same takeoff supercharging (1125 mm
Hg), and up to high altitude power of the engine will increase,

and this means there will be more thrust of the rotor and permissible
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takeoff welght of the helicopter.

The middle graph shows the change in thrust of the rotor
(takeoff weilght of the helicopter), depending upon the magnitude of
the headwind during takeoff. The greater the wind, the greater the
tractive force owing to the obtaining of oblique airflow of the rotor,
in spite of the fact that the wind decreases the effect of the air
cushion. From the graph one can determine, for example, that the
headwind by a force of 5 m/s increases the thrust by 300 kgf and a
wind at 10 m/s — by 800 kgf. When using this graph during calcula-
tion of the limiting flying weight, the wind speed must be taken at
its minimum value.

The lower graph shows the change in thrust of the rotor depend-
ing upon the absolute atmospheric humidity: the more the humidity,
the less the thrust because of the decrease 1in power of the engine.
A change in humidity each 10 mm Hg leads to a change in thrust (this
means welght of the helicopter) on the average by 100 kgf.

Example. Solve the problem on determination of the maximumA
permissible weight of a helicopter for vertical takeoff with the use
of an alir cushion, if at the heliport for vertical takeoff there are
the following atmospheric conditions: barometric altitude of the
site of takeoff, 2000 m (one can determine it with an altimeter),
air temperature, +25°C, wind speed 5 m/s, absolute humidity, 6 mm Hg.

On the first graph one should plot the barometric altitude of
2000 m (point 1). Then from the obtained point one should draw a
horizontal line up to the crossing with the curve of temperature §5°
(point 2 — in the middle between curves for the temperature of 20
and 30°). Further from point 2 drop a vertical on the middle graph
(point 3); from point 3 draw a curve to the intersection with the
straight line corresponding to the wind speed of 5 m/s (point 4) in
such a manner that it divides the distance between the two nelgh-
boring curves accordingly as 1s divided by point 3; from point 4
drop a vertical on the lower graph (point 5); from point 5 draw a
stralght line parallel to the nearest slanted line up to the inter-
section with the horizontal line corresponding to the humidity of
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6 mm Hg (point 6); from point 6 drop a vertical on the scale of the

helicopter's flying weight (point 7), and at this point to read the
maximum permissible flying weight of the helicopter for vertical take-
off with the use of an air cushion under given atmospheric conditions

(6950 kg).

Consequently, for takeoff by the method shown 1t 1s necessary
that the helicopter be loaded in such a manner that 1its flying weight
is not more than 6950 kg, and then such takeoff is possible.

Having calculated the maximum permissible flying welght on the
nomograph, the pilot should determine the flying weight cf a given
helicopter. For this it 1s necessary to know the permanent weight
of the given seriles of the helicopter, which 1includes the weight of
the empty helicopter, crew, oil in the system and service equipment;
one should add also the payload, consisting of the weight of fuel
and weight of the commercial load, to the fixed welght.

The correctness of the calculation and loading of the hellcopter
is checked with a check hovering: 1if the helicopter hovers in
takeoff conditions at an altitude of 1.5=-2 m, then the calculation
and loading have been carried out correctly and it 1s possible to
take off; 1f the helicopter hovers at lower altitude or does not
1ift off from the ground, then the calculation of the flying welight
or loading have been performed incorrectly. In this case 1t is
necessary to decrease the flying weight, but if this is impossible to
do, then it is necessary to take off lilke an alircraft or to wait
for a change in atmospheric conditions or take other measures. Such
a check of the flying welght in check hovering 1s needed not only
because during calculation and loading errors can be assumed, but
also because for different helicopters the thrust of the rotor 1in
takeoff conditions can not be identical.

If by the nomograph a flying weight of more than 7350 kg is
obtained, then it is necessary to load the helicopter in such a
manner that its flying weight 1s not more than the maximum permissible
(for the Mi-U, 7350 kg), and the atmospheric conditions are such that
it was possible not to calculate the flying weight.

The nomograph shown 1s of great practical importance and has
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received wide application in flying practice. It makes it possible
to load the hellcopter correctly taking into account atmospheric
conditions and ensure a sufficient reserve of power for possibility

of maneuvering vertilcally.

The nomograph gives absolute atmospheric humidity (elasticity)
expressed in mm Hg. If, however, the pilot has avallable relative
humidity in percent , which is most frequently applied, then it is
necessary to use the graph of the conversion of relative humidity to

absolute-and back (Fig. 66).
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Fig. 66. Graph of the conversion of
relative atmospheric humidity to
absolute and back.

The graph 1is constructed on the basis of a table and formula of

meteorology.

Two examples of the conversion of relative humidity to absolute

and back.
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1. The relative atmospheric humidity of 75% at a temperature
of 17°C 1s given; determine the absolute humidity in mm Hg.

From point A which corresponds to temperature 17°C on the axis
of temperatures, 1t 1s necessary to draw a line parallel to the axis
of absolute humidity up to the crossing with the curve corresponding
to 75% of the relative humidity (point B). Then from point B it is
necessary to drop a perpendlcular to the axis of the absolute humidity,
and at point C read the absolute value of humidity (10.7 mm Hg).

2. The absolute humidity of 14 mm Hg at a temperature of 23°C
is given; determine the relative humidity in percent.

From point 1, corresponding to an absolute humidity of 14 mm Hg,
and from point 2, corresponding to a temperature of 23°C, draw two
perpendiculars. The perpendiculars crossed at point 3 - in the
middle between the two curves of relative humidity of 65% and 70%.
From point 3 one should draw a line in the middle of the curves
shown, and at point 4 read the relative humidity (67.5%).

The profile of a vertical takeoff with the use of an alr cushion
for the acceleration of forward velocity 1s shown 1in Fig. 67. This
takeoff consists of such stages as the preceding: vertical 1lift-off
at an altitude of 1.5-2 m, short-term hovering at this height,
acceleration of speed up to 50-60 km/h and transition to ascent.

V48 im/h

Vo 50-80 b/

L - Lggpn250m -!

Fig. 67. Profile of takeoff of a helicopter
in the zone of influence of an air cushion.

With vertical lift-off the "pitch-throttle" lever must be moved
upwards smoothly, since in the opposite case there can be overloading
of the rotor. Furthermore, even 1f there 1s not overloading of the
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rotor, then with an energetic 1ift of the "pitch-throttle" lever it
is possible to bring the helicopter beyond the celling of hovering,
which in this case is very low, and then the helicopter will start to
descend and the pilot cannot cope with the control of the helicopter.
In this case the acceleration of speed after hovering proceeds with
lowering in the zone of the influence of the air cushion, because

the helicopter is hovering in takeoff conditions and there is not
enough power to prevent such descent.

The acceleration of speed must be conducted carefully, so that
the helicopter does not touch 1ts wheels on the ground. At a speed
of 50-60 km/h with a smooth deflection of the control stick back,
the helicopter 1s put into a climb. With this in the case of engine
failure the helicopter should pass along the safe "corridor," as
in the preceding takeoff (see Fig. 64).

In the speed range of 20-40 km/h there will also be felt
"shaking conditions" but more intense than during takeoff, shown in
Fig. 63, since the helicopter is nearer to the ground in the zone
of the greatest influence of the air cushion.

Limitations downwind for the examined form of takeoff are
accepted as the same as for the preceding form of takeoff.

The method of fulfillment of vertical takeoff in the zone of
influence of the alr cushion is the same as the standard vertical
takeoff described in § 2. The only difference will be that with the
acceleration of speed from hovering 1t is impossible to use collective
pitch for preventing descent, since in hovering the takeoff power
is set. The acceleration of speed must be conducted powerfully but
not sharply, in order not to allow great descent and contact of the
wheels against the ground. Putting the helicopter into a climb must
be started from a speed of 50-60 km/h: at this speed owing to the
oblique airflow of the rotor much surplus of thrust is obtained,
allowing a powerful departure from the ground, and the air cushion
at thls speed absolutely vanishes.
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4, Lift-0ff of the Helicopter Vertically at an Altitude
of More Than 10 m with Subsequent Acceleration
of Forward Velocity Outside the Zone
of Influence of the Air Cushion

Theory of takeoff. This form of takeoff is applied also in
complicated conditions from heliports of the permanent or temporary
second type of small dimensions and limited by obstacles not allowing
takeoff by other methods. It 1s also applied during takeoff with
loads on the external suspension, when the length of the suspension
is more than 10 m.

Vertical takeoff with the acceleration of forward velocity
outside the zone of influence of the air cushion consists of the
following stages: vertical 1lift-off and climb to 10 m higher than
obstacles, short-term hovering at this height, acceleration of speed
up to the economic speed outside the zone of influence of the air
cushion and transition to climb on this speed (Fig. 68).

F 2 bre 2 e

Fig. 68. Profile of vertical takeoff of the
helicopter outside the zone of influence of
the air cushion.

Vertical climb 1s conducted carefully at a speed of not more
than 1-1.5 m/s up to an altitude of 10 m higher than obstacles. A
too powerful climb and with great speed can lead to the helilcopter
gaining altitude higher than the ceiling of hovering for the given
conditions, after which it will start to descend spontaneo:.sly.
In this case the pllot should cease the increase in collective pltch,
and 1f it proved to be more than that which is required for takeoff
conditions, then it i1s necessary to decrease 1it, holding the hell-
copter in a horizontal position. The vertical velocity of descent
with the approach to the ground will decrease owing to the influence
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of the air cushion and the helicopter can hover or land at low
vertical velocity.

With this form of takeoff, the vertical climb and acceleration

of speed are conducted in the dangerous zone in the case of engine

faillure (see Fig. 64, zone a). Therefore, such a takeoff 1s applied

only in exceptional cases, when the appropriate necessity requires
this.

The maximum permissible flying welght for such a form of
takeoff, depending upon atmospheric conditions, is determined on the
nomograph, not considering influence of the air cushion (Fig. 69.

e \ v \\ Fig. 69. Nomograph for the
- \ determination of maximum
‘!“ N N Change in flying weight of the Mi-4
z N [ thrust of the helicopter with blades of
¥ 't = 5 :::::n:no:m' the rotor of mixed construc-
k| . the standrrd tion with which vertical
wed atmosphere takeoff and landing with
i | hovering are ensured out-
- M ETE] y b side the influence of the
! air cushion with the use
' —— i £ of the maximum power of
’ ) the engine.
: 3
T 3
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|

Mbsoluts hmidity of wiry
L]

F s 5
Plying weight of the helicopter, kg
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The nomograph is constructed from the same principle as the
preceding one; only it reflects the value of maximum thrust in
hovering depending upon atmospheric conditions, neglecting the
influence of the air cushion. Therefore, thrust of the rotor under
those same atmospheric conditions, and this means the permissible
flying weight of the helicopter will be less than when taking into
account the influence of the air cushion.

The order of determination of the maximum permissible flying
weight by thls nomograph remains the same as that from the preceding
nomograph. An example of the determination of the weight of the
helicopter by the nomograph depicted in Fig. 69 1s shown by broken
lines with arrows and is designated by points 1, 2, 3, 4, 5, 6, 7.

The correctness of the calculation of the welght by the nomo-
graph and loading of 1t is checked during the actual takeoff: 1if
the helicopter climbs 10 m higher than obstacles, then the calculation
and loading are performed correctly. If, however, the helicopter does
not gain such an altitude, then the calculation and loading are per-
formed incorrectly, and it is necessary to decrease the flying weight
and obtalin thereby a sufficient reserve of power for such form of
takeoff.

By this nomograph and by the same method the maximum permissible
flying weight for the case of vertical landing of the helicopter is
aetermined.

A nomograph for the determination of the maximum permissible
flying weight for the Mi-4 helicopter with all-metal blades, taking
into account the influence of the air cushion, 1s given in Fig. 70,
and neglecting the influence of the air cushion - in Fig. 71.

As can be seen from these nomographs, the maximum permissible

flying welght for this helicopter, owing to the best quality of the
rotor under those same atmospheric conditions, is greater.
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Fig. 70. Nomograph for the determination of maximum weight of the
Mi-4 helicopter with all-metal blades of the rotor with which
vertical takeoff and landing in the zone of influence of the air
cushion are ensured with the use of maximum power of the engine.

Fig. 71. Nomograph for the determination of maximum weight of the
Mi-4 helicopter with all-metal blades of the rotor with which vertical
takeoff and landing with hovering are ensured outside the zone of
influence of the air cushion with the use of maximum power of the
engine.

Takeoff with loads on the external suspension 1s more complicated
with respect to piloting technique and requires great reserve of
power. The maximum permissible flying weight for takeoff with a load
on the external suspension 1s determined by the nomograph, not con-
sidering the influence of the air cushion (see Fig. 69), if the
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altitude of the suspension 1s 10 and more meters. If, however,
hovering with a load occurs with a lengtl of the suspension up to
10 m, then the obtalned flying weight from the nomograph must be
added to 200-250 kg owing to the influence of the air cushion, but
the total flylng welght must not exceed 7100 kg.

After hooking up the load it 1s necessary to conduct check
hovering at an altitude at which the 1load would be 1.5=2 m from the
ground. Then the correctness of centering and sufficiency of power
reserve are checked, and only after that is the helicopter converted
to the acceleration of speed. The acceleration must be produced
smoothly by deflection of the control stick forward with a gradual
climb.

The wind, especially unstable wind, complicates the piloting
technique during takeoff with loads on the external suspension, and
therefore such takeoffs are permitted only when the wind 1s less
than 10 m/s.

The method of fulfillment of takeoff with vertical climb 10 m
higher than obstacles 1is the following. In the beginning it 1is
necessary to set the hellcopter into the wind as much as possible.
Then move the throttle control completely to the right with a smooth
but energetic motion of the "pitch-throttle" lever upwards to 1lift
the helicopter off the ground, holding it from turning the right pedal
and from moving along the horizontal by deflection of the control
stick back and to the rigat. In hovering one should balance the
helicopter and by smooth motion of the "pitch-throttle" lever upwards
put the helicopter into vertical climb with a speed of 1-1.5 m/s.
After climbing 10 m above obstacles, smoothly deflecting the control
stick back it 1s necessary to convert the helicopter to acceleration
of forward velocity. If there is a reserve of power, then the
acceleration of speed must be conducted with climb. If, however,
there is no reserve of power, the helicopter in the beginning will
descend, and with the approach to obstacles it will already have
forward veloclity, for which there will appear a surplus of power,
making 1t possible to maneuver. With such takeoff collision with
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obstacles 1s excluded in all cases, i1f the heliport or site from
which flight 1s accomplished, will correspond to technical require-
ments for heliports of the second class.

5. Takeoff Like an Alircraft

Theory of takeoff. This form of takeoff is applied in cases
when there 1s not enough power for vertical takeoff for the reason
of great loading or in adverse weather conditions when the engine
power drops (high temperature of the external air, low atmospheric
pressure, high atmospherlic humidity, calm, high-altitude heliport).
Takeoff like an aircraft is also applied for training purposes.
Such a takeoff is possible from airfields or heliports of the first
type, allowing a takeoff run over the ground and acceleration of
speed after lift-off from a great takeoff distance. If the reserve
of power 1s such that the helicopter in takeoff conditions of the
engine hovers at an altitude of 1.5 m and below or does not 1lift off
the ground, then it is necessary to take off only like an ailrcraft.

For an aircraft 1ift during a run ‘ncreases from zero in the
beginning of the run up to a magnitude equal to the flying weight
of the aircraft at the end of the run, where the aircraft 1lifts off
the ground (Fig. 72). The helicopter usually 1lifts off vertically,
i.e., at a 1lift-off speed equal to zero. But with an increase 1n
forward velocity for the rotor of a helicopter thrust 1is increased, as
was already established earllier. Therefore, if for some reasons
the power and thrust are insufficient for vertical takeoff, then the
helicopter can accomplish takeoff like an aircraft, making a run
over the ground. This occurs because at a certain forward veloclty
on the run the rotor develops great thrust owing to the oblique
airflow, and the helicopter 1lifts off the ground. But the lift-off
speed of an overloaded helicopter will be less than an overloaded
alrcraft, since the helicopter at a speed equal to zero has a fixed
thrust. When standing on the ground the aircraft does not have
1ift.

The takeoff like an aircraft consists of the following stages:
takeoff run over the ground, 1lift-off, further acceleration in the
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Fig. 72. Change in thrust of the rotor
of a helicopter and 1lift of an aircraft
from the speed of flight and speed of
their lift-off during takeoff: 1 — 1lift-
off speed of the helicopter; 2 — lift-off
speed of an overloesded helicopter; 3 —
lift-off speed of an alrcraft; 4 — 1i1ft-
off speed of an overloaded aircraft.

zone of influence of the air cushion up to a speed of 50-60 km/h
and transition to climb at this speed with a subsequent increase of
it up to the optimum speed of climb (Fig. 73).

¥ M kmh

VeS0-89 km/n ve20-30 km/h

' Ny %L
| - Lggae I i J

Fig. 73. Profile of the takeoff of a heli-
copter like an aircraft.

Before the takeoff like an aircraft it is recommended to set
the takeoff conditions for the englne, so that during takeoff the
pllot 1s not distracted from pilloting for the accurate setting of
the supercharging and pitch, since this can lead to error and
overloading of the rotor, and the overloading of the rotor can lead
to a decrease in thrust and impairment of takeoff properties of the
helicopter.

Takeoff power is established in the following way. With a
completely depressed throttle control, the "pitch-throttle" lever is
raised up to the beginning of the drop in revolutions. If with this
the helicopter does not 1lift off vertically, then at such power it is
necessary to start a takeoff run. If, however, with the takeoff
power the helicopter hovers at a certain altitude less than 1.5 m,
it 1s necessary to set the power less so that the helicopter is on
the ground, and then the helicopter will have a power reserve in
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pitch and in boost pressure. In this case in the process of the
actual takeoff run, this surplus can be used by moving the "pitch-
throttle" lever upwards and thereby decreasing the lift-off speed
and reduclng takeoff distance. But it is necessary to add power
carefully in order not to overload the rotor.

With takeoff 1ike an aircraft for training purposes, when the
helicopter 1s not overlocaded and takeoff is possible vertically,
the power for takeoff 1s set in the following way. With a completely
introduced throttle control to the right by moving the "pitch-throttle"
levers upwards, one should 1ift the helicopter vertically from the
ground, note with this the magnitude of collective pitch, and then
lower the helicopter to the ground and set the collective pitch at
0.5=1° less as compared to the reading of collective pitch during
lift-off. After that, not changing power, by moving the control
stick forward transfer the helicopter to the acceleration of speed.
With the achievement of a speed of 20-30 km/h, 1t 1is necessary to
deflect the control stick somewhat back, and thereby unload the
front wheels, prevent shuddering of the heiicopter, facllitate and
to accelerate lift-off owing to the lncrease in angles of attack of
the rotor.

If the Mi-4 helicopter has such power reserve that it in
takeoff conditions can hover at an alivitude of 1.5 m, then it
11fts off at a speed of 20-30 km/h; the takeoff distance will be
about 20-30 m. If the reserve of power 1is less, then the lift-off
speed, and the takeoff distance will be greater.

After lift-off 1t 1s possible to 1ift the helicopter from the
ground to 1.5-2 m and continue acceleration of speed in the zone of
active influence of the air cushion up to a speed of 50-60 km/h. At
this speed, by deflectlon of the control stick back, put the heli-
copter into a climb. After a climb of 25 m convert the engine to
normal rating by moving the control to the left and by loading the
rotor in such a manner that supercharging is 970 mm Hg, and the
revolutions on the combined indicator are about 2400 r/min.
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With such form of takeoff the whole trajectory of takeoff passes
along the safe "corridor" (see Fig. 64),

" With takeoff like an aircraft the appearance of vibration of the
"ground resonance" type is possible, and therefore it is necessary
to see to 1t that the lift-off speed and takeoff distance are as
minimum as possible.

The takeoff distance during takeoff like an alrcraft on the
average 1s about 300 m.

Method of takeoff like an aircraft. Having obtained takeoff
clearance, 1t is necessary to set the power for takeoff, set the
trim tabs in the takeoff position, then by smooth deflection of the
control stick forward put the helicopter into a takeoff run; the

tendency to turn to the left is warded off by depressing the right
pedal. With the approach to lift-off speed, the hellcopter will
start to jump insignificantly, and therefore at thils instant it is
necessary with the control stick to help the helicopter be 1lifted
off. At the time of lift-off 1t 1s necessary to watch the maintain-
ing of balancing of the helicopter.

After l1lift-off of the hellcopter from land, one should let it
climb to 1.5-2 m, and then produce further acceleration of speed at
this height in the zone of influence of the air cushion.

After achievement of a speed of 50-60 km/h put the helicopter in
a climb, since the air cushilion has already vanished, and departure
from land 1s necessary for a more successful landing in the case of
engine failure.

Climbing to more than 25 m, 1t 1s necessary by moving the
throttle control to 2400 r/min and by loading the rotor to set the
normal rating of engine operation; the boost pressure should be 970
mm Hg.
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6. Flying Limitations During Takeoff

1. The maximum permissible takeoff weight of the Mi-4 heli-
copter 1s 7350 kg for takeoff from heliports of the first type. The
maximum permissible takeoff weight for takeoffs from heliports of the
second type and also during takeoff with loads on the external
suspension 1s 7100 kg.

2. Takeoff 1is possible with a headwind up to 18 m/s and with
loads on the external suspension, up to 10 m/s. With a crosswind
up to 90° takeoff is possible with a wind up to 5 m/s and a wind
direction of 45-50° — with a wind up to 7 m/s.

3. Takeoff 1s possible only rrom airfields, permanent and
temporary heliports, and also from sites corresponding to technical
requirements for heliports of civil aviation affirmed by the order
of the chief of GUGVF No 784 from 20 December 1963.

§ 3. Climb with Forward Velocity

l. General Characteristic

A climb with forward velocity 1s the basic form of climb by the
helicopter and is appllied in all cases when conditions permit. Such
a climb requires less power as compared to vertical climb, and,
consequently, 1t 1s more economic. With such a climb, in view of the
presence of great surpluses of powers, there i1s obtalined greater
load capacity, better stabllity of the helicopter and greater reserve
in the deflection of the control vanes, and therefore in these con-
ditions the pilloting technique of the helicopter 1s easier.

Forward velocity for the helicopter has great importance. Thus,
for example, if 1t 1s possible to climb vertically up to the ceiling
of hovering, then with forward velocity 1t is possible to climb to
the ceiling of the helicopter (dynamic), which for all helicopters,
including the Mi-4 helicopter, is many times more than the ceiling of
hovering, in spite of the fact that the power of the engine at high
altitudes 1s less than that at the celiling of hovering.
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The optimum rate of climb is the economic speed of horizontal
flight of the hellcopter, since at this speed there 1s the maximum
surplus of power, and therefore 1t 1s possible to reach the maximum
vertical velocity of climb.

The optimum indicated rate of climb with a rise in altitude up
to the ceiling does not change and for the Mi-4 helicopter is 110
km/h (see Fig. 55d). The true optimum speed with a rise in altitude
is increased (see Fig. 55e). For the convenience of piloting, the
Manual on Flying Operation of the Mi-4 Helilcopter the optimum indicated
rate of c¢limb 1s given at 100 km/h.

The minimum permissible revolutions for the climb regime, Jjust
as for horizontal flight, are 20C r/min, which are safe in the case
of transition to autorotation of the rotor with engine failure.

-~

2. Forces and Moments Acting on the Helicopter

When climbing with forward velocity, Jjust as in horizontal flight,
on the helicopter the followlng force and moments act: total aero-
dynamic force of the rotor R, tractive force of the taill rotor Tx.B’
drag of the helicopter Q, welight of the helicopter G, reactive moment

of the rotor Mp s longitudinal, transverse and yawing moments of
H.B
the tall rotor, longitudinal and lateral moments of the rotor hub

owling to the spacing of the flapping hinges, longitudinal moments of
the aerodynamic force of the rotor, stabillizer and transverse moment
of the lateral force ZB (Fig. T4).

During climb with forward velocity, Just as in horizontal flight,
the cone of rotation and direction of action of the aerodynamic force
of the rotor are inclined in the direction of flight with the help of
the appropriate position of the control stick. Just as in horizontal
filight, the aerodynamic force of the rotor R 1s decomposed in the
bound system of coordinates into three components: thrust of the
rotor T, longitudinal force QB and lateral force ZB. Thrust of the
rotor 1s directed along the axis of the shaft, longitudinal force -
along the plane of rotation in the direct opposite of the flight, and
lateral force 1is directed along the plane of rotation to the right.
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Fig. T4. Diagram of forces acting on the
helicopter in a climb with forward velocity:
a) view on the left; b) rear view; c) top
view.

Thrust of the rotor T 1s decomposed in the high-speed (continuous)
system of coordinates according to the rule of the parallelogram
into force Ty, directed perpendicular to the flight path, and Tx - 1in
the direction of the flight. Here force Ty is 1ift, and Tx — pulling.
The longitudinal force QB 1s decomposed in the same system of
coordinates into QBx, directed along the flight path in the opposite

sirection, and QBy’ directed in the direction of action Ty. Here

QB is the drag of the rotor, and QB will supplement the 1lift T_.

Thrust of the tail rotor Ty B is directed to the left. Drag of
the helicopter Q appears owing to the airflow of the fuselage by
basic and induced flow and is directed into the direction opposite

the flight.

