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INTRODUCTION

First aircraft designs were made before people had the vaguest flight theories. Leonardo Di Vinci designed ornithopters in the late 1400's, based on his observations of birds. But apart from his work, most designs were not grounded on the scientific basis.

The first successes came with gliders. George Cayley wrote a book "On Aerial Navigation" in 1809. He made the first successful glider in 1804 and its full-size version five years later.
William Henson patented the “Aerial Steam Carriage” in 1842, but the aircraft had been built.
In Germany in 1860's Otto Lilienthal studied the effect of airfoil shape, control surfaces, propulsion systems, and made measurements of bird flight. His book, "Birdflight as the Basis of Aviation" greatly influenced world aviation.
The first powered, assisted take off (not the first flight) of a heavier-than-air craft carrying an operator is generally credited to Felix du Temple in 1874.
In 1884, Mozhaiski's machine made the second take off, covering between 65 feet and 100 feet (1 foot = 30,48 cm) at Krasnoye Selo, just outside St. Petersburg, Russia. After landing, the large machine broke the wing and was seriously damaged.

His flying machine had three four-bladed propellers, one mounted as a tractor driven by 10 h.p. steam engine, and two inset in slots in the surfaces of the wings as pusher propellers driven by a single 20 h.p. steam engine through chains and gears. A large horizontal tail surface and a large vertical rudder comprised the flight controls. It appears that Mozhaiski had also planned to use a differential in power to the two inset propellers as a method of turning. Mozhaiski’s monoplane was a very large machine, having an overall length of 75 feet 6 inches and a wing span of 74 feet (1 foot = 30,48 cm) 9 inches (1 inch=2,54 cm). Lift limiting factor would have been the fact that the wings were constructed, having no camber (curve).
He had submitted drawings which showed that he had all of the five basic parts of the contemporary airplanes: wings, fuselage, power plant, tail assembly and landing gear.
It appears that from Lilienthal's first flights in 1890's, to the Wright brother's aircraft, evolution was very quick.
The book begins with aircraft classification. Then the main parts of the aircraft are discussed in details.
Topics include introduction to lift, drag and thrust and design of aerofoils, descriptons and analysis of the geometry of the wing, fuselage, tail unit, landing gears. It covers concepts and design of the aircraft hydroulics, pneumatics, ice protectiong, fuel system, etc.

The functions and work of aircraft parts are described on the basis of the flight theory and is interconnected with courses of mathematics, phisics, materials science, strength of materials.
Concepts of forces, moments, stresses, strains, reaction forces are presented. Students will trace the development of the airframe from truss-like structures to modern semi-monocoque construction.
The latest information of the Antonov, Boeing, Airbus, and other leading aircraft design bueroes is used to reveal current trends in the world civil aviation.
The handbook can be helpful for students taking the course on aircraft traffic control, aircraft maintenance, aircraft design, etc.
PART I

AIRCRAFT DESIGN

1.1. AIRCRAFT CLASSIFICATION
An aircraft counters the force of gravity by using either static lift force (as with balloons, blimps and dirigibles) or by using the dynamic lift force of an airfoil (as airplanes and gliders, or helicopters or gyrocopters).
There are several ways to group aircraft. Let’s consider some of them.
1.1.1. Classification by method of lift
Aerostats are characterized by one or more large gasbags or canopies, filled with a relatively low density gas such as helium, hydrogen or hot air, which is less dense than the air.

Nowadays a "balloon" is an unpowered aerostat, whilst an "airship" is a powered one.

A powered, steerable aerostat is called a dirigible. Sometimes this term is applied only to non-rigid balloons, and sometimes dirigible balloon is regarded as the definition of an airship (which may then be rigid or non-rigid). Non-rigid dirigibles are characterized by a moderately aerodynamic gasbag with stabilizing fins at the back. These soon became known as blimps. During the Second World War, this shape was widely adopted for tethered balloons; in windy weather, this both reduces the strain on the tether and stabilizes the balloon. The nickname blimp was adopted along with the shape. In modern times any small dirigible or airship is called a blimp, though a blimp may be unpowered as well as powered.

Heavier than air – aerodynes. The dynamic movement through the air is the origin of the term aerodyne. There are two ways to produce dynamic upthrust: aerodynamic lift, and powered lift in the form of engine thrust.

Aerodynamic lift is the most common, with fixed-wing aircraft being kept in the air by the forward movement of wings, and rotorcraft by spinning wing-shaped rotors sometimes called rotary wings. A kite is tethered to the ground and relies on the speed of the wind over its wings, which may be flexible or rigid, fixed or rotary.

The initialism VTOL (vertical take off and landing) is applied to aircraft that can take off and land vertically. Most are rotorcraft. Others take off and land vertically using powered lift. Similarly, STOL stands for short take off and landing. Some VTOL aircraft often operate in a short take off/vertical landing mode known as STOVL.

Fixed-wing aircraft. Airplanes are technically called fixed-wing aircraft.

