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This book forms part of the aircraft maintenance
books series; it can also be read as a standalone item,
either in parts on its entirety. For continuity purposes
there are cross-referenced overlaps with other titles
in the book series; where the cross reference is rela-
tively small in detail, the text and/or diagrams are
repeated in this book. Where the cross reference is
relatively large in detail, the text and/or diagrams are
not repeated in this book.

This book contains new and updated reference
material based on the latest sensors, processors and
displays. It provides a blend of theory and practical
information for aircraft engineering students. The
book includes references to state-of-the-art avionic
equipment, sensors, processors and displays for com-
mercial air transport and general aviation aircraft.

The content of this book is mapped across from the
flight instruments and automatic flight (ATA chapters
31, 22) content of EASA Part 66 modules 11, 12 and
13 (fixed/rotary wing aerodynamics, and systems)
and Edexcel BTEC nationals (avionic systems, aircraft
instruments and indicating systems).

To be consistent with EASA definitions, this book
adopts the following terminology:

• ‘Aeroplane’ means an engine-driven fixed-wing
aircraft heavier than air that is supported in flight
by the dynamic reaction of the air against its wings.

• ‘Rotorcraft’ means a heavier-than-air aircraft that
depends principally for its support in flight on the
lift generated by one or more rotors.

• ‘Helicopter’ means a rotorcraft that, for its horizon-
tal motion, depends principally on its engine-driven
rotors.

• ‘Aircraft’ means a machine that can derive support
in the atmosphere from the reactions of the air
other than the reactions of the air against the
earth’s surface. In this book, ‘aircraft’ applies to
both aeroplanes and rotorcraft.

Many of the subjects covered in the aeroplane aero-
dynamics and automatic flight control chapters can be
applied to rotorcraft, e.g. aerodynamic drag and
interlocks respectively.Any common subjects are not
duplicated.

Any maintenance statements made in this book are
for training/educational purposes only. Always refer
to the approved aircraft data and applicable safety
instructions.

Preface
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This chapter serves as an introduction to aerody-
namics and theory of flight for rotorcraft to underpin
the study of autopilots and flight guidance systems.
The term ‘rotorcraft’ is used in this book in preference
to ‘helicopter’ or ‘rotary wing aircraft’ to be consistent
with EASA terminology.‘Rotorcraft’ in EASA termi-
nology means a heavier-than-air aircraft that depends
principally for its support in flight on the lift generated
by one or more rotors.

The first sections of this chapter introduce basic
rotorcraft features and terminology covering aero-
dynamics, controls and stability. These topics are
described for background information and at a basic

level to enable the reader to appreciate the basic
principles of rotorcraft aerodynamics.The remaining
sections describe rotorcraft automatic control
principles and give examples of typical stability-
augmentation systems and autopilot systems.

The rotorcraft is a versatile machine that can take
off and land vertically, change lateral direction very
quickly and hover over a fixed position on any heading.
This chapter will address conventional, single main/
tail rotor machines only.The study of other rotorcraft
configurations, e.g. tandem,‘no tail rotor’ and coaxial
rotorcraft, is beyond the scope of this book and will
be covered by other titles in this book series.

9 Rotorcraft aerodynamics
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ROTORCRAFT FEATURES

The primary features of a rotorcraft are shown in
Figure 9.1.The main rotor is used for lift, thrust and
lateral control in four directions: forward, aft, left and
right.The tail rotor and boom are used for directional
control. Rotorcraft engines can be either gas turbines
(single/dual or triple) or piston. The engine(s) are
normally located above or behind the passenger cabin.

Main rotor

A rotorcraft’s main rotors can have two or more
blades, depending on its size and role.The drive shaft
forms part of the rotorcraft mast. The rotor blades 
are essentially rotating wings; when rotating, they are
referred to as a rotor disc.The landing-gear arrange-
ment can be via skids (with or without flotation
devices) or wheels (either fixed or retractable).
The main rotor head assembly is complex items of

machinery, performing many different functions
simultaneously – see Figure 9.2.