The force of weight G will be decomposed in a continuous system
of coordinates into 02, acting along the flight path into the
cirection opposite the flight, and Gl’ directed perpendicular to
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flight path downwards.

In steady climb with forward velocity the following equilibrium
of forces should be observed:

a) for rectilinear climb with the setting angle 6 forces Ty and
QB should balance part of the weight of the hellcopter Gi: Ty,+Q., =G
Yy
b) for uniformity of flight the thrust 'I‘x should balance the

component of longitudinal force QBX, drag of the helicopter Q and

component of welght G,:T,=Q,, +Q +Gy;

¢) for the absence of slip the lateral force should balance the
tractive force of the tall rotor Tie:Zy=Tg .

d) for holding the direction of the flight the reactive moment
of the rotor should be balanced by the yawing moment of the tail rotor:

M'"=M'...-TS.JLI;

e) for the observance of balancing relative to other axes the
sum of all moments with respect to these axes should be equal to
zero: LM = 0.

The indicated diagram of forces and moments in Fig. 74 is given
for a fixed flight speed.

If the {light passes to another speed, then the diagram of
forces and moments, and also the relationship between them, will be
the same, but the values of them will be different.

The indicated diagram of forces and moments constitutes an
intermediate dliagram between dliagram of forces and moments in
horizontal flight and with vertical climb.

In flight the pilot strives for steady climb with forward

velocity of the helicopter and its balancing, and this means the
indicated equations by the action of all control levers, followling
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readings of the Instruments and position of the helicopter relative
to the natural horizon.

3. Vertical Velocity and Time of Climb

Climb is the regime of flight at which power is set greater than
that which 1s required for horizontal flight, and therefore owing
to the avallable surplus of power not only forward flight is
accomplished, but also climb with a definite vertical velocity. The
magnitude of vertical velocity during climb is determined, Jjust as
for aircraft, by the formula

v-“‘:’“ [m/s]. (39)

The surplus of power, and this means vertical veloclity of climb,
will depend on the value of the power set for the engine by the pilot,
altitude of flight, atmospheric conditions at the given altitude,
speed of forward light and weight of the helicopter. Atmospheric
conditions and flying weight of the helicopter in a given flight and
on a given helicopter are constant factors and not dependent on the
will of the pilot; their effect on the vertical speed 1s known and
in this case will not be examined. The magnitude of the speed, set
power and flight altitude are changed in flight on the desire of the
pilot; and therefore the dependence of the vertical speed on these
factors 1s of practical interest.

Let us trace how vertical veloclty 1s changed from every
indicated factor separately. With a fixed power of the engine and
limiting altitude of flight, the vertical velocity will change from
forward velocity of flight in the following way. The maximum vertical
velocity will be at the economic forward velocity, since in view of the
minimum required power for horizontal flight at this speed there will
be maximum surplus of power (Fig. 75). Decreasing or increasing the
forward velocity with ascent by deflection of the control stick back
or forward, in both cases the vertical climb velocity will decrease
because of a decrease in power surplus in both these cases. This
i1s explained by the fact that wlth economic forward velocity condi-
tions of rotor operation in oblique airflow are the best; the rotor

234



’ [ [

e Takeof'f perf{ rmunce

wene torm.] rating

om——Cr .isins rating
Fig. 75. Dependence of vertical velocity on
forward veloclty and operating conditions of
the engine (altitude and weight are constant).

creates maximum thrust at any installed capacity, and therefore the
surplus of power at this speed 1s maximum. At all other speeds the
rotor operates in the worst conditions and the thrust of it less,
and therefore the surplus of power and vertical rate of climb
decrease (see Fig. 75).

By changing the power to the engine at a definite rate, 1t 1s
possible thereby to change the vertical velocity in the direction of
an increase or decrease, because in these cases various surpluses
of powers appear. But at any set power the maximum vertical velocity
will remain only at the economic flight speed.

With a rise in altitude the vertical velocity will be changed
in connection with the fact that the power of the engine and surplus
of power will be changed both due to the change in available power
of the rotor and due to the change in required power for horizontal
flight. For the Mi-4 helicopter engine ASh-82V is nigh-altitude,
and therefore with the ascent in altitude up to the rated the power
in normal rating will be increased, and together with it the vertical
climb rate will be increased. Beyond the rated altitude, 1in view of
the decrease in power, vertical climb rate will decrease.

The change in vertical climb rate depending upon the altitude
at the optimum speed of climb (100 km/h) and normal rating of
operation of the engine in standard atmospheric conditions 18 shown
in Fig. 76. Curve 1 shows the change in vertical velocity from the
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Hym ' Fig. 76. Change in vertical velocity of
3N ~ ] the Mi-4 helicopter from the altitude of
E - -~ flight at the optimum speed and normal
e rating of operation of the engine: 1 -

-ne with blades of mixed construction and

N flying welght of 7150 kg; 2 — with all-

;:ﬁg metal blades and flying weight of 7350 kg.
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altitude of flight with blades of mixed construction and a flying
weight of 7150 kg (at the first speed of the supercharger up to an
altitude of 3200 m and at the second speed of the supercharger

at altitudes higher than 3200 m); curve 2 shows the change in
vertical velocity with all-metal blades and a flying weight of 7350
kg. As can be seen from the figure, flying properties of the heli-
copter in the climb regime with all-metal blades are higher than
those with blades of mixed construction.

If one were to change the power from the normal rating or change
the speed from the optimum climb rate or change them simultaneously,
then in all cases flying properties of the helicopter in the rate of
climb will be different from that indicated above.

The absolute ceiling of the Mi-4 helicopter with a normal
flying weight 1s 6500 m, and the service ceiling is 6000 m. The
chief designer 1imits the service ceiling to an altitude of 5500 m
and for the passenger version Mi-4P — to 4000 m because of the
complication of piloting, necessary high pitch of the rotor and
approach to the phenomenon of separation of flow from the blades.

The time of climb to 5500 m for the Mi-4 helicopter with a
flying weight of 7150 kg and blades of mixed construction 1is 33
minutes. The time of climb to any altitude of a helicopter with
metallic blades 1s less than for a helicopter with blades of mixed
construction. Thus, in one of the test flights the time of climb
to 3000 m of the Mi-4P helicopter with a flying weight of 7350 kh
and metallic blades composed 11.3 minutes, which 1s 2.8 minutes less
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than that for a helicopter with blades of mixed construction.

4, Peculliarities of Climb and Its Fulfillment

Position of control levers. With a comparison of the rate of
climb and horizontal flight with equal speeds, the position of all
control levers 1in climb will be different from their position in
horizontal flight. This 1s explained by the fact that for climb at
the same speed higher power will be required, and the change 1in
operating conditions of the engine wlll lead to the unbalance of the

helicopter. Therefore, 1n order to balance the helicopter in
climbing, it 1s necessary to change the position of all control
levers. For example, in horizontal flight at a speed of 100 km/h the
control stick i1s neutrally in a longitudinal and lateral relation,
and the pedal also occuples a neutral position. With an 1lncrease
in operating conditions of the engine for climb the helicopter will
try to turn left, and therefore it 1s necessary to depress the right
pedal forward. In view of the increase in thrust of the taill rotor
the helicopter will try to slip left, and therefore to prevent slip
it is necessary to move the control stick to the right (remove
pressure by trim tab) and thereby even the lateral force with the
thrust of the tail rotor (see Fig. 74). Consequently, the greater
the operating conditions of the engine, the greater the deflection
of control levers.

In a steady climb without slip the helicopter will be balanced
with a small right bank, jJust as in horizontal flight, owing to the
action of lateral moment of the hub Mx a

BT

The angle of roll will be greater than that in horlzontal flight
in view of greater assigned power, greater reactive moment of the
rotor, and greater required thrust of the tail rotor, and this means
greater necessary loading of the cone to the right.

Pitch angle. With a climb at the same speed at which
horizontal flight was accomplished, the pitch angle remains practi-
cally constant, since 1its value depends basically on the speed of
flight. Therefore, readings of the gyrohorizon in a steady state of
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¢limb wlll be the same as that 1in horizontal flight.

The change in operating conditions of the engine leads to an

insignificant change in pitch angle, but this change can be disre-
garded.

Ceiling of the hellcopter. If with vertical climb it 1is possible
to reach only the ceiling of hovering, then when climbing with forward
velocity at the optimum speed of climb it 1s possible to reach the
celling of the helicopter (dynamic), which i1s many times more than the
celling of hovering. The service ceiling of the Mi-4 helicopter is
6000 m, and it is limited by the chief designer to 5500 m. The
increase in ceiling of the hellcopter with forward velocity 1is
explained by the improvement of operating conditions of the rotor
with oblique flow and increase in its thrust because of this. As a
result a surplus of power appears, which is expended in the climb.

Climb with a load on the external suspension. With a load on

the external suspension pilloting of the helicopter when climbing

is complicated in view of the fact that the load sways and the helil-
copter oscillates around all axes, especially around the lateral and
vertical. The greater the dimension of the load, the more compli-
cated the pilloting of the helicopter.

Maintaining the desired speed 1s also hampered, and therefore
the pilot must more frequently interfere in the control of the
helicopter. Motions by the control levers should be smooth, and the
speed of climb should be less than when climbing with a load inside
the cabin. An excess in speed leads to a decrease in pitch angle
and a tendency of the helicopter to dive.

The vertical velocity in c¢limbing is recommended at not more
than 3 m/s: the more the dimension of the load, the less the vertilcal
velocity should be.

The presence of wind even more complicates the plloting, and
therefore all flights with loads on the external suspension,
including climbing are permitted only at a wind up to 10 m/s and
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in the absence of bumpy air.

Peculiarities of climb. Climb with forward velocity must be
produced at an indicated alr speed of 100 km/h in normal rating of
the engilne. In the case of extreme necessity, climb may be carried
out in takeoff conditions with a time of not more than 5 minutes.

In order to malintain normal rating of the engine up to the
rated altitude, 1t 1s necessary periodically to move the "pitch-
throttle”" lever upwards for loading the rotor and decreasing the
revolutions to 30-~50 per minute lower than the nominal. With climb,
in view of the decrease 1n air density, the number of rotor revolu-
tions increase. With this, when the revolutions become higher than
nominal by 30-50 per minute, one should repeat loading of the
rotor down to revolutions lower than nominal by the same value.

With such action by the "pitch-throttle" lever the boost pressure
will also be maintained about nominal (970 mm Hg), since with ascent
in altitude the pressure decreases.

Beyond the rated altitude the increase in collective pltch will
not be required: the power will decrease and the number of revolu-
tions will not increase. In the process of climbing 1t is necessary
to watch that the revolutions are maintained within 2400 r/min.

At an altitude of 3000-3200 m it 1is necessary to switch to the
second speed of the supercharger, for which before switching it is
necessary to lower the revolutions by the combined indicator to
2100 r/min. After switching to the second speed of supercharger the
boost pressure will be higher than 970 mm Hg, and therefore it 1is
necessary to set the supercharging at 970 mm Hg and again iricrease
the revolutions up to 2400 r/min.

When necessary climb can be carried out in the cruise regime
of operation of engilne.

Upon achievement of the assigned altitude it 1s necessary to
transfer the helicopter into conditions of horizontal flight. For
this one should set the corresponding speed, lower the operating
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condlitlons of the engine down to the required, balance the helicopter
in new conditions by all control levers, and then remove the pressure
from the lever and pedals by the trim tabs.

5. Flying Limitations When Climbing with Forward Velocity

1. The ceiling of the Mi-4 helicopter is limited by the chief
designer with a flying welght of 7150 kg to an altitude of 5500 m,
with a flying weight of 7350 kg — down to 4200 m, and for the
passenger version Mi-4P — down to 4000 m.

2. The rotor revolutions on the combined indicator should be
not lower than o200 r/min in a climb.
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CHAPTEHR VI

DESCENT WITH FORWARD VELOCITY AND LANDING
WITH AN OPERATING ENGINE

§ 1. Descent with Forward Velocity

l. General Characteristic of Conditions

Descent with forward velocity with an operating engine 1s the
main form of descent and 1s applied 1n all cases when conditions
permit. Such descent requires less power as compared to vertical
descent, and, consequently, it 1s more economical. With such
descent there can be obtained any low vertical velocity and any
small angle of descent, and in this way 1t will be compared favorably
with descent in conditions of autorotation. In descending with
forward velocity there 1s good stabllity and good reserve 1in
deflection of the control vanes, and therefore under these conditions
piloting technique 1s easier. The rotor operates with oblique
airflow, which increases thrust to it at any power. Descent with
forward velocity excludes the possibility of the rotor's entrance
into conditions of the vortex ring, and in connection with this,
such descent 1s safe.

The minimum permissible revolutions when descending with an
operating engine both in horizontal flight and in climb are 2200
r/min. This ensures successful transition of the rotor to conditions
of autorotation in the case of engine failure.
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2. Forces and Moments Actling on the Hellcopter

When descending with forward velocity with an operating engine
the following forces act on the helicopter: total aerodynamic
force of the rotor R, thrust of the tail rotor Tx.B’ drag of the
hellcopter Q and force of weight G (Fig. 77).

Fig. 77. Forces and moments acting on
the helicopter when descending with an
operating engine: a) view on the left;
b) rear view; c) top view.

The total aerodynamic force of the rotor R acts perpendlcular
to the base of the cone of rotation of the rotor. The cone of
rotation and force R are deflected in the direction of the flight
with the help of an appropriate pcsition of the control stick. But
owing to flapping motions in forward flight the cone of rotation
and force R are deflected from the plane of rotation and from axis
of the shaft back and to the right. Force R can be decomposed in a
bound system of coordinates into three components: thrust of the
rotor T, longitudinal force QB and lateral force ZB. The rotor
thrust T is directed along the axis of the shaft, the longitudinal
force Qp — along the plane of rotation in a direction opposite the
flight direction and lateral force ZB — along the plane of rotation
to the right.
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In the continuous system we decompose the tractive force T into
Ty’ directed perpendicular to the flight path upwards, and Tx’
directed along the flight path in a direction opposite the motion of
the helicopter.

Longitudinal force QB can also be decomposed 1n a continuous
system of coordinates 1into QB » directed perpendicular to the flight

path downwards, and QB , directed along the flight path in a direction

b 4
opposite the direction of flight. The direction of the component
of longitudinal force QB depends on the angle of attack of the

rotor. At a positive angle of attack, as 1s deplcted in Filg. 77,
it is directed downwards. At a negatlive angle of attack, which
occurs in a more sloping descent with an operating engine, in
horizontal flight and in climb with forward velocity, force QB

1s directed p->rpendicular to the flight path upvards. At zeroyangle
of attack of the rotor this force will be absent, since the longi-
tudinal force QB will be directed along the plane of rotation
coinciding with the flight path and will not be decomposed into the
components.

Tractive force of tail rotor TX_B, Just as in other flights
with an operating engine, is directed to the left. Drag of the
helicopter Q i1s directed along the flight path to the side opposite
the motion.

The force of weight G can be decomposed in the continuous
system of coordinates 1into Gl and 62.

When descending with forward velocity with the englne operating
the following moments act on the helicopter:

a) longitudinal — aerodynamic moment from the total aerodynamlc
force of the rotor, moment of stabilizer, moment from the actlon of
resisting force of the fuselage, reactive moment of the tall rotor
and moment of the hub owing to spacing of the flapping hinges;
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b) yawing — recactive moment of the rotor and moment of the tail
rotor;

¢) lateral — moment of the tail rotor, moment of lateral force
and moment of the hub owing to the spacilr« of the flapping hinges.

When descending at steady rate with forward velocity the
followling equiliorium of forces should-be observed:

a) for observance of rectilinear flight and constancy of the
angle of descent 6 the force Ty should balance the component of
welgnt G1 and component of longitudinal force QB

y

Tym G+ Qa’;

b) for the uniformity of flight the sum of the component of
thrust Tx, component of longltudinal force QB and parasite drag

should balance the component of weight G2: Tx + QB + Q = 62;
X

¢) for flight without slip the lateral force ZB should balance
the thrust of the tail rotor Tx.B: ZB = Tx.B;

d) for malntaining the general equilibrium around all three
axes the sum of the moment around these axes should be equal to
zero:

EM=0.

In flight the pllot seeks to observe the indicated equations
by the appropriate deflectlon of all control levers and setting of
definite operating conditions of the englne, following readings of
the instruments and position of the helicopter relative to the
natural horizon.

The dlagram of forces 2and moments 1n Fig. 77 will be correct
for all cases of descent with an operating engine with forward
velocity, and it 1s an intermediate diagram between diagrams of
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forces and moments durling horizontal flight and vertical descent.

When descending with an operafing englne the angles of descent can
be of any value from zero deérees — horizontal flight up to 90° -—

vertical descent.

3. Rates of Descent

Descent with forward velocity with the engine operating is
such a regime of flight at which such power to the englne is set
where the avallabie power of the rotor 1s less than the required
power for horizontal flight. In connection with this descent of the
helicopter with an operating engine 1s produced with a definite
vertical veloucity (Fig. 78a, b).

a)
N

. Hrat

Fig. 78. Flight condi-
tions of the helicopter:
a) necessary and avall-
able powers for flight;
b) change in vertical
veloclty of descent and
¢climb from the speed of
flight and operating
conditions of the engine.

The magnitude of vertical velocity when descending with an
operating engine depends on the magnitude of set power of the engine,
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establlished forward speed, flying welght of the helicopter, atmo-
spheric conditions and altitude. If, however, we examine a given
flight on a given helicopter, the weight and atmospheric conditions
are constant, and if we disregard the change in speed from the
flight altitude, the vertical velocity of descent will depend on
and be changed only from the value of set speed and power of the
engine, which 1s of practical interest, since these factors can be
changed by the pilot.

At any set power of the engine, the minimum vertical velacity
will be at the economic forward velocity, since at this speed the
rotor develops maximum thrust, and deficilency of power for horizontal
flight is minimum (see Fig., 78). By increasing or decreasing the
speed from the economic speed with the help of the control stick,
not changing the power of the engine, in both cases the vertical
velocity of descent 1s ilncreased, since conditions of operation of
the rotor worsen and it develops with this smaller thrust. Moreover,
at high speeds of flight drag of the hellcopter is increased sharply.

At any speed of forward flight the vertical velocity can be to
change by a change in the power of the engine by the "pitch-throttle"
lever.

Figure 78b, with the help of curves, shows all conditions of
flight that the helicopter can accomplish. Curve 1 shows the
change 1in vertical velocity from the forward veloclty 1nto autorota-
tion of the rotor. Under this conditlon rates of climb of descent
are maximum at all speeds oi forward flight, since here power from
the rotor is taken completely (Fig. 78a, line 1). If one were to
transfer the helicopter from autorotation into powered flight at
low power, then at all speeds of forward flight the rates of climb
will be less as compared to autorotation (Fig. 78b, curves 2). With
a further increase in power the vertical veloclty will even more
be decreased and at a certain position of the "pitch-throttle" lever
it can become equal to zero at the economic speed of flight (Fig.
78a, b, curve U4), 1.e., this will already be the regime of horizontal
flight. If, however, the power 1is increased more, then at certaln
speeds close to the economic the rate of climb will be accomplished,
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but at low and high speeds there will be descent (Fig. 78a, b,
curves 5). TIf, however, the engine 1s set at maximum operating
conditions, then at all speeds from zero to maximum in horizontal
flight there will be climb, and only at speeds less maximum will
there be descent (Fig. 78a, b, curves 7).

With the connection of the straight 1line between the origin of
the coordinates and any polint on the curves (Fig. 78b) there will
be obtalned a flight vath with a distorted angle to the horizon as
compared to the true, since the system of coordinates is constructed
in various scales. If, however, one drop perpendiculars to the
axls of the coordinates from the end of the velocity vector of the
helicopter flight, then it 1s possible to read on the axes of values
of forward and vertical velocitles 1n given conditions of the
helicopter flight.

There can be obtalned any magnitude of vertical velocity of
descent but not more than it will be 1in autorotation at a given
speed of forward flight. At the economic speed of flight (100 km/h)
vertical velocity during autorotation for the Mi-U4 helicopter
(flying weight is 7350 kg in the standard atmosphere above sea
level) is on the average 8.5 m/s. With an increase or decrease in
forward velocity from the economlec, in both cases the vertical
velocity will be increased and in vertical autorotation will be
about 15 m/s. This means that climb rates when descending with an
operating engine can be of any value but less than those shown in
conditions of autorotation.

At flight speeds less *han 50 km/h, 1n order that the helicopter
does not enter into conditions of the vortex ring, the vertical
velocity of descent should be not more than 3 m/s. At high speeds
of forward flight the rates of climb can be higher, but the
recommended rate 1s 1.5-2 m/s, especilally if there are passengers
on board the helicopter.

The magnitude of forward indicated velocity when descending
with ‘an operating engine in practice of operation of the Mi-Ai
helicopter is allowed in a great range over altlitudes 1is:
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Altitude, m Speed, km/h

Higher than 3000 , , ., . . ..., o o 5000 90100
0 0D0O0DOO00O0ODO0O0OO0OAOO G D a -1

1000. . . ... .00 vvvw o 20 0 o 80-—148
Dooooo 0o Poooooo 0 80—180

It 1s prohibited to hold the speed higher than the maximum
permissible, especially at altitudes near the ceiling, because
there can be cases of the pulling of the helicopter into a dive
owing to the shift 1n the center of pressure of blades back to the
trailing edge. The shift in center of pressure back occurs in view
of the decrease in angles of attack of the blades, since with
descent collective pitch decreases, and to increase the speed the
control stick is deflected forward. Both these actions lead to a
decrease in angles of attack and then to a shift in the center of
pressure of the blade back; in connection with this the blade twists
in the decrease of the setting angle, which leads to a decrease in
its 1ift. In this case thrust of the rotor decreases, and the
helicopter 1s pulled into a dive.

The recommended speeds of forward flight when descending with
an operating engine (independently of flight altitude) are those
at which minimum speeds of vertical descent and minimum angles of
lowering are cbtained. Such speeds for the Mi-4 helicopter are
indicated airspeeds in the range of 100-120 km/h.

4, Peculiarities of Descent and 1ts Fulfillment

Peculiarities of reading the gyrohorizon. At average speeds
of flight (conditions of greatest distance) the longitudinal axis
of the aircraft lies along the flight path independently of what
conditions of flight the aircraft accomplishes, horizontal flight,
climb or descent, since the angle of attack of the wing under these

conditions and speeds on the average 1is almost equal to the setting
angle of the wing. Therefore, the pitch angle 1in horizontal flight
will be equal to zero, with ascent — positive, and with descent —
negative. Consequently, readings of the gyrohorizon will be normal,
i.e., in horizontal flight the silhouette of the aircraft will
coincide with the fixed index (artificial horizon), and with ascent
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it will be above and with descent, lower than the index (Fig. 79).

Such phenomena on an alrcraft are explained by the fact that thrust §
of the propeller 1is applied to the nose of aircraft and therefore

in the same direction where the nose will be directed, and flight

will approximately be carried out.

o

¥aall - = —
g =Tt _arnt = =g Axis of
‘-“, a¥ - s Helicopter
- Linn of hariros Lire of
= horizor

Flg. 79. Readings of the gyrohorizon on an
alrcraft and a helicopter.

For the helicopter the pitch angle does not depend on what
conditions are accomplished, horizontal flight, climb or descent,
but only on the speed of flight, since thrust of the rotor is
applied to the upper part of the helicopter (rotor hub). And due
to the fact that the pltch angle for the helicopter in conditions
of hovering 1s positive, then at average speeds of steady flight it
wlll be equal to zero ilndependently of flight conditions of the
helicopter. The angle of pitech only 1insignificantly changes from
the magnitude of the set power to the engine, and therefore this
change at present can be disregarded. As a result in all the indi-
cated conditions of flight the slilhouette of the aircraft of the
gyrohorizon will be combined with the index -~ the line of the ﬁ
artificial horizon. At speeds less than average in all the indicated
conditions of flight, the gyrohorizon will show a climb, and at

speeds greater than average - a descent. "

Consequently, it 1s 1mpossible to determine conditions of
steady flight by the gyrohorizon, and 1t 1s possible to determine
only approximately the speed of flight from 1t: the greater the
speed of flight, the less the pltch angle, the lower the aircraft
silhouette of the gyrohorizon. The gyrohorizon without delay shows
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a change 1in angles of pitch in transient conditions of flight and
banks, which facilitates the plloting of the helicopter.

It is necessary to note that the pitch angle of the helicopter,
and this means readings of the gyrohorizon, depend not only on the
speed of flight but also on the centering of 1it: the more it 1is
front, the less the pltch angle and conversely.

The position of the control levers when descending with forward
velocity and an operating engine willl be different as compared to
thelr position in horizontal flight at the same flight speed of the
helicopter and all the more so with thelr position durlng a climb.

Descent with an operating englne at the recommended speeds is
usually conducted with the derived correction and with revolutions
of the crankshaft of the engine at 2200 r/min upon setting the
necessary vertical rate of descent by the "pltch-throttle" lever.
With this the power of the englne 1s 1insignificant, the reactive
moment of the rotor is small, and therefore thrust to the tall rotor
must be decreased by moving the left pedal forward. But since
flapplng motions of blades are the same as those 1n horizontal flight
at the same speed, then the cone of rotatlon of the rotor will be
deflected to the right by the same magnitude. The lateral force
will appear greater than the thrust of the tall rotor, and the
hellcopter will slip to the right and bank to the right. For thls
reason the control stick must be deflected to the left of the
neutral position which it occupied during horizontal flight at an
average flight speed. Then the lateral force willl be decreased and
brought up to a value equal to the thrust of +he tall rotor. The
less the power of the engine 1s set, i.e., the greater the vertical
velocity, then it 1s necessary to deflect all control levers 1n the
direction shown by a great magnitude. With this 1t 1s necessary to
follow readings of the appropriate instruments and the position of
the helicopter relative to the natural horizon.