The forerunner of the fixed-wing aircraft is the kite. Whereas a fixed-wing aircraft relies on its forward speed to create airflow over the wings, a kite is tethered to the ground and relies on the wind blowing over its wings to provide lift.
The first heavier-than-air craft capable of controlled free flight were gliders.
Seaplanes are aircraft that land on water.They fit into two broad classes: Flying boats are supported on the water by their fuselage. A float plane's fuselage remains clear of the water at all times, the aircraft being supported by two or more floats attached to the fuselage and/or wings. Some examples of both flying boats and float planes are amphibians, being able to take off from and alight on both land and water.

Some craft "fly" close to the surface of the ground or water. An example is the Russian ekranoplan (nicknamed the "Caspian Sea Monster").
Rotorcraft, or rotary-wing aircraft, use a spinning rotor with aerofoil section blades (a rotary wing) to provide lift. Types include helicopters, autogyros and various hybrids such as gyrodynes and compound rotorcraft.

Helicopters have powered rotors. The rotating blades create lift.
Autogyros or gyroplanes have unpowered rotors, with a separate power plant to provide thrust. The rotor is tilted backwards. As the autogyro moves forward, air blows upwards through it, making it spin.

Gyrodynes are a form of helicopter, where forward thrust is obtained from a separate propulsion device rather than from tilting the rotor.
Some rotorcraft have reaction-powered rotors with gas jets at the tips, but most have one or more lift rotors powered from engine-driven shafts.
Other methods of lift are: a lifting body - is the opposite of a flying wing; powered lift types - rely on engine-derived lift for vertical takeoff and landing (VTOL); the FanWing is a recent innovation and represents a completely new class of aircraft that uses a fixed wing with a cylindrical fan mounted spanwise just above. As the fan spins, it creates an airflow backwards over the upper surface of the wing, creating lift.
1.1.2. Classification by propulsion
Unpowered. Heavier-than-air unpowered aircraft such as gliders (i.e. sailplanes), hang gliders and paragliders, and other gliders usually do not employ propulsion once airborne. Take-off may be by launching forwards and downwards from a high location, or by pulling into the air on a tow-line, by a ground-based winch or vehicle, or by a powered "tug" aircraft. For a glider to maintain its forward air speed and lift, it must descend in relation to the air (but not necessarily in relation to the ground). Some gliders can 'soar'- gain height from updrafts such as thermal currents.

Balloons drift with the wind, though normally the pilot can control the altitude, either by heating the air or by releasing ballast, giving some directional control (since the wind direction changes with altitude). A wing-shaped hybrid balloon can glide directionally when rising or falling; but a spherically shaped balloon does not have such directional control.

Kites are aircraft that are tethered to the ground or other object that maintains tension in the tether or kite line; they rely on virtual or real wind blowing over and under them to generate lift and drag.
Powered propeller aircraft. A tractor design mounts the propeller in front of the power source, while a pusher design mounts it behind. Although the pusher design allows cleaner airflow over the wing, tractor configuration is more common because it allows cleaner airflow to the propeller and provides a better weight distribution.

A contra-prop arrangement has a second propeller close behind the first one on the same axis which rotates in the opposite direction.

Many types of power plant have been used to drive propellers.

The piston engine is still used in the small aircraft, since it is efficient at the lower altitudes and slower speeds suited to propellers.

Turbines provide more power for less weight than piston engines, and are better suited to small-to-medium size aircraft or larger, slow-flying types.
Propellers with swept tips or curved "scimitar-shaped" blades have been studied for use in high-speed applications so as to delay the onset of shockwaves, in similar manner to wing sweepback, where the blade tips approach the speed of sound.
Jet engines can provide higher thrust than propellers, and are efficient at higher altitudes, being able to operate above 12,000 m.
The rotor of a helicopter, may, like a propeller, be powered by a variety of methods such as an internal-combustion engine or jet turbine.
1.1.3. Classification by use
The major distinction in aircraft types is between military aircraft, and civil aircraft, which include all non-military types.

A military aircraft can be either combat or non-combat: a) Combat aircraft are aircraft designed to destroy enemy equipment using thier own armament; b) Non-Combat aircraft are aircraft designed not for combat purposes as their primary function, but may carry weapons for self-defense, mainly providing support.

Civil aircraft. Commercial aircrafts are those used for profit making. Commercial aircraft include types designed for airline flights, carrying both passengers and cargo. The larger passenger-carrying types are often referred to as airliners, the largest of which are wide-body aircraft. Some of the smaller types are also used in general aviation, and some of the larger types are used as VIP aircraft.

General aviation involves a wide range of aircraft types such as business jets (bizjets), trainers, homebuilt, aerobatic types, racers, gliders, warbirds, firefighters, medical transports, and cargo transports, to name a few. The vast majority of aircraft today are general aviation types.

