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A FEW WORDS OF PREFACE :

The helicopter, in spite of what may be said, remains
a strange machine retaining for the "man In the street’
(and sometimes even for the initiated) @ spml.awhat magic
and mysterious aspect. |n this pages, our Wish is to tear off
this veil of mystery. But, it is to be well understood that in
a few pages it is not possible to explain everything. There-
fore we have made a chojce dictated by practical conside-
rations. Let us hope it is the right one !!!

We wish you pleasant reading and as you will see, it
is not all that complicated,

My NAME IS
RERODYNAMIX
L AM GOING TO Repp Toy5 BOKLET WITH 704
(Z WeEp 17!) You wiLL SEE 1E FROIT TINE
70 THE IV THE FOLLOWNG FAGES..,
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1. GENERAL — AIRPLANES AND ROTORCRAFT

AIRCRAFT LIFT IS PROVIDED BY AIRFOILS CALLED WINGS : Fn

AR

AIRPLANE AIRFOIL

Vertical thrust Fp directed upwards develops
on such an airfoil moving through the air at
V VELOCITY. It is this aerodynamic force
which, in opposition to the aircraft weight,
permits ‘‘heavier-than-air’’ aircraft to fly.

THUS , SPEED
1S THE ESSENTIAL
ELEMENT WHICH

ON AN RIRFOIL

GENERRTES
AERODYNAMIC

FORCES

FROVIDING

SUSTENTRTION

SPEED = THRUST

On conventional

provided by a propeller (or a jet engine} pro
viding propulsion AT VELOCITY V"' ’ rotor.

On helicopters, the velocity is provided by the
rotation of the rotor which is driven at speed U
by an engine. The force Fy, called ROTOR
LIFT, is normal to the plane of rotation of the

airplanes, this velocity is

. THE RIRPLENE MUST MOVE
FORWARRD AT SFEED V.

TO SUM UP, 70 STRY IV THE AR ¢
o THE HELICOPTER DOES NOT REQUIRE SUCH
£ FORWARD SPEEP RS 175 “WING" ROTRTES AT SPEED U

Fn

O

P AIRCRAFT WE/GHT

The rotating wing enables the helicopter to fly vertically (to climb
and descend) or to remain still (hovering). This feature is specific to

the helicopter.

Fy = P Hovering
FN > P Vertical climb
FN < P Vertical descent

However, the rotor also provides helicopter propulsion. For this
purpose, it is sufficient to tilt its plane of rotation using a suitable
control. Then, Fy lift consists of two forces :

- Fg (lift) balancing weight P

- Ty (propulsive foce), balancing the aircraft drag Fy and causing
forward motion.
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WINGS , ARE KNOWN RS ROTORCRAF]
THERE ARE THREE TVYPES OF Ro7oR CROAFT

o THE HELICOPTER o THE AUT0GIRO
THE PRINCIFIE OF WHICH

Sou Now Know

ALL AIRCRAFT WHOSE LIFT 1S PROVIDED BY FROTARY WINGS, RETHER THAN BY FIXED

o THE GYROPINE

THE PRINCIFLE OF WHICK 15 SHOWN FELOW

aerospatiale

2.BASIC NOTIONS -MECHANICS AND AERODYNAMICS

Av7ro6/R0

RoToR FREE ON 115 SHAFT ANP ROTATING
UNTDER THE RCTION OF THE KeLATIVE WINP

~L —

e LLE

The rotor is free an a shaft. A proﬁeller drives the aircraft in forward
flight. Such motion causes rotor rotation which provides the lift.
As a matter of fact, the?'autogire is an airplane on which fixed
wings are replaced by -a.rotating wing. It is not capable of vertical
flight or hovering.

GRopPINE

RoT08 TRIVEN BY ANENGINE

The gyrodyne is an autogiro with a powered rotor allowing vertical
flight as it is the case for the helicopter.

CONCLUSION :

® helicopters : the rotor provides both lift and propulsion.

® autogiros and gyrodynes. The rotor provides only the lift.
The propulsion is provided either by a propeller or a jet
engine.

BUT, ITIs A Trap!
IWAS FROMISED THAT THRE
Woulp BE No FORMULAS.
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VECTORS

BODY T0 WHIGH 15 RPPIIED THE VALUE
UNPER CONSIDERRTION (FORCE, VELOCITY...)

X X’
e i _-.. C—— .
o Foinr N
AXIS (LINEXX') | oF arryicorion DIRECTION (HRROW)
L

(1 15 FroporTionaL To THE AMFLITLZE OF THE VALUE)

Any physical value (force, velocity, acceleration .......... ) may be shown as a vector charac-
terized by a point of application, an axis, a direction and an amplitude.

In the case of a force, the origin of the vector is the point of application of the force.

Note :
® The rotor tilt providing a pulling force TH
® The power plant driving the rotor
® The tail rotor .

=7
4
-
w

which will be dealt with later.

mm -----’E

HERE 1S R HELICOPTER /N FORWARD FLIGHT

FOWER FLANT TRIL RoTof

EXAMPLES OF VECTORS

"SREY “VECTOR

v

o mm = 200 #m/h

The forward speed v of a helicopter may be entirely characterized

by a vector indicating :

— The axis and direction of motion of the aircraft.
— The speed (amplitude of the value)
Here 1 mm = 10 km/h :

ForcE ypeTon

20 nm
= 2000 ao¥

Similarly, weight P of a helicopter, applied to the center of gravity
G, is entirely defined by a vector. Here, 1 mm = 100 da.N (The
da.N unit for measuring forces will be dealt with later).

MASS,
FORCE,
VELOCITY,

2.1
All theoretical studies

of the helicopter are
OF based on these 3 phy-
sical features.

MECHANICS | 1 zssevrme
FOINTS Witl Now

BE REVIEWED

ANY CRUSE CAFABLE

- oF MoRIFviNG
F
. THE VELoCIT ¥ OF
A Booy OR
OF CAUSIHNG 175
DUSTORTION /5

Mass, force and velocity are values
that cannot be dissociated :
Thus, the body of mass M, pulled
by force F, moves at speed v.

CRALIEP A FORCE
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Accordingly, a force is required in order to change the velocity

of a body.
This is the principle of inertia.

=== |n 1 second, the velocity of
body M increases from value O
to value ¥’

® ' is the ACCELERATION
communicated to the body.
It is measured in :

meters per second? (or m/s

t=0 E=14
TIME IWTERVAL A5

?

Changing the velocity of a body consists in increasing or reducing
its velocity, i.e., in all cases, in inducing an acceleration § which
may be positive or negative.

This brings us to the basic law of dynamics :

F-—-' /”5

— ® The m‘ertua of. a body is
proportional to its mass M : a
force F is required to induce

M F acceleration & in a mass M.

This formula is used for the definition of the unit of measurement
of force : THE NEWTON (N)

1N =1Kgx 1m/s2

1 Newton communicates to a mass of 1 kilogram 1 m/s? of accele-
ration.

A VERY SPECIAL FOfCE:
o GRAVITY

Weight is the gravitational force which causes
bodies to FALL. The ACCELERATION (g)
communicated to bodies is constant :

g =981 m/s2

Gravity is applied to the center of gravity
G of bodies (this will be dealt with later).
EXAMPLE : at its maximum mass of 2900 kg,
the Dauphin (SA 360} helicopter weighs

P — 2900 x 9,81 — 28449 N or 28449 daN.

LET US RECALLTHE
PEFINITION OF R FORCE :

A FORCE
/S (PFHFLE
OF CHRNGING THE VELOCITY
OF RBODY ( A5 WRS
FREVIOUSLY
DEMONSTRATED) OR TO

CAUSE 175
DISTORTION

( St€ BELOW)

P: Mg_‘

A peereration
FoRce MASs

When a force is applied to a RESTRAINED body {not free to move), it cannot act as a motion
(Dynamic manifestation) but, instead, through the distortion of that body (static manifestation).

EXAMPLE OF TISTORTION : RoToR BLAPES

AV,

!
P |

ROTATING ROTOR :Under thrust Fpp, the | A
blade is distorted upwards.

ROTOR STOPPED : Under its weight, the
blade is distorted downwards. It is deflected.

ELASTIC DISTORTION TO FAILURE.
The diagram shows the distortion under
TENSION of a steel bar submitted to an
increasing force.

® From A to B :elastic distortion.

® From B : Permanent set

@ C :Failure of steel bar.

ELONGATION (Mm)

ok [ da;/
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This example of distortion un-
der. TENSION has been selec-
ted to show the behaviour of a
body stressed by an increasing
force. There are other types of
distortion under :

® compression.

® shear.

@ torque.

® bending.

However, in its principle, the
distortion mechanism remains
similar. Let us give it a closer
look.

ZDYSTORTION UNPER TENSION
ELONGRTION (Mm)

£LONGATION (hirm)

L L o
A B mec (dar)) A

In the elastic distortion area (from A to B) the
elongation is proportional to the force, if the force
is cancelled the body is restored to its initial shape.
The point B corresponds to the yield strength of
the body. The yield strength is measured in daN/mm?

IB —
FORCE (da. )

From B, the set is permanent. The elongation in-
creases faster than the force.ln D, the cross-section
of the steel
AREA) and elongation continues while the force
decreases. The failure occurs at C. The ultimate
strength is expressed in daN/mm2,

bar decreases (REDUCTION OF

IT WILL BE SEEN LATER NOW FATIGUE PHENOMENA LOWER THE FOINT OF FAILURE [ FRTIGUE LimiT)

SYSTEMS Pz @ > F,

OF FORCES
AND
RESULTANTS

Several forces act
simultaneously on a
same body and cons-
titute a system of
forces.

F4

Aligned forces in opposite directions

e 2D

Concurrent forces

Weight P of helicopter and
rotor lift Fy are two o
N P

P F2 F1 posed forces.

Aligned forces in same direction

F2

TFa

Parallel forces

- SYSTEMS OF FORCES

Two EXAMPLES :

Lift force Fg and tension
force TH of rotor are
concurrent. Their point of
convergence is the rotor
center O

A system of forces can be re-
placed by a single equivalent
force producing the same
DYNAMIC EFFECT as the

system of forces.

This single force is THE RE-
SULTANT of the system.

OFFDSITE FORCES

Fz'ﬁ@—Fﬁ

( *F>R=F:-F

Bovy v EQUILIBRIUM IF
= F2, R=0
= o8 ‘.*—l’ e 8 =

F2 F

9 R=Fi+F2

SHME DIRECTION

TESULTANT R OFK ALIGHER FORCES| RESULTANT OF TWo CONCURRENT FORLES *

Geometrical construction of resultant : R is the dia-
gonal of the parallelogram constructed from F1
“and F2. The smaller the angle o< , the larger the
resultant R.
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What if the system consists of more than
2 concurrent forces ? Instead of construc-
ting successive parallelograms, it is simpler
to draw from Figausns s smenn o6 wemd o

Fs  Fs Fi

other vectors equipollent to Fg, Fg, F4 (i.e. Fp,
F3, Fg....)

R is defined by the end of the last equipollent
vector.

FesuiTanr oF 2 FRRALLEL FORCES

o SHME DIRECTION

A C B

F1 F2
R=Fi+F2

® 0??05/7%

F2
E==TA

R=Fi—-F2 *F
!

The point of application C of resultant R is given by the relation :

F;xCA=F,xCB

THE EFFICIENCY of a torque is characterized
by its MOMENT (M) :
M =d x F (d is the lever arm of the torque)

The MOMENT of a torque is measured in
Newton meter (m.N). Usual multiple : The
deca Newton meter (m.daN).

Two torque stresses with the same moment are equal.
To balance (cancel) a torque it should be opposed by
a torque with the same moment.

Example : A rotor at stabilized r.p.m.

— Cm engine torque drives the rotor.

— Resisting torque Cr is equal and opposite.THE
ROTOR IS IN EQUILIBRIUM.

Cm = ©rn
The rotor rota- OF
tes at constant

A FORCE

®
/ A SINGLE force may, in

some cases, cause the ROTA-
TION of a body, in the same
way as torque.

When several forces are replaced by a resultant force R,
SUCH FORCES ARE COMPOSED. The composition

of forces permits to study their global effect.

Inversely, THE BREAKDOWN OF A FORCE into 2
or several elementary forces permits us to ANALYSE
the effect in definite directions representative of the

action of such forces.

LETUS PUT THESE NoTIONS
/N CONCRETE ForM

AERODYNAMIC (ENTER

Every component of a rotating rotor blade is acted upon by an
elementary aerodynamic force jd FR. All these forces are parallel
and codirectional. Their resultant FR (global effect of elementary
forces) is applied to the aerodynamic center of the blade.

The force F, applied
to the crank-arm, rotates
drum T around its fulcrum
0. The effect of the force
in relation with point O is
proportional to length d of
the lever arm.

This effect is called THE MOMENT OF THE FORCE (M (o) F) : it
is measured in m.N or m.daN.

M (o) F=dxF

£MAMALE

Lift Fpy of rotor has, in relation with the center of gravity G of
helicopter, a moment :

d x Fp tending to tilt the aircraft forward. The aircraft tilts until.
d =0 (Fpy and P are then aligned and the moment is zero).

RELRTIVE WiINE
AEROFYNAM IC CENTER

For analyzing the effect of FR on a blade, this
force may be broken down into two concurrent
forces : F,, normal to the direction of the
relative wind (lift) and Fy parallel to the
relative wind (drag).

A VERY SRECIAL
SYs7TemM
OF FORCES :

2 parallel forces (F - F’) which are equal and
opposite constitute :

A TORQUE
A torque has no resultant (R = 0).

|t causes the rotation of bodies free to rotate
and distorts (twists) bodies prevented from
rotating.

OTHER £XAMPLE

Fn The blade thrust (Fp)
AERODYNAMIC CENTER creates a BENDING
moment .
dxFp
acting upon attachment
point A of the blade
where it induces very
significant loads.

The more rigid the blade, the higher are these loads. The device (flexible
hinge) used to reduce this bending moment so as to render it consistent
with the strength of the materials utilized will be explained later.

DO NOT CONFUSE THE MOMENTOF
A FoRCE WITH TORQUE

Let us analyze the effect of force F.
It is possible, without changing the
external condition of the body to which
it is applied, to construct from C two
forces (F', F') equal, opposed and
parallel to F (such that F =F" =F").
The resultant of F' and F’* is zero
(F" — F"* =0) and therefore the two
systems are equivalent,

1 FORCE =1 TORQUE +1 FORCE
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This explanation permits to analyse the effect
of force F which, as it may be seen.......

I¥ convcLusion,
17 MUST BE
“REMEMBERED
THAT A FORCE

CANNOT
BALANCE #
TORYUE

— —

rotates the body around C
(effect of torque F, F')

and drives the body along F"'
(effect of force F')

Now, it is time to deal with the equilibrium of bodies.
A BODY FREE TO MOVE IS IN EQUILIBRIUM WHEN
ITS SPEED DOES NOT CHANGE (it may be stationary

or in motion).

THE BODY M IS IN EQUI-

LIBRIUM AS :

® Fq = Fp and, therefore,
R=0.

® The moment of torque C4q
is equal and opposite to the

moment of torque Co.
\ Ac:

EQUILIBRIUM CONDITIONS OF FREE BODIES :
Zero resultant of forces applied (R =0)
Zero torque resultant,

A body consists of heavy elementary particles.

THE CENTER
OF

GRAVITY
OF BODIES
@

Number of
particles n,
P=pxn

If elementary weights p are composed (compo-
sition of parallel fofces), a resulting force P (weight
of body) applied to point G (CENTER OF GRA-
VITY OF BODY) is obtained.

A Note
WORTHY FOINT

The situation is similar for a helicopter which consists of
heavy assemblies and equipment.

Py P2 P3 Pa Ps

P: p1+ Py + p3 coce

If the weights (p1, p2, p3...) of these assemblies and equip-
ment are composed, total weight of aircraft P, applied to
center of gravity G is obtained.

The pattern of the various masses is designed so that G is
aligned with the center of rotor O.

HOWEVER, WHILE THE CENTER OF GRAVITY OF R S0LIp BODY 15 FIXED, THHT OF B HELYCOFTER HIRY HOIE.

As a matter
“weights :

of fact, the total weight (P) of aircraft is the resultant of 2

— Empty weight (P1). Weight of unloaded helicopter. P1 is applied to G1.
— Load (P2) : Crew-passengers-freight-fuel... P2 is applied to G2.

® P1 is constant in amplitude and position : accordingly, G1 is fixed
® P2 may vary in amplitude and position : accordingly, G2 is mobile.

G. WHERE THE RESULTANT P =P1 +P2(TOTAL WEIGHT OF AIR-
CRAFT) MOVES IN RELATION WITH THE WEIGHT AND POSITION

VP OF LOAD P2.

aerospatiale

THIS GIVES RISE 7O THENOTION OF

HELICOPTER C-G L OCATION

@® |n relation with the medium center of gravity Go (Go being
aligned with rotor center 0}, the total weight of the aircraft may be
applied forward (FWD C.G) or to the rear (Rear C.G.). When the
center of gravity is moved, it creates in flight a nose down moment
(FWD C.G.) or a nose up moment (rear C.G.). Such moments, which
tilt the aircraft forward or rearward, adversely affect comfort (aircraft
attitude) and, if they are too great, they may become dangerous for
flying the aircraft. It is for this reason that helicopter manufacturers
specify C.G. limits not to be exceeded.

~—1 I
1174 56-[//4/7‘: : :

REAR CG. LM T
[+
i

— MEFIUM CG.

11
11
I

A Mortion 15 DEFINED BY A

HAVING €XPLAINED FORCES, TRATECTORY AND A VELoaTy

WE WiLL Now piscuss
THEIR DYNAMIC

N, CYRVED TRATECTORY (CURVILINEAR TRATECTORY)

EFFECT o e

STRRIGHT TRATECTORY
[ RECTILINERR TRATECTORY)

The velocity of a body is expressed in meters per

MOTION
AND second (m/s) or in kilometers per hour (km/h) :
VELOCITY

A velocity can be, like a force, shown as a vector
indicating the direction of displacement (arrow)
. and the velocity value (length of the vector).

A motion is called UNIFORM when the speed
or velocity is constant. In all other cases, the
motion is said to be ACCELERATED : Thevelocity
varies (increases or decreases) under the action of
a force system (other than null) applied to the
body in motion.

A BopY MAY BE SUBMITTED To A SINGLE MOTION
OR TO SIMULTANEOUS MOTIONS.

Example The helicopter
moves at velocity v in the axis
x x'. It is deflected from its
trajectory by a wind having a
velocity U (drift). The resulting
motion is given by the compo-
sition of vectors v and u.
V is the resulting velocity of
the helicopter which moves on
the resulting trajectory y y' .
v is the driving velocity, u the
relative velocity and V the
resulting velocity.