Each of the main rotor blades can have its angle of
attack varied via control inputs from the pilot (see
Figure 9.3). Each blade’s angle of attack (AoA) can be
varied:
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99..22 Main rotor head
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• At the same time as the other blades, i.e. collec-
tively

• Per revolution of the blade’s position in the cycle

The main rotor head can cause the rotor disc to be
pivoted in two planes. This causes the disc plane to 
be offset or tilted, allowing the rotorcraft to be flown
in different directions – see Figure 9.4.

Tail rotor

The tail rotor’s functions are for (i) opposing the
torque created by the main rotor – see Figure 9.5 –
and (ii) yaw/ directional control of the rotorcraft.This
is achieved by varying the pitch of the rotor blades.

Rotor thrust acts on the tail boom serving as a lever,
pivoted on the rotor mast.The tail rotor is driven from
the main engine via a main gearbox and tail driveshaft
mechanism – see Figure 9.6. Tail rotor blade pitch
control is illustrated in Figure 9.7(a); by moving in or
out, the spider controls the pitch angle of the blades.

Some rotorcraft have an arrangement known as a
Fenestron® (or fantail, sometimes called ‘fan-in-fin’),
a trademark of Eurocopter. This is a protected, or
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shrouded, tail rotor that operates much like a ducted
fan, with several advantages compared with the con-
ventional tail rotor:

• Reducing tip vortices, and associated noise
• Protecting the tail rotor from damage
• Protecting ground crews from the hazard of a

spinning rotor

While conventional tail rotors typically have two or
four blades, Fenestrons have up to 18 blades. These
sometimes have variable angular spacing, so that the
noise is distributed over different frequencies. The
shroud allows a higher rotational speed than a con-
ventional rotor, resulting in smaller blades.

To maintain the rotorcraft in a hover, and at con-
stant altitude, lift and thrust must be equal to the
rotorcraft weight and blade drag, as in Figure 9.8a.
Whilst in flight, the forces acting on a rotorcraft are:
weight, drag, lift and thrust – see Figure 9.8b. The
latter two are created from the main rotor disc; the
rotor head’s mechanical features are used for varying
the pitch of each blade and tilting of the rotor disc.
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99..77 Tail rotor: (a) Conventional (b) Fenestron®
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The pilot has control of the rotorcraft in three axes:
vertical, lateral and longitudinal – see Figure 9.9.The
rotorcraft is controlled about each axis as follows:

• X-axis, main rotor tilt
• Y-axis, tail rotor thrust
• Z-axis, main rotor tilt

PRIMARY FLYING CONTROLS

The primary flying controls for the rotorcraft are the
collective lever, cyclic stick and tail rotor pedals – see
Figure 9.10.The collective lever is used to change the
pitch/AoA of each main rotor blade by an equal
amount at the same time; this allows the pilot to
change the rotorcraft’s lift and thrust.The cyclic stick
is used to change the pitch/AoA of each main rotor
blade by varying amounts within specific cycles of 
the blade’s position. This allows the pilot to control

the rotorcraft around the X and Z axes.The tail rotor
pedals are used to change the pitch/AoA of the tail
rotor blades by an equal amount at the same time, to
change the thrust from the rotor; this allows the pilot
to control the rotorcraft around the Y-axis.

Main rotor blades

Lift and/or thrust control of the rotorcraft is achieved
by varying the pitch angle of each of the main rotor
blades collectively; this can be achieved by a swash
plate or spider system.The swash-plate system incor-
porates an upper and lower section, as seen in Figure
9.11, with a bearing between each section.The lower
section can tilt in any direction, but does not rotate;
the upper section tilts to match the lower section’s
position, and rotates at the same speed as the rotor.
The lower section is moved by the pilot’s control
inputs via control rods. The rotor disc is tilted in 
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the required direction in response to pilot control
inputs into the lower section of the swash plate.The
up/down movement of the upper section rods is
translated into each blade’s pitch angle. In the spider
system – Figure 9.12 – the leading edges of the blades

are connected to the arms of a ‘spider’.The blades are
connected to a cylinder or universal joint arrange-
ment; the blades are moved individually by tilting the
spider or in unison by raising/lowering the spider.
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Collective control

Moving each blade by the same amount allows the
pilot to vary the amount of lift generated by the entire
disc. Lifting the collective control will increase blade
pitch equally on every blade, as seen in Figure 9.13.