Within general aviation, there is a further distinction between private aviation (where the pilot is not paid for time or expenses) and commercial aviation (where the pilot is paid by a client or employer). The aircraft used in private aviation are usually light passenger, business, or recreational types, and are usually owned or rented by the pilot. The same types may also be used for a wide range of commercial tasks, such as flight training, pipeline surveying, passenger and freight transport, policing, crop dusting, and medical evacuations. However the larger, more complex aircraft are more likely to be found in the commercial sector.
Experimental aircraft. Experimental aircraft are one-off specials, built only to explore some aspect of aircraft design, for example plane, which first broke the sound barrier in level flight, or to ferry the space shuttle from landing site to launch site, and aircraft homebuilt by amateurs for their own personal use.
1.1.4. Classification of planes according to aerodynamic scheem
Besides the method of propulsion, fixed-wing aircraft are generally characterized by their wing, tail, and fuselage configuration. The wing configuration is the dominant factor.
The most important characteristics are:
· Number of wings – Monoplane, biplane, etc.
· Wing support – Braced or cantilever.
· Wing planform – including aspect ratio, taper ratio, angle of sweep and any variations along the span (including the important class of delta wings).
· Location of the fin and horizontal stabilizer.
· Location of the wing – high wing, low wing, mid wing.
· Dihedral angle – positive, zero or negative, etc.

A variable geometry aircraft can change its wing configuration during flight.

A flying wing has no fuselage, though it may have small blisters or pods. The opposite to this is a lifting body which has no wings, though it may have small stabilising and control surfaces.

Some terms and definition of aircraft types are presented in table 1.1.

Table1.1

Aeronautical nomenclature
	Aircraft type
	Definition

	Aircraft
	Any machine or weight-carrying device (whether lighter or heavier than air) designed to be supported by the air, either by bouyancy or by dynamic action

	Aerodyne
	That class of aircraft is heavier than air and derives it lift in flight chiefly from aerodynamic forces

	Airplane (aeroplane)
	A subset of aerodynes, specifically, a mechanically driven fixed-wing aircraft, heavier than air, which is supported by the dynamic reaction of the air against its wings

	Aerostat
	That class of aircraft is lighter than air and derives its support chiefly from buoyancy provided by aerostatic forces

	Airship
	A subset of aerostats, specifically, an aerostat provided with a propelling system and with a means of controlling the direction of motion

	Airships (dirigibles)
	Nonrigid (blimp): a lighter-than-air craft having a gas bag, envelope, or skin that is not supported by any framework or reinforced by stiffening. Its shape is maintained by the internal pressure of the gas it is filled with. Semirigid (sometimes blimp): a dirigible having its main envelope reinforced by a keel but not having a completely rigid framework. Rigid: a dirigible having several gas bags or cells enclosed in an envelope supported by an interior rigid framework structure

	Amphibian
	An airplane designed to operate from either water or land

	Autogyro
	A rotary-wing aerodyne whose rotor is turned throughout its flight by air forces resulting from the motion of the craft through the air

	Balloon
	A bag, usually spherical, made of silk or other light, tough, nonporous material filled with some gas which is lighter-than-air. It is an aerostat without a propelling system

	Biplane
	An airplane having two wings or supporting surfaces, one located above the other

	Flying boat 
	Type of airplane in which the fuselage (hull) is especially designed to provide flotation on water

	Glider
	An engineless airplane flown by being manipulated into air currents that keep it aloft


Table1.1 continued
	Aircraft type
	Definition

	Helicopter
	A type of rotary-wing aerodyne whose lift and forward thrust are derived from airfoils mechanically rotated about an approximately vertical axis

	Kite
	A light frame, usually of wood, covered with paper or cloth and designed to be flown in the wind on the end of a long string



	Lifting body
	An aerodyne which derives most or all of its lift in flight from the shape of its fuselage, the wings being essentially nonexistent

	Monoplane
	An airplane having but one wing or supporting surface

	Ornithopter
	A type of aircraft getting its chief support and propulsion from the bird-like flapping of its wings

	Parachute
	Cloth device, consisting of a canopy and suspension lines, which basically produces a drag force to retard the descent of a falling body

	Paraglider
	A flexible-winged, kite-like vehicle designed for use in a recovery system for launch vehicles

	Pusher airplane
	An airplane with the propeller or propellers aft of the main supporting surfaces

	Rotary-wing aircraft
	A type of aerodyne which is supported in the air fully or partly by wings or blades rotating about vertical axis

	Tailless airplane
	An airplane in which the devices used to obtain stability and control are incorporated in the wing

	Tractor airplane
	An airplane with the propeller or propellers forward of the main supporting surfaces

	STOL
	Short take-off and landing airplane

	VTOL
	Vertical take-off and landing airplane

	V/STOL
	An airplane which has both STOL and VTOL capabilities


1.1.5. Other approaches for the classification of planes
Aircraft categories, with respect to the certification of aircraft, are defined as a grouping of aircraft based upon intended use, operating limitations, aircraft design and size. These categories are: Acrobatic, Commuter, Normal, Transport, Utility.
Transport category is a category of airworthiness applicable to large civil airplanes and large civil helicopters. Transport category airplanes are:
- Jets with 10 or more seats or maximum takeoff weights (MTOW) greater than 5670 kg;
- Propeller-driven airplanes with more than 19 seats or a MTOW greater than 8618 kg.
Transport category helicopters typically have maximum takeoff weights higher than 3 175 kg although there is no lower weight limit.