COMPOSITIONS OF YELOCITIES .
VELOCITY VECTORS ARE CoMPOSED
L/KE FORCE VECTORS

g—h—pv

O u
o—— =V=u+v
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All points of a body in rotation are animated with
a circular motion. Their trajectory is a CIRCLE, A”GUZEP V££OCIT-V {w) e The force F moving a body M
w = ’n' N Fﬂl?('ﬁ' produces WORK
N (r.p.m) 30 ANDC M OTIoNV
Point A descri-
ﬂ MOﬂOM OF ° b:sma circle of M P/?OP&(Z’ M A F M A F
fﬁﬁf/ﬂ/[/ﬂﬂ radius R. \\ m—a e
\
INTEREST & Pl Sdee | reu. 2 T radions o) TITT7I 777717 77 ////6.//// A2e LT PT TP ET
bes a circle of N (rpm) =2 7N |
70R S i F. flgennd 1 | WORK WORK -
W=2TN=TN /M,
C'RCULAR 60 30 AND @® A force F which moves its point of application PO
Wi . WER
‘A’over a distance £ produce work :
POWER ® |f work W is produced in t seconds, the power
MOTION Rotational, velocity We=Fxf dsslonaiis
is also expressed in terms of the center angle swept by W
THE ROTATIONAL SPEED (N} of abody is measured radius OM of the rotating body. This is angular velocity Work is measured in Joules (J) P
. in r.p.m. {revolutions per minute). which is measured in radians per second. (rd/s}/ t
1J=1TNx1m Power is measured in Watts (W).
e PND CRCYMFERENTIAL VELOCITY |  CIRCUMPERENTIAL VELOUITY IS FROFORTIONAL 70 RROIYS
ULAR VELOCITY w
V= wR % /AWP?O ANGUL / , A body (solid, liquid or gaseous) set in motion | When the velocity of the body increases, its kinetic energy

stores an energy called KINETIC ENERGY. increases (it is supplied with work).
When the velocity of the body decreases, its kinetic energy
decreases (it releases work or heat).

AN EXAMPLE : diagram of velocities for a rotor rotating at constant speed.
A FECULAR

| @ = cons7ant
FORM OF

WORK

"CHMVED
WorRK W=2% MY2

Kinetic energy is expressed (W)

In one turn, M covers
2 TR (meters)

In N (r.p.m.)

it covers :

2 T RN (meters)

and in 1 second.
OR L
2 TRN _ TRN _ (n| \4—--' -
€0 30 v= wR ] " )
V= w(R+d) Exa_mple : a vehicle having a
mass M = 700 kg runs at
The circular velocity (v) is the distance (e) covered The circular velocity of blade compo- KlNET'C 90 km/h (25 m/s). Its kinetic
in 1 second by a moving body M having a circular nents increases, from the root to the tip, energy is
trajectory. It is measured in meters per second (m/s) according to their gyration radius R. ¥ iidh iy suddarlly soms, B reibases: gl fis
ENERGY kinetic energy under the form of work (here : W =1/2x 700 x 252 =218750 J.
ZR . § is di d Gy tside of distortion, failure...). This is the quantity of energy released during the accident.
Ci 'P e " The centrifugal force is directed towar e outside o
{Oﬁ {5 ﬁop { F' Mw the trajectory. Its action line passes through center of
E MoTioN (%} rotation "O"’
' BUT THERE 15 A MOTIgN .
st ), oricm N\ | THE AIR IN MOTION
L] L] ®
WHICH FRODUCES
A FORCE NOTIONS RERODYNAMICS
HAVING VERY 5 ”V 7///”6,,, In aerodynamics, there appears the notion of relative mo-
H d f th litude of the centrifugal farce OF tion. As a matter of fact, for studying the aerodynamic
. ere is an idea o e amplitude o | AERO- behaviour of a body, i i i
y, its motion must be considered NOT
SIGNijCHNT{{?‘ZC75° applied to a rotor blade : X
IN RELATION WITH THE GROUND (absolute motion)

but IN RELATION WITH THE AIR (relative motion).
Thus, we shall speak of relative velocities : Velocity of
a body in relation with the air or air velocity in relation
with the body (the two being equal and opposite).

(case of a SA 330 helicopter blade).
It is demonstrated that a body of mass M M =70kg —N = 265 r.p.m.— R=4,03m DYNAM'CS

CENTRIFUGAL having a circular motion of R radius and a &

speed «vn» is submitted to a CENTRIFUGAL F=70x (3,14 x 265)2 x 4,03=217.015 N

FORCE FORCE F=MU2=Mc?R. This force is applied | 30 \
R
. to the center of gravity G of the body. M w? R

THE EFFECT THAT SUCK # FORCE MAY FRoDUCE AT THE BLADE RooT IS £ASIKY IMAGINED.
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T

; i . . - i i ind) relative to th
_[T sl{g ;g/lgj/i/?;if/qg‘é xR :::e:lc?pter veclloc;t: rltlala.twe to the ground U —;';zl::cl’t\’ of the air (wind) relative to the THE TOf/qL P, =Pg + P4 =Constant, which EXAMPLE : Variation of static and dynamic pressures in a
7”5 elative speed of helicopter

UR —Relative speed of air (relative wind) means that if a gas gainsl energy varial:31e CI‘OSS—EECT.iOn duct, The airflow (Q =SV)being constant,
: 7’:?655(/?6 /Fb) under the form of speed (increase the airspeed (v) increases when the cross-section (S) decreases.
of dynamic pressure), it loses an ;
equal quantity of energy in the
R
,"HU r_________.,{UR ' OF ” Gﬂg form of static pressure, and
! ! | : vice versa.
VR=V-Ul| . (M J Y2 > o1
I | }VR=V+U I OR: e ’-\'l'.\-\
| 'I | E fOA’QTﬁNf — . \‘ B *
L O v = When the dynamic pressure in- o {7 Gy 4 ard (Sg el 72 —
! | & & creases, the static pressure de- bl et B NGB s e
l | creases i R Sl ==
= | U 2 -

J /?/Vﬂ///ﬂ/ Sﬂ/ffﬂlﬂf/ﬂﬂ/ V(WUM/ﬁ%/ffﬂﬁfff/ﬁfl@ (Provided the gas

receives or supplies
neither heat nor

work), U P i+ Poy = 14P22+R2 = covaranr
P4 Tde

]
I

: I

' l
1

THE (CROS5-SECTION DECREASES [S24 S1). TE SFEED INCRERSES (V2 > ¥1)- THE DYmemic

The air (like all gases) develops energy which acts as pressure : 3#[ nyﬁf/f Wﬁf{/fﬁfﬂ FRESSURE INCREASES /2/3> ;%’4) AND TUE STRTIC PRESSURE DECRERASES 3?194/£¢0’4¢ AMovN T
® STATIC Pressure (Pg) : EXPANSION ENERGY ’ .
® DYNAMIC Pressure (Pq) : KINETIC ENERGY OF
AIR IN MOTION.
Pressure is the force of a gas acting on the
unit of area.
‘ﬁlﬁ /N MOT/OA/ * > | " Force  Theunitof pressurels R N 1 - O e A body forms an obstacle to the relative wind
ﬁ”ﬂ gf/[l #/& <= A/i //yﬂaf/al/ ~ Area the Pascal (Pa) 1 Pa = e e w BB ‘ . e ) ': L g _' B e " SN ar'!d restrains its motion. This is wind resistance
=i W' D g e e g i 75 ., ' == 7 " Air opposes the motion of bodies. A plate
M/ == <<= N wmmag, o & . _3h < = = = . . place§ normal to. the airflow (relative wind)
yy/Vi 6- == o v sown vaws wm g 8 P E . = restrains and deviates the mass of air which
- - . e - T : i 7 strikes it.
fﬁg‘SEUﬁg = Here i her definition of pressure : RES'STANCE B v S o o T i This phenomenon is demonstrated by the
e R O e etrcar et T PR . .. AERODYNAMIC SPECTRUM : The air-flow
. Pressure is the energy of a gas contained in the S . ; Lo & ; o
) i O . 4 s is materialized by smoke.
unit of volume : — g u B, ma
ol - ] . r -
14 Shel ” N g 1P - _—
P=Energy 1Pa—= SN ok U ol pal T
. i Volume Tm AT T
Static pressure acts Dynamic  pressure acts ST gy ik s it
in all directions. in the direction of velocity, " E 3, = .
KINETIC EMERGY AN DYNRMIC P,?{sSUEfOF/?/ﬁ Accordingly, a mass of air in motion possesses both static energy IV THIS AF€R THE BIEFLOW HERE 15 AN RREA OF RELATIVE VACUUM
(static pressure Pg) and dynamic energy (dynamic pressure Pg). 15 RESTRAINED s s -
: The sum of these energies represents the total energy (or total S SEm e e -'_:"" L ) WHER{ THE RIRFLOW INCRERSES
The kinetic energy of a mass of air M pressure P,). % R R S E7 R T ik
occupying a volume V and having a velocity . | [ LET US HAVE A CLOSER LOOK AT THIS !
vis: s %
e T ® On the forward surface of the plate, where
W =1/2 My 2 e "'V/?C’UUM the airflow decreases, the dynamic energy
! ffD 7_ g E L & ﬁ'o?fl? is converted into static pressure. The pressure
or, as M = pV (pbeing the mass of the unit 5 » oSITIVE . RS exerted on the forward surface exceeds the
g o STHUL IR = STATIC FRESSURE (73) - oprssime. =" e it alusit=f- vy
9 sk N . Pl
w=1/2pV.V = 707AL SSURE BRI e r ol | | et :
ONIT OF VOLUME o AIR IV MoOTION 0 RE /Pé} 4 UPSTREAM: ... . . ﬂfé—é’ N e T DownSTRE#M - @ On the rear surface of the plate, there is a
" ; . SPUER/IC RN & ._"-_'- 4 T ATMO?M‘-’PIC relative vacuum area where the airflow in-
The kinetic energy of the unit of volume is ? ) 2 ATHO S e, B B creases. The dynamic pressure increases and
called dynamic pressure (Pd), or : ﬂ = 7%"?' d=7%+ /2 Pb‘ - ¢'€'£550‘?£ (7%/ T ;VfE.S'SMeE /)Va) the static pressure decreases.
2 Vectors represent P 5
\AY . ‘ <P, : VACUUM
Pq=1/2p ~ =1/2 sz the relative static pressure Pg—P3). P
This pressure is negative in the vacuum area.

12 : 13




aerospatiale aerospatiale

..... But, the airflow is deflected and the
V/?Z Ug OP e mass of air flows at a speed which is
reduced but not null, along the sides
of the plate;a relatively large vacuum

ANALYSIS OF #r

Thus, the forward surface of the plate is submitted to
a pressure which tends to push it and the rear surface
to a vacuum tending to aspirate it.

el e e area is then created, behind the plate.
--------- Finally, the air "rubs" against the Fr may be broken down into
it T plate surfaces. The resulting friction two forces :
LA i, -- - --- Jer-‘ ’fﬁ P_‘!rz__5 forces absorb part of the kinetic i Z/FT
el 1 —_ Vv energy. e Fz, normal to the relative
oy =y - - - | Ge—— wind Vg, This is liftcap
2 o s s which raises the plate.
27 R e Fy. parallel to the rela-
- - - ma = omm . =y [ i 3 o
V u (5 - SURFHC‘E f?ﬁé-ﬁ OFPéﬁ’ff) ‘twe. wind. Thns is DRAG,
— e I VR which restrains the plate's
: .
- ' V: 0 motion.
"\‘ B ™ If the airflow striking the plate was not Note that the aerodynamic resultant (FR) is
S o .- - deflected, its entire kinetic energy would be not normal to the ?Iate as.the pressure forces This is the principle of airfoil surfaces, i.e. of surfaces capable of converting the relative
= L o’ THE RESULTA Comrerted, 1000 Brossra-and fhe GO would -tend to place it, but tilted rearward under speed of air into a lift force. Now, we shall deal with airfoils specially designed in the
. L : the action of the friction forces.

! OF THESE PRES-
- SURE FORCEs Is | °f Rwouldbe.

THE WIND RESIS-

wind tunnel for increasing lift and reducing drag.

R=1/2FP.v2.5{1/2 P vZ= dynamic

TANCE : R
pressure) .....
FRO @ "
LETUS SOM UP... M “FLAT" AIRFOILS TO STREAMLINED AIRFOILS
Let wus illustrate '
the effect of the
Considering these effects, the basic S:::: T’esis:t:?::e c: Hel*i‘wpter rotor blades and airplane wings are airfoils specially designed for developing lift forces. To obtain lift the airfoil must be inclined
' : -~ with respect to the relative wind. Th e wind wi - ;
expression of R becomes : 2___ 460% ” "- i . K Ve win e angle "'i*" of the relative wind with respect to the airfoil is called ANGLE OF ATTACK.
a ==y = If the wind resis- P ' \77?/6770/!/
R=1/2p.v".8 .|K | tance is rated at Vv e ' -+
100 percent in the -/ FRESSURE
K :being a factor covering case of a circular i ’ #
' plate. L = vacuunf
| ® The body’s shape (the body’s T ____i\/,
1 " . -
| shape has an effect on the P R ... The wind resis- ) B p— i}-b
I airflow and, therefore on the g___‘sv% tance is only rated : . N h EQUAL
| value of the pressure loads). at 50 percent for a ~ . B v ? =,{/2 F &25.1(
E ® The body's surface condition SiibEie FailiiG) e e o "
| (i. e. the friction forces). saifre diameter, ¥ l‘ : )
: and drops below : R = -
! 15 percent for a e
stream-lined body.

I Wind resistance is a necessary evil. As a matter of fact, although it
opposes the movement of bodies, it contains an energy which
i may be mastered and directed.

AND CONCLUDE :
HOW

R1%Pp2s k
TO OBTAIN

The air resistance is proportional : A

LIFTING
SURFACE | R

Eﬁar‘,@}:"/g {v25.K

Without forgetting to our
previous conclusions, let us
tilt the plate with respect
to the relative wind vg we
shall still note :

A pressure area

A vacuum area.

® (o the air density P

to the square of wind velocity v
to the body's surface S

to the factor K covering the body's
shape and surface condition.

2

The value of the angle of attack "i” affects the amplitude of aerodynamic resultant Fg :if i increases, F R increases.

This new n.otion. leads us to reconsider the factor K, which, in the expression already given of FRrdoes not cover the body’s position relative
to the relative wind, and to substitute a factor C, introducing this effect. The resulting final expression of Fgis:
- 10
=% Po25¢,

However, the resultant R (which will henceforth be called Fp.
(The resultant aerodynamic force) is directed upwards.

14 15
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Diagram of positive and negative 75/"/N/f/04/f ﬁflﬁT/Nﬁ TO A’//E‘F‘O/[S

pressures acting on an airfoil.

THICKNESS
The REFERENCE CHORD is

E = : .
A/f&ﬂf/V£ 1’01?55'5’0/3&' ! the line drawn between the lea-

ding and trailing edges. It acts ~~( = = - -
as a base for the definition of

4 e f
the airfoil shape. b7
CHORP E FERENCE CHORD

KELEP IV MIND

In relative wind (VR), an airfoil is sub-
mitted :

® on its upper surface, to negative pressure

forces
@® on its lower surface, to positive pressure The ratio : THICKNESS
* forces CHORD
h .
whose resultant, called AERODYNAMIC . ,, ” The: MEDIAN LINE is the
is called "THICKNESS RATIO geometric locus of points
RESULTANT (FR) consists of two forces / / ) Ty ) e ;
which may be measured in awind tunnel : — Y The thickness ratio is expressed in percentage of the equidistant from the upper
Vr chord. and lower surfaces.

— LIFT (F,), normal to the relative (Example : 12 percent thickness ratio).

wind. It is a force acting in the right
direction : it supports the airfoil.

— DRAG (Fy), parallel to the relative
wind, It is a harmful force : it res-
trains the airfoil and absorbs energy

PITCH ANGLE AN ...

uselessly.
=
] 2
= & B 4
Keep also in mind that the negative pressure
forces acting on the upper surface of the
airfoil have a major effect (Refer to the . . o -
pressure diagram). Indeed, they provide 70 The pitch angle (#) is the angle formed by the airfoil chord with a
percent of the lift ' fixed reference plane. For a helicopter blade, this plane of reference The angle of attack (i) is the angle formed by the airfoil chord
: is normal to the rotation axis of the rotor. with the direction of the relative wind.
In the case of symmetrical airfoils (whose median line
FRoFILE OF A HELICOFFER 1EADING EDGE coincides with the chord) :
AT ’ THE CENTER
I.ET US Fr EXAMPIE: WALA 00.42
OF AIRFOIL
TALK ABOUT LITPER SURFIRCE —
AIRFOILS / PRESSURE \
| T L W
It is the point
where the aero- '
dynamic  resul- CENTER OF FRESSURE
tant force Fg is /C‘.?f/
p applied.
- G, LoWeR SURAHCE
TRAILING £DGE
The location of the center of pressure (C.P.) with
il £ irfoil (rotor blade- : respect to the airfoil chord varies according to the The center of pressure is fixed (independently of the
T.he pe |'e )od an a.lreslits dreAvRTIE type of airfoil under consideration and for asymme- angle of attack) and located at 25 percent of the
abir:‘al:‘g :.ng etermin X MAIN COMPONENTS OF AN AIRFOIL trical airfoils with respect to the angle of attack (i). airfoil chord.
ehaviour. .
17
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LFFECTOF THE ANGLE OF ATTACK ON AIRFLOW

é—f X

CONFEX FLANE AIRFOIL

THE MRV COMMON RIRFOILS

- ==
SYMMETKICAL B/- CONVEX AR FOIL f‘ = A
[~ = point of separation of the boun-

e HOLLOW AIRFOIL
‘-~__\ dary layer D move towards the
leading edge. The displacement,

ficant up to a relatively high
ASYMMETRICAL BI-CONFexX RIRFOIL DoUBlE CORVATURE AIRFOIL

MEDIUH ANGLE OF ATTACK

When the angle of attack increases,
the point of transition T and the

LOW ANGLE OF ATTACK 4 : NEARLY ZERO

angle value (variable according to

the type of airfoil but generally

exceeding 20°).

A critical airflow area begins at this threshold; some degrees beyond it, the
boundary layer is separated and lift decreases sharply. -
The symmetrical bi-convex airfoil is, the airfoil par excellence for metal helicopter rotor blades for the following reasons : Ease of manufacture i,
and constant stability : as a matter of fact, the fixity of the center of pressure, coinciding with the blade hinge axis, avoids any unwanted D
moment. The new techniques of production (composite blades) allow asymmetrical bi-convex airfoils which have better aerodynamic qualities. THIS 15 KNOWN RS STALLING

31 ¢

Higt ANGLE OF ATTACK £530°

GOUNRRY LATFE EFFECT OF THE ANGLE OF ATTACK ON THE DIRECTION OF F&

In A, air molecules adhere to the airfoil. The

THE VR speed of air flow is zero. /L' > O ,(" < O

A,R FLOW B _L_.'—‘ ZBOUNPQQ(/ From A to B, friction forces decrease and the ANALYS'S
— ﬁygg air velocity increases.

OF THE

AROUND ': T//é' f?/iFZOW In B, the air flow is no longer affected by
™ friction. Its speed is Vg.
AN AIRFOIL O —— AERO-
DYNAMIC

LY== VARIES
/-._\ OF THICKNESS AB WHERE THE FLOW
RESULTANT

In the immediate vicinity of an airfoil the visco- VELOCITY VARIES.
sity of air produces a braking of air molecules
resulting from friction forces.

FNCTION OF BOUNPIRY LAYER : THE STRTIC FRESSURE FORCES WHICH CRERTE ON AN RIRFOIL THE FESULTINT

72

We have seen that the aerodynamic resultant FR, applied
at the center of pressure (C.P.) is inclined rearwards and
directed upwards when the angle of attack is positive

|f the angle of attack i is NEGATIVE, the phenomenon is
inverted : FR is. directed downwards and the airfoil is
pulled downwards by a force - Fz which may be called

RERODINGHIC FORCE (#r) CONV HRHE ETTECT OMY WHEN THERE 15 A BOUNDARY LAYER STICKING T0 THE RIRFOIL

(i.e. when the relative wind VR attacks the airfoil on its | NEGATIVE LIFT.