Consequently, if at some definite speed in horizontal flight
for balancing the helicopter in a steady state, the control levers
occupy a fixed position, then with descent, inasmuch as the power
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transmitted to the rotor is decreased by the "pitch-throttle" lever,
to balance the helicopter it 1s necessary to push the left pedal
forward and move the control stick to the left. 1In a longitudinal
relation with transition from horizontal flight to descent with an
operating engine, it 1s necessary to deflect the control stick
forward to maintaln the necessary speed.

To remove the pressure from the control stick and pedals in
new flight conditions it is necessary to use the trim tabs.

The angle of attack of the rotor upon descent with forward
veloclty and an operating engine can be negative 1f the descent
will be sloping, with a small angle, when the flow due to the flight
speed will advance on the plane of the rotatlion of the rotor from
above; it can be equal to zero when the flow will approach strictly
along the plane of rotation with a steeper descent; but 1t can be
positive with even steeper descent when the flow will approach the
plane of rotation of the rotor from beneath (see Fig. 77).

Pecullarities of the fulflllment of descent. Fulfillment of
descent with forward velocity and an operating engine consists in
the following. For transferring the helicopter from horizontal flight
to descent 1t follows to decrease the pitch to the rotor with the
"pltch-throttle" lever up to the obtalning of the desirable rate of
vertical descent and simultaneously by the control stick set the
necessary speed of forward flight (recommended for all altitudes
of 100-120 km/h), and by the throttle maintain 2200 r/min.

In the process of descent it 1s necessary to observe the
temperature rate of the englne and maintain 1t in the recommended
limits by controllling the position of vanes of the outlet of cooled
alr and vanes of the oil cooler, if the latter do not ensure the
needed temperature of the entering o0ll with the position of them on
the "Automatic."

For the transition from conditions of descent with forward
veloclity and an operating engine to horizontal flight, it 1is
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necessary to increase the collective pltch of the rotor and cease
the descent, maintalning the assigned altitude; with the throttle
control one should maintain the cruising revolutions and with the
control stick - set the necessary flight speed.

On single-rotor helicopters, including the Mi-4 helicopter,
descent with forward velocity and an operating engine 1s possible
when necessary and by the method of the descending spiral. Descent
by the method of slip on single-rotor helicopters is not permitted,
since on these helicopters great slip is impermissible in view of
the short distance from the center of gravity of the helicopter to
the rotor hub along the vertical axis.

5. Flying Lim{ ¢tations when Descending with
Forward Veloclty

1l. When descending with an operating engine forward velocities
with respect to altitudes should be maintained for the Mi-4
helicopter in following 1limits by instrument:

Altitude, m Speed, km/h
B8800—3000. . . « ¢ o v o s o e s 4 e 90100
ﬂ%ﬁ"' ................... ;tjg
800. . o LIl lLlliLiiIILulnn 80—150

2. At speeds less than 50 km/h the vertlical veloclty should
not be higher than 3 m/s.

3. Rotor revolutions should not be lower than 2200 r/min.
§ 2. Landing
1. General Information
On a single-rotor helicopter two methods of landing are used
depending upon the conditions, vertical and like an aircraft. A

combined method of landing was proposed, but it did not receive
application in view of the complexity of fulfillment and absence of
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some advantages as compared to the mentioned methods of landing.

Vertical landing for the helicopter is the basic form of
landing, even 1f it 1s produced on airfields and heliports of the
first type, allowing accomplishment of landing like an alrcraft.
Although such a method of landing is less economic as compared to
landing 1like an aircraft, 1n view of the ease 1n technique of 1its
fulfillment, ensuring greater flight safety, it has received wide
application.

Landing like an aircraft requires less power, and therefore it
can be applied for a helicopter with great flylng welght. However,
such landing 1s more complicated in plloting technique, not always
ensuring safety, and therefore it requires higher qualification and
experience of the pilot. With the accumulation of experience and
improvement in flying-technical properties of the helicopter,
landing like an aircraft will be applied much wider. Vertical
landirng should gradually turn into the second plan and will be
applied only when it 1is impossible to accomplish landing like an

aircraft.

Landing distances are approxlimately equal to takeoff distances,
and therefore landing 1s produced on the same alrflelds, permanent
and temporary heliports of the first and second types.

Vertical landing can be accomplished with hovering using the
influence of the air cushion, 1f 1t 1s produced at hellports of the
first type, and with hovering outside the influence of the air
cushion, if it 1s produced at heliports of the second type, not
allowing a rapid approach to land because of presence of obstacles.

2. Vertical Landing with Hovering 1n the Zone of
Influence of the Alr Cushilon

Theory of landing. This form of landing is applied on airfields
or permanent and temporary helliports of the flrst type with open
approaches, which permit approaching land with forward velocity.

Such landing is produced 1n cases when the pilot 1s sure of the
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sufficlent reserve of power for hoverling before landing. If there
is no such assurance, then before departing it is necessary to
determine the maximum permissible gross weight for such landing by
a nomograph neglecting the influence of the air cushion (see

Figs. 69 and 71). For such calculation i1t 1s necessary to know the
atmospheric conditions at the landing site.

Calculation of flying weight for landing must be conducted on
the nomograph neglecting the influence of the air cushion. Ir,
however, calculation 1s made by the nomograph, taking into account
its influence (Figs. 65 and 70), then excessive flying weight will
be obtalned and there 1s not enough reserve of power for approaching
the site at low speed and sufficiently great altitude where the
influence of the alr cushion still does not appear. To decrease
the speed at low altitude so that there is formed the influence of
the air cushion is 1impossible in view of the complexity of piloting.

Calculation of the flying welght by the nomograph, neglecting
the influence of the air cushion and loading of the helicopter,
according to this calculation completely guarantees the sufficient
reserve of power and safety of landing.

Vertical landing with the use of the influence of the air
cushion consists of the following stages:

a) decreasing the speed down to hovering, starting from an
altitude of 40-50 m, with a simultaneous increase in operating
conditions of the engine after achievement of a speed of 50-60 km/h;

b) short-term hovering at an altitude of 2-3 m;

¢) vertical landing with a speed of 0.1-0.2 m/s (Fig. 80).

Although this landing is the most simple and safe, its fulfill-

ment has certaln peculiarities requiring sufficient practice and
attention on the part of the pilot.
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Fig. 80. Profile of vertical landiug
with hovering in the zone of influence
of the alr cushion.

1. If when lowering with an operating engine the throttle
contrcl is moved to the left, the collective pitch 1s set to that
necessary, the control stick 1s deflected to the left and the left
pedal 1s forward, then by the moment of hovering 1t 1s necessary
for a short interval of time to transfer all control levers to the
necessary position for conditions of hovering.

Upon achievement of the decreasing speed of 50-60 km/h, it 1is
necessary to increase operating conditions of the engine, starting
from moving the throttle control completely to the right with a
subsequent increase 1in collectiv~ piltch in order to maintain it, and
then decrease the vertical veloclty of descent. As a result of the
increase in power of the engine the reactive moment will grow, and
therefore 1t 1s necessary to parry 1t by moving the right pedal
forward, and since the lateral force decreases with the decrease in
speed, then 1t 1s necessary to 1lncrease 1t by moving the control
stick to the right.

2. In the speed range of 40-20 km/h there 1s observed raised
vibration of the helicopter — "shaklng conditions," as occurs wilth
acceleration of speed on takeoff in the same speed range. !Nere
the vortex system of the rotor with forward flight 1s reconstructed
into the vortex system 1in conditions of hovering, but 1f with the
acceleration of speed this vibration could be decreased owing to
the increase in the rate of acceleration, then during landing the
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rate of decreasing the speed cannot be increased, and therefore
"%haklng coﬁd@;ionl" appear more pronounced in landing.

3. Before.hovering it 1s necessary to deflect the control
stick forward at such a moment with such a rate and so much that

after hovering the helicopter does not move back, since for decreasing

the speed the lever and pull rod of the rotor were deflected back.

The trajectory of the landing is such that it passes through
the seafe "corridor," Just as was done in takeoff (see Fig. 64).

Vertical landing must be carried out upwind. When necessary
it 1s llloprlliblt to land with a crosswind up to 5 m/s with the
direction of it at 90° to the direction of landing and up to 7 m/s -
with a wind direction of #45-50°.

Landing with limiting nose-heaviness of the helicopter must be
produged only upwind. Limiting nose-heaviness can be at the end
of a flight with an empty helicopter and the remainder of fuel of
less than 200 2. To ease the piloting technique during landing
the. mechanic must go to the end of the cargo compartment.

If landing for some reason 1s cancelled, then it is possible
to depart for a second circle. To depart for & second circle, it is
necessary to increase the collective pitch and accelerate the
helicopter by the control stick, and then put it into a climb. With
departure for a second circle a takeoff distance of 350 m is required
(for surmounting obstacles 25 m in height) at a speed of 90-100 km/h
and 250 m at a speed of 60 km/h.

If the pilot 1s not sure of a sufficient power reserve for
hovering, and the dimension of the heliport (site) and ground permit
a landing run, then it is necessary to land with a run (like an
aircraft).

If upon approaching the ground the pilot 1is convinced that

there is not enough power reserve for hovering or landing like an
aircraft or departing for a second try is impossible, then as an
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extreme measure one can land with great pitch of the rotor. The
following is the essence of landing with great pitch. The moment
of the assigned maximum power 1s determined by the initial drop in
revolutions with full throttle control and the "pitch-throttle"
lever moved upwards. Before touchdown and at the moment of touchdown,
in spite of the maximum assigned power, further increase in pitch

is possible up to a maximum for the short-term increase in rotor
thrust by loading 1t and using the inertia of rotation. The
vertical speed is decreased, and the impact of the helicopter
against the ground is softened. The drop in revolutions here is not
dangerous, since after landing a high number of revolutions is not
needed.

Vertical landing with hovering in the zone of influence of the
air cushion is the main form of landing and is used at heliports of
the first type, which even allow landing like an aircraft, but
preference is given to this form of landing because such landing
has a. number of advantages, although it 1s less economic as compared
to landing like an aircraft. The technique of piloting in vertical
landing is simpler than that when landing like an aircraft. 1In
view of the absence of vibration of "ground resonance," such landing
1s safer.

Method of fulfillment. The approach and calculation for landing
is produced by means of constructing a rectangular route or with a
straight line if the crew knows the heliport well. It 1s desirable
to make the landing approach upwind. The usual descent is carried
out down to an altitude of 40-50 m with a forward speed of 100-120
km/h and vertical speed of 2-3 m/s with such calculation that at
this altitude the helicopter would be 300-350 m from the site of
touchdown. If this distance 1s less than 300 m, then before
hovering there can be a high vertical speed; but if this distance
is more than 350 m, 1t is posslble that the helicopter will be in
the 40-30 km/h speed range for a long time, in which the "shaking
regime" will appear. Therefore, to carry out landing conditlons
indicated in Fig. 80 a fourth turn should be made so that after
coming out of this turn at an altitude of 100 m the distance from
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the landing site will be 1100 m, and when emerging at an altitude
of 150 m the distance will be 1500 m.

* In the stage of descending down to 40-50 m, it is necessary to
set the trim tabs at a position corresponding to their position in
hovering.

From the altitude of U0-50 m it follows to begin decreasing the
speed with such calculation that upon reaching 50-60 km/i. the
altitude will be 20-25 m. With this it 1s necessary that the
vertical velocity at the indicated altitudes be 2 m/s, for which
in the beginning of decreasing the speed it is required to decrease
somewhat the collective pitch.

Upon achievement of a speed of 50-60 km/h for decreasing the
vertical velocity of descent it follows to start increasing the
power of the engine by moving the throttle control completely to
the right, further moving the "pitch-throttle" lever upwards, and
moving the control stick back to produce a decrease in forward
velooity.

Before hovering, to prevent lowering of the tail, the control
stick must be deflected forward, thereby giving the helicopter
landing position and preventing movement of it back after hovering.
Simultaneously with an increase in power o( the engine, the
helicopter must be balanced in a longitudinal, lateral and yawing
position with such calculation that the helicopter hovers at a
height of 2-3 m without lateral movements and with malintaining
the selected direction.

After balancing in hovering by a smooth movement of the
"pitch-throttle" lever downwards, vertical landing is produced at
a speed of 0.1-0.2 m/s. Then, being convinced that the helicopter
stands on solid ground, lower the "pitch-throttle" lever downwards
to the minimum value.
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3. Vertical Landing with Hovering Outside the
Zone of the Influence of the
Alr Cushion

Theory of landing. This form of landing is used at heliports
of the second type, which have high obstacles on the border and
do not allow approaching the ground rapidly and also with loads
on the external suspension, when the length of suspeéension is more
than 10 m. Therefore, for such landing it i1s necessary before
departure to determine the maximum permissible flying weight,
depending upon atmospheric conditions at the landing site by a
nomograph, neglecting the influence of the air cushion (see Figs. 69
and 71), and load the helicopter in such a manner so that its
flying weight at the moment of landing is not more than it 1is by
calculation. If during takeoff it was possible to check the
correctness of the calculation and loading of the helicopter on the
actual takeoff, then during landing such a possibility 1s excluded.
In this case 1t is necessary to calculate the maximum permissible
flying weight and conduct loading more thoroughly, so that there
is full confidence in the sufficlent power reserve for such a
landing.

Vertical landing with hovering withcut the influence of air
cushion consists in the following stages:

a) descent with an operating engine with simultaneous decreasing
of the speed and increasing of operating conditions of the engine

for the purpose of approaching the center of the heliport;

b) short-term hovering at a height of 3-5 m higher than the
obstacles;

¢c) vertical descent at a speed of 1-1.5 m/s;
d) vertical landing at a speed of 0.1-0.2 m/s (Fig. 81).

With this form of landing decreasing of the speed and vertical
descent are conducted 1n the dangerous zone in the case of englne
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Fig. 81. Profile of vertical landing with
hovering outside the zone of influence of
the air cushion.

fallure (see Fig. 64, zone a). Therefore, such landing is applied
only ir. exceptional cases when this requires the appropriate

necessity.

Limitations with respect to wind for such a landing are
provided in the same way as those for landing with hovering with
the influence of an air cushion.

Method of fulfillment. The method of fulfillment of such a
landing prior to the moment of hovering does not differ from the
method of vertical landing in the zone of the influence of the air

cushion.

It 1s necessary to produce as far as possible the landing
approach upwind and to hold the speed during descent at 100-120 km/h.
From a height of 40-50 m one should start decreasing the speed by
moving the control stick back with a simultaneous 1increase in power
of the engine; hovering should be at a height of 3-5 m higher
than obstacles.

After complete balancing of the helicopter in hovering by
smooth movement of the "pitch-throttle" lever downwards, put the
helicopter in a vertical lowering with a speed of 1-1.5 m/s. After
achievement of a height of 2-5 m from the ground, with a smooth
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motion of the "pitch-throttle" lever upwards start decreasing the
vertical velocity with such calculaticn that by the instant of
touchdown it 1s equal to 0.1-0.2 m/s.

Being éonvinced that the helicopter stands on solid ground
after landing, with a smooth motion of the "pitch-throttle 1lever
downwards decrease the collective step to a minimum value.

4. Landing Like an Aircraft

The essence of landing. Landing like an aircraft 1s applied
in cases when there 1s not enough power for vertical landing because
of great loading, or in complicated atmospheric conditions because
of the decrease in engine power (high temperature of external air,
low atmospheric pressure, high atmospheric humidity, high-altitude
heliport). This landing is applied also for trailning purposes.

Landing like an aircraft can be produced at heliports of the
first type, allowing a run along the ground after landing.

This form of landing 1is validated by the same phenomena for
takeoff like an aircraft. If there 1is not enough power for
development of thrust equal to the weight in hovering, then it can
be obtained due to forward flight, but in this case landing must be
produced with forward velocity.

Descent precedes landing with a forward velocity of 100-120 km/h
and vertical rate of 2-3 m/s. More precise definition of the
calculation for landing after the fourth turn should be such that
at 350-400 m down to the point of landing the helicopter 1s at a
height of 25-30 m (Fig. 82).

The actual landing like an aircraft consists of the following
stages: leveling off from a height of 25-30 m, holding off from a
height of 3-5 m, landing and landing run.

The stage of leveling off starts from a height of 25-30 m by
the control stick and after achievement of a speed of 80 km/h — an
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Fig. 82. Profile of landing a helicopter
like an aircraft.

increase in power of the engine at first by moving the throttle
control and then an increa:e in collective pitch of the rotor.
Here forward and vertical velocity decrease. Leveling off is
produced with such rate that after 100-150 m up to the place of
landing the height would be 3-5 m, and the speed with this 1s
40-50 km/h.

Conduct the stage of holding off with a vertical velocity of
0.5-1 m/s, continuing to decrease the speed by the controi stick
back and gradually increase the power of the engine by moving the
"pitch-~-throttle" lever upwards.

During landing for training purposes the "pitch-throttle"
lever 1s raised with such calculation that at the time of landing
at a speed of 20-25 km/h the vertical velocity is 0.1-0.2 m/s.
With this the value of the collective pitch will be different
depending upon the flying weight and atmospheric conditions.

When landing in industrial conditions, when this landing is
produced on an overloaded helicopter for given atmospheric conditions
and the power of the engine 1s insufficient for keeping the
helicopter at low speeds, the "pitch-throttle" lever is raised with
such calculation that by the instant of touchdown the collective
pitch corresponds to takeoff conditions of 8-9°. Here the landing
speed and landing run will be variable, and they will depend on
the magnitude of the power: the less the reserve of power, the
greater the landing speed and landing run. The moment of maximum
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set power of the engine with a full throttle control is determined.
according to the value of the collective pitch and beginning of
drop in revolutions upon moving the "pitch-throttle" lever upwards.

Before the actual landing and at the time of landing, in spite
of the maximum set power, further increase is possible in the
collective pitch up to the maximum for the purpose of using the
inertia of rotation of the rotor and short-term augmentation of
thrust owing to the overloading of the rotor. Here vertical velocity
decreases and the impact of the helicopter against the ground is
softened. A decrease in the number of revolutions because of loading
here is not dangerous, since after landing the revolutions are not
needed. Such a landing 1s called landing on great rotor pitch, it
can be used if 1t were not possible to decrease the vertical velocity
down to a minimum at the instant of touchdown.

At the time of short-term holding off before landing it is
necessary to move the control stick somewhat forward with such a
calculation in order to prevent impact against the ground by the
tail support and carry out landing on the main wheels.

wWwhen landing iike an aircraft for training purposes, in view
of the sufficlent power reserve of the engine any landing speed and
landing run desired can be obtained, but for the Mi-U helicopter
the speed of 20-25 km/h is recommended; here the landing run will
be 10-20 m. Such a landing speed and landing run exclude the
possibility of the appearance of "ground resonance."

To decrease the possibillity of the appearance of "ground
resonance' it follows in all cases to try to achieve as low a
landing speed as possible, but after landing it 1s recommended to
decrease the collective pitch of the rotor rapidly t> a minimum.

Landing like an aircraft is possible with crosswind, but in
this case drift is dangerous, since 1in view of the high location
of the center of gravity of the helicopter, tilting 1s possible.
Wind on the right is the most dangerous. In this case for combating
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drift deflection of the control stick to the right will t'e required.
It is already in the right position. Therefore, at low speeds
there cannot be enough reserve of movement of it to eliminate drift.

The trajectory of landing like an aircraft passes through the
safe "corridor" in the case of engine fallure (see Fig. 64).

Method of fulfillment. Before landing descent is produced with
forward velocity of 100-120 km/h and with a vertical rate of 2-3 m/s..
It is necessary to refine the calculation in such a manner that at
a distance of 350-400 m to the place of landing the height is
25-30 m. Prior to this height it is necessary to set the trim tabs
in a position corresponding to hovering.

From a height of 25-30 m one should start decreasing the
forward and vertical velocities at first by the control stick, and
upon achi:vement of a speed of 80 km/h by moving the throttle
control and a further increase in the collective pitch. With this
the rate of movement of the control stick and "pitch-throttle"
lever should be such that at a height of 3-5 m the speed is 40-50 >
km/h, and vertical velocity 1s 0.5=1 m/s. A further decrease in
speed must be made in such a manner that at the time of landing the -
forward velocity 1is 20-25 km/h, and the vertical velocity 1s
0.1-0.2 m/s.

Before landing it 1s necessary to deflect the control stick
forward and to impart to the helicopter a landing position on the
main wheels. After landing one should lower the "pitch-throttle"
lever and carry out braking in the second part of run by both the
control stick and the brakes.

5. Flying Limitations During Landing

1. Maximum permissible flying weight of the Mi-4 helicopter:

a) for landing on airfields and heliports of the first type -
7350 kg;
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b) for landings at heliports of the second class and corre-
sponding to their sites selected from the air, — 7100 kg;

¢) for landing with loads on the external suspension ~ 7100 ke.
X
2. Landing can be accomplished with a crosswind up to 5 m/s
with its direction at 90° to the line of landing and up to 7 m/s

with a direction of i#5-50°,

3. Landing of a helicopter with limiting nose-heaviness should
be accomplished only upwind.
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CHAPTER VII

GLIDING AND LANDING IN CONDITIONS OF AUTOROTATION OF
THE ROTOR

§ 1. Gliding

l. General Positions and Diagram of Forces and
Moments Acting on the Helicopter

The essence of gliding consists in that the potential energy
of a helicopter lifted to a definite altitude passes into kinetic
energy of a return flight, i.e., to rotation of the rotor and
creation of thrust for safe gliding. Therefore, for such gliding
1t s necessary to design a rotor so that owing to incident flow
from below it revolves in the same direction and creates the same
thrust as in a flight with an operating engine; otherwise, the
potential energy of a lifted helicopter can be turned into energy
of the impact against the ground and into its destruction.

With gliding in the regime of autorotation of the rotor the
following force and moments act on the helicopter (Fig. 83). The
total aerodynamic force of the rotor R together with the cone of
rotation, as on any forward flight, is deflected forward by the
control stick. Force R is decomposed in the bound system of
coordinates into three components: thrust T, longitudinal force <p
B’ Here the lateral force acts to the left

along the plane of rotation.

In the continuous system of coordinates the thrust T and
longitudinal force QB are decomposed each separately into two
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components Tx and T&; QB and QB . Tractive force of the tail
b

rotor 18 directed to the right. Drag Q and weigkt of the helicopter
C acts on the helicopter, and the weight 1is decomposed into two
components G1 and 02. )

The following moments act on the helicopter: 1longitudinal
moment of the aerodynamic force of the rotor, which turns the moment
of the rotor, directed to the right, yawing moment of the taill
rotor, longitudinal and lateral moments of the hub owing to the
spacing of the horizontal hinges, lateral and longitudinal moments
of the tall rotor, lateral moment of lateral force and longitudinal
moment of the stabilizer.

Fig. 83. Diagram of forces and moments
acting on the hellicopter in autorotation
of the rotor: a) view on the left;

b) rear view; c¢) top view.

When gliding in the autorotation regime of the rotor there
should be observed following equilibrium of forces:

a) for the observance of rectilinear flight and constancy of

gliding angle planning 6, force Ty should balance the component of
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welight G1 and component of longitudinal force Qp :
y

T,=0,+Q,;

b) for the uniformity of flight the sum of forces of the
component of thrust Tx’ which consists of the longitudinal force
Qp. and drag of the helicopter Q, should balance the component of

X

weight 02:

T.4Q.,+Q=0,.

¢) for flight without slip the lateral force ZB should balanﬁe
the thrust of the tail rotor:. 2 = Tx.B;

d) for the observance of yawing equilibrium the travel turning
moment of the rotor should balance the yawing moment of the tail
rotor;

e) for the observance of longitudinal equilibrium the sum of
all longitudinal moments with respect to the lateral axis should be
equal to zero: 2Mz = 0;

f) for the observance of the lateral equilibrium the sum of
all lateral moments around the longitudinal axis should be equal
to zero:

M, =0.

If we add the total aerodynamic force of the rotor R and drag
of the body of the helicopter Q by the rule of the parallelogram,
then their resultant will be directed strictly vertically upwards,
balancing the total weight of the helicopter G, as occurs with the
gliding of an aircraft.
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In autorotation of the rotor the pilot seeks the observance of
the indicated equations by corresponding deflection of all control
levers, following readings of instruments and the position of the
helicopter relative to the natural horizon.