Normal category aeroplanes - these are aeroplanes not intended for acrobatic operation, having up to 9 passenger seats, and maximum takeoff weight up to 5700 kg.

Utility category aeroplanes - these are aeroplanes intended for limited acrobatic operation, having up to 9 passenger seats, and maximum takeoff weight up to 5700 kg.

Acrobatic category aeroplanes - these are aeroplanes intended for acrobatic operation, having up to 9 passenger seats, and maximum takeoff weight up to 5700 kg.
Commuter category aeroplanes - these are propeller-driven multi-engined aeroplanes that are not intended for acrobatic operation, having up to 19 passenger seats, and maximum takeoff weight up to 8618 kg.
For traffic control ICAO mandates separation minima based upon wake vortex categories that are, in turn, based upon Maximum Take Off Mass (MTOW|MTOM) of the aircraft.

These minima are categorised as follows:
· Light – MTOW - 7,000 kilograms or less;
· Medium – MTOW - more than 7,000 kilograms, but less than 136,000 kilograms;
· Heavy – MTOW - 136,000 kilograms or more.

In Russia and Ukraine planes and helicopters are classified according to their take-off-weight (table 1.2).

Aircraft Approach Category grouping is based on a speed of VRef, (Landing reference speed or threshold crossing speed) if specified, or if VRef is not specified, 1.3 x VS0 (Stall speed or minimum flight speed in landing configuration) at the maximum certificated landing weight. VRef, VS0, and the maximum certificated landing weight are the values established for the aircraft by the certification authority of the registry country. An aircraft shall fit only into one category. If it is necessary to maneuver at speeds over the upper limit of a speed range for a category, the minimums for the next higher category should be used. For example, an aircraft which falls into Category A, but is circling to land at a speed more than of 91 knots (1 knots=0,5144 m/s), should use the approach Category B minimums when circling to land. The categories are as follows:
· Category A: Speed 90 knots or less;
· Category B: Between 91 and 120 knots;

· Category C: Between 121 and 140 knots;

· Category D: Between 141 knots and 165 knots;

· Category E: Speed 166 knots or more.

Category E contains only certain Military Aircraft.

Table 1.2

Classification of planes and helicopters 
according to the take-off-weight
	Class
	Take-off-weight, t

	
	planes
	helicopters

	First
	75 and more
	20 and more

	Second
	30-75
	10-20

	Third
	10-35
	Less than 10

	Fourth
	Less than 10
	-


Aircraft speed regimes and corresponded groups of planes are defined approximately as follows:
· Subsonic—Mach number below 0.75;
· Transonic—Mach number from 0.75 to 1.20;

· Supersonic—Mach number from 1.20 to 5.00;
· Hypersonic—Mach numbers above 5.00.
It should be mentioned that the aircraft can be grouped according to some other parameters.
1.2. AIRCRAFT PERFORMANCES
 Aircraft performance includes many aspects of the airplane operation. Performance is a term used to describe the ability of an aircraft to accomplish certain things that make it useful for defined purposes. For example, the ability of an aircraft to land and take off at a very short distance is an important factor to the pilot who operates in and out of short, unimproved airfields. The ability to carry heavy loads, fly at high altitudes at fast speeds, or travel long distances is essential performance for operators of airline and executive type aircraft.

The primary factors most affected by performance are the takeoff and landing distance, rate of climb, ceiling, payload, range, speed, maneuverability, stability, and fuel economy. Some of these factors are often directly opposed: for example, high speed versus short landing distance, long range versus great payload, and high rate of climb versus fuel economy. It is the preeminence of one or more of these factors that dictates differences between aircraft and explains the high degree of specialization found in modern aircraft.

The various items of aircraft performance result from the combination of aircraft and powerplant characteristics. The aerodynamic characteristics of the aircraft generally define the power and thrust requirements at various conditions of flight, while powerplant characteristics generally define the power and thrust available at various conditions of flight. The matching of the aerodynamic configuration with the powerplant characteristics is accomplished by the manufacturer to provide maximum performance at the specific design condition (e.g., range, endurance, and climb).

1.2.1. Straight-and-level flight
All of the principal components of flight performance involve steady-state flight conditions and equilibrium of the aircraft. For the aircraft to remain in steady, level flight, equilibrium must be obtained by a lift equal to the aircraft weight and a powerplant thrust equal to the aircraft drag. Thus, the aircraft drag defines the thrust required to maintain steady, level flight. All parts of an aircraft contribute to the drag, either induced (from lifting surfaces) or parasite drag.

While the parasite drag predominates at high speed, induced drag predominates at low speed (fig.1.1).
For example, if an aircraft in a steady flight condition at 100 knots (1 knots=0,5144 m/s) is then accelerated to 200 knots, the parasite drag becomes four times as great, but the power required to overcome that drag is eight times the original value. Conversely, when the aircraft is operated in steady, level flight at twice as great a speed, the induced drag is one-fourth the original value, and the power required to overcome that drag is only one-half the original value.
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Fig.1.1. Drag versus speed

When an aircraft is in steady, level flight, the condition of equilibrium must prevail. The unaccelerated condition of flight is achieved with the aircraft trimmed for lift equal to weight and the powerplant set for a thrust to equal the aircraft drag.