+ turbulent,

| is the point of impact. It is
from there that the air flow is
divided in two parts by the
airfoil. ‘

The airflow layers are
parallel to each other.
Thickness of boundary
layer in laminar flow
area is some 1/10 of
millimeter,

LAMINAR AND TURBULENT FIOWS

TURBULENT FLOW.

The trajectory of the airflow

o layers jets is disordered but
The examination of the aerodynamic spectrum the general direction of flow

(air flow materialized by smoke)} demonstrates remains that of the
the existence of a boundary layer over the
whole airfoil. In the first section of the airfoil

flow.
o _ T
the flow is laminar. Then, from point T, called T taTent oo

the transition point, the flow becomes 10 millimeters

laminar

lower surface).

Thickness of boundary
layer in the turbulent area : 2 to

LAMINAR F oW l

- or—~——

A e — Under some conditions the flow
rr may become whirling. THE
_.:t BOUNDARY LAYER BECOMES

> SEPARATED FROM THE AIR-

%= ro.

SEPARATION OF BOUNDARY LAYER. |

18

A :‘s_n_>

If the angle of /

attack |s. zero, FHi

the flow is sym-

metrical (for a

symmetrical air-

foil) on the up-

per and lower

surfaces. The pressure forces on the upper and lower sur-
faces are equal and admit 2 symmetrical resultants (FRe
and FRj). In this case, the general resultant (FR) is
parallel to the airflow. This is drag. The lift is null.

TALTORS AFFECTING THE VALVE oF FR

Let us consider a blade section of a
helicopter rotor and examine every term
of the expression :

Fp=1/2pv?.8.C;

FR is proportional to @ (air density).
As P depends on the atmospheric
pressure and the ambient temperature,
FR varies with these two data, Particu-
larly, FR decreases when the altitude
increases.

19
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Dw=cosmr  FrR=Y2 Tvi.5.Cr

F, is proportional to the surface

area S of the blade section,

FR is proportional to the square of N \\\
the relative wind velocity VR. E
-

% 1 example :
In the case of an UNTWISTED rotor
N
/ / ,_>\ blade rotating at constant velocity, N
Ve VAaRIATION \\/ N Ny ~ FR increases from the root to the tip \
N\~ of the blade as Vg increases with the T ’ —bl—.l
rotation radius R. This variation of Fx
FR is troublesome. The applicable ) ;
- The 3 following parameters, LIFT (F;), DRAG (Fy) and aerodynamic resultant
remedy is : Value S is constant for a blade having a given (FR) depend only on the factors Cz, Cx and CR which vary with respect to angle
S profile. of attack ""i’’ only.
_ = Accordingly, to design the aerodynamic features of an airfoil, it is sufficient to
Fg"' % P?Z gcf determine, for every angle of attack "i"’, the Cz and Cyx data and to plot them
WMCZUS/O/V’ on a graph, 5ﬂM£f‘f/£F—0/L
o BUYT £ =6°
THERE 15 ONLY M
~ 0”5_ Wﬁy ‘r(_= 6°
Cs |
m gayfﬁaé ?,’X: A E)fample. : Case of.a s_ymme-
trical bi-convex airfoil, for |
70 VHRY THE =T l
Factor Cy,is represented in size
FgR is proportional to factor C, which reflects : ﬂA/GZ{ Ofﬁffgcx/ o M and direc’tion by vector OM, |
Tﬂ[ WMUE OF{R — the shape of the body (profile) L i I.{,: 2° i
— the condition of the body’s surface
‘DEP{/VD'S aor 7;’1/5 — THE BODY'S ATTITUDE WITH RESPECT TO | l
ANGLE OF RTIRCK £ THE RELATIVE WIND (ANGLE OF ATTACK) I / |
7 1
0 ; Y . s
The way this is achieved on a heli- 0,010 EX 0,010 0,019 Cx
KEEP IN MIND : for a given blade, C, varies in terms of the angle of attack "i" only. | copter will be examined later.

EFFECT OF ANGLE OF ATTACK VARIBTION ON LIFT [fz] Ao DRAG(Fx)

EXFRESSION OF F ANP Fx

If all points M determined this way are connected, a curve called

Fz= FR=1(ES_V_2CJ 20° the airfoil polar curve is obtained. This curve show how, for a given
1esv2.c: b T 4 2 airfoil, the lift and drag vary in terms of the angle of attack.
2 i | In the wind tunnel, Cz and Cy are determined using aerodynamic
| scales measuring the drag and lift values. The test conditions are \ As Cz and Cyx values are low, for the purpose of making easier the
l Lift (FZ) and drag (Fxl such that the term 1/2%€ S.V2 .. ... REMAINS CONSTANT . readinq of the curve, Cz and Cy are multiplied by .100. F%thhermore,
I are calculated wusing the as Cx is much smaller than Cz, the scale of Cx is 10 times greater
| } basic formula of wind than that of Cz.

This curve is called polar as it is defined by the end of vectors OM
originating from the same pole (origin Q).

=1SM2 Cx resistance and a , shape
2 and position factor deter-
mined in a wind tunnel.

Vr

e Cz /S THE LIFT FACTOR
- Cx /S THE DRAG FRCTOR

R } =
£8. : Y PSEL=4 w00 Cx
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THE SIGNIFICANT PONTS ON THE FOLIR CURVE OF RN AIRFOL 3.BLADE AND ROTOR

GENERRL  SHAPE OF THE FOLAR CURVE The MAIN ROTOR provides lift and allows
forward flight.
OF A SYMMETRICAL B/- CONVEX AIRFO/L

1oocﬁ

4

> AMZMQY

The TAIL ROTOR compensates
the main rotor reaction torgue
and allows control of the aircraft

THE ROTOR IS THE MAIN HELICOPTER about its yaw axis.
COMPONENT.
BLADE The blades are finked to the rotor head by HINGES (or FLEXIBLE

SECTIONS) allowing blade motions :

—In the vertical plane (flapping hinge)

—In the rotation plane (drag hinge)

—about the longitudinal axis (feathering hinge)

foror HEAp

70 CLIMB BY THE
NORTY 7cE {

FAPPING HINGE

PoTOR SHAFT

A rotor is composed mainly of :
— a ROTOR SHAFT driven by the power plant.
— a ROTOR HEAD linking the rotor shaft and

o,
blades. @

— BLADES (two or more). ?,597'/{5)?/(; ‘/f?’ﬁg‘.&

WE RRE GOING TO REVIEW ROTOR RERODYNAMICS ANP /IECHANICS,

TRAG HINGE

! FoSITr VE
# Wit FRRTICULAR ENPUASIS ON THE NEED FOR HINGES [OR FLENBLE SECTIONS ).
s ot
ANGLE OF BLADE - Definitions e g BLIE AREA  G= R iC
| 100C, LeNGTH /R
| P - SO A
VEGARTIVE \ zowga;lfgp//m 97 Cl
THE ANGLE OF ATTACK INCREASES FROM POINT 1 TO POINT 5 ad ' ' B e : &G : ' i g g' HQ'
' A CeniR oF  CENJER OF
® in1  The angle of attack is zero. Lift is null and drag is - at this point, the angle of attack provides maximum / FRESSURE GRRVNTY f \
i lift for minimum drag. The lift-to-drag ratio is defined BLAPE TIP Foo7ENP [
by the ratio Cz
® in4 The lift is maximum -
- from 1 to 4, lift and drag increase, Cx 25,7 0f fﬂO/ﬁp ’??ﬂg{(fﬂ/iwﬁ/
- beyond point 4,_an\,: in'crease. .in the angle of attack ® in3 This is the point of best lift to drag ratio of the airfoil. Pa C)//DW ﬂg v o C’fly (7
produces a reduction in lift {critical area) This is the optimum angle of attack for a helicopter cP
® inb This is the stalling angle. The boundary layer separates blade. At this angle, the ratio POSITION OF |RFOIL :
and the lift decreases sharply. Cx® is minimum. A w CP. G and A g;(MglE:;I:IC; -:re et
® in2 This the point of maximum lift - to-drag ratio C23 G P A, G at :'25 9 of chord from the
PFSS'YMMETHIC AIRFOIL : CP, G and A are at different ! ’ Jeading edge-
ocations.
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BLADE '
LIFT
AND DRAG

®
Rom BLAPE

SeCTiov 710
A (COMFLETE

BLAPE

Let us consider a very short blade section located
at a distance "r"" from the centre of rotation ""0".
The rotor operating at constant speed "', the
blade section circumferential speed is U = wr. to VR.

Fz:%Y.VrR2S.Cz
Fzy——ZFr

| Fx=15¢.Vr2S.Cx
 Fx

This means that the blade section is operating in
a relative wind having a velocity VR =U.

For a given angle of attack "i’" the blade section is
submitted to an aerodynamic load "FR' which
may be broken down into alift load ""F2z"'; acting
at right angle to VR and a drag load ""Fy'* parallel

WHY RREBLADES TWISTED ?

Due to the increase in |ift and drag basic forces, from the
root end to the blade tip, the center of pressure (C.P.) is
located near the blade tip. Therefore, bending moments
(Fn x L' and F x L") are applied to the root end but ; from
the blade strength point of view these moments are excessive.

To achieve a better load distribution and reduce the bending moments, the
blades are twisted, that is ““distorted” about their longitudinal axis so that
they operate at a high angle of attack near the rotor head and at a low angle
of attack towards the blade tip where relative velocity (V) is high.

: - TWHKT:
e G1>0z>483

The angle 0 decreases progressively
from the root end to the blade tip.
This decrease results in a progressive reduction in lift and drag values.

TOTAL LIFT AND PRAG OF BLADE

VaRIATION OF RELATIVE
VELOGITY V@ #LONG THE BIHPE

The resultant of the basic |ift loads applied to every
blade section is a load Fp- parallel to the basic
loads, equal to their sum and applied to the blade’s
centre of pressure "'C.P."" This is the TOTAL
BLADE LIFT. Similarly, the resultant of the basic
drag loads is equal to their sum. This is the TOTAL
DRAG "F1"

From the root end to the blade tip, the blade
section radius of rotation "r" INCREASES. The
CIRCUMFERENTIAL SPEED (or relative velocity
"VR") of blade sections increases proportionally
to the radius :

VH =wr,

UNTWISTED BLADE
TWISTED BLAVE

)

-

L
-

This shows a comparison of the lift distribution along
the radius, on twisted and untwisted blades.

COMPERISON OF CENFER
Fn TWSTED e OF FRESSURE (C.R)
BLADE ¢ LOCRTION O TWISTED AND
UNTWISTED BLADES,

UNTWISTED
BLAPE
AF.
|

REMEMBER : When a blade is twisted, the
center of pressure (C.P.), is nearer the center
of rotation (0Q), thus the bending moments at
the root end are reduced.

We will see later how blade twist improves rotor
behaviour in autorotation.

LFFECT OF VR VARIATION

The value of basic forces Fz and Fy
increases, from the root end to the blade
tip, with the square of the relative velo-
city VR.

At the blade tip, there is a decrease in lift caused by the tip losses which
tend to balance the pressure between the lower and upper surfaces.

\ i NEGRTIVE
PRESSURE

o
FoSITIVE 0
PRESSURE

The tip losses, occuring at the blade tip, cause a decrease
in lift and an increase in drag.

Another way of achieving an even lift
distribution along the blade.

THE TRAPEZOIDAL BLADE
(used on some tail rotors)

® The lifting surface decreases from the
root end to the blade tip. Thus, there is
a lift reduction which compensates the
lift increase due to the greater relative
velocity (VR).

But, there are other means. Let us
mention the varied blade profile and
decreasing thickness. And often a blade
is a compromise between these various
solutions.

The blade center of pressure (C.P.} is the point
where aerodynamic forces are applied.

THE
BLADE
CENTER
OF
PRESSURE

/™ cp
25% OF CYoRpP

On a SYMMETRIC BI-CONVEX airfoil, the
center of pressure location is FIXED., It is locat-
ed at 0.7 R from the center of rotation (R being
the rotor radius) and at 25% of the chord from
the leading edge.

24
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We are going to see that When FpR increases, the center of
on a DISSYMMETRIC air- pressure moves towards the leading
foil, the center of pressure edge. In the wind tunnel, the ana-
location is variable along lysis of the center of pressure |o-
the chord, it moves accor- cation change has revealed a FIXED
ding to the magnitude point which has a noteworthy cha-
of the resultant aero- racteristic. This fixed point is called
dynamic force "FH", This the AERODYNAMIC CENTER (F),
is a disadvantage and it is it is located at 25 % cf the chord. Its
one of the reasons for the characteristic is the following : THE
choice of SYMMETRIC MOMENT OF Fr RELATIVE TO
airfoils for helicopter bla- THE AERODYNAMIC CENTER IS
des. CONSTANT.

M =Frxd = CONSTANT

THE DISSYMETRIC ARFOL AND THE VARIBTION IN GENTER OF FRESSURE L OCRTION

7= AERODYNAMIC CENFER
Flr x dy = 7% xde

If FR increases, ""d" de-
creases and '"CP'" moves
nearer to "'F"’

EFFECT OF CENTER OF FRESSURE CHENGE

- 4

FERTHERING ARXIS FERTHERING AXIS

On the other hand, if CP is
forward of the feathering
axis, FR produces a NOSE-
UP moment tending to in-
crease the angle of attack.

IF CP is located aft of the
feathering axis, FR produces a
NOSE DOWN moment tending
to decrease the angle of
attack.

As we have seen, when FR increases, the center of pressure moves
towards the leading edge ; therefore, in all cases, the effect of FH is
to decrease the NOSE DOWN moment or to increase the NOSE-
UP moment, that is, finally to increase the angle of attack.

DISSYMMETRIC AIR-
FOILS ARE UNSTABLE

On the other hand, symmetric
airfoils are STABLE.

The center of pressure is fixed
and coincides with the aero-
dynamic center and the
feathering axis.

CoNTRoL of BLAVE Lifr (%)

* Fn
|

(2w

v

Considering the lift equation Fy =1/2p . VR® . S. Cz, itcan be
seen that, in flight, there are only two factors allowing lift
control (that is to handle the aircraft) :

— VR either the blade circumferential velocity or  the rotor
speed,

— C; ({lift factor) which depends on the angle of attack.

The other factors depend either on atmospheric pressure and
temperature (P}, or on the blade area and profile. But, as
helicopter rotors operate at constant speed (governor), there
remains one way only to control lift : VARIATION OF THE
ANGLE OF ATTACK. Let us recall that when the angle of
attack increases, the lift increases also.

How 1s
THE ANGLE OF ATTACK
CONTROUED ?

aerospadatiale

Simply, through variation of the blade pitch angle 8 achieved
by rotating the blade about its feathering (longitudinal) axis.
This is the feathering hinge, already mentioned.

_| G merensts HINVGE .
. (ORFLENBLE StcTion) i

_l :5' DECRERSES
FUOTE INVFYT

of

R FEATHERING AXIS

When the blade pitch angle @ varies, the angle
of attack “i’* varies also by the same amount
and in the same direction,

A blade is subjected to :

- its weight (P) applied to the centre
of gravity (G).

FORCES Z ﬁi?“il‘ﬁl{%ﬁ?é‘i?’tii"’ﬁiﬁtr"’é -
e | S
ON A
BLADE e B —F
IN =2
ROTATION | |

We will see later that there are also alternating inertia forces
(CORIOLIS forces) acting on the blade in the rotation plane.

The blade weight is
negligible relative to
the other forces.

AMPLITUDE OF
FORCES :
Fn SA 330 helicopter tak-

en as an example).

Fc, about 22000
daN.

® F,, about 1800 daN
(in autorotation)

® weight (P) : 69 daN,

To clarify your ideas,
we recall that
1 daN = 1,02 kg.f.

WHERE WE STRRT 70 TALK RBOUT
THE TLRFEING HINGE
VARIRTION OF BENDING

Fn

e

I
i \ Fn ZRODUCES # VERY HIGH
BENDING MOMENT AT THE RooT £NpP.

Lift (F) tending to pull the blade upward produces a bending
moment, which is very strang and greatest at the blade root end,
It may be seen that this bending moment generates very high
stresses at the blade attachment points and to withstand them
the blade root would require excessive dimensions.

VARIATION pF
BENPING
MOMENT

HINGE Fn
(OR FLEYIBLE SECTION)

| —— e e e P

| - MoMENT £QURLS
ZERO AT THE ROOT EVD.

To cancel the bending moment at the root end (that is, to reduce
the stresses), the blade is hinged in the vertical plane. It is to be noted
that the hinge may be a physical item (hinge pin) or apparent
(flexible section : interposition between the blade and the rotor
head of avery flexible material, such as '"glass-fiber-resin’’ composite).
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‘ /W Some actual values asan indicator. THE ROTOR CONE
It may be seen that such a hinge; which allows the %APE EOU/ /a” 5 . i X
blade an upward motion {called : FLAPPING), can- WE Wil SEE Taking the DAUPHIN helicopter | ® The lblades subjected ‘.0 lift and & NO LﬂP.P/}V@ AXtS
cels the bending moment at the blade attachment ﬂﬂf mg Bépﬂ(fé Mﬂﬂgﬂf aF f 2 c{){}e) ¢ Fn R as an example : ce‘ntrlfugal force describe a very !
N / s yP o _ ‘ 5 wide cone : THE ROTOR CONE. il
by su VERTICAL BLADE FLIE ® Disk area : S = 10387 m I —2a-
ok Toading - |
® Disk load - ! ‘
LAPWG A FLAPFPING MIS_ o:;glgg _ v R ® The cone axis is called | /If T
{4 ; - - ! (% oV
a . RYS 4 VERY s 10387 THE NO-FLAPPING AXIS | G
SIGVIFICRNT ® Blade area : 2.012 x 4 =
ﬂ/?OBI//VJM/C 8.048 m2. In hover (and zero wind), the ""no | @
o A flapping ** axis coincides with the |
! )?0[{. /A/ %'6 @ Solidity factor : DRIVE AXIS (rotor shaft). We will ﬁf/ﬁfﬂ/\’/ﬁ
| ﬁ#ﬁpfﬂﬁ WiITH o g =8 = 8.048 — 0.0774 | see that any cyclic variation in blade |
E y- e o . e lift results in rotor cone tilt.
ﬂlw’6 5 103.87
;ID NEES _fw The blade, free to flap upwards, flies up
i HING under the action of R (resultant of Fp . RoToR TILTING FEFERENCE PLANE CONING ANGLE
I HELIcOPTER and Fg). No-7LoEaNG | \ =
(to simplify the explanation, it is assumed that the center ) - ] = o i
()ﬂﬂ’MOf F[V of gravity and the centre of pressure are coinciding). ﬁXU )(_"' 7757 /?Nﬁéfy y \ |
IS TILTED | |
do
The motion stops when the blade ”07”’”6 Q) :
is aligned with R, the moment of THE ROTOR 5T0Ps ME ‘ |
which about the hinge axis is then E( I <
equal to zero. Q4 = ]
“ﬂ *F hi le, th | bol PLANE OF ROTA DRIVE PLANE ﬂﬂM .
7 AN or this angle, the symbols are : . ]
TION (OR ROTOR perpendicular to 70 THE FLHNE OF BFOIH7ION
® aq = longitudinal tilting PLANE) perpendi- the rotor shaft, This is the angle between the blade and the
o cular to the no-flap- plane of rotation (or with a plane parallel to
* by =ltekal HidTng ping axis. the plane of rotation.)
FLNPEING ANGLE THE \r
\ A
& Fn .
| TOTAL "
. W LA
The ANGLE 5. LA
| “ThE ANGLE Ao 15 7: ROTOR
CRLLED  CONING ANGLE It
| | DRiviNG PLANME u FT
‘ THE DISK LOADING This is the angle between the blade and The TOTAL ROTOR LIFT (Fy) is the
3 (OR WING LOADING) .. the drive plane. It may be seen that this ( ) . L
I lﬁrllrs' ffG,” angle varies over a complete blade revo- FN Ll
| WITH Some
DISKk ARER 'S " )
?Jﬂ””/als (Cornp.osmon of blade lift (Fp) DIRECTION OF fafoe LIFT
il i by displacement of forces along
their line of action). En
IF SoMe oF THEM ' Because of the coning angle (ag), !
the blade lift forces (Fp,) are not
AFIE /VOT C’[fﬂﬂ, B parallel.
CONTINE RERDING . ‘
THE ROTOR DISK is the circle I
T/@ f ff’[iﬂ’ A T/UIV described by the blade tips. e 070 R LEVEL foTOIe T/lTﬁP
WL BE GrveN THE SOLIDITY FACTOR “0'""
LATER is the ratio between the blade area (s} and the disk area (S) =
g=2 ’ LIFT (FN) IS ALWAYS PERPENDICULAR TO THE ROTOR PLANE OF RO-
S TATION.
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ROTOR LIFT APPLICRTION PoINT HoW TI0ES “#a * VY ? |