2. Property of Autorotation of the Element of
the Rotor Blade

In order to establish how the separate element of the blade
operates in conditions of autorotation, it is necessary to recall
its operation in flight with the engine operating. In any such
flight, even with vertical descent, air passes through the rotor
down from above owing to induced flow, since the magnitude of this
flow in all conditions 1s greater than the speed of vertical descent.
The flow approaching to the rotor, for example, in horizontal flight
with a speed of vr.n iz decomposed into the part of the flow lying
in the plane of rotation, Vl, and into the flow lying perpendicular
to the plane rotation, V, (Fig. 84a). The flow rate of V,, together
with the induced speed v, is directed through the plane of rotation
down from above, and therefore these speeds decrease the angles of
attack of the blades, beveling the total flow W downwards (Fig. 84b).
The 1ift of the element of the blade Y 1s directed perpendicular to
the beveled flow W, and therefore the projection of it on the plane
of rotation Y1 will be directed to the side opposite the rotation
of the blade, and it will exert drag to the rotation. The projection
of drag Q on the plane of rotation Q1 is also directed opposite the
rotation. Consequently, so that blade and rotor will revolve in
flight, it is necessary to apply to it torque from the rotor hub,
and to the hub from the engine — through the transmission, and then
powered flight with any small angle of attack of the rotor will be
accomplished.

On conditions of gliding the airflow passes through the rotor
from bottom to top, since the induced flow v is less than the speed
of flight 1lying on the axis of the rotor shaft (Fig. 84c). The
angle of attack of the rotor A is always positive and large 1in
magnitude. Angles of attack for a separate element of the blade
are also large, since the component of flight speed along the axis
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Fig. 84. Properties of autorotation
of the element of the rotor blade:

a) direction of flow through the
rotor during flight with an operating
engine and in autorotation; b) speeds
and forces acting on the element of
the blade during flight with an
operating engine; c) case of accel-
erated autorotation; d) case of
delayed autorotation; e) case of
steady autorotation; f) case of
gliding of an aircraft.

of the shaft Vu is greater than the induced speed of the given
element. An increase in angles of attack a leads to a deflection
of the full aerodynamic force of the blade element R forward, which
is decomposed into 1ift Y, acting perpendicular to the true flow
rate W, and into drag Q, which acts in parallel to flow W and to
the side opposite the rotation. Having projected 1ift and drag on
the plane of rotation, it is possible to see that the projection of
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11t Yl’ acting along the rotation, 1s greater than the projection
of drag Ql, acting opposite the rotation. Therefore, the element
will obtain accelerated autorotation.

Consequently, so that the element of the blade will have
autorotation, for this it 1s necessary that the total aerodynamic
force R cf the element of blade be directed from the parallel to
the axis of rctation (a-a) forward along the rotation, and then its
projection on the plane of rotation R1 will also be directed along
the rotation. Between the setting angle ¢ of the element of the
blade, 1tvs angle of attack a and angle of quality 6 there should be
following relationship: ¢ < a - 0.

Means, the condition of accelerated autorotation 1is the
indicated 1inequality, and the greater 1t is, the better the conditions
of autorotation. The indicated inequality 1s obtained in the
following way. In Fig. 84c the setting angle ¢, angle of attack a
and angle of quality 0 are transferred to the upper part of the
element of the blade, like angles formed by mutually perpendicular
sides. To obtaln the accelerated autorotation it 1s necessary that
the angle y between the parallel line to the axis of rotation (a-a)
and aerodynamic force R be greater than zero, i.e., so that this
force be 1inclined forward from the parallel to the axis of rotation.
Then tw=(e—0—¢)>0, and s—0me4y Or «a—0>9.

Consequently the less the setting angle (rotor pitch), the
greater the angle of attack of the element of the blade and the less
the angle of quality, the better the element of the blade passes
into autorotation. From this it is seen that for the best transition
of the rotor to autorotation, it 1s necessary to decrease the
collective pitch and the blade profile should have great aerodynamic
quality [lift-drag ratio] with small angle of quality; this 1is
attained by selection of the profile and setting it during auto-
rotation at the optimum angle of attack.

The relationship of the speeds and indicated angles can be
such that the total aerodynamic force of the blade element R can be
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directed in the opposite direction from the parallel to the axis

of rotation of the rotor (Fig. 84d). Then its projection on the
plane of rotation Rl willl be directed to the side opposite rotation.
The projection of 1ift Yl on the plane of rotation will be 1less

than the projection of drag Ql’ and the element will obtain delayed
autorotation. The rotor can cease rotation and will start to
rotate in the opposite direction. 1In this case angle y is less

than zero, i1.e., negative, then e>a—0.

However, there can be selected such conditions (relationships
between shown speeds and angles) that force R of the element will
be directed strictly in parallel to the axis of rotation of the
rotor (Fig. 84e), and then 1ts projection on the plane of rotation
will be equal to zero. Projections of 1lift Y1 and drag Ql on the
plane of rotation will be equal to each other, and the element
will obtain steady autorotation. In this case the angle y will be
equal to zero:

Jm=(s—0—¢)=0, and e=ec—0.

For an even better understanding of the essence of autorotation
of the blade element, let us compare 1its operation with the operation
of a wing during gliding of an aircraft. It is known that during a
steady glide the total aerodynamic force R, directed perpendicular
to the horizon upwards acts on the wing of an aircraft (Fig. 84r).
Let us decompose force R into 1ift Y and drag Q and project them on
the horizontal plane. We see that projections of their YlQl are
equal and directed to the opposite sides. This means that the
aircraft moves forward in view of the presence of 1ift formed by
the wing. With this the aircraft will not fly horizontally, even
more so with 1lift, but will fly with descent, since besides 1ift
the force of its own welght acts on it.

Further let us imagine mentally that the aircraft is secured

behind the right cantilever of the wing hinged tc some body as 1s
done for the rotor: the blade s Joined to the rotor shaft through

the hub. Then we will obtain the picture depicted in Fig. 8l4e,
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i.e., the aircraft will not accomplish rectilinear motion but will
revolve around the body, simultaneously descending, as occurs with
a separately taken blade. 1In these cases we will obtain conditions
of steady glide of the aircraft and autorotation of the blade
element, but these conditions can be both for an aircraft and for
an element of the rotor blade with acceleration or deceleration,
which 1s depicted in Fig. 8lc, 4.

Reserve of autorotation. Angle a - 8 constitutes the reserve
of autorotation: the greater thils angle, the better the element
of the blade passes to autorotation and conversely. But this angle
depends on the angle of attack of the blade element of a. On the
polar of the given profile it 1s possible to construct a curve of

the dependence of the angle a - 6 on angles of attack of the blade
element a; then this will be the graph of the reserve of autorotation
of the given profile (Fig. 85).

Py S=C~
Wy~ = L " b
s A

Fig. 85. Graph of the reserve of
autorotation of the blade element.

A8 can be seen from the graph, angle a - 6 1s increased up to
the critical angle attack, beyond the critical 1t decreases, and at
angles attack from 20° to 80° it takes a negative value. 1If,
however, on the vertical axis of a - 6 we plot the angle corre-
sponding to the angle of blade element ¢ (collective pitch), for
example, 5°, and draw a horizontal line intersecting the curve,
then we will obtain zones corresponding to the accelerated, steady
and delayed autorotation of the blade element. At angles of attack
from zero to point A the element will have delayed autorotation,
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since here the setting angle ¢ 1s greater than angle o - 8(¢ > a - 0).
At angles of attack from point A to point B the element will have
accelerated autorotation, since here a - 8 > ¢. Point A at angles

of attack corresponding to points A and B will be steady autorotation,
since here ¢ = a - 0,

Steady autorotation of the blade element will occur only on
the section of angles of attack from point A to point B, at large
angles of attack the element will operate under conditions of
separation of flow and stable autorotation of it cannot occur.
Point A at angles of attack of the blade element with a negative
value of the angle a - 6 will be the reverse rotation of the element.

From the graph it 1s also clear that the smaller the setting
angle, then 1in a large region of angles of attack the element will
have accelerated autorotation. Consequently, for the best transition
of the whole rotor to autorotation, a decrease 1in its collective
pitch 1s necessary.

3. Property of Autorotation of the Blade and Rotor

Property of autorotation. Along the length of the blade there
are different peripheral velocities, various setting angles owing
to the twist and various angles of attack, and therefore separate
elements of the blade, depending upon the distance to the axls of
rotation, will have unequal properties of autorotation.

Investigations have established that elements of the blade,
located from the root to 0.7 of the radius of the rotor, operates
in conditions of accelerated autorotation in view of low peripheral
velocities. Angles of attack for these elements are large and the
inequality a - 6 > ¢ 1s obtained in spite of the fact that the
setting angles at these places are larger due to the geometric .
twist (Fig. 86). Elements of the end part of the blade operate in
conditions of delayed autorotation; in view of the high peripheral
velocities the angles of attack are small, and even with the
smallest pitch of the rotor 1t is impossible to obtain the inequality
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Fig. 86. Properties
of autorotation of
the rotor blade.

a - 0 > ¢ or equality a - 6 = ¢, and only the inequality ¢ > a - @
is obtained. Only one element, the transition element, will operate
in conditions of steady autorotation (see Fig. 85, point A).

If torques of the root part of the blade, which provide
acceleration, are equal to the braking moments of the blade tip,
which provided deceleration, then the blade as a whole will obtailn
steady autorotation; if they are greater than the braking moments,
the blade will obtain autorotation, and i1f the torques are less
braking, the blade will obtain delayed autorotation.

It is impossible to consider deceleration of the end part of
the blade a negative phenomenon, since i1f these moments were not
present, then it would be impossible to achieve steady autorotation
for the blade, which would lead to acceleration, great centrifugal
forces and 1ts destruction.

Properties of autorotation of the whole rotor will be composed
of properties of autorotation of each separate blade. If torques
of all blades are equal to braking moments of ends of the blades,
then the rotor will obtain steady autorotation with a constant
number of revolutions. If, however, torques are greater than the
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moments of braking of ends of blades, then the number of revolutions
wlll be increased, and if torques are less than the braking moments,
the rotor will decrease the revolutions.

But in autorotation not only one rotor revolves, but the whole
transmission and tail rotor, which have friction and drag. To
maintain the constant number of revoltuions of the whole transmission,
it is necessary that torques of root parts of blades balance the
braking moments of end parts of the blades, and also friction in the
whole transmission and drag to rotation of the tail rotor.

Revolutions of the rotor in autorotation. From what has been
examined 1t i1s clear that revolutions of the rotor in autorotation
can be controlled by the collective pitch of the rotor. If the
collective pitch 1s decreased, the properties of autorotation of the
blades are improved, accelerated autorotation for each blade and
rotor as a whole advances, and the number of revolutions of 1t 1is
Increased., With this number of revolutions will not 1increase
infinitely but will be set corresponding to the assigned collective
pitch. This occurs for the following reasons: a decrease in pitch
leads to an improvement in properties of autorotation of the root
part of the blade and an increase in revolutions, but an increase
in revolutions leads to an increase 1in peripheral velocity of ends
of the blades, and this 1n turn — to a decrease in angles of attack.
Thereby the large inequality ¢ > a - 8 advances, which, by increasing
deceleration of the end parts of the blades, ceases a further
increase in the revolutions.

With an increase in collective pitch of the rotor there will
occur the same phenomena, only in reverse order: properties of
autorotation of root parts of blades will worsen, which will lead
to a drop in revolutions of the rotor; with this the peripheral
velocities of end parts of the blades will decrease, angles of
attack will increase, deceleration will decrease and the decrease
in revolutions will be ceased, i.e., again the constant number of
revolutions of the rotor corresponding to the given pitch, advances.

276



From this, of course, 1t does not follow that it is possible
to increase the collective pitch of the rotor to any value of it
and always with this to obtain a steady number of revolutions.
Conversely, it 1s dangerous to load the rotor, since with this it
can cease autorotation.

The optimum (most advantageous) numbers of revolutions of the
rotor in autorotation are considered the nominal revolutions of
powered flight at which the rotor develops maximum thrust and
thereby ensures minimum vertical velocity of descent. This means
that in autorotation it 1s necessary to maintain by collective
pitch the nominal number of revolutions (for the Mi-4§ helicopter —
2400 r/min on the combined indicator). But 1t is difficult to hold
only these revolutions, since constant attention on the part of the
pilot 1s required. On this basis in practice there is established
a rather large range of permissible revolutions in autorotation.
Such a range of permissible revolutions for the Mi-4 helicopter are
revolutions from cruising to nominal (2200-2400 r/min). Within
limits of the indicated range of revolutions the thrust of the rotor
remains maximum, and it ensures the minimum vertical velocity of
descent depending upon the revolutions.

A decrease in altitude of flight with autorotation and constant
pitch leads to a decrease in revolutions of the rotor owing to the
increase 1in ailr density and in connection with this the increase in
drag. Therefore, with the apprcach to the ground it 1s necessary
to watch the revolutions on the combined indicator, not allowing
them to be lower than 2200 r/min, and with a decrease in them lower
than this number it is necessary to decrease accordingly the
collective pitch of the rotor. Therefore, the 1lift system should
be regulated in such a manner so that near the ground with a
completely decreased pitch and with the minimum possible flying
weight the rotor in autorotation develops not less than 2200 r/min
(according to needle "R"). Then in the whole range of altitudes
and for any flying weight the revolutions can be maintalned within
permissible 1limits with the help of the "pitch-throttle" lever.



Autorotation of the helicopter. The Mi-4 helicopter well
accomplishes vertical autorotation, but with this a high speed of
descent 1is obt .ined, and the piloting technigue 1s complicated.

On this basis vertical autorotation in flight practice is forbidden.
However, such autorotation can be needed in the case of engine
failure in vertical conditions of flight. Flight in autorotation of
the rotor with forward velocity has considerable distinctions from
vertical descent.

In forward flight the rotor obtains oblique airflow, which
complicates streamline flow and the whole rotor operation. Further-
more, in different aximuthal positions the blades have different
properties of autorotation, since speeds of flow, angles of attack
and setting angles owing to flapping motions change. But in spite
of this, the rotor obtains steady autorotation. With oblique
airflow conditions of operation of the rotor are improved, and it
develops great thrust, and therefore vertical velocity of descent
of the helicopter decreases.

At the economic flight speed the rotor develops maximum thrust,
and therefore at this speed the minimum vertical velocity of descent
decreases; it is twice less than that in vertical autorotation.
Besides that, during flight with forward velocity stability and
controllability are improved, which considerably facilitates the
plloting technique and ensures complete safety of the flight and
landing.

4. Rates of Descent

Forward velocity. On the Mi-4 helicopter any forward velocity
in autorotation of the rotor in principle can be allowed in the
range of permissible speeds in horizontal flight with respect to
altitudes. But for the simplification of the piloting technique
and complete safety of flight the following permissible indicated
speed range with respect to altitudes 1s set:
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Altitude, m Speed, km/h

Above 300 ............ P 100
e 00 .. ... ..t . 130
B L .o 140
s 80 ............ e e e e 199

The permissible safe speed range 1s necessary in the case of
correction of the calculation for landing in autorotation of the
rotor. An indicated forward velocity 1irrespective of altitude 1is
recommended at 100 km/h. At this speed the minimum vertical
velocity of descent is obtained.

Vertical rate of descent. The magnitude of vertical veloclity
when gliding in autorotation of the rotor has a high value, since
tnis 1is connected with the safety of landing in this regime of
flight during engine failure or for other reasons. The magnitude
of vertical velocity depends on the flying weight of the helicopter
(specific locad), flight-path speed, collective pitch of the rotor
(number of revolutions), altitude of flight and atmospheric
conditions.

With a decrease in the altitude of flight the vertical rate of
descent, other conditions being equal, decreases in view of the
increase in air density.

An increase in alr temperature and decrease in its pressure
lead to a decrease in mass density, and therefore the vertical
velocity, other conditions being equal, is increased and conversely:
with a decrease in temperature and increase in pressure the vertical
velocity decreases.

An increase in flying weight, other conditions being equal,
leads to an increase in the vertical rate of descent.

If we examine a concrete flight of a given helicopter and in
glven time, 1its flying weight and atmospheric conditions do not
change, and then the vertical velocity will change only because of
a change in forward velocity, the number of revolutions and altitude
of the flight. If, however, the revolutions are taken as the
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optimum at which the vertical velocity from revolutions is minimum,
and the change in vertical velocity from the altitude of flight 1is
disregarded in view of its insignificant decrease with a decrease
in altitude of the flight, then the vertical velocity will be
changed only from the speed of the flight path, which is expedient
to examine in connection with the great practical importance of
this problem.

The greatest vertical rate of descent will be during vertical
autorotation and can be determined in the standard atmosphere at
sea level by the formula

Vy=4V5p (m/s ], (40)
where p — specific load on the disk surface.

The minimum rate of descent can occur during forward flight and
is determined for the same conditions by the formula

v’-‘o‘ﬁlm/ﬂl- (41)

To determine the vertical rate of descent in conditions of
autorotation at any forward velocity the following formula can be

applied:
V,-ﬁ'.‘al’u. lm/sll. (42)

In the aerodynamic design of the Mi-4 helicopter the vertical
velocity in autorotation with a collective pitch of 5° is determined
by the formula

Vy=V,sinl, ) (43)

lwith gliding the action of the force of weight of the

av,
helicopter per second (power)-ﬁf is equal to the required power
for flight of the helicopter Nn . Solving this equation with

respect to Vy, we will obtain formula (42).

280



where 8 — gliding angle.

According to the given formulas, and also as a result of flight
tests, 1t has been established that the minimum vertical velocity,
Just as when descending with an operating engine, will occur at the
economic forward velocity, since the rotor at this speed has the
best conditions of operation and develops maximum thrust with other
conditions being equal. For the Mi-4 helicopter with a flying
welght of 7350 kg in standard atmospheric conditions at sea level,
the minimum vertical velocity with a forward indicated velocity of
100 km/h will be 8.5 m/s.

By increasing or decreasing the forward velocity form the
economic, in both cases the vertical velocity 1s increased in view
of the impairment of conditions of operation of the rotor and
decrease in its thrust. Thus, at a speed of 140 and 60 km/h the
vertical rate of descent will be 12 m/s and during vertical
autorotation — about 16 m/s. For a helicopter with all-metal blades
the vertical rate of descent at all forward velocities is less than
that for a helicopter with blades of mixed construction in view of
the higher dynamic properties of this rotor.

Figure 87 shows curves of the change in vertical rate of
descent in autorotation of the rotor during gliding of the Mi-U
helicopter obtained in one of the test flights.

Consequently, in order to obtain the minimum vertical rate of
descent, it is necessary in autorotation to hold the flight-path
speed at the economic — for the Mi-4 helicopter it is 100-110 km/h
and the optimum number of revolutions is 2200-2400 r/min.

5. Gliding Angle and Distance of Gliding
In contrast to an aircraft the range of permissible angles of
gliding for the helicopter is rather large — from minimum to 90°.

Large gliding angles at low speeds make it possible to surmount
obstacles on borders of sites where forced landing should be
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Fig. 87. Vertical rate of descent in autorotation
of the rotor: 1 — with all-metal blades at an
altitude of 1000 m when t = ~7°C, Gnon = 7125 kg

and Npg = 2200 r/min; 2 — with blades of mixed

construction at an altitude of 1100 m at t = 10°C,
Gnon ™ 7200 kg and Npp ™ 2200 r/min.

Fig. 88. Change in angles of gliding and rate of
vertical descent in autorotation of the rotor with
a flying weight of the helicopter of 7350 kg.

performed. Small gliding angles give accordingly great distance of
gliding and the possibility of selecting a good site for landing.

The gliding angle can be determined by the formula

=—573-22 1, (4)
Ve

The minimum gliding angle, and this means maximum range of
gliding, will be at the optimum speed of horizontal flight (gliding).
It has been established by flight tests that the minimum gliding
angle for the Mi-4 helicopter with a flying weight of 7350 kg will
be at an indicated forward velocity of 120 km/h and will be 1lU4°
(Pig. 88). By decreasing or increasing the forward velocity, the
gl1iding angle in both cases will be increased. At a speed of 60
km/h it will be 35°, and at a speed of 140 km/h — 16°.

‘-‘;l;-olu. but since 6 1s small, then %’--uc, and the tangent
[ _J [ ]

of small angles 1is equal to the actual angle expressed in radians,
?nd therefore the gliding angle in degrees 1s expressed by formula
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At a speed of 120 km/h there can be obtailned the maximum range
of gliding

L.. —Hctg'n_,.. (“5)
where H 1s the altitude from which gliding starts.

Substituting the value of the minimum gliding angle, we will
obtain the maximum range of gliding for the Mi-U4 helicopter:
Langue =H-ctg14°=H.4011, 1.e., the maximum range of gliding higher than
the altitude of flight by four times. According to these data it
is possible to judge approximately the lift-drag ratioc of the
helicopter. As can be seen from the given example, the maximum ratio
for the Mi-U4 helicopter on the average will be equal to 4., Because
of the small 1lift-drag ratio of the helicopter, its gliding proper-
ties are low.

Being guided by the magnitude of velocity of gliding at which
the gliding angle is minimum and the distance 1s maximum, 1t 1s
possible to judge the method of refinement of the calculation on
forced landing when gliding 1n autorotation of the rotor. If the
speed of gliding 1s less than 120 km/h, then with an undershot to
the landing site 1t 1s necessary to increase the speed but not more
than 120 km/h. Then the gliding angle will decrease, and distance
will be increased; in an overshot 1t 1s necessary to decrease the
speed, thereby reducing the distance of gliding.

6. Processes Occurring During the Transition of the
Helicopter from Powered Flight to Gliding
During Engine Failure
(Throttle Down]

The gliding of a helicopter without the engine operating is
not an emergency flight, but a standard strictly calculated and
safe flight, just as the gliding of an aircraft. This form of
flight is applied not only when the engine fails but also in other
cases: for urgent descent, for training purposes, during all forms
of abnormal behavior of the helicopter and malfunctionings appearing
in flight.
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Processes occurring during engine failure or intentional
throttling down for the purpose of the transition to gliding are
absolutely analogous. Let us imagine that during some flight the
engine falled, or the pilot throttled down. Then this will lead in
the first place to a decrease in the number of rotor revolutions
and to a decrease in its thrust, and the helicopter will acquire
vertical veloclty to descend. Descending will lead to an increase
in angles of attack of the rotor and angles of attack each
separate blade, which will promote transition to autorotation of
the rotor. A decrease in revolutions of the rotor immediately after
turning off the englne will lead to a decrease in centrifugal forces
of the blades. The angle of conicity will be increased, and the
flapping controls will automatically decrease the setting angles
for all blades by the same value, i.e., will automatically decrease
the collective rotor pitch (not through the automatic pitzh-control
mechanism, but through the flapping control). A decrease in setting
angles, as established earlier, will also lead to an improvement in
properties of autorotation of every blade and the rotor on the whole.

Furthermore, the pilot decreases the collective rotor pitch as
during engine failure just as with intentional transition to auto-
rotation. A decrease in collective pitch through the automatic
pitch-control mechanism even more promotes transition of the rotor
to autorotation. Therefore it 1s recommended, especially during
engine failure, independently of flight altitude, to decrease
immediately collective pitch for 1-2 s down to the minimum, and
only then set the necessary revolutions by the corresponding position
of the "pitch-throttle" lever. The greater the altitude of flight,
even greater should be the collective pitch, and with descent it
must be periodically reduced for maintaining revolutions within the
optimum, since owing to the increase in air density with descent
the revolutions at constant pitch will decrease.

With the action by the collective pitch lever the stabilizer
operates, since control of it 1s interlocked with the control of the
collective pitch. Therefore, when lowering the "pitch-throttle"
lever downwards the adjusting angle of the stabilizer will decrease,
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and when lifting it — the angle 1s increased. Consequently, when
lowering the "pitchethrottle" lever the stabilizer will create
great positive pitching moment, which will begin to prevent the
pulling of the helicopter into a dive, observable in autorotation.

The pitching created by the stabilizer will lead to an increase
in angles attack of the rotor and blades, and this also will promote
the best transition of the rotor in autorotation.

After engine fallure (throttle down) 1n view of the disappearance
of active torque, the reactive moment also vanishes and the
helicopter tries to turn right both because of the remaining yawing
moment of the tail rotor and due to the turning moment of the rotor
(friction in the transmission and drag of the tall rotor). To
prevent such a turn the pilot should depress the left pedal forwarad
and thereby shift the pitch of the tail rotor to negative and create
thrust in the opposite direction (to the right). The yawing moment
of the tall rotor will act to the left and will balance the moment
of the rotor. However, flapping motions and deflection of the cone
of rotation of the rotor will remain the former, and therefore the
lateral force zB will be directed to the right and together with
thrust of the tail rotor will create to the helicopter a right slip
and bank. The pilot will have to shift the control stick to the
left, thereby deflecting the cone of rotation and directing the
lateral force to the left. Then this force will balance the thrust
of the tall rotor, and the helicopter will accomplish gliding
without bank and slip (see Fig. 83).

For transition from powered flight at a speed of 100 km/h to
a steady glide for the Mi-li helicopter about 8-10 s 1s required.
During that time an altitude of about 80 m is lost.

7. Peculiarities of Gliding and Its Fulfillment

Before transferring the helicopter to the regime of autorotation
of the rotor, it is necessary to set the indicated speed at 100-120
km/h, decrease the collective pitch to a value corresponding to the
steady state of autorotation at the given altitude, and throttle down
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to the divergence of needles of the combined indicator at 100-200
r/min. Revolutions of the rotor should be maintained by the "pitch~
throttle" lever within 2200-2400 r/min (by the needle "R"), and engine
revolutions should be less than rotor revolutions by 100-200 r/min
(by the needle "M"). The higher the altitude of flight, an even
greater pitch 1s necessary for retaining the optimum revolutions.
The approximate value of collective pitch with respect to the
altitudes will be the following: at altitudes over 3000 m — €°, at
the altitude of 2000 m - 5°, at the altitude of 1000 m - U4°, and at
altitudes lower than 500 m — 3°. But it is necessary certainly to
be guided by the numbers of rotor revolutions. If the revolutions
are low, it 1s necessary to decrease the collective ptich, and if
they are high — increase “he collective pitch. With such action by
the "pitch-throttle" lever, revolutions of crankshaft of the engine
will be changed. Therefore, in order to prevent convergence of
needles of the tachometer and thereby avoiding sharp blows in the
transmission with an increase 1n pitch, 1t is necessary to move the
throttle control to the left.