The maximum level flight speed for the aircraft will be obtained when the power or thrust required equals the maximum power or thrust available from the powerplant (fig.1.2).
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Fig. 1.2. Power versus speed

 The minimum level flight airspeed is not usually defined by thrust or power requirement since conditions of stall or stability and control problems generally predominate.
1.2.2. Climb performance

Although the terms “power” and “thrust” are sometimes used interchangeably, erroneously implying that they are synonymous, it is important to distinguish between the two when discussing climb performance. Work is the product of a force moving through a distance and is usually independent of time. Work is measured by several standards; the most common unit is called a foot-pound (1pound foot=1,3558 newton-meter). If a one pound (1 pound=0,4535 kg)  mass is raised one foot, a work unit of one foot-pound has been performed. The common unit of mechanical power is horsepower; one horsepower is work equivalent to lifting 33000 pounds a vertical distance of one foot in one minute. The term power implies work rate or units of work per unit of time, and as such is a function of the speed at which the force is developed. Thrust, also a function of work, means the force that imparts a change in the velocity of a mass. This force is measured in pounds but has no element of time or rate. It can be said then, that during a steady climb, the rate of climb is a function of excess thrust.
This relationship means that, for a given weight of an aircraft, the angle of climb depends on the difference between thrust and drag, or the excess power (fig. 1.3). Of course, when the excess thrust is zero, the inclination of the flightpath is zero, and the aircraft will be in steady, level flight. When the thrust is greater than the drag, the excess thrust will allow a climb angle depending on the value of excess thrust. On the other hand, when the thrust is less than the drag, the deficiency of thrust will allow an angle of descent.
The most immediate interest in the climb angle performance involves obstacle clearance. The most obvious purpose for which it might be used is to clear obstacles when climbing out of short or confined airports.

The maximum angle of climb would occur where there exists the greatest difference between thrust available and thrust required; i.e., for the propeller-powered airplane, the maximum excess thrust and angle of climb will occur at some speed just above the stall speed. Thus, if it is necessary to clear an obstacle after takeoff, the propeller-powered airplane will attain maximum angle of climb at an airspeed close to—if not at—the takeoff speed.
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Fig.1.3.Thrust versus climb angle
The most immediate interest in the climb angle performance involves obstacle clearance. The most obvious purpose for which it might be used is to clear obstacles when climbing out of short or confined airports.

The maximum angle of climb would occur where there exists the greatest difference between thrust available and thrust required; i.e., for the propeller-powered airplane, the maximum excess thrust and angle of climb will occur at some speed just above the stall speed. Thus, if it is necessary to clear an obstacle after takeoff, the propeller-powered airplane will attain maximum angle of climb at airspeed close to—if not at—the takeoff speed.

Of greater interest in climb performance are the factors that affect the rate of climb. The vertical velocity of an aircraft depends on the flight speed and the inclination of the flightpath. In fact, the rate of climb is the vertical component of the flightpath velocity.

For rate of climb, the maximum rate would occur where there exists the greatest difference between power available and power required  (fig. 1.4). The above relationship means that, for a given weight of an aircraft, the rate of climb depends on the difference between the power available and the power required, or the excess power. Of course, when the excess power is zero, the rate of climb is zero and the aircraft is in steady, level flight. When power available is greater than the power required, the excess power will allow a rate of climb specific to the magnitude of excess power.
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performance of an aircraft diminishes with altitude. The
speeds for maximum rate of climb, maximum angle of clmb,
and maximum and minimum level flight airspeeds vary with
altitude. As altitude is increased, these various speeds finally -
> converge at the absolute ceiling of the aircraft. At the absolute
Sty ceiling, there is no excess of power and only one speed will
0> allow steady, level flight. Consequently, the absolute ceiling
of an aircraft produces zero rate of climb. The service ceiling

is the altitude at which the aircraft is unable to climb at arate
ereater than 100 feet per minute (fpm). Usually, these specific
performance reference points are provided for the aircraft at

a specific design configuration. [Figure 10-9]
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Fig.1.4. Power versus climb rate
During a steady climb, the rate of climb will depend on excess power while the angle of climb is a function of excess thrust.

The climb performance of an aircraft is affected by certain variables. The conditions of the aircraft’s maximum climb angle or maximum climb rate occur at specific speeds, and variations in speed will produce variations in climb performance. There is sufficient latitude in most aircraft that small variations in speed from the optimum do not produce large changes in climb performance, and certain operational considerations may require speeds slightly different from the optimum. Of course, climb performance would be most critical with high gross weight, at high altitude, in obstructed takeoff areas, or during malfunction of a powerplant. Then, optimum climb speeds are necessary.