We will see that IN ALL CASES, rotor plane tilt is caused by a dissymmetry in the lift of blades at their various positions in azimuth

FN ”

PLITUP
: \ I-q—- ﬂ/?/[/ﬁ' 9)(/5 Lift (Fp) is applied at a ¢ ”/ #M FN :
‘ virtual point “F", called FN Fn '
“wo mpPPINGT the AERODYNAMIC t A LIFT DISSYMMETRY MAY BE NATURAL OR CONTROLLED.
CENTER located above iy
/9/‘75. '———"\ ’ the center of rotation. 0" Fn ® Natural dissymmetry is due to variations in the relative wind velo-
If the plane of rotation is % ; city (VR). This dissymmetry, somewhat inconvenient, is compen-
perpendicular to the drive g fo?’ﬁ,e ?/.5/(‘ I q:) sated automatically by the blades’s vertical flapping motion, {(we
|

axis, lift (Fp) coincides o /N ?/fgmo/y are going to talk about this).

with this axis, If the plane
of rotation is tilted, Fp FN FN
intersects the drive axis.
The aerodynamic centre {

7 B ® The dissymmetry initiated by the pilot allows the control of the
rotor plane tilt. The pilot can vary the blade pitch (and hence the
lift) according to the blade position in azimuth. This is the cyclic

"F'" is located at the point pitch variation, which will be explained in detail.
of intersection. I I

wE ”Rf 60/”6 If when the blade moves from A to B, lift (Fn) varies, there is a
70 REVIEW THIS FoInT LIFT DISSYMMETRY.

VARIRTION OF FN IN AMPLITUDE ZFFECT OF THE ANGLE OF ATIACK ' Rotoe PLANE TILT AND BRIEF
' ﬁ#ﬂ[?ff.‘f OF ;” g’fffcfg The rotor plane tilting results e FN
® Fp, resultant of blade lift forces {Fp) varies FN in the inclinaticn of Fyp
with these forces, that is accordin; to the ﬁ M/CP@?SE.'J— i FS (which remains perpendicu- ‘ FS
terms of the following equation : ' FN FN INCRERSES ! lar to it).
2 ® F\ may be then broken
Fn=1/2p.VR".5.Cz. an down into a vertical lifting
: i force (Fq1) which supports Fs <Fy
® |t is useful to establish {as we have already ’ :
done) the variable and the constant terms, 2 5 the aircraft and a horizontal Life 8 g

force (TH) which ensures

forward flight. when the rotor

THE VARIABLE TERMS ARE : It is to be noted that Fy Q istilted.
The angle of attack (i) (part of Cz) Fa K creates,lrelaiive:'to the centre
- The air density p Q o d SL gri‘:\’"x Gd', at m,omﬁm Look at this diagram - For a constant lift (FN), any
The relative velocity (VR) of the air > — H XTN teneing to HCiDe tilting of the rotor plane means a decrease in the
eis the aircraft. vertical !ift force (This force is at its maximum
| THE CONSTANT TERMS ARE : ) : ) Here, the Fry moment is going to incline the aircraft in the nose down direction value when the rotor is level, as Fg = Fp). Hence,
i THe Blsdaaras 1) ’?9/107_/5 /”par until lthe FN action line passes through "G’ - Remember that the helicopter attitude the.transition to forward flight entails a reduction
- The profile and surface condition (part of practically follows the rotor plane. of lift, that is a loss in altitude.
Cz). .
Fpy varies with the angle of attack {and therefore with the pitch angleﬂ). .Usmg
Only the variable terms i, Vg and p, which have a contral, the pilot can vary simultaneously the pitch of each blade. This is the
an effect on Fpy amplitude, are of interest to us. collective pitch variation, which we will come to later),

THIS BRINGS US BHCK 70
THE FLAFFPING HINGES

% EFFECT OF THE RELATIVE VELOCITY (Vr) | VARIBTION IN DIRECTION OF Fi
| ﬁlvﬂ pf/VS/TV /70) Of 7//f ¥/ 4 To obtain a variation in direction of Fpy, it is necessary to tilt the rotor

plane, since Fp is always perpendicular to that plane.

To maintain constant lift in Spite
of the Fp tilt, it is necessary to ‘
increase Fpy by an amount pro- "
portional tolthe spite degree of tilt,
The rotor lift increase is achieved
by greater blade pitch. It is to be
noted that in forward flight lift
Fn increases with forward speed
and the pilot may then reduce

the pitch to keep a constant al- LATERAL L'FT DISSYM METRY

titude.

REMEMBER THRT

| - Fp is proportional to VRZ, which with the rotor opera-
| ting at constant speed, depends on forward speed only.
I Therefore, a higher pitch (#) is required in hover than in
forward flight,

- Like p, F decreases as the altitude or the temperature
increases. To maintain constant lift,with increasing alti-
tude or temperature, the pilot has to increase the blade

pitch (6).
The tilting of the rotor We shall now see that a FLAP RIGID rotor causes, in forward flight, a lateral lift dissymmetry which, makes it practically UNCONTROLLABLE
| plane changes the direction and also generates very high ALTERNATING stresses which are imcompatible with good fatigue strenght in the materials used.
of FN'
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WG FLIGHT VR = ConsTanT IN HOYERING FLIGHT, VARIRTION OF RELATIVE BLADE SFELP (VR)

v IIUVJW VR CONSTANT, Lift  (Fy)  remains
= g F constant whatever the wp 77,
Hewce, 7n- consmawr §7 O BIRETOE W FoRRona iy

blade position in

20 SOMEBOPY
SRY 7.2 Mo7
UNPERSTIND 7

azimuth,

\ 4

V4
,,épmvcm BLAPE

the plade tip speed (U) remains constant, whatever the
ver,

In hovel, .on. At the center of pressure (CP) this speed "U" is ,’
blade posit! '“Fi” being the radius of the center of pressure tra- I v
equal to W r'otorang'“a’ spped w is constant). Since VR is constant, it is obvious that, for a given pitch angle, the I
jectory {the city relative to the blade (VR) is obviously equal, but blade lift (Fp) is also constant whatever the blade position in i _V_ Py =
The air. VEIEE opposite direction, to the blade speed “U”. Hence, azimuth. The lift (Fp) of the various blades is symmetric and the [ o o B ’
acting in ttant- ’ resultant Fry (rotor lift) is applied at the center of rotation 'O c '.‘180 )
VR is cons \
“ If we analyse the variation of UR, by compoun-

yPPENs IV TORWARD FLIGHT ADIRNEING AND RETREATING BLADE ...

ki / . .

Wyﬂ‘f H o D \ WETREWT/”G le?pﬁ', ding U and V, we find that :
W}ff/f THE ”arap MOVES AT SPEED PO . ‘\\ If’ in “A", U and v are perpendicular, hence

AIRCRAFT ¢/t i | =S " \ / Ur =U
C.~” } ® v | \\ e - o e o g 5
first some definitions. —._'fg‘-rffﬁm &R-T. - \\ I //’ UR - U :.TandBv ,arfibolzc:)zﬂ::s Ri - adaiia
But first, “o._ Blape : U e B(9O?) .~ UR = U-v
sSraze T o — " e = v - in “C", (blade has moved 180°) velocities
B _ U and v are perpendicular :
UR" U-v hence=UR =U

w _ plade azimuth.

Angle t. & " i
From A to C, the blade retrats in relation to the forward mo- in “D", (blade has moved 270°), velocities
tion ; thus, from A to C the blade is said to be RETREATING. U and v are aligned and in the same direction,

pm—————— ---..,.__-‘ hEnCEUR =U rtv

. é. iy, A v - in "E”, (any point between D an A) :
I’%_'—’A_ - ) — D U<UR<U+ v

—4— i N‘ =l therefi f D to A, th locity d
.“-- = g ,p 3 ‘___...—-.— i APV”WZ/W-\ A v ore, from to A, the velocity decreases.
s menm - - .- - - T - | ~
_%__E:S ﬂ;_f__ : ___‘._ e It could be possible to plot the speeds point by

UR =VR

.~ [ . 'l HUR point. But the 5 points analyzed are sufficient for
T .- understanding that :
__________________________________ - UR has a maximum value in D (advancin
) + —_ —— R 9
aemdynamic CYCLIC phenomena (that is, phenomena reoccur- U v = < Elade)
Tia SIEH |y at each rotor revolution), it is useful to specify the blade posi- / : ini i i
ing ren.:]ula'r\r'tD tarting point. The angle Y will be used to state this posi- From C to A, the blade advances in relation to the forward ¥ | - UR has a minimum value in B (retreating
tion r"'awe”gd"b\ade AZIMUTH"). motion ;thus, from C to A the biade is said to be ADVANCING. ! b blade}
. 3
tion (also © U _______h____________/_________.'_ ______ X] - from D to B, UR decreases
1
1 1 _ ;
ELﬁITjVE 5%69 of‘fzﬁpzj < i ; from B to D, UR increases
R s om o ! | : UR has a mean value (u) in A and B.
s ~ o N\ 1 = 1
4 I
1 \ : | : : These results may be illustrated by a curve showing
U-v--—--- i i i | the continuous variation of UR versus y
(o] o o o
A B (90°) (.: (180°) D (270°) A v REMEMBER :
1
i

RETREATING BLADE | ADVANCING BLADE

In forward flight, the blade tip speed
"U” is compounded with the forward
speed v, The resultant speed "'V** has
a tangential component "UR’’, which is
the relative blade tip speed. The relative
air velocity VR is, obviously, equal to
this speed but opposite in direction. You
will see that UR varies according to Y/
(blade azimuth).
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RELATIVE STFEED
VARIATION =
CYcy/c VAEIRTION
OF BLADE LIiFT

We are going to review the effects of
this lift variation on a ROTOR NOT
ARTICULATED IN THE FLAPPING
PLANE, and this will allow you to under-
st.and the imperative need for flapping
hinges. Let us recall that a blade not
articulated in the flapping plane cannot
move (flap) upward under the action
of the forces applied to it. It constitutes
a rigid system with the rotor head and
transmits to the latter the loads it is
subjected to,

MEAN VR =
MEAK Fn

VR max. = Fp Mivy.

iy

iﬂml [IC ﬁlﬁl T

£FFECT OF RELATIVE
SPEED (VR VARIRTION

MERN VR =

4

A VARIRTION OF Ty
L'/

VR MIN. = Fp MIV

Let us follow one of the rotor blades, operating at speed “v'' during a complete rotation, in

forward flight.

- in"B", speed VR is at its minimum value (VR =UR =U - v}, lift (Fp) is minimum

- from B to D,

Fn increases, it is at its maximum value in D", where VR is maxi-

mum (VR =UR=U +v).
from D to B, F, decreases. In "'C”" and "A", Fpnisatamean value.

It can be seen that Fp, varies regularly and that at every revolution it has the same value at the
same azimuth, It is said that the variation of F, is cyclic.

A VBRIATION OF VR CAUSES

THE FLAPPING
HINGE

oR

HOW 70 REMED ¢
THE LFrECTS OF
LRATERAL LIFT
DI SSEMMETRY

B = FLAFPING ANGLE

With the flapping hinge, the blade

/,;

can MOVE in the vertical plane,
that is go up or down under the
action of the resultant of lift and
centrifugal forces, with which it
aligns itself (we have studied
this). Likewise, we have seen that
the flapping hinge cancels the
bending moment at the blade
root end.

But, what is the effect of the flapping hinge on the rol-
ling mement due to the lateral lift dissymmetry ?

FIRST EFFECT OF THE BLADE LIFT VARIATION ON 4 ROTOR

NOT ARTICULRTER /N THE FLAPPING PLANE .

Lift (F,) variation creates dissymmetry, particularly at positions “B" {where
Fh is minimum) and “D'" (where Fp, is maximum).Obviously in these conditions,
the resultant Fn (rotor lift) is no longer applied at the center of rotation Q"

Fnr

B OF
fnR xF8=FfnAx FD

D

LATERRL LIFT
DYSSYMIMETRY GENERATES
FoA | 0 ROLLNG MOTION WHICH MAKES 17
MEDSSIBLE TO CONTROL
A HELICOPTER EQUIFFAED
WITl A #HRP Rigp FO70R

Note that the rolling motion increases as the forward

but in “f" (advancing blade side), THE MOMENT OF “Fyj" IN RELATION speed (v), because the relative speed dissymmetry

TO 0" GENERATES A ROLLING MOTION

THE ROTOR AND OF - . . THE AIRCRAFT

LATERAL TILTING OF

(hence, the lift dissymmetry) increases as the forward
speed.

THE BLRDES VERTICAL
FLAPPING CAVSES
AN AUTOMATIC

VAR/ATION OF THE
BLADE Prick
WHICH

COMTENGATES THE

LATERPAL LiFT
VAEIATION.

Here we must talk of the gyroscope. Before beginning the study of flapping, let us make a little digression. The
blades of a rotor when subjected to a cause (speed or pitch variation) tending to modify their lift, behave like a
gyroscope.

rotating body, the
rotation axis of
which is free to
move in all direc-
tions.

A SPINNING TOP IS A GYROSCOPE

A bicycle wheel is a gyroscope,
provided the hands holding the
spindle leave it free to move
in all directions,

SECOND £FFECT OF THE BLAUE LIFT VBRIATION

ON B Roror N7 ARTICHLATED

Y THE A 47206 PLANE

DISTRIBUTION OF BENDING MOMENT

The lack of flapping hinges creates (as already stated) a very large
bending moment at the blade root end. Things get worse when,
in forward flight, the blade lift varies at every revolution, Let us
follow a blade during its rotation. In “D"*, where lift Fp, is maximum,
the bending moment is also at its maximum value. In " B', where
lift is minimum, the bending moment is minimum. This means that
at every revolution the mechanical stresses, at the blade root end, are
going to vary as blade lift "Fp"..... from maximum to minimum to
maximum. These stresses which reverse about a mean value are called
ALTERNATING stresses.

Now, when there are alternating stresses we have FATIGUE of the
materials and, therefore a RISK OF FAILURE.

(we will come back to this).

A gyroscope seems to have an
and provoking beast. It reacts

independent spirit. |t is a strange
unexpectedly when we attempt

to change the direction of its axis.

The bicycle wheel, for example
{of course, it should be rotating) :
If we attempt to tilt its axis by
applying a force “F'', a resis-
tance is felt in that direction.

® The wheel does not obey.
On the contrary, it reacts imme-
diately, driving the hands holding
the spindle in direction D"
which is perpendicular to the
direction of force 'F'* . It is just
as if force "F" was acting in
direction "D"’

The axis displacement in direction **D** is called "precession’’. The
phenomenon offsetting the effect (axis displacement) from its cause
(force applied on the axis) is due to the gyroscopic inertia forces.

Y Let us examine this phenomenon :

® F is the action tending to tilt
the wheel about the horizontal
axis xx’. F may be applied in A or
B (it is the same thing).

@ D is the counter-reaction of the
wheel which is going to rotate
about the vertical axis YY'and not
about XX’ as it should.

® Both axes 'XX'-FF' are per-
pendicular to each other, hence,
the counter-reaction (the effect)
occurs (and always occurs) 90°
AFTER the action (the cause).
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| EFFECT OF FLAPPING ON BLADE PITCH

AT PV MAX. RELATIVE SPep BAPE
(o8 MAY - PricH ANGLE) E LISE Fn MAX - TRATECTORY OF TRATECTORY OF RIS G BLADE
I DESCENDING BLAPE (ADYANG NG BIAPE)
\/ (BETREATING BLALE)
R _[_) It is the same for a rotor blade which ''reacts” ~ -
o - 90° after the cause tending to change the lift. ”
~ = For example, if the relative spped (or pitch) is
c 4 ) at the maximum valueat “’D"' (this is the cause),
. — -\ —— - P the lift F,y {(which is the effect) is not maximum
™ A\ at “D", but at “A", i. e. 90° beyond the point
~ ~ - , - of maximum speed (or pitch). The blade being
s T articulated in the flapping plane, the point of
76 —_——— maximum lift A’ corresponds to the maxi-
mum blade rise (maximum flapping angle {j)
From D to A, the blade follows a rising tra- ‘

pe ”A W (90’ 65}0”_?’ ") ity . The resu!tant _relative speed UR .defi'nies in direction and magnitude

MAX.L1FT () AND S3 HAX. When the blade FLAPS, its tangential speed "U”" (of course, aligned tTh:e ::::—Z::;: ;:duspigf \\,’ R g;l;':n;fw‘:ft:sazd:a;ﬁglf e g

with the rising or descending trajectory) forms an angle with the It may be seen alﬁeady ﬁf:xt the angle of attack of the descendiné

forward speed V", which is always horizontal. blade (retreating blade) is greater than that of the rising blade

(advancing blade).
FITeH VARIATION ACCoEP/NG TO FLAFFING
’ If we follow a blade over a complete revolution, we note that the
TEATECTORY OF BLADES SYBTECTED S VARIATION D angle of attack "'i".