During gliding the control levers will occupy the following
position. By the "pitch-throttle" lever the collective pitch
necessary for maintaining optimum revolution is set. The throttle
control occuples such a position at which the needles of the
tachometer are separated by 100-200 r/min. The left pedal is moved
forward for preventing in autorotation a turn of the helicopter to
the right because of friction of the transmission and drag of the
tail rotor. The control stick 1s deflected to the left in order to
balance the thrust of the tall rotor directed to the right (flight
occurs without bank and slip). In a longitudinal relation the
control stick occupies a position necessary for retention of the
assigned speed, but as compared to a flight with an operating engine
at the same speed its position will be somewhat deflected back (in
gliding the helicopter has a tendency to dive).

Pressures appearing on the lever and pedals are removed by
the "trim tabs."
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Gliding turns are allowed with a bank of not more than 20°,
since there cannot be enough reserve of deflection of the control
vanes for creation of the correct turn.

Transition to powered flight 1s produced by a smooth reduction
of the tachometer indicators by the throttle control with subsequent
increase in power by the "pitch-throttle" lever. Then 1t 1is
necessary to balance the helicopter by all control levers for such
a flight.

There can be cases when with the reduction of the tachometer
indicator the tachometer indicator of the crankshaft of the engine
(M) will exceed readings of revolutions of the rotor (R). This will
indicate the fact that the freewheeling clutch did not connect the
transmission with the engine. In such case 1t is necessary to make
one more attempt of transition to powered flight by smooth repeated
matching of the tachometer indicators with the help of the throttle
control. If such an attempt will not connect the transmission with
the engine, it is necessary to land in autorotation of the rotor,
preliminarily turning off the ignition.

With engine faillure it 1s necessary with an energetic motion
of the "pitch-throttle" lever downwards to decrease the collective
pitch down to that necessary for autorotation at a given altitude.
Simultaneously with this, depress the left pedal forward and control
stick to the left, and then balance helicopter. If the speed of
flight is great, it 1s necessary by deflection of the control stick
to decrease 1t down to 100 km/h; remove pressure from the control
stick and pedals by the trim tabs. Rotor revolutions must be
maintained not lower than 2200 r/min. After that turn off the
ignition of the engine. Hold the speed of 100 km/h down to an
altitude of 100-150 m. At this height decrease the forward velocity
down to 70-80 km/h and be prepared to land in autorotation.

8. Flying Limitations for the Mi-4 Helicopter in Autorotation

1. Maintain forward velocity depending upon the altitude on
the Mi-4 helicopter in the following limits:
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Altitude, m Speed, km/h

Above 3000 . . . . ... ¢t et eer oo 90—100
20 ........... ct e e e e 70130
1000 ...... . e e e e e 0—140
800 /. .. it e “ e e 80150

2. Hold the rotor revolutions in the range of 2200-2400 r/min
({by the needle "R").

3. Make turns with a bank of not more than 20°,

§ 2. Landing

l. General Positions

Landing in autorotation of the rotor 1is applied during engine
fallure, breakdown of the transmission, failure of the tail rotor,
fire in the engine section and for training purposes.

When gliding with a forward velocity the helicopter possesses
a reserve of energy of motion of the hellicopter and rotation of the
rotor. The physical meaning of landing of the helicopter in
autorotation of the rotor 1is that the energy of motion of the
helicopter and rotation of the rotor are used by the pilot with
action by control levers for decreasing the forward velocity and
rate of vertical descent down to a minimum at the time of the landing.

If, however, the "pitch-throttle" lever 1is energetically moved
upwards, then move energetically the control stick of the rotor
back and then angles of attack of the rotor and each blade separately
are increased, conditions of their autorotation will be improved,
the number of rotor revolutions will increase, as well as the
thrust, and the helicopter will decrease both the forward velocity
and vertical rate of descent. With this energy of the motion of the
helicopter 1is used.

If during gliding in autorotation the nonincrease of the
collective pitch at high revolutlions will lead to a short-term
augmentation of thrust of the rotor, as a result of which the
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vertical rate of descent will decrease. Here energy of rotation of
the rotor is used.

Revolutions of the rotor will decrease and, if such loading of
the rotor 1s produced far from the ground, then after a short-term
decrease in vertical velocity it will increase, and the rotor will
cease rotation.

The problem of landing of the helicopter in autorotation of the
rotor 1s that 1t 1s necessary to activate the control levers so that
forward and vertical velocity are minimum only prior to the instant
of touchdown. A low forward velocity gives a short run after
landing, and a low vertical velocity ensures smooth landing without
damage to the helicopter.

Depending upon what kind of energy 1s used for landing, it is
possible to present for a single-rotor helicopter three methods of
landing in autorotation. If only the energy of motion of the
helicopter 1is used, then such landing is called "aircraft" and 1is
fulfilled as the landing of an aircraft only by control stick. 1If
only the energy of rotation of the rotor is used, then such a
landing 1is called "with application of the collective pitch" and is
fulfilled only by the "pitch-throttle" lever. If, however, for
landing both energles of motion and rotation are used, then such a
landing 1s called "combined" and is fulfilled by both control levers.

With this in all cases for holding the direction the pedals
are used.

For a concrete helicopter depending upon 1ts pecullarities,
there is developed a special method cf carrying out every form of
landing. Selection of the method of landing depends on the character
of the failure of the equipment ¢f the helicopter and on peculiar-
ities of the site where the landing should be performed, which 1is
decided by the pilot in concretely forming conditions.
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2. Landing Like an Alrcraft

Theory of landing. This form of landing 1s applied only when
for some reason it 1s impossible to use the "pitch-throttle" lever
for landing. When landing llke an aircraft only kinetic energy of
the motion of the helicopter 1s used, and it 1s fulfilled, as the
landing of the helicopter, only by the control lever. Since with
this form of landing only the energy of motion 1s used, then it is
desirable in gliding before the landing to hold a high speed (for
the Mi-4 helicopter not less than 100 km/h).

This form of landing consists in the following stages: approach
to land, leveling off, short-term holding off, landing on the main
wheels and a run with shift of the helicopter to the front wheels

(Fig. 89).

Creation of Bosinning of 1%,
the landing lovolin'g of f (g3
osition 47
Vioc 9 Jom /b oontrol stick =t
forward )

' Lage s Wilm -,

Fig. 89. Landing like an aircraft in
autorotation of the rotor.

From an altitude of 10-12 m leveling off 1s produced by an
energetic motion of the control stick back. Here the angles of
attack of the rotor are increased, conditions of autorotation are
improved, revolutions and thrust of the rotor increase, and forward
and vertical velocity decrease.

If the speed of gliding i1s low, then in view of the insufficient
reserve of the energy of motion, deflection of control stick back
will not give a desirable result. Furthermore, in apite of the
fact that the speed 1s high, it 1is necessary to deflect the control
stick back quite energetically and at great magnitude in order to
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considerably increase the angles of attack and thereby decrease both
the vertical and forward velocity. With this the tail support will
appear below the level of the main wheels. Therefore, before the
actual landing by deflection of the control stick forward it is
necessary to put the helicopter in a landing position on the main
wheels. The helicopter lands at high speed (for the Mi-4 helicopter
about 90 km/h), and therefore a long run is obtained — not less than
160 m.

Landing like an aircraft 1in autorotation has the following
deficiencies. 1In view of the high landing speed there 1s required
a rather large, even and hard surface, which cannot always be found
during engine fallure. The landing run of the helicopter is also
long and on the average 1s about 160 m, and the landing distance
ts over 400 m. Furthermore, with this method of landing breakdown
of the tall rotor 1s possible, since to obtain a low vertical
velocity 1t 1is necessary to deflect the control stick back ener-
getically and at great magnitude for increasing the angle of attack
of the rotor. Before landing it 1s necessary by moving the control
stick forward to put the helicopter in a landing position, which 1s
not always successful in view of the short time interval and also
the insufficient controllability, which usually leads to breakdown
of the tail rotor.

In the presence of such deficliencies this method of landing,
although it was applied earlier for training in airfield conditions,
at present is not recommended by the manual Flying Operation of the
Mi-4 Helicopter. It can be applied only in exceptional cases when
it 1is impossible to apply other methods, for example, because of
the jamming of the "pitch-throttle" lever or if 1t 1is in the
upper position.

3. Landing with the Application of Collective Pitch
of the Rotor

Theory of landing. As was shown earlier, when landing with
the application of general plitch kinetic energy of the rotation of
the rotor 1s used. For the Mi-4 helicopter the method of this form
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of landing 1s such that in this case there is used energy of rotation
of the rotor and energy of motion of the helicopter, and it approaches
nearer to the combined form of landing, although the name has been
preserved as for landing with the application of collective pitch.

The method of landing with the application of collective pitch
is the simplest and the safest, and therefore it has obtained wide
application both for training and in industrial conditions.

A deficiency of this method of landing 1s that it can be applied
only in the presence of an even surface and area sufficient in
dimensions, since such a landing must occur with a run. For the
Mi-4 helicopter landing run composes on the average of about 100 m,
and the landing distance is 170-190 m. On this basis landing with
the application of collective pitch cannot always Le applied,
especially where there is a limited site or greatly rugged terrain.

The speed in gliding before landing of the Mi-4 helicopter must
be held in the range of 70-120 km/h, the recommended speed at which
the method of piloting 1s simplified and a short run is obtained -
70-80 km/h. The landing approach should be fulfilled, as far as
possible, into the wind or with the wind on the right. A landing
approach with a wind of more 3-5 m/s on the left can lead to the
fact that there will not be enough reserve deflection of the control
stick to the left to eliminate drift, because in autorotation of the
rotor for balancing the helicopter it is deflected to the left.

A headwind increases the curvature of the glide path, and a
tailwind decreases it, and therefore in order to obtain a glide path
corresponding to the speed of 70-80 km/h in a calm, it is necessary
with a headwind to increase the speed, but not by more than 110 km/h,
and with a tailwind decrease it, but not less than 60 km/h.
Maneuvering at speeds for a landing calculation should be finlished
at an altitude of not lower than 50 m.

Leveling off must be started at an altitude of 25-35 m by
deflection of the control stick back (Fig. 90). The greater the
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Fig. 90. Profile of landing in autoro-
tation of the rotor of the helicopter
with the application of collective pitch.

speed of gliding, the less the altitude needed to start leveling

off. After this from an altitude of 15-25 m 1t is necessary by
smooth motion of the "pitch-throttle" lever upwards to start
increasing the collective pitch of the rotor with such calculation
that at the instant of touchdown of the helicopter the collective
pitch is maximum. It is necessary to remember that it is possible

to use the energy of rotor rotation by motion of the "pitch-throttle"
lever upwards only once.

Pigure 91 gives the dependence of the altitude of the beginning
of leveling off by the control stick and the altitude of the
beginning of the increase in collective pitch of the rotor by the
"pitch-throttle" lever depending upon the speed of gliding in
autorotation for the Mi-U4 helicopter with a normal flying weight.

With such leveling off the pitch angle can be about 15°, for
which the tail support will appear lower than the main wheels of
the landing gear (three-point position of the helicopter will be an
angle of pitch of 9°). To put the helicopter into a landing position,
it 1is necessary from an altitude of 5-6 m to move the control stick
forward in such a manner that landing occurs on the main wheels or
on all wheels simultaneously (see Fig. 90).

The magnitude of the landing speed for a given flying weight
will depend on the velocity of gliding: the higher the speed of
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Fig. 91. Dependence
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beginning of the action
by control levers on
the speed of gliding
in landing with the
application of collec-
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beginning of leveling
off by the control
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gliding, the higher the landing speed (Fig. 92).

The magnitude of the run depends on the landing speed, which
in turn depends on the speed of gliding. The dependence of the
magnitude of the run after landing on the speed of gliding 1s shown
in Fig. 93. As can be seen from the figure, at a gliding speed of

80-82 km/h the run will be 100 m.
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Fig. 92. Dependence of landing speed on the speed
of gliding in autorotation of the rotor for the
Mi-4 helicopter with a flying weight of 7100 kg.

Fig. 93. Dependence of landing run on the sgeed
of gliding autorotation of the rotor for Mi-
helicopter with a flying weight of 7150 kg.
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The vertical rate of descent at the time of landing and the
overload depend on the speed of gliding before landing: the higher
the speed of gliding, the less the vertical velocity and overload.
Thus, at a speed of gliding of 70-80 km/h the vertical velocity at
the time of landing will be about 2 m/s, and the overload at the
time of landing — about 1.75. The average gliding angle from an
altitude of 25 m will be about 15°, and the time of descent from an
altitude of 50 m will be about 10 s. At the time of landing the
rotor will have 1700 r/min.

Method of fulfillment. Landing in autorotation of the rotor
with the application of collective pitch for training purposes 1is
fulfilled in the following way. It 1s necessary to transfer the
rotor into autorotation and balance the helicopter by all control
levers., After divergence of the needles of the combined tachometer
one should turn off the engline by the manual lever of control of the
pump NV-82V, disengage the clutch, turn off the ignition and cover
the fire valve. Then it 1s necessary to set the speed at 70-80 km/h
and revolutions of the rotor at 2200-2400 r/min. From an altitude
of 25-35 m 1t is necessary to start leveling off by the control
stick, deflecting it back, and from an altitude 15-25 m by smooth
motion of the "pitch-throttle" lever upwards increase the collective
rotor pitch with such calculation that at the instant of touchdown
it 1s maximum. At an altitude of 5-6 m deflect the control stick
forward to put the helicopter into a landing position. After landing
it 18 necessary to decrease the collective pitch down to a minimum,
and to decrease the landing run apply braking of the wheels.

During engine fsilure such a landing is fulfilled in the
following way. After engine failure one should quickly decrease the
collective pitch to a value necessary for obtalining revolutions of
the rotor within 2200-2400 r/min at a given altitude. Then balance
the helicopter in these conditions by the control stick and pedals.
If the speed with this is high, it is necessary to decrease 1t to
100 km/h and turn off the ignition. After that at an altltude of
100-150 m set the speed at 70-80 km/h and refine the landing pattern
by changing the speed of gliding. Further actions should be the
same as when landing for training purposes.
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4, Combined Landing

In general wiph this method of landing, as was established
earlier, the energy of motion of the helicopter and rotations of
the rotor by both control levers are completely used for short-term
augmentation of thrust of the rotor and decrease in forward and
vertical velocities to the minimum possible at the instant of
touchdown. Therefore, this method permits landing without a run or
with a very short run. This method of landing is applied when it 1is
necessary to produce it on a site limited in dimensions, with poor
approaches or a greatly dissected terrain when a run after landing

is impossible.

Since the Mi-4 helicopter 1s heavy, a special method of this
landing has been developed for it.

1. The speed in gliding decreases beforehand and it must be
reduced to the minimum permissible with autorotation of the rotor
(50-60 km/h). With this the vertical rate of descent 1s great and
will be about 10 m/s for a helicopter with blades of mixed
construction and about 8 m/s for a helicopter with all-metal blades
(Fig. 94).

Increase in

collective @v
pitch of the
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Fig. 94. Combined landing in auto-
rotation of the rotor.

#Translator's Note: Unverified but possibly Scientific Research
Institute of Aviation Technology.
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2. From an altitude of 30-35 m 1t is necessary to start a
smooth increase in the collective pitch with such calculation that
at the instant of touchdown it 1s maximum. Here the thrust will be
increased, and the forward and vertical velocitiles decrease.

3. From an altitude of 5-6 m by deflecting the control stick
back one should decrease the forward velocity to the minimum possible.
The vertical speed remains high before landing, about 3-3.5 m/s.
Landing occurs without a run or with a short run of about 5-10 m.

A deficiency of such landing is that the high vertical velocity
at the time of landing causes an overload of 3 and therefore does
not guarantee complete safety. Furthermore, with such a landing
destruction of the tall rotor and tail boom 1s possible also. On
this basis this method of landing for trainings is not applied, but
it 1s recommended by the manual Flying Operation of the Mi-4
Helicopter in the case of engine fallure or breakdown of the main
shaft of transmission above the place where it i1s impossible to lanad
by the preceding method.

§ 3. Laboratory Work on the Study of Properties
of the Rotor in Autorotation

Properties of the rotor in autorotation when gliding and landing
can be visually observed by setting experiments on a special
operational installation. This installation constitutes a mockup
of a helicopter with freely revolving rotor. The mockup is secured
on a truss with the help of a spherical mounting. Such bracing
permits placing the helicopter at any angle to the flow of alr
created by a blower set in the housing below the mockup of the
helicopter. Together with the housing the blower can revolve in
horizontal and vertical planes, which permits directing the flow
from 1t to the mockup of the helicopter also at any angle and
thereby simulating gliding of the helicopter with any gliding angle.
The operational installation permits clearly demonstrating the
following properties of the rotor in autorotation.
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Experiment 1. Blades of the rotor are set at fixed positive
setting angles. The rotor does not revolve, and flow is created by
the blower on the rotor from below. Then from incident flow the
rotor starts to revolve in a right direction. This means the rotor
did not pass to autorotation, since revolutions before the beginning
of gliding were not assigned.

Experiment 2. The rotor 1is accelerated manually (by the engine)
in a left direction (according to the usual direction of rotor
rotation of the Mi-4 helicopter — counterclockwise with observation
from cockpit). Then the acceleration is ceased (the engine stopped),
and simultaneously flow 1s created by the blower. The rotor
continues to .evolve in the same direction, creating a fixed constant
number of revolutions. Consequently, the rotor passed into auto-

rotation.

Experiment 3. The rotor stops, and the blades are transferred
to smaller setting angles. Then the rotor 1s agaln accelerated and
flow is created. The rotor obtains a set number of revolutions, but
more than before (greater revolutions than large setting angles).
Thereby the influence of the magnitude of collective pitch on the
number of rotor revolutions 1in autorotation is proved.

Experiment 4. Large angles to blades of the rotor are set, the
rotor 1s accelerated 1n the usual direction of rotation, and then
acceleration 1s ceased and flow 1s created. The rotor decreases
the revolutions, stops and starts to revolve in the opposite
direction. Consequently, the rotor does not pass into autorotation
if he has great collective pitch, 1.e., 1f the pltch 1s not decreased
after failure of the engine.

Experiment 5. The rotor 1s put into steady autorotation and
the tall of the mockup is lowered, which increases the angles of
attack of the rotor in autorotation. With that same flow rate the
number of rotor revolutions 1s increased. Consequently, the number
of revolutions increases, and this means thrust of the rotor with
an increase 1n angles of attack by deflection of control stick back
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during landing in autorotation. With this owing to the increase
in thrust the vertical and forward velocity decrease, which 1is
necessary for landing in autorotation of the rotor.
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CHAPTER VIII

TURN OF THE HELICOPTER

§ 1. Pecullaritlies of the Turn

On a helicopter the correct turn (without slip) will be in the
case when, moving over the correct circumference in a horizontal
plane with a fixed angular velocity, it will simultaneously revolve
around its vertical axis with the same angular velocity (Fig. 95).
The helicopter will shift over the clrcumference of the turn at
90°, and then it should turn during the same time around its vertical
axis also at 90°. With this the longitudinal axis of the helicopter
should always be directed along the tangent to the clrcumference
of the turn. A correct turn 1s obtalned only with a coordinated
deflection in the direction of the turn of the control stick and
pedal with a simultaneous 1lncrease in power of the engine by the
"pirch-throttle" lever. If the pedal is deflected more than is
necessary, then a turn with an external slip will be obtained.

If it will be deflected insufficlently, a turn with an internal
slip will be obtained.

Fig. 95. Correct turn of a helicopter.
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It is known that during rectilinear flight with forward velocity
owling to flapping motlons of the blades and the presence of a
flapping control the cone of rotation of the rotor and direction of
action of its aerodynamic force are deflected to the right. In a
right turn the rotor obtains airflow on the right, and therefore the
tendency to deflection of the cone of rotation to the right will be
increased inasmuch as the left "cantilever" of the rotor will have
a higher speed and the right less speed than the airflow, which 1is
analogous to the increase 1n speed of flight of the helicopter. 1In
a left turn, conversely, the rotor will obtain airflow on the left,
and therefore deflectlion of the cone of rotation and direction of
action of aerodynamic force to the right will decrease as compared
to the deflection in rectilinear flight (Fig. 96). This phenomenon
positively affects the fulfillment of turns, especially right turns.
Great deflection of the cone of rotation of the rotor and directions
of action of the aerndynamic force promote fulfilliment of the right
turn, because the reserve of deflection of the control vanes 1is
increased. In a left turn a decrease in deflectlion of the cone
rotatlon and direction of action of the aerodynamic force to the
right promotes fulflillment of a left bank, since in this case less
deflection of the control stick of the helicopter will be required
in the direction of the turn (the reserve of deflection of control
vanes will also be great).

Fig. 96. Airflow of the rotor during
right and left turns.

During a correct turn the following forces act on the helicopter.
The total aerodynamic force of the rotor R, as with any forward
flight, 1s decomposed into a bound system of coordinates into
thrust of the screw T, longlitudinal force QB and lateral force ZB.
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The ,tractlive force of the rotor 1s directed along the axis of the
shaft and together with the helicopter 1s inclined forward and in
the direction of the turn (Fig. 97). Tractive force T 1s decomposed
in the continuous system coordinates into three components: vertical
Ty, horizontal Tx’ and horizontal Tz. Here the horizontal component
Tx is directed along the flight and 1s tangent to the circumference
of the turn, and Tz is directed along the radius to the center of
the turn and 1is centripetal force distorting the flight path. Drag
of the helicopter Q and weight of the helicopter G also acts on the
helicopter. The tractive force of the tall rotor is balanced by the
lateral force and their sum 1s equal to zero (they are not shown

in Fig. 27). The longitudinal force QB, directed along the plane of
rotation in a direction opposite the flight, 1s decomposed in a

continuous system coordinates, as in any flight, into QB and QB o
x y

fe

Fig. 97. Diagram of
forces acting on the
helicopter during a
turn.

During a correct turn with a constant radius the following
relationship between the mentioned forces should be observed:

a) to obtain flight in a horizontal plane the vertical component
of the thrust force '1‘y and vertical component of the longitudinal
force QB must balance the welght of the helicopter G: Ty + Qny = G;

y
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b) for uniformity of flight the horizontal component of thrust
force '1‘x should balance the drag of the helicopter Q and horizontal
component of the longitudinal force QB 8 Tx = Q + QB A

X X

¢) to obtain a turn of definite radius an unbalanced centripetal
force, directed to the center of the turn should be present. Such
a force 1s the horizontal component of thrust Tz.

The radius and time of turn are determined by the well-known
formulas of aerodynamics of an aircraft and the magnitude of them
depending upon the indicated speed in the turn, and also the angle
of roll for the Mi-4 helicopter is shown on Table 3.

Table 3.
SP":‘;: S Bank, deg Radius, m Time, s
o 0 “s 101
120 10 44 122
12 8 92 .5
120 243 L

Turns on the helicopter are fulfilled by coordinated deflection
of the control stick and pedal in the direction of the desirable
turn with a simultaneous increase in power for maintaining the
"light altitude. But since the thrust of the tail rotor both in
right and left turns 1is directed to the left, therefore the helicopter
in both turns i1s balanced in a longitudinal relation with various
itch angles and 1n a transverse relation with various bank angles.

Furthermore, during the fulfillment of turns the main and tail
rotors accomplish complicated curvilinear motions, and therefore
rhey manifest properties of gyroscopes.

For the enumerated reasons to execute right and left banks, with
idjentical speeds and angles of banks on the instruments different
hower will be required. Here the turns will be of different radius,
will have a different time for the accomplishment of one circle of
rurn, and will also demand a different deflection of the control
ctick both in longitudinal and in lateral relations.
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§ 2. Influence of Thrust of the Tail Rotor

Thrust of the tail rotor both in right and left turns 1s directed
to the left, and therefore it balances the helicopter in a longitu-
dinal relation with different pitch angles and in a lateral relation
with different bank angles in both turns.

In a right turn the thrust of the tail rotor will be directed to
the left upwards (Fig. 98a), and its vertical component Ty will
XeB

be directed upwards. It creates a negative pitching moment for the
helicopter, and therefore the helicopter in a right turn will be
balanced with a negative pitch angle v. In a left turn, conversely,

the vertical thrust component of the tail rotor Ty will be directed
X.B
downwards and will create for the helicopter a positive moment

(Fig. 98b). Therefore, the helicopter will be balanced with a great
pitch angle, i.e., with an elevated cowling. At an angle of bank

of the turn of vy = 30° the vertical thrust component of the tail
rotor will already be half of all the thrust of the tail rotor:
Tyeo=T2.8inN"=T,,.08. Consequently, the large vertical component of
thrust of the tail rotor on the large arm equal to the length of the
tail booin will create a large moment, which will change the pitch
angles considerably. With a flying weight of 6500 kg and tractive
force of the tail rotor of 300 kgf for the Mi-4 helicopter during a
turn with a bank of 30°, the pitch angle will be changed from a
diving or positive pitching moment of the vertical component of
thrust of the tail rotor by 6°. This means that if the pitch angle
in horizontal flight at any speed is equal to -2°, then in a right
turn with the same speed the pitch angle will be -8°, and in a left
turn, 4°,

A change in pitch angle will lead to a change in the speed in the
turns, and therefore to maintain the assigned speed the appropriate
deflection of the plate of the cyclic pitch control will be required
by the control stick. If the bank angle of the turn is large, then
there cannot be enough reverse of deflection of the control vanes
for the accomplishment of a correct turn. For this reason bank
angles in turns and banks for the Mi-U4 helicopter up to 30° in
powered flight and up to 20° in autorotation of the rotor are limited.
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b)

R
.