The collective lever also incorporates the throttle
control; although most rotorcraft engines are main-
tained at constant RPM, this control input is used to
adjust torque from the main rotor. Rotorcraft rotors
are designed to operate in a narrow range of RPM.
Depending on the rotorcraft model, the engine speed
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will vary. On a large rotorcraft the engine RPM is
typically 20,000 RPM, producing approximately
2,000 shaft horse power (SHP) per engine. The
engine’s output is applied to the rotor via a gearbox,
producing a rotor speed of approximately 250 RPM
(about 4 times a second) at the main rotor hub, with-
out loss of torque or power. Depending on the rotor
blade length, the tip speed will be in the order of 350
miles per hour; the longer the blade, the faster the tip
speed.The blade is designed to not produce lift at the
tip; most of the lift is produced in the centre section
of the blade.

Cyclic control

The cyclic control is used to tilt the rotor disc, and
move the rotorcraft in lateral directions, as in Figure
9.14.The cyclic control modulates each blade’s angle
of attack (AoA) as it moves through the air. A higher
angle of attack increases lift for a given relative air-
speed, a lower angle of attack decreases lift.

Whereas the collective changes the angle of attack
of all of the blades at the same time, i.e.‘collectively’,

thus changing the overall lift/thrust from the rotor
disc, the cyclic control modulates each of the blades
as they rotate in the ‘cycle’ – see Figure 9.15.

By increasing a blade’s AoA as it moves towards one
point in the rotor disc, and decreasing the AoA as it
moves to the opposite side, lift on one side is of the
disc is increased. Moving the cyclic control forward,
the blades will have a higher AoA as they approach the
rear of the disc and a reduced AoA as they approach
the front of the disc. This results in more lift in the
back of the rotor disc, the disc tilts (or pitches) for-
ward, and the rotorcraft travels in a forward direction.
The same principle applies to controlling the rotor-
craft for left/right directional control.
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AERODYNAMICS

Gyroscopic effects

When considering the main and tail rotor blades as
discs, all laws of the gyroscope apply as previously
described earlier in this book – see Figure 9.16.When
a control input is made into the rotor disc in the form
of a downward force at point A, the effect of preces-
sion will occur at 90 degrees to the control input, and
the response will be at point B. This will require a
corresponding control input from the pilot.

Dissymmetry of lift

With the rotorcraft hovering in zero wind conditions,
the relative airflow is the same for each main rotor
blade. When the rotorcraft is travelling in a lateral
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direction, e.g. forwards, the advancing half of the
rotor disk and the retreating half give rise to dis-
symmetry of lift – see Figures 9.17, 9.18 and 9.19.
This phenomenon is caused by relative airflow over
the blades being added to the rotational relative
airflow on the advancing blade, and subtracted on the
retreating blade.This effect will also occur in the hover
when the rotorcraft is operating with any wind con-
ditions.To equalize the lift of each blade, they are free
to ‘flap’ via hinges to change the AoA on a cyclic basis.

Blade flapping

The advancing blade is exposed to airflow from two
sources: forward flight velocity and rotational airspeed
(of the rotor); the blade responds to the increase of
speed by producing more lift. The blade flaps (or
climbs) upward, and the change in relative airflow and
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angle of attack reduces the amount of lift that would
have been generated. The resulting larger angle of
attack retains the lift that would have been lost because
of the reduced airspeed. In the case of the retreating
blade, the opposite is true. As it loses airspeed,
reducing lift causes it to flap down (or settle), thus
changing its relative airflow and angle of attack (see
Figure 9.20).

Since the tail rotor also has advancing and retreat-
ing blades during forward flight it will also experience
dissymmetry of lift.This is corrected for by hinging
the blades such that they ‘flap’. Blade flapping is the

upward/downward movement of a rotor blade,
which, in conjunction with cyclic feathering, causes
dissymmetry of lift to be eliminated.
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