— is MAXIMUM at point “B*, where velocity UR is at the MINI-

=Y

To LATERAL LIFT VARIATION

MUM value.
ug MAX/ FIAPE TRATECTOR Y ' | i — ;tlj\'ﬂ'\;Nll\;‘IUM at point D", where velocity UR is at the MAXI-

—V+E \ - —_—— value.
i e ur (ﬁ VﬂE!ﬂT/OW I : JL A V  — increases progressively from D to B.
simple principle : -an offset | | 'I | s — decreases progressively from B to D.
of 90° between cause and | | _J_
effect — the helicopter : ' I |
rotor has no longer any A L B C D A |

secret for you (well !
aimost none). Finished the
brain racking, and while
it is warm.....let us con-
tinue,

LR VARIBT 00 |

We have seen that from D to B, the |
velocity goes from a maximum to a
B minimum value and from B to D, it ‘
varies from minimum to maximum value, Effect of
velocity variation : the blade rise (delayed over 90° in |

Exaggerated blade trajectory

e Mine . d i
U= V-3 relation to the cause : velocity) goes through a maxi- BeTREATING BLAPE ADYANCING BLAPE
- mum at A and through a minimum at C — From C to
A, the blades rises — from A to C, it descends.
| —
equilibrium position,
{ From such an equill p Fn R

. any Fp, variation, changes the diret e s
| tion of R, the moment (d x R} of I
which is going to raise or lower the |
blade in accordance with the Fn va- |

i
]
]
I
riation. :
/ ~ I
S( ® From C to A, Fp increases. The I
- o moment of R=d x R raises the i ! ! :
blade. ! - ! ! Azimuth
l | 1 i
R : 4 L L T o =
________ | 7 A i increases B i decrease\ (I: I decreases\\ D i increases A
t/:: ® From A ,;0 c, Zn — Ur decreases:\ ‘ Ur P4 i UR MAX. V4 ‘ UR decreases
moment of R = R lowers th . i 1 . “a
F. GENTEIFUGAL blade T T R i max, T : I min,
\ FDECE - Ur MIN. | Un MAX.
i FAPPING AX/S n o R
‘ ﬂ I
Do you remember the blade equilibrium conditions ? d Fc Iti e : A . PECUT ; . : inai
For a given value of Fp, the flapping motion stops when R tis n.oted that "I and UR always vary in opposite direction : if "'i” increases, UR decreases (and inversely). The blade lift (Fp) varying in the same
(resultant of Fy, and ce::crifugal B e ] nasses el hiNS E direction as ”1’" and Ug, the effect of the "i"" and UR variations is cancelled : EFFECT OF """ + EFFECT OF UR = ZERO.BLADE LIFT
c
flapping axis. The moment of R is then equal to zero. The flapping range () depends on the difference between IS CONSTANT IN AZIMUTH. The flapping hinges cancel the lateral lift dissymmetry.
Fp, max. and Fpp min.
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EFFECT OF FLAPPING OX A FLAGE ELEMENT
Blade flapping is a necessary evil : 7 1"
| ANGENTIAL VelociTy "l
‘ e necessary because as we have é £
| seen, we cannot do without it,
i! DRAG HINGE Without flapping : excessive verti- THE ”LTERNHT!NG
[ cal bending stresses at blade root INERTIR FORCES CRLISE
1 AND end and a lateral lift dissymmetry 5 05? ’L{OW CRN W€ CQNCEL T#E
| - | making the helicopter uncontrol- THE BLADES VERTICAL EFFECT OF THE
| LYY AL lable.
| K LlNK e an evil, since blade flap- ﬂﬂﬁﬂlﬁq’ﬁﬂp WM{””CT COE/O(,/.S ?@KCES?
ping creates, at the blade root end, ON THE BLADES 1N THE
in the rotation plane, alternating
horizontal stresses leading to ll , PZIME'OCF fafﬂffaﬁj ARE p
FATIGUE. U ‘ : ALLED
. : =woR
We are going to review these Thus a blade making a complete revolution is subjected : f’Oﬂ/ﬂUS ‘mPC£s THE mﬂG HI”6€
t d thei dy : Th ; ; ; :
@ E;e’sqs(eas a':INGEeu \rgme \{H : e When a blade FLAPS, the circular trajectory of any blade element is @® from C to A, when it is rising (advancing blade), to a bending
. . We will also | nodified. Its radius decreases when the blade rises (it changes from R oAt et Torward.
talk qf a. way t? allow ngf to r) or increases when the blade descends (it changes from r to R}, The P o ] .
" reduction in flapping : the “K tangential velocity U’ varies as the radius. It changes from U = wWR to B w C. when it is descending (retreating blade) to a bending
0; bt! Z F}armf'm effects LINK U =wr when the blade rises and from U =wrto U =wR when the blade moment directed rearward.
of blade flapping. descends. This result is ALTERNATING bending loads which generate. fatigue,
particularly at the blade root end where stresses are maximum .
[/
EFFECT OF YARIATION OF YELOCITY ‘v* WeEN | Bur..
THE BLAZE KRI/SES.
DUE TO INERTIA, THE
BLADE ELEMENT TENDS Fhis: 45 53 combinsd @i "
U-w,.R g an
: TO MAINTAIN ITS INITIAL DREG AXS flapping hinge.

VELOCITY “U" DURING
THE TRAJECTORYCHANGE

@ When the blade rises, the
blade element changes from
the trajectory having a radius
R to that of radius “r". It
tends to maintain its initial

velocity U = wg.R, that is |
to assume a higher angular : S- DRAG ANGLE
velocit so that -
At The blade element is LINKED rigidily to the blade and rotor ' I N FLAPPING AXI5

wRR=wrr both having a constant velocity “w*. Therefore, its angular velo- J '\(”04'/20”7/?1)

¢city cannot vary and the inertia force “Fi" (tending to increase i
W >wg the angular velocity), which cannot act as a dynamic force beco- The d"_’g hinge allows the blade, on which CORIOLIS forces DRpG Axis

mes a static load generating a maximum bending moment at the are acting, to oscillate horizantally about a mean position, (V(ERT/C/][.)

blade root (M =d. Fi). This degree of freedom cancels the bending moment at the

blade root end.
EFFECT OF VARIRTION OF VELOCITY ‘1" WHEN BLADE DESCENDS MECHANICS OF DRAG OSCILIATIONS RENGE OF DRAG 0SCILLATIONS

The same reasoning shows that when a blade descends, the trajectory radius of the
blade element increases (it changes from “r"’ to “R") and the angular velocity tends to ‘
decrease. Therefore, there is an inertia force “Fi" and a bending moment tending to ‘
twist the blade in a direction opposite to the direction of rotation, ;

THE A1s/vG BLADE

D/STRIBUTION
OF THE

HORIZONTAL 5] DISTRIBUTIONOF
BENPING = -‘——— THE BENTING MOVMIENT
l MOMENT : / The inertia forces F; vary in direction and magnitude. \s b
| | THE BLADE DESCENFS i
° F.mm C to A, the blade rises. Inertia force “F;'* acting in the direc-
tion of rotation, causes the blade to oscillate in the forward direc-
tion. i
. | ) n In the plane of rotation, the blade is subjected to centrifugal force
blac:ie,eleere is an inertia force F; acting on each ® From .A to C, the blade descends. Inertia force "'F;", acting in the (!:c)' of constant magnitude and inertia force (F;) varying in direc-
et ment. The.se forces create a resultant ben- opposite direction to the direction of rotation, causes the blade Slon @ng MRnituce; Theumesultant M of Hee8 o geprgies
: et Thes forcs crat s esulant e to 0sc)laie-amards tha roar: a moment d x R which causes the blade to oscillate in the forward

direction. The oscillation stops when ‘R’ passes through the drag
hinge. The moment of R is then equal to zero.

rection of rotation.
® At Aand C, the blade is in a mean position (F; =0 ; §=0)
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THE DESCENDING BLRDE

How To REDUCE THE DRAG ANGLE

Likewise, when the blade is descending, the oscillation stops when
the moment of R is equal to zero (d =0).

\d2

The drag hinge position relative to the centre of rotation 0"
(offset ““f"} determines the value of &. In fact, the smaller 2"
the greater is &, since the lever arm (d) of resultant R varies in
the opposite direction to “Q ' |t is a way of reducing the magnitude
of the alternating drag oscillations which, by disturbing the rotor
equilibrium, generate large horizontal vibrations.

WHEN THE BLADE RISES oo

ver THE PUTCH DECRERSES

In fact, point A being fixed, the rising
blade is going to rotate about its feathering

hinge

in the pitch decrease direction.

THE MBIN FOTOR...THE
MBIV ROTOR... THRT 15 THE OMLY

ONE MENTIONED
WHAT #BoUT THE Thl Wﬂﬁ’? My dear AERODYNAMIX, for the
tail rotor it is the same thing, except :
— It operates in a vertical plane,
— the forces involved (and the

VY stresses) are much smaller.
(M QS — it has flapping hinges (the K"
coupling is sufficient to limit the
'.l stresses, drag wise, to an accep-
/ table level),

— it has a collective pitch control
\/? only (no cyclic pitch variation)
But, do not be sorry, AERO-

DYNAMIX, we will come back
to the role of the tail rotor,

To attenuate the drag oscilla-
tion there is a way of atta-
cking the evil at its root, this
is the blade vertical flapping
which determines the drag
inertia forces. To reduce the
drag inertra forces, it is suf-
ficient to reduce the flapping
range 3 This is achieved with
the

"K" COUPLING

When the blade rises, the trailing edge of

THE #l( ” COUPLING a blade section describes an arc, having a

radius R, while the leading edge moves

Hﬂ over a smaller arc (of radius “r"’}. The
R airfoil tilts forward,  decreases.

|

It is said that there is a /K’ coupling when the flap-
ping axis is not perpendicular to the blade longitudinal
axis but is set at an angle o< to the perpendicular so
that when the blade rises, the pitch angle (hence,
the angle of attack) decreases, reducing the blade lift
(Fp), and hence the blade rise 8.

& DECREASES

THE BLADE
KI5ES

An other form of 'K coupling.

The same result is achieved by pitch control.

LEVER
A Ve

Filot’s vPuT

N
/ i
i
4 The blade, activated by [
a pitch change lever ! !
..—’-1 controlled by the pilot, 0
,’/ / can rotate around its
4 < - longitudinal is (fea-
Z gitudinal axi
g TEATHERING AXIS thering axis).
o -
rd
L - 4 A7) Actuation of the pitch
F o e
PITC” C’#MVGE 4 o change lever modifies

the pitch angle value.
Point A is fixed, unless
there is pilot input.

I point A is offset relative to the flapping
axis (making an angle & with this axis)
there is a pitch/flapping coupling (K"
coupling).

70 CovclUDE :

THE FLAPPING HINGE :

— cancels the vertical bending stresses at the blade root.
— in forward flight, compensates the lift dissymetry between

advancing and retreating blades.

But, blade flapping generates horizontal bending stresses
at the blade root (see ''drag hinges”).

Using the FEATHERING HINGE,
it is possible to change the pitch
angle by rotating the blade around
its longitudinal axis {or feathering
axis). This is under the pilot's control.

The "K’" COUPLING (pitch/flapping
coupling) reduces the flapping ampli-
tude (). When the blade rises, the
pitch angle () decreases.

THE DRAG HINGE
— cancels the horizontal stresses resulting from blade flapping.

But, the alternating blade oscillations, about the drag axis, upset
rotor equilibrium (hence, vibrations). To reduce the blade drag
angle (8), one solution is to reduce the flapping angle () which is
the cause (see "K' COUPLING).
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4.ROTOR LIFT CONTROL | Wiy HUST %y VAR ?

OR -THE GENERAL aF Sl W peecrion
CONTROLLED i
VAZIATION

FERTHERING HINGE
LONGITUDINAL
#us  BLAD

Fn

oF \
PITCH Lever " _”'_‘, | £--
BlppE ATty ConTROL Rop /\}:\ Vr
0
ANGLE
© N
. he variation of Fy magnitude The variation of Fyy DIRECTION allows
: We have seen that the pilot has only one means of | allows control of helicopter alti- : A
Whether Aerodynamix c 4 it in maanitude ‘s control of aircraft attitude and of forward
ks B i it :ve ot ontrolling rotor lift agnitude and direction. Viration SHpiteh ne=vadaibniof andisetaia tude and speed. flight vector T magnitude and direction.
again talk of the main CHANGING PITCH (f) through rotation of the i = variation of lift Fp.
rotor. blade around its longitudinal axis. hese three values vary together.
The mechanics of the collective pitch variation, The
WelL . T DIp YT rinciple is very simpl
iy 77 IRTION / P p ry simple.
PRINCIPLE OF ColLECTIVE PITCH VARIATIO QUITE GET IT e EVERVTHING
THE 60”f£0[/ OF£070£ //AF/{S vee EVERYTHING Vﬁf{é’&/ i
(Fa) AMPLITUDE 15 I AL MIXED UP.{/ COLLE CTNE " ,
0BTHINED BY 1.

THE COLLECTIVE | ﬁfxf"; PITCH 0 %

VARIRTION OF PITCH ! \L’ \\(«( D, My,
THE DIRECTION CONTROL | l;(’ % } < HORN
OF Fy 15 OBTRINED | \ 7 VARIATION 1CH CHANGE
THROUGY CYEliC P SWasH FLRTE

\
VARIRTION OF FITCH DON'T BE S50 HOT HERDED RERODWAMIX Dot conrhor | A ROTR SIAFT
Collective pitch variation is defined when pitch Collective pitch variation tends to vary the magni- 700 HA:,{GD/NG 7‘00 ngf" 3£Pﬂ77£”7 ((’a[(é’(ﬁlfﬁ'flrc/{jgyggj
angle (@) varies simultaneously on all-blades by  tude of Fy but has no effect on the direction. AND KERD WHRT ﬂuawg.f
the same amount, whatever the position in azimuth
The swash plate, actuated by the
Fﬁ’M’CIPlf OF f’VC‘UC p/fC// VPR/”TIOIV collective pitch lever (controlled T h )
by the pilot) slides along the main \ fa[f{ffﬂ/ﬁ 9 pitch @ 3 i : DV;S i th? saliective
) rotor shaft, thus causing pitch A (Position i:]r;es als' ; .e Con.trm 2 ope.rated.
f/j?l Max ’ . . o variation. The blade pitch angle / Ealigesive, :piteh of Iever: &
P There is cyclic pitch variation ; of swash plate).
& e e e vy increases or decreases by the same HPL__ _ _ _
h w en pltch.angle 9 varies in re £.|~ value and at the same time on all HP 7] \N 5
tion to azimuth from a maxi- blades. m.P 4 |
mum to a minimum value over L-P mP |
a complete revolution of a blade ’ ' S e P -~ | z:o.ﬁ’f'/co;/of—'
(for each blade). The extreme I OLLECTIVE
values are obtained at opposite MERN Pﬂf/{/ﬂﬁj :' \ z{i?ig/{ L.P. | I FITCH LEVER
azimuth. The cyclic variation of [ I ! (al@ SwhsH ?[ﬁféj
pitch (controlled by the pilot) L HIGH ﬂfc# | | |
leads obviously to a cyclic varia- " \ (//P/ / ° 4 P>
tion of blade lift. The ptane of ' ’ -\ > e/l 4 MERN LIGH
rotation of the rotor becomes LoW PI7cH ‘
more inclined as the difference The cyclic pitch variation changes /P \ ~ -
- inin ; the direction of F (which ~_— - )
8 max — 6 min increases ol norr:al ¥ th": g g ’ COLECTIVE CONTROL LINKAGE MAGNITUDE OF (OLLECTIVE FITCH
rotation) but has no effect on P/TZW[EVER LP o 6)0
its magnitude. //P __‘//30
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PITCH CHENGE ROD

CYCLIC
PITCH
VARIATION
(6 CYCL.)

SHEFT
CONTROL EOP

THE SWASH PIRTE

ROTRTING 5TRR
LINKED BY
Rops 7o BLADE
PITcy HoRWs.

FIYED STHR
CoNTROUED BY

MW RoToR BALL JOINT THE FILOT

The swash plate is the essential
component for cyclic pitch variation.
In fact, this is a control plate which
not only slides along the rotor shaft
(when the collective pitch lever is
operated), but may oscillate IN ALL
DIRECTIONS about its sperical bea-
ring. The oscillations of the swash
plate, controlled by the pilot (CY-
CLIC STICK) are the basis of cyclic
pitch variation.

aerospatiale

THE CONTROL FLANE

The control piane is the plane in which the swash plate is
contained. When the swash plate is normal to the main
rotor shaft, no cyclic variation oceurs. So the control
plane has to be tilted to generate a cyclic variation.

HOKMENT OF SWASY FLRTE

‘4— FoToR SHAFT

. - e
\ o ——
~ -

Collective pitch variation : controlled
by the collective pitch lever, the
swash plate slides along its own axis.
No cyclic variation occurs; the control
plane remains normal to the rotor
shaft,

|&— RoTor SHRFT
\ 1 -~

“'-_.\

Controlled from the cyclic stick, the
swash plate oscillates about its centre
""Q". The control plane is no longer
normal to the rotor shaft : cyclic
variation occurs.

BLADE HoRN

7 Point E (control point) is offset

s forward of the blade by means of
the blade horn. So when the blade

is said, in azimuth A, point E is in

azimuth A1- As a result, an action

in A1 on blade horn produces a

pitch variation in the blade loca-

EFRECT OF SWRSH FLATE TILT ON THE

FATY OF CONTROL Fow7 & °
Yig,

-

7 D i
Vi Y
/ cig S
C A1 lhf_ I %
B
\\ | /
N A //
.'Dn
Y

If the swash plate is tilted (about the Y'Y’
axis, for instance) the path of points E
follows the tilt of the swash plate. So from
1 azimuth A1 to azimuth C1, the control rod
will be pushed UPWARDS. Conversely, it
will be pulled down from C1 to Al..In B1
and D1 the control rods retain their initial

JECI5SORS
i |

]‘l—. MAIv RoTOR

t \+ i
—~ o.—_/
,— /_‘\< /l

< - -

- ’|’\
i
The rotating star of

COMBINED MOVEMENTS the swash plate is The scissors center
This is the most usual case. The driven in rotation hinge allows freedom

collective pitch variation is added by the rotor

onto the cyclic variation.

through scissors.

[TECHANICS  OF CYcliC FITtH VARIRTION

hub of movement to the
swash plate.

PATH OF FOINTS &

Each blade horn is connected to the
swash plate by a pitch change rod.
It can be seen that point E follows
a path controlled by the tilting of
the swash plate.

E'e PRACTICAL £FTECT

are pushed upwards : are pulled downwards :
THE PITCH INCREASES THE PITCH DECREASES

L |

V

THE TILT OF THE SWASH PLATE PRODUCES A CYCLIC PITCH
VARIATION

ted in A, position.
Let us examine this a bit closer, by following a blade
through a complete revolution.

From A1 to C1 the control rods From C1 to A1 the control rods

In A1, the control point E is the
lowest  possible. So the blade
pitch angle (in A) is minimum
(0 cyel. min.)

90° after A1, the control point E is over B1 corresponding to a
middle position. It even be seen that in B1, the swash plate tilt
has no effect, so the blade pitch (in B) will be the previous
collective pitch.

InB = medium @ = collective @

In C1, where half a revolution has been made, the control point
is the highest possible. So the blade pitch angle (in C) is maxi-
mum. {MAX. Cyclic )
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Let us recall fundamental principle : the effect of a variation in the angle
THE of attack (i.e. lift variation Fj, and blade flapping ) is effective 90° after
the angle of attack variation. Remember the gyroscope effect.