%

Fig. 98. Longitudinal balancing of the
helicopter in turns: a) in a right turn;
b) in a left turn.

Furthermore, these limitations are set by the overload on the rotor.
If, however, the pllot tries to maintain identical pitch angles in
right and left turns, then the speed will be changed. Therefore,

in right and left turns at identical speed, the pitch angles will

be different.

Since the helicopter is balanced in both turns in a longitudinal
relation with various angles of pitch, and inasmuch as the thrust
of the tall rotor 1is directed in both turns only to the left, the
helicopter 1s also balanced in a lateral relation with various bank
angles, 1f the control stick will be deflected in a lateral relation
for the accomplishment of turns at the same magnitude. In a right
turn the tall of the helicopter 1s 1lifted, and the moment of thrust
of the tail rotor (T..ns) 1s created for guiding the helicopter from
the bank (Fig. 99a). In a left turn the tail of the helicopter is
lowered, the thrust of the tail rotor creates a moment (Tesh), acting
on the increase in the bank angle of the turn (Fig. 99b). Conse-
quently, in the right and left turns there will be various angles
of bank owing to the action of thrust of the tail rotor. Here the
pilot can interfere into the control and can establish the identical
bank angle, not changing the speed in the turns.
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Fig. 99. Lateral balancing of the
helicopter in turns: a) in a right
turn; b) in a left turn.

In order to obtain a right turn wlth the same angle of bank as
that of the left, in the right turn it is required to deflect the
thrust of the rotor by the control stick more to the right than in
a left turn to the left. Therefore, the great horizontal component
of thrust of the rotor Tz, acting to the center of the turn, will be
obtained. A condition of the equilibrium of the helicopter in a
right turn with a definite angle of bank will be the equality of
moments:

r;‘. -rl.-": + T,k..

In the left turn T +Tik=TA,. It follows from this that in the

right turn n_m&.’ and in the left turn T‘-&}RA' Since
.I 1
arms h1 in the right and left turns are equal, then from the last

equations it is clear that 'I‘z in the right turn is larger than that
in the left. Therefore, in the right turn great deflection of the
cone of rotation and direction of actions of aerodynamic force of
the rotor in the direction of the bank will be required. But in
connection with the fact that components of thrust of the rotor Ty
in right and left turns must be equal, in view of the ldentical
weight of the helicopter, then the total thrust of the rotor T in a
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right turn should be greater than that in a left turn. To create
great thrust in the right turn higher power than in the left turn
will be required.

Thus 1t 1s established that for the execution of both right and
left banks, higher power will be required than for horizontal flight
at the same speed, but for a right turn higher power will be
required than for the left upon fulfillment of them with identical
angles of bank. Furthermore, in a rlght turn a greater thrust of
the taill rotor will be required, for creation of which high power
will be required. For the execution of a left bank less power
will be required than for a right turn. To carry out a left turn
with a bank up to 15°, it 1is not required to increase the power as
compared to horizontal flight at the same speed.

The horizontal component of thrust 'I‘z in the right turn is
larger than that on the left. In this case these forces are centri-
petal, the value of which governs the radius of the turn. On this
basis the radius of the right turn will be less than the radius of
the left bank, other things being equal:

my?

Foum
where th — centrifugal force; m — mass. Hence
ab ]

In view of the fact that we compare the right turn with the
left at equal speeds of forward flight, and the radius of the right
turn is less than that of the left, then the time of accomplishment
of a right turn will be less than that of the left:

=28 (5. 47)

The overlocad on the right turn will be more than that on the left,
since the total thrust of the rotor on the right turn 1s more:

r
'-?. (“8)



It 1s necessary to note that the difference in the required power,
radius, in time and in overload on right and left turns 1is 1insigni-
ficant, especially at small angles of roll. Therefore, they are
practically almost imperceptible for the pilot during the fulfill-
ment of turns.

§ 3. Influence of Gyroscopic Moments and
Peculiarities_o% the Eulfillment

of Turns

l. Influence of Gyroscopic Moments

The main and tail rotors possess characteristic properties of a
gyroscope — precession, since 1n process of rotation they constitute
powerful gyroscopes.

The essence of the phenomenon of precession is that 1if to the
axis of a revolving body (rotor, propeller) force 1s applied, which
should change the direction of the revolving mass of the body, then
there will appear a force of inertia, represented in the form of a
moment turning the axis of the body in a direction perpendicular to
the applied force. This moment 1s called gyroscoplic.

The direction of the gyroscoplic moment is determined according
to the following rule of precession: the direction of movement of
any point on the axis of gyroscopes in which a force 1s applied will
be determined if one were to turn the direction of the acting force
90° around the axis of the gyroscope in the direction of rotation of
the rotor. According to this rule, with the appearance of the
diving moment for the helicopter gyroscopic moment of rotor will
appear, creating a right bank of the helicopter, since with the
diving moment of the hellcopter to the axis of the rotor (shaft of
the rotor) a force is applied, deflecting the axis of the rotor back.
The direction of the gyroscopic moment 1is determined by the turn of
the force, deflecting the shaft back 90° with respect to the rotation
of the rotor, i1.e., the shaft will move to the left, creating a right
bank to the helicopter. According to this same rule, with the
appearance of a positive pitching moment the gyroscopic moment of the
rotor creates a left bank to the helicopter.
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In these two cases the talil rotor will not create gyroscopic
moments, since with diving or pitching of the helicopter the tall
rotor moves in its plane of rotation, and its axis and then the mass
of the rotor do not change the direction of rotation.

With the creation of a right bank of the helicopter the gyro-
scopic moment of the rotor creates a pitching moment. With this
simultaneously, the gyroscoplc moment of the tail rotor creates a
right turn.

With banking of the helicopter to the left, the gyroscopic
moment of the rotor creates a diving moment, and the gyroscoplc
moment of the tall rotor creates simultaneously a left turn.
Gyroscopic moments of the tail rotor (in view of the smaller dimen-
sion of the tail rotor) will have less influence than moments of
the rotor.

The action of gyroscopic moments of both rotors from various
evolutions helicopter is given in Table 4,

Table U,
Evolution of the Gyroscopic moment of Gyroscoplic moment
helicopter the rotor of the tail rotor
Dives Right bank Absent
Pitches Left bank Absent
Right bank Pitching Right turn
Left bank Diving Left turn

The indicated gyroscopic moments of the main and tall rotors
act simultaneously only at the time when the helicopter enters into
a turn and comes out of 1t. But they act effectively, and therefore
it 18 necessary to parry them. Thus, for example, when the heli-
copter goes into a right turn, the helicopter, owing to the gyro-
scopic moment of the rotor, pitches. 1In connection with this it 1is
necessary by deflecting the control stick forward to parry this
moment (it is better if before going into a right turn move the
stick forward beforehand to prevent the appearance of a pitching
momant). When going into a left turn, conversely, the gyroscopic
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moment of the rotor creates a diving moment, and therefore by deflect-
ing the control stick back 1t 1s necessary to parry this tendency
toward diving.

As soon as helicopter enters into the turn and obtains a steady
motion, the action of the indicated gyroscopic moments vanishes.
In a steady turn gyroscopic moments of the main and tall rotors
will act in view of thelr complicated motion along the circumference
of the turn with the simultaneous slope of them and rotation of the
helicopter around the vertical axis.

It has been estab.lshed by investigations that in a right steady
turn the cone of rotation of the rotor is inclined forward and to
the right, in the whole extent of the turn the gyroscopic moment
acts on the pitching (loss of velocity) and on coming out of the bank.
The gyroscopic moment of the tail rotor also acts on the coming out
of the bank, being added to the action of gyroscopic moment of rotor.

In a left turn the gyroscopic moment of the rotor acts on the
diving (increase in speed) and on the increase in bank of the turn.
The gyroscoplic moment of the tail rotor, Jjust as in a right turn,
acts on the coming out of the bank, counteracting the moment of the
main rotor.

For clarity the action of gyroscopic moments of both rotors in
right and left turns 1s glven in Table 5.

able 5.
Evolution of the Gyroscopic moment Gyroscopic moment
helicopter of the rotor of the tall rotor
Right turn Pitching and coming Coming out of the
out of the bank bank
Left turn Diving and increase Coming out of the
in the bank bank

It should be noted that gyroscopic moments in a right turn
appear greater than those in a left turn, since in a right turn the
pitch angle 1is less (nose of the helicopter 1s lowered), and moments
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of both rotors on coming out of the bank are added, whereas in a
left turn the moment of the tail rotor counteracts the moment of the
main rotor by an lncrease in bank.

The action of gyroscopic moments of both rotors in right and
left turns and also different balancing, 1n view of the action of
tractive force of the tall rotor to the left, condition the different
method of fulfillment of right and left banks.

2. Peculiarities of the Fulfillment of Turns

To execute any turn it is necessary to deflect smoothly the lever
and pedal in the direction of the fulfilled turn, simultaneously
increasing the power of the engine by the "pitch-throttle" lever for
maintaining flight altitude. After achievement of the assigned
angle of roll banking 1s ceased by motion of the lever in the
opposite direction. With this the control stick is held in such a
position at which the helicopter is balanced with the assigned angle
of roll and velocity along the trajectory.

At the time the helicopter enters into a right turn the gyro-
scopic moment of rotor creates a pitching moment, the action of which
continues in the whole extent of entrance into the turn. Therefore,
it 1s necessary by deflecting the control stick forward to counter-
act this moment (i1t is better before entering into the turn to
"press" the helicopter by the lever forward). As soon as the bank 1s
set constant, this moment disappears and the helicopter will lower
its nose, being balanced with a lowered nose by an additional diving
moment appearing from the vertical component of thrust of the taill
rotor. In the process of fulfillment of a turn the constant moment
of the rotor acts on the helicopter, striving to bring the helicopter
out of the bank and creating pitching with a loss of speed. The
gyroscopic moment of the tail rotor also acts on the exit from the
bank. Therefore, in order to maintalin the assigned bank and speed
in a right turn, it is necessary to deflect the control stick
forward along the diagonal to the right.

In the process of putting the helicopter in a left turn the
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gyroscopic moment of the rotor creates a diving moment whose action
continues for the whole extent of the entrance into the turn. For
this reason one should restrain the helicopter by the control stick,
pulling 1t back. As soon as the bank is set this moment disappears,
and the helicopter will be balanced with an elevated nose by a
pltching moment appearing from the vertical component of thrust of
the tall rotor. 1In the process of a sustalined left bank a constant
gyroscopic moment of the rotor acts on the helicopter, creating
diving and an increase in bank, and the gyroscopic moment of the tail
rotor acts on the exit from the bank. Therefore, in order to main-
taln the assigned bank and speed 1n a left turn, it 1is necessary to
hold the control stick, pulling it back and to the right but to

the right — less than 1n a right turn.

In turns with small angles of bank the indicated difference 1in
the method of fulfillment of right and left banks 1is hardly notice-
able. During steep banks and turns sharp entrances into a bank and
turn, this difference is perceptible and requires advanced motions
of the control stick and appropriate attention in the process of
the turn itself. With fulfillment of steep banks and turns there
can not be enough reserve of deflection of the control vanes for
execution of correct turns; they will be obtained with a slip,
and great slip for a single-rotor helicopter 1s not permissible.

On this basis definite limitations in banking and turns are set.

Banks and turns are possible also with a simultaneous climb or
descent - ascending and descending spirals. The method of thelir
fulfillment 1s the same as that of usual banks and turns, only
instead of a constant altitude is maintained constant vertical rate
of climb or descent by the rate-of-climb indicator.

§ 4. Flying Limitations for the Mi-4 Helicopter
In Banks and Turns

l. Carry out turns and banks with bank up to 20° at indicated
speeds of 80 to 155 km/h.

2. The maximum permissible angle of roll for a turn and bank 1is
equal to 30° at indicated speeds of not less than 60 km/h.
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3. At the maximum permissible flying weight of 7350 kg the
maximum permissible angle of roll for turns and banks 1s =20°,.

4, At altitudes of more than 2000 m fulfill turns and banks
with angles of bank of not more than 20°.

5. In autorotation of the rotor fulfill turns and spiral with
a bank of not more than 20° with revolutions of the crankshaft of

the engine not higher than 2400 r/min.

6. With the transport of loads on the external suspension
carry out turns with a bank of not more than 10°.
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CHAPTER IX

BALANCING, CONTROLLABILITY AND STABILITY OF THE HELICOPTER

§ 1. Balancing
Balancing of the helicopter is called the state of it when
acting force and moments with respect to all axes of the helicopter
are balanced. According to the three axes of rotation three forms
of balancing (equilibrium) exist: longitudinal, lateral, and

directional. Lateral and directional balancing are sometimes called
lateral balancing.

l. Longitudinal Balancing

Longitudinal balancing 1s called such a state of the helicopter
‘"when the acting moments do not revolve it around the lateral axis,
and acting force do not cause acceleration (deceleration) in a
direction of the longitudinal axis. We examined conditions of the
equality of forces along the longitudinal axis earlier, and here
conditions of the equality of longitudinal moments around the
lateral axis will be examined (Fig. 100).

The following longitudinal moments act on helicopter in any
conditions of flight around its lateral axis (center of gravity):

a) moment of the rotor, consisting of the moment of thrust T,
moment of longitudinal force QB and moment of the hub owing to the
spacing of the flapping hinges Mz H

BT

b) longitudinal moment of tail rotor M consisting of the
X.B
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reactive moment and moments from longitudinal and lateral forces of
the tail rotor; ]

c) moment of the fuselage Mb owing to girflow by counterflow
and flow from the rotor;

d) moment of the stabilizer (YCTECT).

The tall rotor in forward flight, Just as the main rotor, creates
its longitudinal and lateral forces (Qx.n and zx.n) owing to the
flapping motions and collapse, which act in the longitudinal plane
of the helicopter and create longitudinal moments. The total
moment of the tail rotor (reactive from longitudinal and lateral
forces) is insignificant in magnitude and is accepted for the
Mi-4 helicopter at 0.015 of the reactive moment of the rotor.

The moment of thrust of the rotor is a diving moment with nose-
heaviness of the helicopter and pltching with taill-heaviness;
moments of the longitudinal force and rotor hub owing to the spacing
of the flapping hinges are pitching, and their total moment — moment
of the rotor — is always diving 1in all conditions of flight.

Fig. 100. Longitudinal balancing of
the helicopter in forward flight.

The longitudinal moment of the tall rotor and the moment of the
stabllizer are pitching.

The longitudinal moment of the fuselage owing to airflow from
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the rotor in all flight conditions is pitching and owing to the
drag from the counterflow will be pitching only in autorotation of
the rotor and diving in all remaining conditlions of powered flight.
The total moment of the fuselage from the counterflow and airflow by
the rotor will be pitching in autorotation of the rotor, in hovering
and at low speeds in flight with the engine operating and diving in
all conditions at high flight speeds, starting from u = 0.2.

The condition of longitudinal balancing of the helicopter 1s the
equality of diving and pitching moments, i1.e., so that the sum of
all longitudinal moments around the lateral axis is equal to zero
(see Fig. 100):

M""r“v+ Qo'”'+M1“+M!u+ Yarla= 0.

In flight in all conditlons the pilot seeks longitudinal balanc-
ing of the helicopter by appropriate deflection of the plate of the
cyclic pitch control with the help of the control stick in a longili-
tudinal relation. To balance the helicopter in a longitudinal rela-
tion in all conditions of flight, the designer sets a strictly
definite deflection of the plate of the cyclic pitch control both
forward and back. Thus, for the Mi-U4 helicopter the limiting deflec-
tion of the plate of the cyclic pitch control forward iIs 5° 30' and
back, 4° 15!,

Each speed of flight corresponds to a strictly definite deflection
necessary, for this speed, of the plate of the cyclic pitch control
in a longitudinal direction. This necessary deflection of the
cyclic pitch control depends not only on the speed of flight but
also on operating conditions of the engine and to the degree of
what conditions of flight are accomplished at this speed: c¢limb,
horizontal flight, moter reduction, or autorotation.

The necessary deflections of the cyclic pitch control x° and
movement of the control stick also depend on the magnitude of
centering of the helicopter X angle of setting of the stabllizer
and on flying welght of the hellcopter. Figure 101 gives an example
balancing curves of the necessary deflection of the plate of the
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cyclic pltch control as a function of the speed of flight with three
different centerings: in climb, in takeoff operating conditions of
the engine and in conditions of gliding (autorotation) for the

Mi-4 helicopter. As can be seen from the balancing curves, in the
climb regime from the speed of U0 km/h to 100 km/h the necessary
deflection of the plate of the cyclic pitch control almost does not
change, and with an increase 1in speed of flight greater than 100 km/h
for balancing the helicopter in a longitudinal relation deflection
of the cyclic pitch control somewhat back 1s required. This 1is
explained by the fact that with an increase in speed of flight the
hellicopter is less stable with respect to the speed.

« -
]’L.f"':’f"f CLGHGR I G R it Fig. 101. Necessary deflections of the
#F te cyclic piteh control back 4% 151 ring of the cyclic pitch control «° in
3 e C11imb a longitudinal direction as a function
24 ~——=Gliding of the speed of flight with various
’ centerings.

-

’ = =y
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“*F Liniting deflection of the ring of

-5 :tho eyolic pt_tzh_gontrol forward, 5% 30¢

In order to maintain the needed speed, i1t 1s necessary at first
to deflect the cyclic pitch control forward, and then so that the
speed does not increase further, 1t 1s necessary to deflect the
plate back for balancing the helicopter.

From the balancing curve i1t also is clear that the more the
power of the engine, the greater the deflection of the plate of the
cycllic pitch control forward 1s required as compared to its deflec-
tion in lower operating conditions of the engine. By the broken
curves balancing curves in autorotation of the rotor are shown.

As can be seen from these curves, with removed throttle deflection
of the plate forward is required less than with full throttle with
the same centerings. With an increase in speed of flight in condi-
tions of autorotation it 1s required to deflect plate more forward.
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Figure 101 gives three curves for three centerings: 180,
25, and =20 mm. From these curves it 1s clear that the more the
nose-heaviness of the helicopter, the less deflection of the plate
of the cyclic pitch control forward is required and, conversely; the
more the tail-heaviness (-20 mm), the greater the deflection of the
plate forward 1s required.

The magnitude of the setting angle of the stabilizer is governed
by the necessary deflection of the plate in the following way. In
flight with an operating engine the more the setting angle of the
stabilizer, the less deflection of plate forward is required and
conversely. This 1s explained by the fact that at a large angle of
setting of the stabllizer there appears a smaller positive pitching
moment from 1t, and this means less movement of the plate and lever
of the cyclical pitch forward 1s required for the acceleration of
speed. In conditions of autorotation the phenomenon is the reverse
to powered flight: the more the setting angle of the stabilizer, the
greater the deflection of the plate forward 1s requi. d for the
acceleration of speed or retention of the assigned speed.

Figure 101 gives curves taking into account the action of the
stabilizer whose control is interlocked with the control of "pitch-
throttle" lever by such a principle: 1f the collective rotor pitch
1s increased, then the setting angle of stabllizer 1s 1lncreased.

With maximum pitch the setting angle of the stabilizer 1s equal to
10° and with minimum pitch — a minus 7°; for a helicopter with
all-metal blades the maximum angle of setting of the stabillizer is

5° and the minimum — minus 12°. A controllable stabilizer thus
decreases the necessary deflection of the plate of the cyclic pitch
control in a longitudinal relation both in flights with an operating
engine and in autorotation and thereby the reserve of deflection of
the control vanes 1s increased. Thus, for example, with transition
of the rotor into autorotation the "pitch-throttle" lever is lowered
downwards to decrease the rotor pltch, then the stablillzer decreases
the setting angle, and the positive pitching moment of the stabllizer
increases; and therefore, there will not be required great deflection
of the plate and control stick back for preventing diving. With the
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scceleration of speed in powered flight the collective rotor pitch

is increased, the angle of setting of the stabilizer is also increésed,
ine positive pitching moment of the stabilizer decreases and, there-
fore, smaller deflection of the plate and control stick forward

will be required.

Consequently, the stabillzer expands the range of permissible
centerings and plays the role of an aerodynamic trim tab, allowing
the balancing of the hellcopter in the great range ol speed and

enterings with a relatively small angular range of pitch, necessary
ieflection of the plate of the cyclic plitch countrol and movement of

the cyclical pitch lever.

From a change in flying weight of the helicopter the necessary
deflection of the plate of the cyclic pitch control in a longituainal
relation is changed insignificantly: the more the flying weight of
nclicopter, the greater the deflection of the plate forward 1s
required for balancing the helicopter at the same speed. This
ohenomenon 1s explained by the fact that for much weight high power
will be required, and as was established earlier, the more the power,
the greater the movement of the plate forward is required for the
;ame speed. This 1s explained by the great airflow of the fuselage

| stabilizer by flow from the rotor and by the increase {rom this
vsitive pitching moment.

Each position of the plate of the cyclic pitch control requires
tefinite position of the control stick: with great deflection
> plate of the cyclic pitch control forward great defilection of
trol stick is required.

Figure 102 shows the interconnection of the deflection of the
»ing of the cyclic pitch control x° and movement of the cyclic
piteh control lever in a longitudinal direction for the Mi-%4
elicopter. As can be seen from the figure, with a neutral position
of the control stick in a longitudinal relation, the plate of the
cyclic pitch control has U45' slope forward. Such deflection of the
plate of the cyclic pitch control forward with a neutral control
stick 1s attained with an adjustment of the longitudinal cortoo .
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This 1s necessary so that at average sp eds of flight in which the
helicopter 1s found most of the time, the control stick in a
longitudinal relation would occupy a position close to being neutral,
which 1s the most convenient for piloting. Then at speeds less

than the economlc¢ the control stick will be deflected back, and there
wlll be a sufficient reserve of movement of it for hovering with
maximum nose-heaviness and a tailwind. At speeds greater than the
economic the control stick will occupy a position somewhat after the
neutral forward.

At each flight speed the helicopter 1s balanced in a longitudinal
position with a definite pltch angle: the more the speed of flight,
the less the pitch angle. Figure 103 gives as an example balancing
curves of angles of pitch v from speed in the rate of climb with
full throttle and 1in autorotation (broken curves) with three
different centerings for the Mi-U4 helicopter. As can be seen from
the curves, the inore the speed, the less the pitch angle. Further-
more, it alsov is clear from the curves that with centering more to
the rear x, = -20 mm) in autorotation at all speeds of flight the
pitch angle will be larger than it 1is 1n the rate of climb. But
this difference 1s insignificant, and with an increase in centering
(moving the center of gravity of the helicopter forward) this
difference decreases, and with centering equal to 25 mm, the pltch
angle will already be less than in the rate »f ¢limb with the same
centering. Such a picture will occur with a centering of 180 mm.

At the same time the pltch angle to a great degree depends on the
centering of the helicopter at the same speed: wlth more rear
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= Fig. 103. Change in pitch angle as a
. ., function of speed of flight of fthe
helicopter with various centerinzs.
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centering, the greater the pitch angle and conversely.

Centering of the helicopter considerably affects the longitudinal
balancing and controllability, changing in great limits the necessary
deflection of the plate of the cyclic pitch control and control
stick in a longitudinal position. These deflections become especially
great on hovering and at high flight speeds. Therefore, there can
be cases of the deficliency of the reserve of deflecticn of control
vanes for the creation of desirable flight conditions, especially
with the disturbance of limits of permissible centerings. For this
reason centering of the helicopter is of great practical interest,
since its value 1s changed from the character of loading of the
helicopter, in which the crew participates directing.

2. Centering and Loading of the Helicopter

Centering of the helicopter is determined by the position of
the center of gravity by two dimensions: along the longitudinal
and vertical axes in the bound system coordinates. For the Mi-|
helicopter the origin of the coordinates is accepted as the point
of crossing of the axis of the rotor shaft with the plane of rotation.
A diagram of the coordinate axes for reading the centering of the
helicopter is given in Fig. 104.

itd Fig. 104. Diagram of coordinate
axes for reading the centering of the
helicopter.
b z
-y
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With all possible variants of the loading of the helicopter
the center of gravity of 1t can shift in great 1limits along the
longitudinal X axis, which considerably affects the controllability
and balancing of the helicopter. Along the vertical Y axis
possibillities of a shift in the center of gravity are less probable
and these shifts to a lesser degree affect the controllability and
balancing. Therelore, in practice attention 1s turned only to the
shift of the center of gravity of the helicopter along the longitu-
dinal axis. On this basils centering of the hellcopter will be called
the distance of the center of gravity of the helicopter along the
X axis from the axils of the rotor shaft expressed in meters of
millimeters (xT). If the center of gravity 1s ahead of the shaft,
the centering 1s taken with a plus sign, and behind the shaft — with
a minus sign.