Weight has a very pronounced effect on aircraft performance. If weight is added to an aircraft, it must fly at a higher angle of attack (AOA) to maintain a given altitude and speed. This increases the induced drag of the wings, as well as the parasite drag of the aircraft. Increased drag means that additional thrust is needed to overcome it, which in turn means that less reserve thrust is available for climbing. Aircraft designers go to great effort to minimize the weight since it has such a marked effect on the factors pertaining to performance.
A change in an aircraft’s weight produces a twofold effect on climb performance. First, a change in weight will change the drag and the power required. This alters the reserve power available, which in turn, affects both the climb angle and the climb rate. Secondly, an increase in weight will reduce the maximum rate of climb, but the aircraft must be operated at a higher climb speed to achieve the smaller peak climb rate.

An increase in altitude also will increase the power required and decrease the power available. Therefore, the climb performance of an aircraft diminishes with altitude. The speeds for maximum rate of climb, maximum angle of climb, and maximum and minimum level flight airspeeds vary with altitude. As altitude is increased, these various speeds finally converge at the absolute ceiling of the aircraft. At the absolute ceiling, there is no excess of power and only one speed will allow steady, level flight. Consequently, the absolute ceiling of an aircraft produces zero rate of climb. The service ceiling is the altitude at which the aircraft is unable to climb at a rate greater than 100 feet per minute (fpm) (1 foot = 30,48 cm). Usually, these specific performance reference points are provided for the aircraft at a specific design configuration (fig. 1.5).
In discussing performance, it frequently is convenient to use the terms power loading, wing loading, blade loading, and disk loading. Power loading is expressed in pounds per horsepower and is obtained by dividing the total weight of the aircraft by the rated horsepower of the engine. It is a significant factor in an aircraft’s takeoff and climb capabilities. Wing loading is expressed in pounds per square foot and is obtained by dividing the total weight of an airplane in pounds by the wing area (including ailerons) in square feet. It is the airplane’s wing loading that determines the landing speed. Blade loading is expressed in pounds per square foot and is obtained by dividing the total weight of a helicopter by the area of the rotor blades. Blade loading is not to be confused with disk loading, which is the total weight of a helicopter divided by the area of the disk swept by the rotor blades.
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Fig. 1.5. Absolute and service ceiling
1.2.3. Range performance

The ability of an aircraft to convert fuel energy into flying distance is one of the most important items of aircraft performance. In flying operations, the problem of efficient range operation of an aircraft appears in two general forms:

1. To extract the maximum flying distance from a given fuel load.
2. To fly a specified distance with a minimum expenditure of fuel.
A common element for each of these operating problems is the specific range; that is, nautical miles (NM) of flying distance versus the amount of fuel consumed. Range must be clearly distinguished from the item of endurance. Range involves consideration of flying distance, while endurance involves consideration of flying time. Thus, it is appropriate to define a separate term, specific endurance.
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Fuel flow can be defined in either pounds or gallons. If maximum endurance is desired, the flight condition must provide a minimum fuel flow. In fig. 1.6 at point A the airspeed is low and fuel flow is high. This would occur during ground operations or when taking off and climbing. As airspeed is increased, power requirements decrease due to aerodynamic factors and fuel flow decreases to point B. This is the point of maximum endurance. Beyond this point increases in airspeed come at a cost. Airspeed increases require additional power and fuel flow increases with additional power.
Cruise flight operations for maximum range should be conducted so that the aircraft obtains maximum specific range throughout the flight. The specific range can be defined by the following relationship.
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Fig. 1.6. Airspeed for maximum endurance
If maximum specific range is desired, the flight condition must provide a maximum of speed per fuel flow. While the peak value of specific range would provide maximum range operation, long-range cruise operation is generally recommended at some slightly higher airspeed. Most long-range cruise operations are conducted at the flight condition that provides 99 percent of the absolute maximum specific range. The advantage of such operation is that one percent of range is traded for three to five percent higher cruise speed. Since the higher cruise speed has a great number of advantages, the small sacrifice of range is a fair bargain. The values of specific range versus speed are affected by three principal variables:

1. Aircraft gross weight.
2. Altitude.
3. The external aerodynamic configuration of the aircraft.
Cruise control of an aircraft implies that the aircraft is operated to maintain the recommended long-range cruise condition throughout the flight. Since fuel is consumed during cruise, the gross weight of the aircraft will vary and optimum airspeed, altitude, and power setting can also vary. Cruise control means the control of the optimum airspeed, altitude, and power setting to maintain the 99 percent maximum specific range condition. At the beginning of cruise flight, the relatively high initial weight of the aircraft will require specific values of airspeed, altitude, and power setting to produce the recommended cruise condition. As fuel is consumed and the aircraft’s gross weight decreases, the optimum airspeed and power setting may decrease, or, the optimum altitude may increase. In addition, the optimum specific range will increase. Therefore, the pilot must provide the proper cruise control procedure to ensure that optimum conditions are maintained.

Total range is dependent on both fuel available and specific range. When range and economy of operation are the principal goals, the pilot must ensure that the aircraft is operated at the recommended long-range cruise condition. By this procedure, the aircraft will be capable of its maximum design-operating radius, or can achieve flight distances less than the maximum with a maximum of fuel reserve at the destination.