We h h tudyi "
EFFECTS . ave, seenl, when studying Example : If the pitch (hence the angle of attack) is maximum in C
lateral lift dissymmetry, the H i} ; & o ;
. ; i lift Fy and blade rise () are maximum in D, 90° after C,
-(—- S effect of the cyclic variation If the pitch is minimum in A, F, and 3 are minimum i
. OF CYCL'C of the angle of attack caused B st : S
d — by the speed variation of the ’
/ E P'TCH relative wind (VRg). A Mf’v Fn MIN Fn Mhx
_./ In the present case, it is the ¥ n
&, :

same effect, except that the e e, S —_— c

A1 h o
VAR'AT'ON angle of attack variation is * ::; -:‘/h-..\.i-‘—';‘
. 0 NGMpx

produced by a cyclic pitch

rd
variation and not by a speed y/ A
J G 5 ~ a | =
It has to be noted that the cyclic pitch variation is symmetrical in both ! O’? T;{E \5’/?M€ var|a.t|on.and that_ R @y b ‘\ = s i .3' Mﬂ)( LA TH/S
opposite azimuth positions. In particular, if in A1, the control point E 1' Cﬁysfs spplied [n any .dl.rer:tlcm by ):/ I = omr
. , is lowered by a maximal value d, in C1 (opposite azimuth) the control I 2 it SHpRCtiae: atiing B *Hin /A T e = — = =
In D1 (as in B1) there is no cyclic variation effect. The point is raised by the same value d. As a result, the pitch increase in y Pﬁopﬂcg ’ﬂ{ swsh plate; 2] MIN ! D T
blade pitch (in D) is at its medium value, that of the collec- C1 is equal to the pitch decrease in A1. This is true for all o i
_ ! 5 ‘ pposite
tive pitch. azimuths, SﬂMé_EfFECT-S Af’fH;‘f ZLI?PE ﬁppﬁ#
Polv
BEFORE WE STUDY THE £FFECTS OF CYCl/iC VERIRTION, LET (/S SUMMBRITE THE FRWGIFLE "Ist conclusion : cyclic pitch variation causes tilting of the rotation plane But what happens to blade lift Fn and the overall rotor
lift F oy ?
N

HEDIUM & (MAY CYCL/c @)

tional to swash plate
tilt angle,

\ Tilt angle is propor-
\ ,] TILT ANGLE

As the swash plate is inclined, cyclic variation occurs and,
as a result, cyclic variation of blade lift F; : THE ROTA-
TION PLANE 1S INCLINED. But,remember (as you have
seen) : the vertical blade flapping acts as an automatic lift-
regulating system,

Don’t forget :

— When the blade rises, its angle of attack decreases
-—_—— —’DJ@/VE FLINE — When the blade descends, its angle of attack increases
so that the lift remains constant and cyclic lift variation
is only present in the (very short) phase resulting in the

The cyclic variation of lift, produced by the cyclic pitch variation, causes a swash plate tilt. As the blades begin to flap due to cyclic
. variation of the blade flapping angle ﬁ In the example above ﬁis maximum variation, the blade lift F; becomes constant again, co-
In A, the pitch value is minimum in D (maximum lift) and minimum in B {minimum lift). So the rotation ming back to its initial value which is that of the existing
(min cyclic 8). In C, the pitch value is plane is tilted. collective pitch,
maximum (max cyclic ). From A to C,
e the pitch is progressively increased : the
/(0‘(.56‘7'/% 6} cyclic variation is said to be positive. From
C to A, the pitch is progressively decreased : 2 nd conclusion : for a given collective pitch valye, the cyclic pitch variation has no effect on the magnitude of the overall rotor lift (Fyy)
the cyclic variation is said to be negative.
In B and D, where the cyclic variation is
not apparent, we have the initial collective LATERAL TRAVEL OF

pitch value,
Cyclic pitch variation may be illustrated !

e ‘ by a diagram.
% CoURTIE & - “ LATERAL
MAK CYClC @ + MIN CYclic 8 d AND

\Lfaﬂf AND AFT
TRIVEL OF

MAX CYCLICE 4 — — — — n
| a7 FORE-ANDAFT _ i
COULECTIVE @ b CYCL'C AV /) e 51
(meawg) T A \ -
CHLLIC VARBTIoN AMPLITYGE.
i A NG s VARIATIONS
Sdsy Fla gﬁlfﬂﬂGZE ic stick i e control
3[4?5 ﬁZ/M[/f/V How to control the tilt To obtain all possible tilt positions, it is possible for ' :::blicr:;dt;e ;il:t ‘tso tc::mtrc.l tt:e
rg direction of the rotor the swash plate to be inclined about two axes cyclic variation in amplitude and

(XX' and YY') normal to each other. These pass direction. This control can be moved in any direction.
through the input points (FWD, RIGHT LEFT) The cyclic stick when moved, causes the swash plate
of the control rods controlled from the cyclic stick. to tilt and with it the rotor rotation plane.

A

rotation plane.
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PRINCIPLE OF
CYELIC STICKk ACTION :

Fore and aft travel
- of cyclic stick.

/ \ .
Forward :

The rotation plane
the rotation plane is is tilted rearward.

tilted forward.

When the pilot moves the stick in one direction, the rotor rotation plane is inclined in the same
direction. Let us see how this is achieved.

mmg/l

]

1
Lateral travel of the
stick : as shown here,

the stick is moved
to the right.

aerospatiale
CYcLic STIck ACTUYRTION EXAMPLE :
. . . THE STick 1S
en the stick is moved to any posi- MO VED FORWARE Y o

tion, the swash plate is inclined about
two tilting axes XX’ and YY' by a
value proportional to fore-and-aft
and lateral components of the stick's
travel.

FOBE AND AFT COMPONENT

(ATERAL
caupoyﬂ/f

STICk MOVEMENT

M .
IND TOTHE CEPT oy S RIGHT

The tilt ‘of the rotor's plane of
rotation when the pilot opera-
tes the cyclic stick (essential
for the aircraft to “follow'’ the
pilot's operations) is determi-
ned by the setting of the til-
ting axes (XX’ and YY') with
respect to the aircraft axes.

FORE ANP pFr TRAVEL

OF eyclLic STICK : FW‘Y !

ll“-—"’ [’E?:T\Y

o — RIGHT
BESEE

These two control
rods are fixed. They
move only when the
stick is moved late-
rally.

When the cyclic stick is moved fore
or aft, the swash plate is tilted
about the YY' axis whose control
points {LEFT and RIGHT) are fixed.

LATERRL OPERATION
OF cycLic STICK :

When the cyclic stick is moved to
the left or to the right, the swash
plate is tilted about the XX’ axis
whose control point (FWD) is
fixed. Both rods (LEFT and
RIGHT), controlling the swash
plate tilt are actuated by the
same amount in opposite direc-
tion. '

In every case (fore-and-aft and la-
teral position) the swash plate
tilt angle is proportional to the
angular travel of the cyclic stick.

Cyclic stick moved /

to the right.

Cyclic stick moved

to the left.

APPROACK TD THE PA”OBLE' M |

1 CovTrRoL RovT |

s '
.6 /i

ot j / B max
HELICOPER . ] e
CenvtER LINE ™~ | -
o D —
\\
HELICOPTER TRANSKERSE |  © mv
OR LATERAL XIS _;| [

L & mw.

KEMEMBER :

— The blade rise is maximum (3 max) at 90° after the posi-
tion where the blade is at its maximum pitch position
(0 max). (and of course, the blade rise is minimum.in the
opposite azimuth).

So, if the rotor rotation plane is to be tilted forward, maxi-
mum pitch has to be applied when the blade is in azimuth B
(minimum pitch is reached in azimuth D) so the blade rise
() will be maximum in C and, therefore minimum in A.

e

fwp

To tilt the rotor rotation plane forward, the cyclic stick is moved
forward. |t has been seen that the swash plate is tilted about the
YY’, axis, normal to the XX’ axis, which tilts.

PITCY CHANGE K0P

\Y IE/x

In these conditions, the highest position of control point E (and as
a result the lowest position in the opposite azimuth) is obtained
when E is above the tilting axis XX'.
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\

|
|
|
{4o}- -

e HELICOPTER TRANSIERSE RXIS

As MAX and MIN pitch values correspond to the extreme positions of control points E, it is all quite easy to understand.

And, the position of the XX’ axis
. being defined, that of the YY’
axis is thus determined and it is
possible for you to check that a
swash plate tilt about the XX’

axis (lateral travel of cyclic stick)
produces a lateral tilt of the rota-
tion plane either to the left or to
the right according to the stick
travel,

Ve CHECKED..
77 works /

S0, Nok RERODYNAMIX 15 HAPFY, LET U5 Ry
THROUGH THAT AGAIN (70 FiMsy  THE FRGE)

With the cyclic stick in forward
or rearward position, the swash
plate is tilted about transverse
axis YY' thus producing a cyclic
variation of the "lateral” pitch.
If the stick is forward, maximum
pitch is reached in B and maxi-
mum blade rise in C. The rotation
plane is tilted forward. If the
stick is rearward, maximum pitch
is reached in D and maximum
blade rise in A, The rotation plane
is tilted rearward.

With the cyclic stick either
to the right or to the left,
the swash plate is tilted
_about fore and aft axis XX’

riation of "fore and aft”
= pitch,

B thus producing a cyclic va-
—

\
A~ With the stick to the right :

— \ ® Max. pitch is in C
—_— @ ® Max. blade rise in D
! ® Rotation plane is tilted

‘} / to the right.

/
// With the stick to the left -
= -0 . ® Max, pitch in A

’D ® Max. blade rise in B
® Rotation plane of the

rotor is tilted to the
left.

50
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5.THE MAIN ROTOR REACTION TORQUE

..AND
THE TAIL

ROTOR

—— -

HELICOPTER
s, S~ swecTiov
S~~~ UL --OF ROTOR
Ro7w7IoN

! WRECTION OF
" HOTBRTION OF

Any force, to manifest itself, must bear on
a support. If this support .is free to move, it
will go in the opposite direction to the force
acting on it. The action of the force is said
to be equal and opposite to the reaction
(of the support).

The situation is the same for the helicopter
rotor. To rotate, the rotor shaft to which
the engine torque (Cm) is applied, rests on
the helicopter structure which s pulled in
the direction opposite that of the rotor by
a reaction torque (CR) equal and opposite
to the engine torque {Cm).
Obviously, if it was not compensated, the
reaction torque would prevent the helj-
copter from flyng.

How cay

THE REACTION
TORQUE
OF THE
MAIN ROTOR
BE COMPEN-

SATED?

The tail rotor (or anti-torque rotor) prevents the helicopter from rotating on its axis by the action of the main

rotor reaction torque.
The tail rotor is fitted at the rea

fuselage where, driven by the same

engine as the main rotor, it ro

the VERTICAL plane. The resultant

aerodynamic force of the tail
called THRUST (Thrust and

equivalent terms), is applied in
RIZONTAL plane and opposed
reaction torque of the main

SHROUPED TAIL RoToR

r of the

tates in S B
rotor,
lift are
a HO-
to the
rotor,

7

Ro7p7i0N 415

CONVENTIONAL TRIL PoTOR (WoT GHROUPED)

=
i b .

Thrust Ty of the tail rotor is normal to the plane of rotation.

ThIL RoToR MECHANISM ‘

The tail rotor includes the following com-
ponents, found also on the main rotor :

— Pitch hinges for controlling the magni-
tude of thrust Ty by collective variation
of blade pitch.

— Flapping hinges compensating the asym-
metrical relative speed effects between -
advancing and retreating  blades.

— Pitch — flapping coupling (K-coupling)
reducing the effect of blade flapping.

Note that there are no drag hinges. ) Pt

f;

|
|
|

T— FEATHERING AXIS

K Covlivg

FLAPPING AX1S

e

S~

Note also that, in the case of a shrouded
rotor, the flapping hinge is unnecessary and,
therefore, omitted. As a matter of fact,
the air flow, ducted by the rotor shroud,
is normal to the plane of rotation and the
relative speed of air is identical for all
blades ;

~

\K_
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LET US COME BACK ;
T0 THE
HEACTION

The reaction torque {CR) of the main
rotor tends to rotate the helicopter

1 e i1 this dlirection.

TORQUE OF

THE MAIV FOTOR

EFFECT OF
TAIL ROTOR
THRUST Ty

the main rotor.

The pitch angle of the tail rotor blades is selected
so that rotor thrust Ty which applies at the end of
the fuselage, is opposed to the reaction torque of

_T_ N Thrust Ty of the tail rotor tends to
—> I l rotate it in
:4— the opposite direction,
Ty I These effects cancel each other out when
' the moment of Ty, with respect to the
¥ center of graivty G, is equal to the reac-

¥ tion torgue.

QX TY :CR

This is the reason why helicopters have such a long
tail. As a matter of fact, lenght € of the lever arm
must be increased as much as possible to reduce in
the same ratio the value of thrust Ty which consu-
mes power.

Ro7oR THRUST TY.
ATY £

BALANCING f) TORGYE BY AFORCE OR THE EVILS OF TAIL

— — Fy - Ty

aerospatiale

VARIATION OF
THe Mav Ko7k
REAC TION
TORQUE AND
MERN S OF VARYING
Ty D Fy
WHICH BALANCE
THIS TORQUE

The reaction torque of the main rotor is equal and opposite to the engine torque
(Cim) balancing blade drag Fy. As seen previously, F, depends on collective pitch
8. Accordingly, if 0 varies, the engine torque varies likewise to balance the blade
drag.

KEEP IN MIND :

If collective pitch @
ch.janges, the reaction
torque of the main
rotor changes likewise.

Therefore :
Ty and Fy must vary as

0. The method used for
this is described below.

VARIATION OF TAIL ROTOR THRUST Ty

The control of thrust Ty is
provided by the COLLECTIVE
VARIATION of blade pitch angle.

Model selected for the explana-

three bladed tail rotor

DRIFT e fion
/5 fi/’/{fl[{p rotating in the direction indicated

and balancing the torque of a
main rotor rotating clockwise.

Ty | zriFr f v

Keep in mind the basic notions :
1 FORCE =1 FORCE 1T 1 TORQUE.

force. Thus, to thrust Ty correspond :

the main rotor.

drift of the helicopter.

(or refer to the relevant page : 7). A torgue cannot be balanced by a

— a torque Ty, having a lever arm Qcancelling the reaction torque of

— a force Ty, which, applied to center of gravity G, will cause a side

How is this drift cancelled ?

To cancel the drift an equal force directed in the opposite direc-
tion must be opposed to Ty. This result is obtained by tilt-
ing the main rotor disc in the opposite direction to Ty and at an
angle such that horizontal component Fy of lift Fy is equal to

Ty.

Of course, the tilting of the rotational plane of the
main rotor is obtained by a cyclic lateral pitch va-
riation (cyclic stick to the right if Ty is directed to
the left and vice versa. To avoid having to fly with
the STICK permanently OFFSET, two means are
used.

— The main rotor shaft is slightly tilted in the
direction opposite to Ty.

— The cyclic stick is OFFSET by appropriate set-
ting of the control linkage so that, with the
stick vertical, the swashplate is slightly tilted,
producing a lateral inclination of the rotor disc.

The angle of tilt of the rotor shaft and the offset-
ing of the stick are determined so as to compensate
Ty under normal flight conditions. Beyond these
limits the pilot must act on the cyclic stick for
compensating Ty variations because, as we shall see
later, Ty varies in accordance with the engine
torque applied to the main rotor.

TILTING TORQUE

THL STRUCTURE FYLoN
RAISING THE TAIL ROTOR

However, it is not easy to get rid of the effects of the tail rotor thrust Ty. While the
main rotor tilt compensates the drift motion, there are still two equal and opposed forces
(Fy and Ty) producing a torque having a moment h x Fy tending to tilt the helicopter.
To reduce the tilting torque, the designer acts on length h of the lever arm by raising the
rotational axis of the tail rotor so that h is as small as possible.
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The pitch change is provided by
a spider connected by rods to the
blade pitch change levers through
links and to the pilot control via
a control rod.

,

-

g \_,
5

| WWCREASES -

SN
W 9

S " DEcreAseEs

Control rod movements are
controlled from the pilot station
(rudder bar).

s

%.#. PEDAL FWD .

& INCREASE iy S
;‘% _PITcH
RUDDER PEDAL CHINGE L£VER
/ L.H. PEDAL FWD
~J

' THEROIR HuB
"""""""""""""" CONNECTED TO THE
FILOT CONTROL
(RuppeR 8RR )

6 PECREASES 4 CONTROL Rop THROUGH o

e J ;
Lo "}.\'
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To maintain the helicopter balance around its yaw axis, the pilot must
apply a thrust Ty of a value in accordance with the engine torque ;
i.e. in accordance with the collective pitch 0 of the main rotor blades.

LoLlECTIve
FITH LEVER

/ g May RoToR

—~ VoW COUPLING

Zial ------- w, g 18 / i =-./._-.%
L - yaw CONTRO) s

- l
omn EE e em e on me e

-— AW AIS

THIL RoTok

A simple mechanism relieves the pilot of this burden : this mecha-

/,/ i ; nism is the main rotor collective/tail rotor pitch ""coupling’’. For a

given pedal position any pilot action on the collective pitch lever
Example : if @ main rotor blade pitch simultaneously produces a like variation in main rotor and tail rotor
T8 increases, the pilot must push the R.H. pitch, so that thrust Ty automatically balances the reaction torque
T pedal forward until Ty, increasing, balances of the main rotor for whatever value of main rotor pitch, It is to be
the new value of the main rotor reaction noted that this ""coupling’’ is installed only on helicopters fitted
torque. with an auto pilot.

It's an ill wind that blows nobody any good !

As a matter of fact, the tail rotor, intended
to compensate the reaction torque of the
main rotor is used also to control the aircraft
about its yaw axis.

— To turn to the right, the pilot pushes the
R.H. pedal.

— To turn to the left, the pilot pushes the
L.H. pedal.

temporarily destroying the yaw balance of
the helicopter,

FY VARIATION
BUTOMATIC DRIFT COMPENSATION

For the purpose of compensating the drift FS
resulting from thrust Ty of the tail rotor the

pilot must, by a lateral action of the cyclic

control stick, tilt the main rotor in the direction Fy
opposite to Ty (Balance condition).

Here there is a simple way to avoid such a bur-

den with the "lateral cyclic/collective pitch

coupling”. For a given action of the cyclic

stick, any collective pitch lever action changes  *¥/L/C STICK |/
the swashplate inclination (and, therefore, that
of the rotation plane) so that balance Fy =Ty
is obtained. Here, when collective pitch increases,

4

<«

COLUECTIVE PITCH LEVER

the rotation plane tilt to the right increases. LATERRL
This type of coupling is rarely used. The Super s faf[fffﬂ/f-
Frelon is the only one among Aerospatiale’s / [ ?/76‘//
production to be fitted with it. e . fﬂ(/ﬁ(ﬂVG

[
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6. AERODYNAMIC FUNCTIONING OF ROTOR

e ANP |15 NOTEWORTHY ASPECTS: GROUND €7 72CT - AUTOROTATION. VORTEX - LIMIT SPEEDS

oC UPSTREAM

AIRFLOW
THROUGH THE
ROTOR

Do STREAM

In operation, the rotor draws air through its upper
area and discharges it downwards. Thus, it ACCELE-
RATES the mass of air within its influence. The

air pressure and speed vary along the flow of ajr in
motion.

— At the upstream infinite (9. The air pressure is Po
{atmospheric pressure). The relative airspeed is Vo.
It is equal and opposite to the helicopter’s velocity
of travel.

— In the rotor disc area, the airspeed has increased
and is equal to V1. On the upper face of the disc,
the pressure is P1 (P1 <Po) : negative pressure
area. On the lower face, the pressure is P'1
P'1 <po): positive pressure area.

— At the downstream infinite (°°) : the airspeed has
still increased and is equal to V2. The air pressure
is Po (atmospheric pressure).

oC

RoTor woucEp SPEED OR FRoupe SPEED

O< UPSTREAM (INDUCED SPEED = 0)

108 D/SC.

OC POUNSTRENN

The increase of air flow velocity (from From this very general
Vo to V2) is steady between the up- discussion, we shall
stream infinite and the downstream detail the various air
infinite. Therefore, it is equal on both flow conditions in

sides of the rotor disc. This increase of

velocity is called "'Froude speed’” Vg (or - Hovering
induced speed as it is induced by the - Vertical flight up-
rotor). Accordingly, between the ups- wards
tream infinite speed and the rotor, the Vertical flight down-
induced speed increases steadily. At the wards
disc level, its value is VE. Between the
rotor and the downstream infinite, its ® Fast descent
value increases to 2 V. The resultant
relative air velocity is expressed in terms ® Slow descent
of V. Thus
- = ® Moderate descent
V1 =Vo+ Vg
- — S ® Forward flight

V2=Vo+2VE=V1+VEg

HOVERIVG
O UPSTREAM

oc
DonSTRE M

v Va=2VF

The helicopter is immobile relative to the air :

Vo =0 In the rotor disc plane, the air flows at the induced
speed (V1 =VFE).