The range of permissible operational centerings 1s conditiloned
by the magnitude of deflection of the plate of the cycllc pitch
control in a longitudinal position and is designated therefore
strictly fixed for each helicopter. Proceeding from conditions of
the arrangement of the helicopter and distribution of equipment and
loads 1in it, for the Mi-4 helicopter all modifications are set:
maximum forward centering xT = 0.3 m, maximum rear Xp = -0.07 m.

In operating the helicopter it 1s necessary to observe strictly
limits of permissible operational centerings, sirnce if with loading
of the hellcopter centering will emerge beyond the limits of that
permissible, then the reserve of deflection of the control vanes will
appear 1insufficlent for the creatlon of desirable conditions of
flight or maneuvering. The disturbance of centering in vertical
conditions of flight, takeoff, during landing and at high speeds of
flight will be expressed especially negatively.

Thus, for example, 1f there is much forward centering, then
there will be required in conditions of hovering and other vertical
conditions great deflection of the cyclic pitch control and control
stick back. This 1s necessary for preventing the tendency of the
hellicopter to move forward, since the hellicopter 1s balanced 1n
hovering with a small pitch angle (lowered nose). With this the
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cyclic pitch control together with the whole helicopter will be
deflected forward, and the cyclical change of pitch of the rotor will
te set, which will cause aeflection of the cone of rotation and
thrust of the rotor forwurd. In this case it will be difficult to
maneuver the helicopter in hovering and accomplish takeoff and
landing, especially with tallwind.

Also too much rear centering will be expressed negatively. In
these cases the phenomena will be reversed: at high speeds of
flight there will be 1little reserve of deflection of the control
vanes, especially during a climb and in transient conditlons for =
climb. For these flight conditions greater deflection of the
cyclic pitch control and the control stick forward is required than
that for horizontal flight at the same speed (see Fig. 101). The
absence of a sufficient reserve of deflection of the control vares
can prevent the pilot from fulfilling correctly evolutions of t
helicopter and also may cause special difficulties, for example,
during flight in bumpy air when he cannot cope with piloting of the
helicopter. The small reserve of movement of the control stick
forward is also dangerous in vertical conditions: with lowering
of the tail of the helicopter for some reason the pilot is not able
to prevent this lowering.

The magnitude of nermissible operational centerings 1is selected
from the calculation that the reserve of control be sufficient for
execution of all flight conditions, including for hovering with =
tailwind and under conditions of bumpy air.

To ease the loading of the helicopter for the purpose of
observing permissible centerings, on the Mi-4 helicopter in the
transport variant in the cargo cabin there is marking for the
distribution of different cargo (Fig. 105). The stencil of marks
consists of blue arrows (ahead of the axis of the rotor shaft) and
red arrows (behind the axis of the rotor shaft) with an inscription
of numbers. It 1is necessary to place the loads in such a manner
that the total center of gravity 1s between the blue and red arrows
corresponding to the total weight of the load: with this it 1Is
desirable that the center of gravity be in the middle of the section
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Fig. 105. Diagram of marking of the cargo
cabin of the Mi-4 helicopter: 1 - rotor
axis; 2 — blue arrows; 3 — red arrows;
4 — inscription "Attention! Arrange
center of gravity of cargo between the
blue and red arrows corresponding to the
iven load;" 5 — horizontal datum line;
— white bands indicating the position
of axes of wheels of the transported
equipment; 7 — numbers of frames of the
fuselage.

limited by the indicated arrows. With such arrangement of cargo
centering will not fall outside the limits permissible with any
varliant of servicing of the fuel.

If 1t 1is necessary to determine the exact centering with any
variant of loading of the transport version of the Mi-4 helicopter,
then 1t is necessary to use the centering graph (Fig. 106). The
centering graph has an upper grid, corresponding to the weight and
centering of an empty helicopter, and lower grid, corresponding to
takeoff or landing weight and centering of the helicopter, and
also a number of scales corresponding to the arranged loading.
Arrows on the scales show where the center oI gravity of the hell-
copter moves during distribution of the load on the corresponding
place of this scale, and the figure by the arrow — the value of the
scale division.

To determine the centering 1t is necessary to know the weight
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Fig. 106. Centering graph of the Mi-4 hellcopter in the
transport version.

KEY: (a) Weight aid centering of un empty helicopter;

(b) Type of loading; (c) Maximum weight 1n kg; (a) Crew;
(e) Flight engineer; (f) 0il; (g) In system; (h) In tank;
(1) Alcohol; (J) Fuel; (k) Frame; (1) Loads; (m) Takeoff
or flying weight; (n) Maximum forward centering (o) Center-
ing, mm; (p) Maximum rear centering.

.%sic kl' = kgf].
Designations: KI = kg; LeJd = person

of the empty helicopter, its centering, magnitude and position of
the placed load, and also servicing by fuels and lubricants. The
weight of the empty helicopter and its centering must be taken
from the logbook of the helicopter.

Example: The weight of an empty helicopter 1s 5190 kg, centering
of an empty helicopter — 139 mm, crew of 2 persons — 160 kg, oil in
system - 57 kg, 011l in the tank — 53 kg, fuel — 715 kg, load at the
third frame — 600 kg, load at the ninth frame — 200 kg. Takeoff
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weight 1s calculated and 1t will be equal to 5190 + 160 + 57 + 53 +
+ 715 + 600 + 200 = 6975 kg. On the upper grid we find the point
corresponding to the welght of an empty helicopter of 5190 kg and
centering, 139 mm. "From this point we drop a perpendicular on the
"crew" scale and draw a horizontal line in the direction of the
arrow on two divisions. After that we drop a perpendicular on the
scale "Oil in the system” and plot along the horizontal one division
in the direction of the arrow. Further reading is also produced,
only omitting scales on which there are no loads. Finally we drop

a perpendicular on the lower grid to the horizontal 1line, correspond-
ing to the takeoff{ weight of 6975 kg. From the obtained point we
draw & line 1in parallel with the slanted line and read the centering.
It will be equal to 120 mm. The centering does not fall outside

the permissible limit of centerings. If centering falls outside the
permissible limits, it 1s necessary to transfer the loads to another
frame and repeatedly determine the centering.

To determine centering in landing, it 1s necessary to plot on
the "Fuel" scale divislions corresponding to the remaining fuel at
the moment of landing and also consider the welght on other scales,
if loading will be transfered at the moment of landing. Then also
drop a perpendicular on the lower grid to the horizontal line
corresponding to the landing welght of the helicopter, and then
read the centering.

The additional capacity for fuel, a tank of 500 %, is set so
that its center of gravity almost coincides with the center of
gravity of the empty helicopter, and with any servicing the center-
ing of the helicopter in practice almo.t does not change, and there-
fore during calculation of the centering this capacity 1s not taken
into account; only the welght of the drum and fuel 1s introduced,
which enters into the flying welght of the helicopter.

Along the lateral axis of the helicopter loads must be placed
symmetrically. If, however, the load 1s asymmetric, then it is
desirable to place 1ts center of gravity to the left side of the
longitudinal axls for obtaining great reserve of deflection of
control stick to the left.
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If passengers are transported in a helicopter of transport
version on folding seats, then the rentering of the helicopter is
determined by this graph, but in this case it 1s necessary to
consider places of the pansengers by numbers of the frames correspond-
ing to the number of the seat, according to Table 6 and Fig. 107.

Table 6.

Number of 1l and|2 and |3 and |4 and |5 and|6 and]| 7 8 9 and
seat 16 15 14 13 12 11 10
Number of 2 4 5 7 8 9 10 12 13

frame

Note: The moving of one person from the front section of the
cargo cabin to the rear part (door of the cargo cabin)
displaces the centering back 35 mm.

Fig. 107. Distribution of seats in
the cargo cabin of the Mi-4 transport
helicopter.

To determine the centering when transporting cargo on the
external suspension, 1t 1s neces-ary to use the centering graph,
shown in Fig. 106. With this it 1s necessary to consider that the
load on the external suspension 1s located strictly along the axis
of the rotor shaft, which 1s plotted on the centering graph by a
vertical line through the whole granh.

The Mi-4 helicopters in the passenger version are made in 10-,
11- and 13-seat versions. For each of these hellcopters separate
centering graphs are developed. Figure 108 gives a centering
graph for an ..l-seat Mi-4 passenger hellcopter. The centering
graph for the passenger version 1s constructed on the same principle
as the graph for the transport version, conly scales are shown for
numbers of the seats. Centering by this graph is determined by the
same method as by the graph for the transport helicopter, but with
taking into account the location of seats 1n the passenger compart-
ment (Fig. 109).
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Fig. 108. Centering graph of the Mi-4 passenger helicopter
(ll-seat versions).

KEY: (a) Weight and centering of the empty helicopter; (k)
Type of loading; (c) Weight in kg; (d) No. of seat; (e)
Passengers; (f) Luggage; (g) Crew; (h) 01il; (i) In system;
(J) In tank; (k) alcohol; (1) Fuel; (m) Takeoff or flying
weight; (n) Maximum forward centering (o) Centering, mm;
(p) Maximum rear centering.

Desigriations: xr = kg; 1uen = person.

When transporting passengers less than the maximum, 1t 1is
necessary to place them in the front seats, leaving the rear seats
free.

Finally centering can be determined in conditions of hovering
both by the position of the control stick in a longitudinal relation
and by readings of longitudinal and lateral trim tabs. Centering
will not fall outside the 1limits of that permissible, 1if when
hovering with a headwind and with completely removed pressure from
the control stick the deflection by indicators of the longitudinal
trim tab does not exceed 0.5-1.5 of the division forward, and of the
lateral, 0-0.5 of the division to the right. But for every Mi-U
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helicopter these readings can be different.

ol Fig. 109. Location seats in the
i 2 passenyrer cabin of the Mi-4 helicopter
} (Ji-seut version).

e
nclz

3. Lateral Balancing

Transverse and directional balancing of the helicopter are
closely connected with each other and comprise lateral balancing of
the nelicopters. On a single-rotor helicopter lateral balancing
can be carried out without slip with a right bank or without a bank
but with left slip.

Let us conslder separately both cases of lateral balancing.

Lateral balancing without slip. Flight without slip can be
performed only in the case when the lateral component of the
aerodynamic force Z B’ acting to the right in powered flight, is
equal to the thrust of the tall rotor T B’ which acts to the left.
The aerodynamic force of the rotor R should be deflected from the
axls of the hub by angle bl (coefficient of flapping motion, Fig.
110). For lateral balancing of the helicopter the followilng equality

of moments should be observed:

2,14,+M,"=7‘,__;,: or R-Z,+ M., =Tieh:.

Such an equality of moments can only occur with a right bank since
arms hl and h, are almost equal 1in value, but to the right the
inertial moment of the hub acts owlng to spacing of the flappring

hinges — M, . A bank will cause the component of weight G2 equal
BT

to G sin y. Only now the equality of lateral forces along lateral
axls will be observed:
7’;.===JZ.-}-(73.

As 1s already known, in conditions of hovering the cone of
rotation of the rotor and 1ts aerodynamic force R are not indepen-
dently deflected to the right, and therefore 1t 1s necessary tco
deflect them by the plate of the cyclic pitch control with the help
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of the control stick, which the pilot does. Then the lateral force
ZB and component of weight 62 will appear, which will balance the
thrust of the tall rotor.

With an increase in flight speed the cone of rotation and aero-
dynamic force of the rotor, due to flapping motions and the presence
of the flapping control, are deflected to the right, and the lateral
force 1is increased at the same position ol the plate and control
stick as thast when hovering. Now, 1in order that lateral forces ZB
and 62 do not exceed tre thrust of the tail rotor T .B° the lateral
force Z must be decreased with the help of the plate of the cyclic
pitch control and the control stick, deflecting them from right
position to the left.

Fig. 110, Lateral balancing of the helicopter
without slip: a) lateral balance; b) direc-
tional balancing.

Consequently, for lateral balanclng of the helicopter at various
speeds of powered flight a different position of the plate of the
cyclic pltch control and control stick in a lateral relation is
required. For lateral balancing of the helicopter 1n all flight
conditions for the Mi-~4 helicopter movement of the plate of the
cyclic pitch contgol is set in a lateral relation at the following:
to the rignt, 4°, and to the left, 4° 20'.

Figure 111 gives balancing curves of the necessary deflection of
the plate of the cyclic pitch control n® in a lateral relation from
the speed of flight V in the rate of climb and in autorotation
(broken) with three centerings x, = -20mm, x, = 25 mm, and xp = 180 mm
for the Mi-4 helicopter. According to the balancing curves, 1t is
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clear that a high flight speed great deflection of the plate of the
cycllc pitch contrql to the left is required. The influence of
centerlng on the necessary deflectlion of the plate of the cyclie
pltch control Ir a latersi relation for powered flights is insigni-
t'icant, and there they are not considered here.

T . Fig. 111. Necessary deflections of the
‘t"'.‘."i?“"_;h_"i’_lﬁ‘l‘.}:"_ef.‘"!_"i’f eyclic pitch controi in a lateral
S 35 the o oLt 'j;,%f‘,“‘“ direction as a function of speed at

various centerings for the Mi-U4 helicopter.

-4 “Tof tle .c;t;-l-i-; ;T‘t‘.; -;;nftr—oi

to the right p » =g

In autorotation the thrust of the tall rotor is directed to the
right. Therefore, for 1ts balancing 1t is required to direct the
lateral component of the aerodynamic force ZB to the left. 1In
connection with this it 1s necessary to deflect the cone of rotation
of the rotor and aerodynamlc force R to the left with the help of
the cyclic pitch control. In Fig. 111 it is clear that in autoro- .
tation greater deflection of the plate is required to the left than
that for powered flight.

Figure 112 gives a curve of the interconnection of the deflection
of the plate of the cyclic pitch control and control stick in a
lateral direction for the Mi-4 helicopter. As can be seen from the
curve, with a neutral position of the control stick in a lateral
position the plate of the cyclic pitch control 1s deflected to the
left 20'. Such a deflection of the plate 1is attained upon adjustment
of the lateral control. It 1s necessary that at various limiting
deflections of the plate in a lateral position (U4° 20' and 4°) the
control stick should have an identical movement. An increase in the
movement of the plate of the cyclic pltch control to the left by 20'
is provided for obtaining a sufficlent reserve of deflection of
control vanes in autorotation of the rotor, especially for landing 1in
these conditions with a left wind and with maximum rear centering
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of the helicopter (see Fig. 111).

In hovering the bank y consists of about 2°, with an increase
in speed up to the economic; for example, 1n horizontal flight the
bank decreases because of a decrease in lateral moment of the hub
MXBT' Thlis occurs because the required power and reactive moment
decrease, and therefore the necessary thrust of the tail rotor
decreases, and this means the deflection of the cone of rotation

of the rotor to the right (Fig. 113, position 1).

T—Fr

o ’ | ap

Fig. 113. Dependence of the angle of
the angle of bank of the hellcopter on
the speed of flight: 1 — horizontal
flight; 2 — climb; 3 — autorotation.

bl |

At the economlc speed the bank consists of about 1°. With a
further increase 1n speed the band 1s agaln increased, since the
required power increases. With this the reactive moment of the
rotor 1s increased, the necessary thrust of the tail rotor increases,
and for 1ts balancing great deflectlion of the cone of rotation of
the rovor 1s required to the right for obtaining great lateral
force ZB. This leads to an increase in the moment of the hub

owing to the spacing of the flapping hinges Mx
BT
the bank.

» which increases
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On conditions of autorotation the helicopter has a small left
bank, since the cone of rotor rotation is deflected to the left, and
the lateral moment of the hub due to spacing of the flapping hinges
i1s directed to the left (iig. 113, jouition 3).

Directional balancing of the helicopter during flight without
sllip 1s provided by the equality of moments acting around the
vertical axis (see Fig. 110b):

Mv.,. =Tty +Z4
or
M,“-:T._. (h+-h)=Tsuss,
since the thrust of the tall rotor 'I'x p can be approximately equated

to the lateral force ZB in view of small value of the component of
welght 02. Here the equality of the moments 1is given with the
location of the center of gravity of the hellcopter behind the

axis of the rotor shaft (rear centering). During location of center
of gravity ahead of the axis of the shaft (forward centering), the
force ZB creates a moment in the direction of the reactive moment

of the rotor M

Pu.s

In various flight conditions and at various speeds different
power for flight 1s required, and, consequently, a difference reactive
moment of the rotor is obtained. Therefore, with a constant arm of
the thrust of the tall rotor for directional balancing a different
thrust of the tall rotor will be required:

716,2N . 716,287

M
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To ensure directional balancing 1n all fliight conditions by
means of creating sufficient thrust of the tall rotor, the range of
pitch to the tail rotor 1s set. For the tall rotor of the Mi-}
helicopter, for example, the type V-531-Kh3, the setting angles on
the radius equal to 1 m are maximum, 20° 15', and minimum, 8° 15'.

In conditions of hovering the pllot deflects the right pedal
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forward for creating great pitch to the tall rotor. With an
increase in speed of flight the_required power decreases, and in
connection with thils the reactive moment decreases. This means less
thrust of the taill rotor will be required, and therefore with an
Increase in speed of flight the right pedal should be moved back from
the front position, and at speeds close to beilng economic the pedals
should occupy a neutral positlon. With a further increase in speed
although the required power 1is increased the left pedal moves for-
ward, since the slanting airflow of the tall rotor continues to
increase 1ts thrust. Only at speeds close to the maximum is it
already necessary to increase agaln the pitch to the tall rotor, in
view of the drop in 1ts thrust and 1lncrease in reactive moment of
the rotor.

In autorotation the thrust of the tail rotor should be directed
to the right, and therefore for directional balancing negative
setting angles are necessary to blades of the tail rotor, which is
done by deflection of the left pedal forward. Figure 114 shows
curves of the necessary angle of setting of blades to the tall rotor
as a function of flight speed in the rate of climb (full throttle)
and in autorotation. In intermedlate flight conditions between
gliding and climb with full throttle there will be intermediate
required setting angles of blades of the tail rotor.

5
ﬁ"'77ﬁﬁﬁﬁﬁGGFﬁE%ﬂiﬁ?aﬁ Fig. 11l4. Change in the required
Singme front position ef the rishby. angle of setting of blades of the
tall rotor as a function of
» flight speed.
-hh-h"""""-—._
’ ¥

1
Angle of setting of the blades with

ol ———climv T T o s
o ====0l1ding y

Flight without slip with a right bank is the most rational,
since for such a flight less power 1s required, the aerodynamic
drift angle [USaer] (ycaap) 1s absent, and therefore there is not

required additional its calculation upon calculating the flight
course., But 1t 1s rather complicated to fulfill practically such a
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flight, since it 1s impossible to hold the needed bank for a gilven
flight speed. The pllot usually tries to accomplish flight without
a bank, but then 1t 1s obtained with « le!'t =lip.

ateral balancing with slip and «rift angle. Lateral balancing
with a left slip provides for flight of the helicopter without a
right bank. In this case to ensure lateral balancing, moments
around longitudinal axis should be balanced in the absence of a
bank (Fig. 1ll5a):

Z-"l + M:"I= Tx..”:; C QI R.Z' - 1”,'“== T.,.'I;,.

If one were to consider that arms h1 and h2 are almost equal, then
the sum of moments Zsu+M,, 1s more than moment T, ,hs. Therefore,

in order that there 1s no bank, and the moments are equal, it 1s
necessary that the lateral force Zg 1s less than the thrust of the
tall rotor Tx.B‘ This means that duril..g flight without a bank
lateral forces Tx.B and ZB remain untalanced, i.e., the thrust of
the tall rotor is greater than the lateral force ZB. Consequently,
there will appear a left slip at which the helicopter will be flowed
past by airflow in front and on the left with an angle of slip B

(Fig. 115b).

Filg. 115. Lateral balancing of the hellicopter
with a left slip without a bank: a) lateral
balance; b) directional balancing.

In steady flight there should be an equality of moments around
the longitudinal and lateral axes. Lateral airflow of the helicopter
on the left generates a lateral force on the fuselage Qz, which
balances the uinbalanced forces:

TI.I-ZI+QI'
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With this the lateral force Q, 1s applied almost to the center of
gravity and does not create an additional moment. With an iacrease
in the speed of flight the lateral force Qz will be increased, and
then for the observance of lateral balancing the angle of slip should
decrease, which willl lead to a decrease in lateral force Qz, 1.e.,

it will be maintained constant.

Directional balancing without a bank with left slip 1s provided
by the equality of moments:

rl-Jl.l-M'...-*-Q"l. hence r‘..-l"..- + Qqf, .

’bl

From this 1t 1s clear that the tall rotor should balance not
only the reactive moment of the rotor but also the moment of the
lateral force Qz. On this basis thrust of the tail rotor during
flight with slip must be greater than during a flight without
slip. Consequently, an increase in thrust of the tail rotor will be
required by moving the right pedal forward, especially at low speeds
when the £lip is greét. Furthermore, during flight with a slip to
the left greater deflectiocn of the plate of the cyclic pitch control
to the left 1is required, and a left slip will lead to an increase
in deflection of the cone of rotation of the rotor to the right. On
this basis greater deflection of control stick to the left 1is
required. For balancing the additional drag Qz and creating great
thrust of the taill rotor Ty g, high power will be required and the
fuel consumpticn will be increased.

Flight without a right bank with a slip carries the helicopter
from the assigned flight course by the magnitude of the angle of slip
B, which 1s called the drift angle USaer’ With an increase 1n speed
of flight the aerodynamic drift angle decreases, since the lateral
force Qz is increased (see Fig. 115). An increase in this force
leads to the necessity of greater deflection of the cone of rotation
of the rotor to the right by the control stick; here the lateral
force zB increases in the absence of a bank, and the slip to the
left decreases. The change 1n aerodynamic drift angle from the
flight speed i1s shown in Fig. 116.
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e Flg. 116. Change in aerodynamic
SN drift angle from the flight speed
for the Mi-4 helicopter.
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With the fulfillment of navigational calculations for increasing
the accuracy of helicopter plloting, especially during flights
above an area without landmarks or poor landmarks and during flights
at night, 1t 1s possible to consider the aerodynamic drift angle
with a minus sign. But in practice it is rather difficult and
almost impossible to fly accurately without a bank with such small
angles of slip, as it was impossible to fly without slip with small
bank angles. The pilot ordinarily flies first without a bank, then
with a right bank without slip, and then with a right bank greater
than that shown, giving a right slip or with a left bank, giving a
drift angle greater than that during flight without a bank. All of
this leads, naturally, to additional errors in the flight course,
which are obtained for other reasons.

Consequently, flight with a left slip requires great power and
great reserve of deflection of the control vanes, requires calcula-
tion of the aerodynamic drift angle, and in practice it is difficult
to execute. It can be accurately carried out only by flight tests
with the application of special accurate instruments. Calculation
of the drift angle with such a flight, although it theoretically
Increases the accuracy of helicopter pliloting, is practically of
no value in view of 1its small magnitude and the impossibility to
fly the helicopter accurately without a bank. Therefore, upon the
fulfillment of navigational calculations both for visual flights so
for instrument flights 1t 1is inexpedient to consider it.

In flight, by determining the drift angle depending upon wind
for controlling the flight course by the visual method or with the
help of electronic means, the aerodynamic drift angle, if it was
owing to the balancing of the helicopter, will enter into the
magnitude of the general drift angle by the magnitude of which the
flight course 1is corrected.
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For ailrcraft there 1is also aerodynamic drift angle owing to the
reactive moment of the propulsion systems, hdat in practice 1t is
not considered in.view of the small value.

§ 2. Controllability

Controllabllity of the helicopter is called the ability of it
to revolve around three axes and to change the other attitudes

with the help of the appropriate control levers, l.e., the abllity
to change flight conditions by will of the pilot.

According to the three axes of rotation the helicopter has three
forms of controllability: longitudinal, lateral, and directlonal.
All the indicated forms of controllability of a single-rotor heli-
copter were examined earlier. In this section effectivness,
sensitivity, delay and independence of control are examined, as
well as forces transmitted to the control levers.

1. Control Effectiveness

By control effectiveness it 1s necessary to understand as the
appearance of moments revolving the hellcopter around the axes upon
deflection of the appropriate countrol levers. The greater these
moments are in value, the greater the effectiveness of the control.
With the deflection of the cone of rotation of the rotor and direction
of action of its aerodynamic force aerodynamic moment around the
center of gravity of the hellicopter appears, which forces the
helicopter to revolve around the corresponding axis. In addition to
the aerodynamlc moment the mass moment of the rotor hub will also
act owing to the actlon ¢f centrifugal forces of the blades and the
presence of spacing of the flapping hinges.

The greater the distance from the rotor to the center of gravity
of the hellicopter and the greater the spacing of the flapping hinges,
the greater the effectiveness of the controlling, and this means
better controllability by the helicopter, which allows increasing
the range of permissible centerings or decreasing the necessary
deflection of the plate of the cy 'lic pitch control and movement
of thHe control stick.
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Numerically the control effectiveness 1s determined by the
degree of effectiveness of control ug, which 15 determined by the
ratio of the moment acting around the center of gravity to the
angle of deflection of the paat e eyelle piteh control or to
the magnitude of movement of the cyclicul nitch lever., Thus, for
example, for single-rotor hellcopter the dJdegree of control effective-
ness 1s determined:

Ml'l.l
My Bersr

— effective moment acting around the center of gravity;

where MOTxn
6§ — deflection of the plate of the cyclic pitch control.