A propeller-driven aircraft combines the propeller with the reciprocating engine for propulsive power. Fuel flow is determined mainly by the shaft power put into the propeller rather than thrust. Thus, the fuel flow can be related directly to the power required to maintain the aircraft in steady, levelflight and on performance charts power can be substituted for fuel flow. This fact allows for the determination of range through analysis of power required versus speed.

The maximum endurance condition would be obtained at the point of minimum power required since this would require the lowest fuel flow to keep the airplane in steady, level flight. Maximum range condition would occur where the ratio of speed to power required is greatest. The maximum range condition is obtained at maximum lift/drag ratio (L/DMAX), and it is important to note that for a given aircraft configuration, the L/DMAX occurs at a particular AOA and lift coefficient, and is unaffected by weight or altitude. A variation in weight will alter the values of airspeed and power required to obtain the L/DMAX (fig. 1.6).
The variations of speed and power required must be monitored by the pilot as part of the cruise control procedure to maintain the L/DMAX. When the aircraft’s fuel weight is a small part of the gross weight and the aircraft’s range is small, the cruise control procedure can be simplified to essentially maintaining a constant speed and power setting throughout the time of cruise flight. However, a long-range aircraft has a fuel weight that is a considerable part of the gross weight, and cruise control procedures must employ scheduled airspeed and power changes to maintain optimum range conditions.
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Figure 10-11. Effect of weight.





Fig. 1.7. Effect of weight
The effect of altitude on the range of a propeller-driven aircraft is illustrated in fig. 1.8. A flight conducted at high altitude has a greater true airspeed (TAS), and the power required is proportionately greater than when conducted at sea level. The drag of the aircraft at altitude is the same as the drag at sea level, but the higher TAS causes a proportionately greater power required. NOTE: The straight line that is tangent to the sea level power curve is also tangent to the altitude power curve.
The effect of altitude on specific range also can be appreciated from the previous relationships. If a change in altitude causes identical changes in speed and power required, the proportion of speed to power required would be unchanged. The fact implies that the specific range of a propeller-driven aircraft would be unaffected by altitude. Actually, this is true to the extent that specific fuel consumption and propeller efficiency are the principal factors that could cause a variation of specific range with altitude. If compressibility effects are negligible, any variation of specific range with altitude is strictly a function of engine/propeller performance.
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Fig.1.8. Effect of altitude on range
An aircraft equipped with a reciprocating engine will experience very little, if any, variation of specific range up to its absolute altitude. There is negligible variation of brake specific fuel consumption for values of brake horsepower below the maximum cruise power rating of the engine that is the lean range of engine operation. Thus, an increase in altitude will produce a decrease in specific range only when the increased power requirement exceeds the maximum cruise power rating of the engine. One advantage of supercharging is that the cruise power may be maintained at high altitude, and the aircraft may achieve the range at high altitude with the corresponding increase in TAS. The principal differences in the high altitude cruise and low altitude cruise are the TAS and climb fuel requirements.
1.2.4. Takeoff and landing performance

The majority of pilot-caused aircraft accidents occur during the takeoff and landing phase of flight.
Takeoff and landing performance is a condition of accelerated and decelerated motion. For instance, during takeoff, an aircraft starts at zero speed and accelerates to the takeoff speed to become airborne. During landing, the aircraft touches down at the landing speed and decelerates to zero speed. The important factors of takeoff or landing performance are:

- The takeoff or landing speed is generally a function of the stall speed or minimum flying speed.

-  The rate of acceleration/deceleration during the takeoff or landing roll. The speed (acceleration and deceleration) experienced by any object varies directly with the imbalance of force and inversely with the mass of the object. An airplane on the runway moving at 75 knots (1 knots=0,5144 m/s) has four times the energy it has traveling at 37 knots. Thus, an airplane requires four times as much distance to stop as required at half the speed.

- The takeoff or landing roll distance is a function of both acceleration/deceleration and speed.

Runway conditions affect takeoff and landing performance. Typically, performance chart information assumes paved, level, smooth, and dry runway surfaces. Since no two runways are alike, the runway surface differs from one runway to another, as does the runway gradient or slope.
Runway surfaces vary widely from one airport to another. The runway surface encountered may be concrete, asphalt, gravel, dirt, or grass. Any surface that is not hard and smooth will increase the ground roll during takeoff. This is due to the inability of the tires to roll smoothly along the runway. Tires can sink into soft, grassy, or muddy runways. Potholes or other ruts in the pavement can be the cause of poor tire movement along the runway. Obstructions such as mud, snow, or standing water reduce the airplane’s acceleration down the runway. Although muddy and wet surface conditions can reduce friction between the runway and the tires, they can also act as obstructions and reduce the landing distance. Braking effectiveness is another consideration when dealing with various runway types. The condition of the surface affects the braking ability of the airplane.
The amount of power that is applied to the brakes without skidding the tires is referred to as braking effectiveness.

Ensure that runways are adequate in length for takeoff acceleration and landing deceleration when less than ideal surface conditions are being reported.