54

VERTICHL FLIGHT UPKRRDS
o<C UPSTREAM

OO DOWNSTREAY

The helicopter climbs verti-
cally at rate Vz.

At upstream infinite, the
speed Vo of air flow is equal
and opposite to the rate of
climb (Vo =Vz).

%} Vz and VE have the same
direction. The rate of climb
is added to the induced speed.

V2=Vz+2VF
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POWNWARD VERTICAL FLIGHT - FAST DESCENT : Vz P2 WF FORWARD #LIGHT
(THEORETICAL CowDITIONS)

TeFlectep AR Flow
The helicopter descends : the flow is inverted and passes upwards through FISsIvG THROUGH TiE KoToR

the rotor. At the downstream infinite, velocity Vz of air flow is equal and VO Vo ® In forward flight, the rotor ope-
opposite to the downward velocity of the helicopter. The rotor-induced speed rates both as a propeller and as a
(VE) is still directed downwards and opposite to Vz. wing :

Consequence : The resultant speed decreases, At the rotor level, it is equal to
Vz —VFE and reaches Vz — 2 V at the upstream infinite. As Vz >2 VE, this
speed remains positive i.e. it is always directed in the same direction. , ' 0

Just remember

WHAT DD Yoy Leary
WHILE T WHs /y
HOSPI7aL P *

- As a propeller it accelerates
the mass of air flowing through
it {air flow normal to the rotor

NOTE that in these flow conditions, the rotor is WINDMILLING.
A disc).
VO \ TFEFLECTEP AIR FLOW V2 - As a wing, it causes deflection . ‘\ \\\
o DOWNSTREAM NOT TRAVERSING THE ROTOR of the air flow. 6
<Gy A\ # T
: Remember also that passing from vertical to forward
DOWNWARD VERTICAL FLIGHT - : 0; d/Pf'fPEﬁM FORWARD FLIGHT flight is called "transition”. When initiating for- L‘\ “
i Vz-2VF< ward flight, the concurrence of both air flows
MODERRTE DESCENT : VFZL ¥z < 2VF causes a turbulence in the flow resulting in vibra- * SEL ON PAGE 571
tions and high stresses in the blades. )
RERODYNAMIXS ACCIDENT

The rate of descent is considered as moderate when speed
V7 at the downstream infinite is included between VE and ZERD $PEEP

2 VE. As in fast descent, induced speed VE is de

ducted from speed Vz. However, as V7 is smaller than {/M? FLow ?EVE;’?;ED‘}
2 VF, the difference Vz - 2 VF is negative and therefore, Vz-Ve>0-
directed in the opposite direction to Vz which means that

an inversion of the air flow above the rotor occurs, The

meeting of opposite air flows produces a wake. The air

flow passing through the central area of the rotor is turn-

ed down on the periphery by the descending flow

(Vz -2 V). The aerodynamic flow is perturbed. In this

case also, as in fast descent, the rotor is driven by the air

flow ; this is called AUTOROTATIVE DESCENT, which

will be covered later.

D

GROUND i = i
EFFECT |

DOWNSTREAM O AND /75
v T BENEFffs When the helicopter is hovering in the immediate vicinity of the The lift increase depends on distance "'h"
OR Ex 0 D,T'O ground the kinetic energy communicated to the air by the rotor between the rotor disc and the ground. If
?OWNW/?KP V£ﬁf/{ﬁ[, ﬂ/6”f— ‘ﬂOWDESGENT /VZZI/F) ’M"P C N N (induced speed) is cancelled on contact with the ground and h = 1/3 D (D is the rotor diameter) ; the
oo Up;mgﬁm E / While fast and moderate rates of descent correspond to unpowered con.w:te.d ke pressure energy, with the exception‘of ths ncreasenl Frpledl percant appro>;|mately.
' Highit. conditians. (thepower i supblisd by the aif flow and 2 fise wWheel Pe;l;l) eric ;rezla where air flow is deflected. The_pressure increase It decreases tg ?0 percent for h =1/2 D and
inserted in the transmission system allows the rotor to rotate freely), i b t.e ower‘surface ot tfw blaqes rf:suinng, ef courss, in .becomes ne_egngable trom M. Thoalrcratt
the slow descent is a powered flight condition as the pilot controls the ;r;l:;r(c:a_arsairérgtor lift Fry. The aircraft is said to be.IN GROUND is then said to be out of ground effect
helicopter descent by reducing the collective pitch. 40, {0.G.E.)
Look at the flow figure : as the vertical speed of air flow at the down-
stream infinite (Vz) is lower than the induced speed (VF), the inversion THE GROUNG £FFECT IV FORWAIRD FLIGHT fa}ys‘gﬁwgd/cgs OF THE 4(0'0”9
of the air flow velocity occurs under the rotor. (As at the rotor level
EFFECT IV HoVERIN G

vz — Vg <0). A wake occurs under the rotor and the air flow is turned
down. The upper air flow forms a vortex near the blade tips. For a
Wi downward rate of about 2 m/fs, the upward and downward air flows

AKE concur on the rotor disc. THE BLADES ROTATE IN THEIR OWN
WASH while the air forms a vortex ring insulating the rotor which
is no longer traversed by the air flow. This phenomenon is called
VORTEX CONDITION. Such a configuration is dangerous as the
rotor, in stall area, cannot be controlled anymore. It is easy for the
pilot to come out of this situation, either by flying forward or by reduc-
ing the collective pitch to initiate autorotation (V7 increase).

In forward flight, the ground
effect is less as the forward
speed is greater. This decrease
of the ground effect is explai-
ned by the deflection of the For a given power level (i.e., with the rotor operating at constant
air flow and by the aircraft’s speed and a given collective pitch), in ground effect, the lift is
movement, increased by 10 percent approximately. Accordingly, for hover-
For instance, for h = ing in ground effect (I.G.E.) the power required is less than for
1/2 D, a forward speed hovering out of ground effect (0.G.E.). This is the explanation
of 30 km/hr reduces of the I.G.E. and O.G.E. hovering performance curves in the
the ground effect to 2 flight manuals. In this connection, the helicopter hover ceiling is
percent. higher in ground effect than out of ground effect.

oo DOWNITREAM L\J | u
|
i
|

VORTEX CONDITION : Air flow does not traverse any longer the
rotor which is insulated by the vortex ring.
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AUTO.
_ROTATION

OR HELI/COFTER
FLIGHT IV CASE

OF £NGINE
FAUURE

AFN

RSP
G

P

After an engine failure, the helicopter does not fall. Its
rotor, driven under the action of the relative wind,
benefits from a lift Fy which, while inferior to
weight P of aircraft, is sufficient to slow down the
descent and maintain control of the aircraft until the
landing.

HOWEVER /7'//6 SITUATIoN /S NoT AS
SIMPLE AS 1T [ 0oks.

Question : why does the rotor still rotate (and, accor-
dingly developing a lift Fy) when it is no longer driven
by the engine ?

We shall now examine autorotation in vertical and
inclined descent. First, let us explain the existence of
autorotative and anti-autorotative forces acting simul-
taneously on every blade.

aerospatiale

AUTOROTATION TAESCENT FROM

HOVER I Vvig

AUTOROTRTIVE AND ANTI- AUTORQTATIVE FORCES

-If Fp is broken down along a

vertical line and along the
direction of relative wind
VR, we obtain :

® 1 force Fg, or lift force

® 1 force Fp, or propul-
sion force, opposed to drag
Fx.

Reminder : Two forces act on a rotating blade :
Lift F, normal to the relative wind VR and
drag Fy directed along the relative wind.

4
/

Fa
=’

If the angle of attack i is large, Fp, is directed well
forward and force F p is greater. If Fp is greater than
Fx, their resultant R is directed forward =it constitutes
the autorotative force driving the blade in rotation.

ANGLE OF ATTHCK

VARIATION ALONG
A BLRDE Iy

AvToRoT#TION

.\ /‘/

2 -

U: wR —— Relative air speed
equal and opposite
to the blade velocity.

The blade angle of attack depends only on the direction
of the relative wind VR. In autorotation from hover-
ing, where the dsscent is vertical, the relative wind
results from the tangential velocity of the blades
(U = wR) and from the vertical speed of the air
passing through the rotor (V1).

VARIATION OF VERTICAL SAED Vi

The autorotation descent is performed at the moderate
descent rate already described. In its central area the
air flow is passing upward through the rotor. Above
the rotor, the vertical speed is cancelled and air flow is
deflected towards the disc periphery and passes
through it in a downward direction (speed V1 is
reversed).

Remember : The
autorotative and anti-
autorotative forces de-
pend on the blade's an-
gle of attack :

® at a large angle of
attack the force is
autorotative

® at asmall angle of
attack, the force is

anti-autorotative,

But, how are these

VARIATION OF 1RNGENTIAL VeLocrry (U= wh)

| Q = CoVSTANT

U VERIRTION IN TERMS OF £

1

U is proportional to radius R I
of the blade section under '
congideration. The velocity
increases evenly from the root
to the tip of the blade {as we
have already seen).

VARIRTION OF VR (O VARIATION OF ANGLE

OF ATTAK €) EFFECT OF U = we

R2 > R1 causes U2 > U1 and i2 <i1

COMBINED EAFECT OF U AND Vi VARIATIONS

The inversion of V1, when passing from the central area B of the
rotor to the peripheral area C, results in a significant reduction in

forces distributed over
each blade ?

U
N\W\J;Z\
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On the other hand, if the angle of attack "'i"" decreases,
the lift component Fp tilts back and the propulsive
component F 5 decreases. When F p, <Fx , the resultant
R' is directed rearwards. This is the anti-autorotative
force which slows down the blade.

the angle of attack. The reduction resulting from the increase
of U =wR comes in addition to this reduction in the angle of
attack. For all these explanations, the collective pitch of blades
is, of course, considered as being constant,

For very low values of i, F, is tilted towards the
rear of the blade. Component Fp is then directed
rearward and added to the drag. The anti-auto-
rotative force is strong.
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RYTOROTRTIVE AND . ANTI- RUTOROTRTIVE ARERS OF THE HOToR

Because of the continuous angle of attack variation from the root to the tip of the
blade, the rotor is divided into 3 distinct areas, A, B and C.

AREA A. at the blade root
where V1 is predominant with
respect to U, angle of attack i
isvery large. This is the STALL
AREA , the lift is zero, Drag
Fyx is strong and opposed to
rotation.

This area covers 1/4 of rotor
radius R.

-

2" RzFa-Fx~

AREA B. Around the stall area, there is an area with a high
angle of attack. In this area extending from R/4 to 2/3 R, the
resultant R of forces along VR is directed forward and drives
(& the blade in rotation, This is the AUTOROTATIVE AREA.

AREA C. Finaliy, at the rotor periphery where the air flow is
deflected downwards, the angle of attack is low. Resuitant R’
of forces along VR is directed rearward. This is the ANTI-
ROTATIVE AREA. Note in areas B and C the upward force
Fg whose resultant constitutes rotor lift Fp in autorotation,

ANTL - BUTOROTATIVE ARER
(R ZRIvEW HREA )

LoToR N £QuiLIBRIOM

Thus, every rotor blade in subjected, in area B, to an
autorotative resultant force "' R" and, in areas A and C,
to 2 anti-autorotative forces, resultants R’1 and R'2,
Of course, the value of these forces depends on the
rotational velocity of the rotor which depends (as we
saw) on terms U'=cwR and V1 depends on the air ve -

locity VR.

There is an equilibrium state Wg
such that the effect of autorota
tive R and antirotative R’ and R’'2
forces is cancelled. Then, the rotor
rotates at constant velocity w E.
Helicopter manufacturers adjust
the collective pitch value and
blade twist to obtain W E very

THE INFLUENCE OF COLLECTIVE

Pty 6 oV we

The blade’s angle of attack, which
conditions autorotation, naturally
depends on collective pitch 0.
If 8 is too large, the rotor is
slowed down.
If 8 is two small, the rotor is
accelerated.
CONCLUSION. There is an opti-
mum pitch for autorotation.
The "low pitch” limit on the col-
lective pitch lever protects the

close to the normal operating rotor from excessive r.p.m, (and
r.p.m. the danger of excessive centrifugal
forces).

AuTomp1ic STABIIZATION 0F RoTOR R.PM. /N Au70R0THTION

I1f, for some reason, velocity o increases,
U = w R increases and the angle of attack
decreases. The anti-autorotative area becomes
preponderant, reducing the r.p.m.

If, on the other hand, velocity (2 decreases, the
angle of attack increases, the auto-rotative area
becomes preponderant and restores the equi-
librium speed.

EFFECT OF BLADE TWIST
oy we

Blade twist, which increases the
pitch angle at the root end and
decreases it at the blade tip is a
significant factor for the equili-
brium speed W E.

If the twist is high the autorota-
tive area (and therefore w) in-
creases. If the twist is low, it is the
anti-autorotative area which in-
creases and the speed decreases.

If w increases, U increases and angle of attack
decreases. The anti-autorotative force increases
and the rotor, restrained, returns to the equili-
brium speed W .

AUTOROTATION THOM FORWARE FLIGHT

In autorotation from forward flight a new
component appears, the forward speed v of
the helicopter. This new factor does not change
the explanation as the phenomenon remains
basically the same. However, the velocity of
relative wind VR is, in this case, the resultant
of :

- Blade velocity U (U =wR)

- Vertical velocity of air flow = V1

- Forward speed v

] Ur=U+v
. L—-_—»
- iD U, v

In the plane of rotation, the blade velocity U
is combined with the forward speed v to give
the relative speed UR varying with blade
azimuth

iIn A and C Ug = U

- In B, UR is minimum UR = LR
- In D Ug is maximum UR =U+V
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LFFECT OF U oN VR, 4 AND THE RUTOROTATIVE ARER “MITATION OF ROTOR R P M
S - 0 v O Ur=v
U U+V .|- The rotor r.p.m. and forward speed of the helicopter must not U= we V#/?M’T/O/V | /!
_ R ol exceed certain limits above which aerodynamic perturbations : [ "
= = - 2 2 = z i ! ’ A
H \. On ‘the sdvaricing Bladle e, UR s o PRIVEN & develop on blades causing stall, vibrations and high mechanical o= = = “\
AVWWVC/”G @ greater than U and the blade angle I’ ﬂfff \ stresses. ! 1 E | INvERTED
’. . BlApE \ of attack decreases. Hence, the l - A Ur=U+V < -} ! FLow
\ - ==l i - ! i
- autorotative area DECREASES on WEE / 4 i !
the advancing blade side. 7”"‘- /”fof{p Haw’ AKEIQ o N - l§ : I 5 UH = 0
- ——-I--m—': — \‘-—-; — In forward flight, on the retreating blade, the L % Fi , " =
' i A forward speed U is deducted from blade speed N I % - ‘.‘r ! 5
y .
\ I .r [ U, The resultant relative speed U decreases. So 3 \ B — ] i
. - L 5 ﬂUfDﬂOTﬂTIVE ae i much so that, at the root end, the blade will be . O vV ’-' y .
. — \\ AR ,’ 4+ directed in the opposite direction to the rela- T - e A - :
i . . \._ B -,’ tive wind. Look at the picture. The blade is v ! i / i <
s ) . \
L= - taken in azimuth B, the most unfavourable . ¥ A | i
Ry | position as U and v are directly opposed. In ""O"" Y & g = ]
“.= N e‘v==‘1 1 w (rotor center) : UR =v. In"I" where U =v, Ty . i / / i
o : Vi UR =, Between 0 and |, the relative speed E B-~ ! pEE—— 1
. % ] /
U UR: U +V The angle of attack increase on the retreating ; ;Rdts $|;pos§df;£0 ﬂ?e .sense odf ro;atlon Ef t:e UR: U—v /'/". E -
. blade side (and its decrease on the advancing e, The: alr flew I8 Invepieciand Bitasks e e —— s — pa i
Conversely, on the retreating blade . ili i
s U Y s smallerr t;an 3 S blade side) offset the autorotative area towards blade on the tialing wdge side, Uﬂ Vﬂﬁ’/ﬂﬂdﬁ/ B B
» “R ) : the retreating blade side. Because of forward
blade angle of attack increases. Accor-
i ; speed v :
dingly, the autorotative area IN-
THE AUTOROTATIVE FORCE IS PREPON-

CREASES on the retreating blade side.
i l DERANT ON RETREATING BLADES.

IF U INCREASES
THE INVERTED FLOW
ARER INCREASES.

AYTOROTRTIVE LANPING

Tue AIRCRAFT Fn
15 WNost UP”

The inverted flow area (try to construct it from the
above explanation) is outlined by a circle tangential to
center 0 of rotor and located on the retreating blade side.
Diameter 0 | of the inverted flow area is inversely propor-
tional to the U - v difference. It is easily understood that
the forward speed ''v' of the helicopter is limited,
otherwise performance would rapidly decrease.

COLLECTIVE
BICH INCREASE

The flow inversion causes turbulence and creates NEGA-
TIVE lift. Therefore, speeds U and v must be determined
to reduce as far as possible the effect of the inverted
flow.

OTHER LIMITATION AREAS.

The retreating blade is also the seat of 2 stall areas :

NVERTED FLOW AREA

Fmally velocity U of blades must not be close to the speed of
sound veiocltv (Mach 1) as, at Mach 0.8, compressibility
phenomena appear. They cause the separation of the
boundary layer and, therefore loss of lift, vibration etc ...
Here it is the advancing blade which is the problem where U

The autorotative descent rate remains relatively v
high. However, the pilot has a means of " —

“breaking’”’ this rate and landing softly. At
some meters above the ground, the aircraft is NEGATIVE STALL AREA and v are added. Keep in mind that, for this reason the blade
placed "“nose up” (eyclic stick backward) so as U is very low. Angle of velocity U is limited to approximately 250 m s.).

attack 'i' is negative and
very high = stall.

to reduce the forward speed. This results in a
sharp increase in the angle of attack on all
blades which, in turn, increases during a very
short time the rotor r.p.m. and hence lift Fy.
The aircraft rises slightly and lands while the
lift decreases.

POSITIVE STALL AREA. The retrea
Just before landing (at 3 or 4 m. above the ground), the pilot may, by a collective pitch increase, still further increase lift. ting blade rises, the an‘gl‘e of attack
is* very large and positive = stall.

(but at the cost of rotor r.p.m.).
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FORCES
ACTING
ON THE
HELICOPTER
IN FLIGHT

In flight, three forces act on the helicopter :

- its weight P, applied at the centre of
gravity G.

The aircraft's overall drag Fy resulting, in
forward flight, from the resistance oppo-
sed by the air to the airframe.
Fyx is applied at the helicopter’s aerody-
namic centre, which to simplify the
explanation is assumed to coincide with
.__FX the centre of gravity G.

Direction of Fy : opposite to that of
forward speed 'v’.

/ Lift Fy, applied at the rotor centre,
'ﬂ/ﬂ/T FPRTH perpendicular to the rotation plane.