For the Mi-U helicopter the degree of control effectiveness 1is
about uéo kg-m. Consequently, the degree of control effectiveness
is the number showing how much the effective moment will be changed
with deflection of the plate of the cyclic pitch control of 1°. With
respect to the magnitude of the degree of control effectiveness the
conclusion can be made that controllability of a helicopter 1s no
worse, 1f 1s not better than the controllability of an aircraft.

2. Control Sensitivity

By control sensitivity one should understand as the abllity of

a helicopter to revolve around its axes wlith definite angular
velocity upon deflection of the corresponding controls.

Senslitivity 1s proportional to control effectiveness: the more
the effectiveness, the higher the control sensitivity. Sensitivity
is numerically estimated by the magnitude of maximum angular
velocity of the rotation of the helicopter around its axes upon the
deflection of the plate of the cyclic pitch control or pitch of the
main and tail rotors by 1°, or movement of the lever and pedals by
1l mm. Therefore, sensitivity of the control we is determined by the
division of angular velocity of rotation of the helicopter by the
angle of deflection, for example, the plate of the cyclic pitch
control with action by the control stick

-
-y s '
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where w — angular veloclity of rotation.

Control sensitivity depends not only on effectiveness but also
on the degree of damping: the less the damping, the higher the
sensitivity of controlling and conversely. Light helicopters
possess high sensitivity, since they have 1little damping, which
creates a definlte inconvenience in control. For the Mi-4 helicopter
the sensitivity 1is moderate, which creates especially great con-
venlience 1n the control.

3. Delay of Control

As 1s known, for an alrcraft there is no delay in control, or
it 1s insignificant. Such a position 1s explained by the fact that
the control vanes for an aircraft are at a great distance from the
center of gravity and therefore the insignificant change of aero-
dynamic forces on the control vanes is caused by the great moments,
which without delay revolve aircraft around the corresponding axes.

In the control of the rotor, especially heavy helicopters, a
delay of control exlists, since moments are created because of the
small arms by great forces. Therefore, in order to change the
direction and magnitude of the great forces, it 1s necessary to
surmount the mass 1inertia of the rotor and its gyroscoplic effect,
and also change the direction and speed of the large mass of ailr
passing through the rotor, which requires a definite time.

In view of the presence of the delay of control and because of
the inadequate stability, it is necessary to control the helicopter
by repeated advanced motions of the control stick: the control
stick deflected 1n a fixed directlon and, not waiting for the hell-
copter to occupy a new position, the control stick returns to the
opposite direction, but at a smaller magnitude than it was deflected
before this. Motions by the cuntrol stick at the same time should
be short.

4, Independence of Control

A distinctive peculiarity of the control of a single-rotor
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helicopter in comparison with an aircraft or a coaxial helicopter

is that for the creation of any new flight conditions i1t 1s necessary
to actuate all control levers, since with the deflection of any

lever the helicopter Is unvalarnce »i o revolves around three axes.
Thus, for example, in order to pass from hovering to vertical

climb along a strictly vertical trajJectory with a constant direction,
it 1s necessary to 1lift the "pitch-throttle" lever upwards. The
helicopter will start climb but simultaneously will start to turn

to the left because of the lncreasing reactive moment of the rotor.
In order to prevent the turn, it 1is necessary to deflect ‘he right
pedal forward. Then the thrust of the talil rotor will become

larger than the lateral force, and the helicopter will start move

to the left, 1.e., in the direction of action of thrust of the tall
rotor. To prevent thlis movement 1t 1s necessary to deflect the
control stick to the right 1in order to increase the lateral force.

Another example. To increase the speed of horizontal flight up
to the economlc it 1s not enough Just to deflect the control stick

forward and to change the power: 1t is necessary, furthermore, to
change the position of the pedals and also the position of the
control stick in a transverse relation. With such acceleration of
speed a decrease in power will lead to a decrease 1n reactlive
moment, and this will require motlon of the left pedal forward.

An increase in deflection of the cone of rotation of the rotor to
the right in connectlion with an increase in speed and a decrease 1in
thrust of the tail rotor will cause a right slip, and to preventing
it will require moving the control stick to the left. The same
coordlinated motions by all control levers should be in all transilent
flight conditions of a single-rotor helicopter, which 1s the reason
of the more complicated control of this helicopter as compared to
control of an aircraft or a coaxial helicopter.

Consequently, in the control of a helicopter the full dependence

of one form of control on the other forms exists, which 1s a con-
siderable deficiency of 1it.
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5. Forces on Control Levers

It 1s known that to control levers of an alrcraft aerodynamlc
loads are transmitted from control surfaces. These loads change
with respect to speed, and therefore the pllot senses the speed
according to the change in pressure transmitted to the control
levers. For high-speed and heavy aircraft to decrease the pressure
on control levers, hydraulic and other systems are provided.

On the helicopter the "pitch-throttle" lever and control stick
are united with the cyclic pitch control, and the pedals are
connected with the pltch control system of the tall rotor.

The "pitch-throttle" lever is united with a slider and recelves
forces from blades of the rotor, which try to decrease the setting
angles and to lower the slider downwards. The control stick 1s
united with the plate of the cyclic pitch control through an external
ring of the universal joint with the help of two rockers and rods
of longitudinal and lateral control and receives forces from blades,
which try to change the setting angles. Additilionally in forward
flight the blade advancing on the flow will induce pressure on the
plate of the cyclic pitch contronl and control stick more than the
blade retreating from the flow; and this willl elicit driving of the
control stick.

Forces on all control levers are very great, especially for
heavy helicopters. Therefore, in the control of a helicopter
speclal systems are applied which completely or partially remove
these forces. The systems make it possible with the help of all
control levers to hold the blades of the main and tail rotors with
the necessary setting angles, and this allows maintaining the
definite general and cyclical piltch.

Provided on the Mi-4 helicopter is an irreversible hydraulic
system, which removes completely all forces from all the control
levers.

For Mi-4 helicopters which do not have an automatic pilot in the
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circuit of longitudinal, lateral and foot control, three BU-10P
boosters hydraulic control (booster) are connected, and in the
general pitch control clircuit the BU-10Sh booster is connected. All
these boosters have identical .Larutoristies: working movement of
the actuating rod, 50 mm (on 25 mm on both sides of the neutral
position), full movement of this rod is 54 mm, the distributive
valve has a movement of 2.3-2.6 mm, and at the place of its connection
with the rocker of the control circult, not more than 1.2 mm; at
maximum pressure in the hydraulic system of 65 ksf/cm2 on the
actuating rod a maximum force of 1100 kgf 1s developed. The BU-=-103h
booster develops a maximum force of 1250 kgf on the actuating rod.

If the hellicopter 1s supplied with an automatic pilot, then in
the clrcuit of longitudilnal, lateral and directional control 1instead
of boosters RA-10 control aggregates are connected. With a dis-
ccnnected autopilot the control aggregates fulfill the role of the
boosters. Characteristics of RA-10 control aggregates are preclsely
the same as those of BU-10P boosters. With the fallure of the
hydraulic system the actuating rods of control aggregates and
hydraulic boosters operate as rigid rods in a control system, and
therefore there 1s a certain possibillity of controlling the main and
tall rotors.

So that the pilot will sense flight of helicopter by forces
transmitted to the control levers, l.e., to let him Judge the
necessary direction - f action by the control levers, in the system
of longitudinal, transverse and directional control spring loading
mechanlisms are included. To remove forces from control levers from
these loadling springs in any steady flight electrical mechanisms
MP-100L (trim tabs) are provided. Loading mechanisms in combination
with the MP-100L electrical mechanisms and the electrical control
system comprise the so-called system of automatlic trimming - auto-
trimming.

Figure 117a shows the dependence of forces on the control stick in

a longitudinal direction from the angle of deflection of the plate
of the cyclic pitch control yx, and this means movements of the
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control stick with a neutral position of the trim tab and with

extreme position of i1t forward and back. As can be
figure, 1t is possible to remove the force from the
down to zero in a longitudinal direction in a great
deflection of the plate of the cyclic pitch control

seen from the
control stick
range of

from 3° (back)

to -2° 20' (forward), 1.e., almost in the whole range of the
necessary movement of the plate of the cyclic pitch control and
in the whole speed range of the helicopter and permissible limit of

longitudinal centering.
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Fig. 117. Dependence of forces on the control
stick of the rotor appearing from loading
springs Pnp upon 1ts deflection: a) in a

longitudinal direction; b) in a lateral direc-
tion; 1 — extreme position back; 2 ~ neutral
position; 3 — extreme position forward; 4 —
extreme position to the 1left; 5 — neutral
position; 6 — extreme position to the right.

Figure 117b shows such a characteristic of the mechanism of
loading only in the circuit of lateral control (deflection of the

plate of the cyclic pitch control, n).

The "pitch-throttle" lever and throttle control do not have
simllar devices for loading, since special mechanisms of locking in

any assigned position are provided for them.
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§ 3. Stability

1. General Determinations

Stabillity of the helicopter 1s cailed {ts abllity independently
to restore the disturbed equilibrium after cessation of the action
of force causing this disturbance. For an analysis of the stabllity
of the helicopter, Just as with aircraft, the stabllity 1s sub-
divided into static and dynamic.

By statlc stabllity 1t 1s necessary to understand the ability of
the hellcopter to return to the initial position after the action
of the force causing the disturbance of equilibrium is ceased. The
helicopter 1s consldered statically stable if it tries to return to

the initial state after cessation of the action of force causing the
disturbance of equilibrium around axes or the change in speed,
direction, and appearance of slip. The helicopter is considered
statically unstable if it tries to depart from the assigned position
around its axes or change the assigned speed, and direction, and
enter into a slip. The helicopter 1s considered neutral (indifferent)
if it remains in the assigned position with respect to the axes of
rotation or speed direction and without slip. Consequently,

stability is the stability of the position of the helicopter.

Dynamic stability examines the character of osclllations of the

alrcraft or helicopter around the three axes, which they accompllsh
relative to the former position from which they were brought out

by some method. The helicopter 1s consldered dynamically stable 1if
after disturbance of the equilibrium relative to any axis the
amplitude of oscilllations decreases (fades) with time. The hell-
copter 1s considered dynamically unstable if the amplitude of oscilla-
tions increases with time.

This means that the dynamic stability characterizes the behavior
of the helicopter during the whole time of the perturbed motion,

1.e., this 1s stability of motion.

Static and dynamic stabllity appear and act simultaneously,
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somet imes causing one another.

The Mi-2 helicopter 1s given a certain static stability; however,
the dynamic stability is too insufficlent, and this does not permit
accomplishing flight, even short-term, with an abandoned control.

According to the three axes of rotation three forms of stability
exist: longitudinal, lateral, and directional. Transverse and
directional stability comprise lateral stability.

2. Longlitudinal Stabillity

Longitudinal stabllity 1s the abllity of the helicopter
independently to restore longitudinal equilibrium after cessation
of the actlion of force causing the disturbance of equllibrium. The

longitudinal stability 1s influenced by the character of the change
in moment of the rotor, fuselage, hub and stabllizer with disturbance
of the longltudinal equilibrium. The basic influence on longitudinal
stability of the helicopter 1s caused by moments of the rotor and
stabilizer.

Statlc stabllity of the helicopter 1s subdivided into stability
with respect to sperd and angle of attack (overload) because with a
steady state of flight the disturbance of it by external forces or
by the pillot himself wilill lead to a change 1n the speed or angle of
attack of the rotor, and the change in angle of attack - to a change
in overload.

The aircraft is usually stable in speed, since the change in
speed of an outside force leads to a change in 1ift in proportion
to the speed, the aircraft passes to climb or descent and the speed
1s therefore restored.

The rotor also gives stability to the helicopter with respect
to speed: with an increase in flight speed of the helicopter for
some reason the deflection of the cone of rotation and of 1its
aerodynamic force back 1s increased, which leads to the creation of
a pitching moment decreasing the speed of flight; with a decrease in
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speed the deflection of the cone of rotation c! the rotor decreases,
the diving moment 1s created, and there occurs a tendency of the
helicopter to increase 1ts speed. Furthermore, a change in the
deflection of the cone of rotzti v owing o the change in speed
because of the change in ftlapping motions also leads to a change 1n
the moment of the hub because of the spaclng of the flapping hinges
in the same direction, which improves the static longitudinal
stabillity of the helicopter.

As flight tests showed, the Mi-4 helicopter possesses insignifi-
cant longlitudinal stability with respect to speed, and in climb in
normal rating of the engine operation it is even neutral with
respect to speed.

An alrcraft i1s usually stable with respect to the angle of
attack, since the change in the angle of wing setting and stabllizer
leads to a great change 1n the moment of the stabilizer as compared
to the moment of the wing and therefore the former angle of attack
(overload) is restored. The rotor of the helicopter makes the
helicopter unstable with respect to the angle of attack (overload).
An increase 1n the angle of attack of the rotor leads to an 1lncrease
in aerodynamic force, and in connection with this flapping motions
of the blades are increased, which lead to great deflection of the
cone of rotation of the rotor and of the direction of action of its
aerodynamic force back. This, in turn, increases the pitching
moment, which leads to an even greater increase in the angle of
attack of the rotor. With a decrease 1in angle of attack (overload)
of the outslde force a reverse phenomenon will occur: the angle
of attack of the rotor will approach a further decrease.

In hovering and forward flight the longitudinal stabllity 1s
partially ensured owlng to the appearance of restoring moments in
the process of the actual disturbance of equilibrium — damping.

The essence of damplng consists 1in the followling. With the
influence of an outside force on the helicopter (gust of windj, the
cone of rotation of the rotor and the direction of action of its
aerodynamic fcrce are not deflected the first time 1n view of
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inertness and gyroscopic properties of the rotor (axis of rotation
maintains the dir ‘:tion), 1.e., the helicopter 1is 1like a pendulum
suspended to the rotor. In connection with the influence of the
outside force between the direction of the aerodynamic force and
center of gravity of the helicopter arm a will appear (Fig. 118a),
and therefore there wlill appear the moment restoring the equilibrium.
The rotor i.,ub 1s banked together with the hellicopter, and then
owing to the spacing of the flapping hinges from centrifugal forces
of blades the mass moment of the hub (Fuoh) will appear, which will
also restore the equilibrium of the helicopter. With this 1t 1is
necessary to consider that such moments will act only with short-
term action of the force on the helicopter,which will lead it out of
the state of equilibrium. If, however, the external forces act on
the fuselage of the hellicopter for a long time, then the deflected
fuselage will lead beyond the rotor and its aerodynamic force, since
together with the body of the helicopter the cyclic pitch-control
mechanism will be deflected with respect to the cone of rotation of
the rotor. Such a position will lead to the beginning of flapping
motions (i1f helicopter i1s in hovering) or to their change (if the
helicopter is in forward flight) and, together with this, to the
defléction of the cone of rotation of the rotor and direction of
action of the aerodynamic force of the rotor beyond the fuselage of
the helicopter. Then the aerodynamic force willl continue the
disturbance of equilibrium in the same direction, which 1s the out-
side force.

Fig. 118. Damping moments of the rotor:
a) longitudinal; b) lateral.

From this conclusion follows that the cyclic pitch-control
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mechanism gives instability to the helicopter. But if one were to
consider that the process of deflection of the cone of rotation of
the rotor and direction of action of the aerodynamic force beyond
the fuselage occurs not atonce but with a certain delay, then the
body of the helicopter succeeds in restoring the equilibrium. In
connection with this damping will appear, which will give a certain
longitudinal and lateral stability, since the described effect
appears in all directions. The magnitude of the damping moment
will depend on the centering of helicopter along the vertical axis
(yT see Fig. 100) and on the magnitude of spacing of the flapping
hinges: the low center of gravity of the helicopter 1is located
from plane of rotation of the rotor and the greater the spacing of
the flapping hinges, the greater the damping moments.

The stabilizer of the helicopter, especially in forward flight,
1s a powerful means ensuring the static longitudinal stability both
with respect to speed and angle of attack, since the change of the
latter leads to a change in the moment of the stabilizer restoring
the disturbed equilibrium.

The fuselage of the helicopter gives instability in a longitu-
dinal relation with respect to speed. This occurs because 1ts
moment in flight, taking into account airflow by the rotor and
approach flow, 18 diving, and therefore the change in speed in any
direction leads to a change in the moment of the fuselage in an
unnecessary direction — to further disturbance of the equilibrium.

The tail rotor in practice does not affect longitudinal stability.
Such neutral equilibrium occurs due to the fact that with an 1increase
in flight speed its reactive pitching moment decreases, and because

of the increase in longitudinal force of the tall rotor this moment
is increased.

On the whole there 1is longitudinal stability of a single-rotor
helicopter, but as compared to the stability of an aircraft it is
still insufficient. Therefore, the pilot must hold the helicopter
in a longitudinal relation almost by continuous, although insignifi-
cant, motions of the control stick.
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3. Lateral Stability

Lateral stability 1s the ability of the helicopter to restore
independently lateral equilibrium after cessation of the action of

the force causing this disturbance.

The helicopter possesses lateral stability for these reasons:
because of the same damping of the rotor, which appeared in a
longitudinal relation (see Fig. 118b), and also owing to the action
of the taill rotor and the obtaining of slip.

Lateral stabllity because of damping will depend, just as the
longitudinal, on the magnltude of centering along the vertical axis
(yT — see Fig. 100) and the spacing of the flapping hinges: the more
the centering and the greater the spacing of the flapping hinges, the
higher the stability and conversely (see Fig. 118b).

As 1s known, the tall rotor 1s elevated above the tall boom.
This 18 done in order to remove the tail :1o0tor from land, to decrease
right bank because of the action of lateral force 1in hovering and
in forward flight, and also 1in order to carry it out of the flow pro-
ceeding from the rotor. But at the same time such an arrangement of
the tall rotor leads to the fact that with the appearance of a left
bank the tall rotor obtains an additional direct airflow on the
left, which leads to a decrease in angles of attack of the blades
and i1ts thrust. 1In connection with this the moment of lateral force
around the longitudinal axis will be greater than the moment of the
tall rotor, and the helicopter will obtaln a restoring moment.
With the appearance of a right bank the phenomenon will be the
reverse: the thrust of the tall rotor, acting to the left, will
be increased, and also to the left the restoring moment will appear.

With the disturbance of the lateral equllibrium both in hovering
and in forward flight, the hellcopter will obtalin a slip to the
side of a bank. As a result of this slip, the cone of rotation of
the rotor and direction of the action of its aerodynamic force are
deflected to the opposite side of the slip, and the appearing moment
restores the equilibrium.
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On the whole the jateral ctablility of the single-rotor helicopter,
Just as the longitudinal, as compared to the stability of an aircraft
is insufficlient and requires its improvement.

h. Direct.onsd Stabllity

Directional stabllity of the hellcopter is the abllity to restore

independently directional equilibrium after cessation of the action
of the force causing this disturbance.

birectioral stabllity In forward flight forward for a single-
rotor hellceopter 1s good and ensured by the tail rotor. The tall
rotor serves not only for balancing of the reactive moment of the
rotor and for reallzation of directlonal control, but it is a rower-
tul lever of dlrectional stability. Furthermore, the stability is
jrovided because of the feathering properties of the helicopter.

With the appearance, for example, of a left slip the angles of
attack of blades of the tall rotor decrease, the thrust of it also
Jdecreases, and the hellcopter restores the equilibrium owing to the
reactive moment of the rotor (Fig. 119a).

With the appearance of a right slip the angles of attack of the
tall rotor and its blades are increased, the thrust increases, and
the hellcopter restores the disturbed equllibrium because of the
increasing yawing moment of the tall rotor.

In flight the pllot senses the good directional stability, since
the helicopter independently holds the selected direction and there
is no need to depress the pedals.

In conditions of hovering in a calm the helicopter has indifferent
directional equilibrium in view of the absence of additional airflow
of the tall rotor, fuselage and tail boom.

When flying backwards and when hovering with a tallwind the

tall rotor and fuselage with a tail boom create instability of the
flight path (Fig. 119b). In this case with deflection, for example,
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Fig. 119. Directional stability of
the helicopter: a) during flight
forward; b) during flight back or
in hovering with a tallwind.

of the tall of the helicopter to the right, owing to the airflow
from behind, the tractive force of the tall rotor decreases and the
reactive moment of the rotor will continue the turn of the hell-~
copter to the left, trylng to set 1ts nose into the flow. The turn
will also be promoted by lateral pressure on the fuselage and tail
boom. With deflection of the tail to the left, the increasing the
thrust of the tall rotor and lateral pressure on the fuselage and
tall boom will turn the helicopter to the right.

In view of the absence of directional stabillity of the Mi-4
flights backwards with a speed of more than 10 km/h and turns in
hovering upwind at an angle of more than 90° with a wind over 5 m/s

are forbidden.
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APV ENDTIX

ACCEPTED MATIHN ABBREVIATIONS AND SYMBOLS

Abbrevigtions

flapring hinge;
drag hinre;
feathering hinge;
center of gravity;
center of pressure,
center of rigidity;
effilclency

rotor

tail rotor

first and second rated altitudes of the engine

direction of flight
direction of rotation

Characteristics of the Rotor

diameter of screw

minimum diameter of stream under the rotor (zones of

reverse flow around)
rotor
element of blade

radius of
radius of
disk area

effective disk area

- area of blade
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geometric rotor piltch
rotor advance ratio

slip of rotor
angle of attack of rotor
angle of attack of wing and element of rotor blade

setting angle of the element of blade (collective pitch)
of rotor

setting angle of tail rotor

azimuthal position of blade of rotor
flapping angle of blade of rotor
angle of conlcity of rotor

relative thickness of profile of blade
relative radius
chord of blade
twist of blade

characteristic of operating conditions of rotor
radius of center of gravity of blade

angle of regulator of stroke

characteristic of flappling control

Characteristics of the Helicopter

angle of descent (gliding) or climb
angle of bank
pitch angle

distance from center of gravity of helicopter to axis of
rctor shaft along longitudinal axis (centering of helicopter)

distance from center of gravity of helicopter to plane of
rctation along vertical axis

sensitivity of control
aerodynamlc drift angle

deflection of plate of cyclic pitch control

deflection of plate of cyclic pitch control in a longitudinal
direction

deflection of plate of cyclic pitch control in lateral
direction
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celiling of hovering of helicopter

Forces

force of reaction of earth
frictional force of wheels agalinst earth

full aerodynamic force of rotor
thrust of rotor
component of thrust of rotor perpendicular to flight path

component of thrust of rotor along flight path
lateral component of thrust of rotor in hovering conditlons

1lift
drag
longitudinal force of rotor (drag of rotor)

circumferential force (drag to rotation of blade)
resultant all forces acting on blade

full aerodynamic force of element of blade

11ft of element of blade

drag of element of blade

thrust of element of blade

circumferential force of element of blade

components of longitudinal force 1n continuous system of
coordinates

lateral component of force RH
coordinates

thrust of tail rotor

B in coupled system of

distorting force on turn
centrifugal force

force of 1lnertia

coriolis force

lateral force of tail rotor

longitudinal force (resisting force) of tall rotor

force of lateral drag
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drag of fuselage

Moments
torque
reactive moment of rotor
reactive moment of tail rotor
moment of average proflle drag of blades of rotor

moment of tall rotor

yawing moment of tail rotor

lateral moment of tail rotor

longitudinal moment of fuselage

lateral moment of fuselage

longitudinal moment of tall rotor

longitudinal moment of hub owlng to spacing of flapping hinge
transverse moment of hub owing to spaclng of flapping hinge

effective moment
bending moment acting on blade from 1ift

bending moment acting on blade from drag

Coefflclients and General Parameters

coefflcient of torque

thrust coefficient of rotor
coefficient of 1lift

coefficient of full aerodynamic force

rotor solidity
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Nu.B
oxa

TP

X.B

un
noTp

noTpy

Nnorpy

Nunun

an

NnB

AN

coefficient of leakage
coefficient of drag

coefficient of flapping motions of blades of rotor

coefficient of Vel'ner [Trunslator's Note:
verified, could be Wellner].

utilization factor of engine power
efficiency of rotor

relative efflclency of rotor
coefficient of lateral force of rotor

coefficlient of longitudinal force of rotor

helght power factor

degree of effectlveness of control

coefflclent of tractor propeller

Powers

effective power of engline

power of engine transmitted to rotor hub
power expended for cooling of engine
power expended for surmounting of friction
power transmitted to tail rotor

power of 1deal rotor

required power for flight of helicopter

power necessary on land
power necessary at altitude

inductive power
profile power
power of motion

surplus of power
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MOTPguc

N
paanMC

N
MOTPxa6op
Nyou

B3:

required power for hovering
avallable power in hovering
required power for climb

nominal power

takeoff power

Speed

speed of flight
critical speed of flight (flow around)

true approach stream velocity
angular velocilty

peripheral velocity

relative speed

speed of sound
vertical speed of helicopter

speed of flapping of blade

induced speed

Parameters of Engine

air pressure after supercharger

consumption of fuel per hour

fuel consumption per kilometer

number of revolutions of crankshaft of engilne

specific consumption of fuel

General Symbols

air density
mass
relative air density
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H — altitude
n — overload
G — welight
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