HELICOPTER £QuUiLIBR UM Fn
N HIGHT

For the helicopter to be in
equilibrium, resultant R of
weight P and drag F, should
be equal and acting in oppo-
site direction to lift Fy. The
overall resultant of the forces
applied is then equal to zero.

The equilibrium condition corresponds to
stabilized flight. If the helicopter is stationary
(hovering), it remains so. If the helicopter is
moving (forward flight) its speed is CONSTANT
and its flight path STRAIGHT.

R EQuAt AND OPPOSITE To FV
THE HELICOPTER 15 INEQUILIBRION | 0118  TIRIBLLATIONS ARE NEARLY DVER /

\

\i
BE QUET .. BE PUIET, AERODYNAMIY

YORIZONTAL RoTATIonN

EQUILIBRIUM IN " THEORETICAL” HOVERING

(Zero wind and centre of gravity G aligned with the center of rotation O).

‘FN

® |In no wind conditions, the only forces in
action are the lift Fpy and weight P,

® The center of gravity G is aligned with the
center of rotation O, hence forces Fpy and P
are aligned (without change in the aircraft
attitude) and the rotor shaft is vertical.

HINE
HOVERING |, ,—>do

SWASH PLATE
HORIZONTAL

eyeee stick AT
Neut#pt FOINT

(VERTICAL ) Vp

® The pilot,acting on the collective pitch
lever, adjusts the collective pitch @ value to
ensure equilibrium :

Fn =P

The cyclic pitch stick is placed in neutral

6‘ #ZIGI‘VJP position {vertical}, the swash plate is hori-

W/f” 0 zontal, therefore there is no cyclic pitch
variation and the rotation plane is horizontal.

EFFECT OF CENTRE OF GRANTY "G’ LOCRTION ON HOVERING

The center of gravity is not exactly aligned with the rotor center of rotation (theore-
tical location). It moves between the FORWARD and REAR C.G. limits according to

the load carried and the fuel consumption.

You can see that if the C.G. is, for

Fn example, located forward of its
* theoretical position (forward C.G.)
forces Fyy and P create a moment
having a lever arm "d’ which tilts

the helicopter forward (nose down
moment). If the C.G. is located aft

VAR/ATION OF THE FORCES IN ACTION

VARIATION OF LIFT FN (REMINDER)

® The magnitude of Fpn depends on the
collective pitch. Ere———

\ Fn

)
8

® The direction of Fyy depends on the cyclic
pitch. i

The variation of cyclic pitch changes the tilt of Fp. It is
inclined in_the same direction as the cyclic stick and
through an angle proportional to the cyclic stick travel.
For a given collective pitch ) Fpy decreases as the altitude
(or temperature) increases and increases as the forward
speed increases.

To maintain constant lift,it is necessary to increase @ as
the altitude (or temperature) increases.

CollcTvE
Fricy LEVER

The increase in
collective  pitch
results in an
increase in lift Fy

of its theoretical position (rear C.G.)

—
/ there is a "nose up” moment.
«T1 0

P‘ FORWARD C.G. NoSE Dok MOMENT

If the cyclic stick is kept in neutral (theoretical
hovering), the swash plate tilts with the helicop-
ter (it remains perpendicular to the rotor shaft)
together with the rotor rotation plane and lift
Fpn @ the lift horizontal component Ty will
initiate forward flight.

Fny A Fn
' Ro7pTion
FLANE

\

CRELTLYIYTY =

Variation of drag F.

IF & INCREASES
Fx INCRERSES AS U 2

X
e FUIGHT POTH

Drag Fy is expressed (as you know) by the equation Fx =1/2PS v Cyx.
where Cy is the aircraft unit drag factor and S the cross-section area.
(They are constant values for a given flight path).

Remember that Fy is proportional to the square of the forward speed
"y and to the air density "“P"

To stay in a hover, the rotation plane has to be brought back to
the horizontal.

«— YomRTION
FLANE
-~ o
fwp
.
| 1
!
/
/ If the rotor is tilted forward (forward C.G.)
n the cyclic stick must be moved rearward to
/ produce a cyclic pitch variation which will tilt

back the rotation plane and cancel the hori-
zontal component TH. In the case of rear C.G.
the stick must be moved forward.

EFECT OF THE WIND OF HOVERING

\V :FNii

\, TH=Fy
\(Epun18Riom))|

If there is wind, the helicopter will drift at speed V (force Fy/).
To maintain hovering (cancel the drift), a new force is to be
opposed to Fy. This new force is obtained by{ tilt.ing the rotor
disc in the opposite direction to that of the wind in such a way
that horizontal component TH is equal and opposite to Fy,.
Hence, in a hover, to cancel the wind effect, the cyclic stick is
to be :—noved in the opposite direction to that of the wind and
through a distance proportional to the speed of the wind.
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R ASCENDING AND DESCENDING FLIGHT EF45CT OF FORWRAD SFE€0V "oV LIFT "Fi *

Hovering flight requires : /ﬁfM/”pgg)
VZ ‘FN FN Consequence : Thle collective pitch required for forward
— The equality Fy = P, obtained by V For a given value of collective pitch, lift F)y increases as the flight is smaller than that required in hovering. We will review
action on the coHecti\'."e': pitch lever - forward speed increases. this when talking about the power required for flight,
(only one lever position for a given L
altitude and weight =i C O Fx O
— The compensation of parasite forces

(C.G. location, wind ... etc.”}, ob- EQUILIBRIUM IN TURNS In turns, a new force appears, the centrifugal force F¢ which, if not balanced, would

TSR (o, REMRROIT IS otk Fx ASCERDING FeigiT 755‘51‘(?/”‘? Fl/qﬁ’f cause side-slipping. To balance Fg, it is again rotor disc tilt which is used :
And this is the real art of handling,as vp P .
in hovering, the pilot has to antici- lateral tilt towards the. inside ot the “tutn:
pate these parasite forces (particu- o=, Component Ty, resulting from this tilting,
larly the wind) by nearly continuous Vertical flight from havering is initiated by _ A 7 | balance the centrifugal force Fe. The higher
action on the eyclic stick. acting on the collective pitch lever. _|t is to b? noted_ that drag Fx.. which il . i OPEF spESE V810 WL RS B i
— Increase of pitch, Fpy increases and increases with vertical speed Vg, gives an e I\ C:’, H radius: R, ‘ihe. more the pilot has 1o: tit/the
* THata atd sihier parssie farces: Tor the helicopter climbs (Fp>>p) equilibrium position (Vz = constant) when I rotor disc (by moving the cyclic stick towards
I example : the residual thrust of the — Decrease of pitch. Fp decreases and F = P +Fy (in ascending flight) the inside of the turn), because :
I turbine engines, the helicopter descends (Ffy <p). Fn + Fy = P (in descending flight) FS Esi : .
I e i . S . VY W d c = Mv
- : ' R
| i
EQUILIBRILM Il FORWARD 7LIGHT : Ay
; A S FLIGHT POTH .,
: wiTHour L
By moving the cyclic stick forward, there is a SIGE-5//P "®
longitudinal cyclic pitch variation causing a
forward tilt of the rotor disc (this tilt is propor- SIDE-SLIP GEVTER OF Fn=Pa
tional to the stick travel). Then, lift Fy has two f(/ﬁﬂ/ ”an /s TvE /gg/(apfges

components :

APPRRENT WETGHT

- FS providing lift and balancing weight P
— Ty providing forward drive and balancing

THE POWER REQUIRED FOR FLIGHT AND BASIC POWER REQUIREMENTS

The aircraft attitude corresponds to the rotor
disc tilt, this being uncomfortable for the |
crew (and the passengers), particularly at high

speed when rotor disc tilt is increased to have a
greater TH.

FORWARD
FLIGHT

ZNGIve

\
\
| I | 9
il
; The main and tail rotors
are driven by an engine F‘B TAlL GEAR
|
|

supplying the power re- {‘ - Box
quired for flight, through a
- : . ROTOR SHAFT EFFECT OF PRAG b - transmission system includ- /
l.li TILT ing drive shafts and gear MAV GERR BoxX TR ROTOR
i

boxes acting as reduction
and angle gear boxes.

i DRIVE SHAFT
I

THE POWER (W) DEVELOPED BY THE ENGINE...

AERODYNAMIX ... /5 PBSOR BEp BY :

HRE Vou (CONING 2

@ THE MAN ROTOR :
AFPRox. 82 % oF W

|
|

‘ To ensure a nearly horizontal helicopter attitude in
| cruising flight, the rotor shaft is tilted slightly forward re-
lative to the air frame. This tilt{about 5 ) decreases, by
the same amount, the nose down attitude in forward
flight. However, it is to be noted that, hovering,the rotor
5 shaft tilt has to be compensated by moving the cyclic
stick rearward.

THE THIL RoTOR .
AFFRox.40% OF W

P

THE TRANSMISSION
SysTEM (FRICTION)
AND AESSORY
DRIVES AFPRoY. 8 %
OF W

For given collective and cyclic pitches (i.e.a well defined value of Ty and Fg), forward speed “v'' will increase until the drag (Fy =1/2 {s v2
Cy), increasing as the square of this speed, balances the forward component TH. Then, the forward speed remains constant. After that, if a
higher speed v is desired, Fn (i.e. TH) has to be increased. The new value of Ty corresponds to a new equilibrium speed. It is to be noted that
| any higher of Fy results in an increase of Fg. Hence, if an altitude gain is not desired, the rotor disc has to be tilted a little more.
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6 S5k O e g dpu i () VARIRTION OF NDUGED FOWER % = 7 i .
' =7V This is the general pattern of Pi
AW THE 3 Bﬁfff %Wfﬂ ﬁfQU/ff/“fofs @ il ¢ variation rel:tive to F:'a !:i:toc be

noted that for different helicopter

oc UPSTREAM Pi=Fn.VE weights (mo , m1 ...}, different

curves are obtained. In fact, for

‘| ® Theterm Fpy of the induced power
expression depends on the heli-
copter weight only :

 PEFAINITIONS :

® The AVAILABLE POWER (Pp) is the power usable at the main

| NDUCED PoWeER H A a given speed "v”, Pi increases
} rotor, that is power "W developed by the engine, less the DGR Wi F'L’ X Fy =P =m.g %) =% /f@ﬁWIﬁ’p SP{'ED) with the weight.
| ; ENERATES LIFT FV
| power absorbed by the tail rotor and transmission system. It e AR i e s \
i amounts to 80 - 85 % of W. ® The term Vg depends mainly on \
| forward speed v, in fact (remem-
® The power required for flight (Py) is the energy absorbed by ber)

the main rotor to keep the helicopter flying. The power required
depends on the flight conditions ; helicopter weight, altitude,
forward speed, ambient temperature, It is limited by the avai-
| lable power (Pp)}, since the main rotor cannot absorb more
.; energy (PN) than it receives (Pp).

V1 =Vo + Vg . VE=Vi- Vo

Vo, velocity at the infinite
\ upstream of the rotor disc is

equal to the forward speed wv.

Vi=Vo+VF

Hence, the expression :

BIRFOIL PoweR 7 VF =V1-v

“ fuseiner rowee | :
! OVERCOMES THE | v
‘ OVERCOMES THE AIRCRAFT | Bl in,‘ DRAG Remember that Vg (hence Pi) 0 v
‘ 1 Orfﬁ’ﬂld .71'71?6 _/f:-r/ % M i .f decreases as v increases.
| VARIATION OF MAX POWER. [Wy) DEVELORED BY THE £WGmé AIRFOIL POWER (Pp)
| | AND  AVAILABLE FOWER (P,
| POwER, ALSO CRLLED FHRSSIVE FOoWER AIRFOIL. PoweR
i 3 The engine power W depends on ‘ /P/ /5 Wf—' Pﬁoﬂﬂff
! MAK. FoeR Wt the air density P W decreases This is the power required to overcome ﬂ
'4‘ ?; / ?;epatc::z;?aahs::i.c ppr:szzigdsazg blade drag. The expression for the rotor df 7;//5 /?070/? ?ﬁﬂé
; oWER gﬁafffp Pﬁ’/ WALNBLE Power Py Yt sip Campirafid Eid 4B overall drag is similar to that of the blade : ’ﬂ”{s W ??ﬂ/?f/ﬁf'
‘ ¥ power decreases as the altitude _
| /ypzz—p fow/ﬁe (ﬁ;}} and temperature increase. Fx =1/2P sv2cy. ﬁlﬁp{ VfZOC/rV/UR)
‘ IRFOIL Powek
[ ﬁ —+ 7 The available power (Pp), being a where
| FmﬂﬁGE fUW£ﬂfP}7 & t1 constant percentage of Wq (82% i  air densic ?;= FCC- Ug
] ~, / TEMP AppaR. ), Vries B WY, S airfoil clrc:;s section area % '05 U 25, U
| L7 : : = L.
|! ht:""?hh .'""..,_ <12 v . airfoil relative velocity v =UR - 4 URCT LR
| "“-,qh::n ....-..} ‘2 Cx : rotor unit drag coefficient. - 4/8 ‘Ps U,e.’s‘gz
nnnn.. _TE”P
> fa= Y% Fele*Cx. —
(o)
2 ALTITUE
l; | F i iabl f the P i -
GENERAL EXPRESSION OF FOWER /)?{M//Vﬂf,?/ INDUCED POWER Pi \ VARIATION OF RIRFOIL POWER he variable terms o tps.-r nga;:]r:ls(s:fn are
i
| ‘ F ;-1 Effect of these termsonP p:
N ;
| ﬁ?;;egi’;i%rg;’”?kc{ / Pe m'{> e ® P . Pp increases as the altitude or temperature increases
| ” eupR :
I \ / RoToR ise WEIGKT : 4 : - In a hovering, where Ug = U =R, Pp is constant.
i 4 In fact, the rotor operates at constant speed.
l z: FoRCE ¥ STRCE / Werehr mo - I: :;rwarijr(f)lig;'lt, the relative blade velocity UR
\Z{_”g @ i varies with the forward speed “v”. But, if the
— advancing blade velocity increases (Ug = U =v)
L DURATION OF MOVEMENT ' that of the retreating blade decreases (UR = U—v)
HOVERING and “v** brings little change in the airfoil power. .
SPICE Ve FLIGHT VARIBTION OF ?f. vs. Remember that Pp increases slightly as *'v" increases.
> , a
i 5’/”({ 'f/M‘E = 5P{£p This demonstrates that the expression for induced power is : f RW#RP 5P££p & ec,
1 o ‘ 0 f, Cx varies with lift (Cz), hence Pp increases together
i ?__ FORGE X _SPEED Pi = Fy.!| VE |— Froude velocity transmitted to the air by the with Fp, that is with the helicopter weight P=m.g.
; 5 e rotor rotation.
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FUSELAGE POWER (Pf)

This is the power required to
overcome the helicopter drag.
Therefore, like the airfoil
power, it is a passive power.

copter drag is :
Fx = 1/2P.8.v.%. Cx
where :

-S: max cross-section area
-v : forward speed
-Cx: drag coefficient.

Fe=7 (5.92 Cr

The expression for the heli-

The fuselage power is the
product of the helicopter

drag times the forward speed.

Pg = Fy.v
12 . S.v2 : Cguv
=12 ¢ .S v3 . Cy

Il

aerospatiale

VARIATION OF FUSELAGE Powek

REVIEW OF THE CuRvE "PoweER REQUIRED VS. SFEED " NoTE WoRTHY FRINTS

Power ‘
I ; Po = AVAILABLE Polver

FOWER RESERVE

: ‘é‘
L |

In A, the helicopter is hovering O.G.E.. In B, it is in an
I.G.E. hover. Less power is required to maintain the
1.G.E. hover.

- C is called the transition zone, "v'' increases and the
ground effect is less effective. If the altitude is to be

held, the power has to be increased (Curve D).

- E - MINIMUM POWER SPEED - The power reserve
(space between Pp and Py curves) is at its maximum
value.

- F - MAX. EFFICIENCY SPEED - Determined by the
tangent drawn to the curve from "0, The f_\."}’_ ratio

is the smallest possible ; this means that at this point, the

highest possible speed is obtained at the lowest possible
power (best range speed).

G - Maximum speed. Determined by the intersection of
the Pp and Pp curves. There is no power reserve.

, Pr ¢ P = 1/2 p.S.v3.C,
e tarms S and Cy i the fusel ~ HELICOPTER CEILINGS ouER,
e terms S an in the fuselage power expression
1 VARIATION OF FUSELRGE POWER i x ; :
| have little effect and depend on the helicopter flight AV‘W[ ABLE 770W£'e
I T VERSUS foRWARD SPEED & path. ALTI TUQE L/H(Tj - | 5
[‘ (Variation of max. cross-section and angle of attack The culprit here ‘IS the air den.s:ty (.and solely that) which D ?OWER PEOU/PED
i‘ of helicopter surfaces.). decreases progressively as the altitude,increases : p
i N
: ® O has the usual effect : P decreases as the altitude @® Firstly the altitude increases, the engine suffers more Pa WER o ) ,,/
[ or temperature increases. and more fl’(I)IT'I a lack of air and the power developed falls joggyg N o
i as does The|he associated available power Pp. il ol
| -
I ® But the forward speed factor “v'* plays a signi- ) ) o ) =
ficant role. P varies as the cube of this speed ; that ® Secondly the air's carrying capacity, is progressively i\*‘“\
is,the fuselage power increases very quickly as the decreasing and more r—.:nErgv (pitch,increase) is requ.lred : \\.%m Z
- forward speed increases. to maintain the same lift value. Therefore the result is an
v increase of the induced power {Pi), and hence of the (’f{ﬁ!ﬁ@ A TITUPE

-~ -

power required (Pp). (0]
CONSEQUENCE : Obviously, the “Ppy'" upward curve intersects the Pp downward curve - the corresponding altitude is called "CEILING"
there is no power reserve and the helicopter cannot climb any longer,

VARIATION OF THE POWER REQUIRED Py

=. X ek I L 20 AND IV FORWARD FLIGHT

CEILING IV HOVERING FLIGHT- -+

Pn EFFECT OF HELICOPTER \ \ FoweR
Pn=Pi+Pp+Pt. WEIGHT “m". As for the . 1 ?OW[;'Q
elementary curves, there is a AN \ Po
Py curve for each helicopter \\\ p \/—
weight "'m"’. X D 7 \Y Pn /fOI/Ei?/IVG
The power required Py is the sum of When ""m’ increases Py in- \'/_ PN (0' GE. ﬁ’ﬂVfﬁ’//Vﬁ ) N w5t
the 3 basic power ratings : Pi, Pp and L PN creases atso. N g \ o
Ps. If, for each value of the forward \ P PN e, e
speed, the corresponding values of \\.,—” \1\ e Pn 2
Pi, Pp and P¢ are added, the "Py /\ . (]-G-E. HOVERING ) \',.::\\‘ 5
variation vs. speed "v'" curve is ob- : \.—” \ﬁ‘::\, - /FDRWHRP F[!ﬁﬁf}
tained for a given altitude and weight. / tﬂ%"‘*h:
You may note. that Ppy decreases . as i
v increases, falls to a minimum D= )( Z ' -Z
value then increases rapidly {effect 21 22 Al 7—/7w£ ZS ZT ALT/TUDE
> of Pg). The power required P decreases as the forward speed increases. There-

In ground effect, where less power is absorbed the ceiling is higher than| fore, the ceiling in forward flight is higher than the ceiling in hovering
in 0.G.E. conditions : Z2 >Z1 flight : Zy > Zs.