The gradient or slope of the runway is the amount of change in runway height over the length of the runway. A positive gradient indicates the runway height increases, and a negative gradient indicates the runway decreases in height. An upsloping runway impedes acceleration and results in a longer ground run during takeoff. However, landing on an upsloping runway typically reduces the landing roll. A downsloping runway aids in acceleration on takeoff resulting in shorter takeoff distances. The opposite is true when landing, as landing on a downsloping runway increases landing distances.
Water on the runways reduces the friction between the tires and the ground, and can reduce braking effectiveness. The ability to brake can be completely lost when the tires are hydroplaning because a layer of water separates the tires from the runway surface. This is also true of braking effectiveness when runways are covered in ice.

When the runway is wet, the pilot may be confronted with dynamic hydroplaning. Dynamic hydroplaning is a condition in which the aircraft tires ride on a thin sheet of water rather than on the runway’s surface. Because hydroplaning wheels are not touching the runway, braking and directional control are almost nil. To help minimize dynamic hydroplaning, some runways are grooved to help drain off water; most runways are not.
Tire pressure is a factor in dynamic hydroplaning. Using the simple formula a pilot can calculate the minimum speed, at which hydroplaning will begin. In plain language, the minimum hydroplaning speed is determined by multiplying the square root of the main gear tire pressure in psi by nine. For example, if the main gear tire pressure is at 36 psi (1 psi=6894,757 pascals), the aircraft would begin hydroplaning at 54 knots.
Landing at higher than recommended touchdown speeds will expose the aircraft to a greater potential for hydroplaning. And once hydroplaning starts, it can continue well below the minimum initial hydroplaning speed.

On wet runways, directional control can be maximized by landing into the wind. Abrupt control inputs should be avoided. When the runway is wet, anticipate braking problems well before landing and be prepared for hydroplaning. Opt for a suitable runway most aligned with the wind.
Mechanical braking may be ineffective, so aerodynamic braking should be used to its fullest advantage.

The minimum takeoff distance is of primary interest in the operation of any aircraft because it defines the runway requirements. The minimum takeoff distance is obtained by taking off at some minimum safe speed that allows sufficient margin above stall and provides satisfactory control and initial rate of climb. Generally, the lift-off speed is some fixed percentage of the stall speed or minimum control speed for the aircraft in the takeoff configuration. As such, the lift-off will be accomplished at some particular value of lift coefficient and AOA. Depending on the aircraft characteristics, the lift-off speed will be anywhere from 1.05 to 1.25 times the stall speed or minimum control speed.

To obtain minimum takeoff distance at the specific lift-off speed, the forces that act on the aircraft must provide the maximum acceleration during the takeoff roll. The various forces acting on the aircraft may or may not be under the control of the pilot, and various procedures may be necessary in certain aircraft to maintain takeoff acceleration at the highest value.

The powerplant thrust is the principal force to provide the acceleration and, for minimum takeoff distance, the output thrust should be at a maximum. Lift and drag are produced as soon as the aircraft has speed, and the values of lift and drag depend on the AOA and dynamic pressure.

In addition to the important factors of proper procedures, many other variables affect the takeoff performance of an aircraft. Any item that alters the takeoff speed or acceleration rate during the takeoff roll will affect the takeoff distance.

For example, the effect of gross weight on takeoff distance is significant and proper consideration of this item must be made in predicting the aircraft’s takeoff distance. Increased gross weight can be considered to produce a threefold effect on takeoff performance:

1. Higher lift-off speed;
2. Greater mass to accelerate;
3. Increased retarding force (drag and ground friction).
If the gross weight increases, a greater speed is necessary to produce the greater lift necessary to get the aircraft airborne at the takeoff lift coefficient. As an example of the effect of a change in gross weight, a 21 percent increase in takeoff weight will require a 10 percent increase in lift-off speed to support the greater weight.

A change in gross weight will change the net accelerating force and change the mass that is being accelerated. If the aircraft has a relatively high thrust-to-weight ratio, the change in the net accelerating force is slight and the principal effect on acceleration is due to the change in mass.

For example, a 10 percent increase in takeoff gross weight would cause:

- A 5 percent increase in takeoff velocity.

- At least a 9 percent decrease in rate of acceleration.

- At least a 21 percent increase in takeoff distance.

For the aircraft with a high thrust-to-weight ratio, the increase in takeoff distance might be approximately 21 to 22 percent, but for the aircraft with a relatively low thrust-to-weight ratio, the increase in takeoff distance would be approximately 25 to 30 percent. Such a powerful effect requires proper consideration of gross weight in predicting takeoff distance.

The effect of wind on takeoff distance is large, and proper consideration also must be provided when predicting takeoff distance. The effect of a headwind is to allow the aircraft to reach the lift-off speed at a lower groundspeed while the effect of a tailwind is to require the aircraft to achieve a greater groundspeed to attain the lift-off speed.

A headwind that is 10 percent of the takeoff airspeed will reduce the takeoff distance approximately 19 percent. However, a tailwind that is 10 percent of the takeoff airspeed will increase the takeoff distance approximately 21 percent. In the case where the headwind speed is 50 percent of the takeoff speed, the takeoff distance would be approximately 25 percent of the zero wind takeoff distance (75 percent reduction).

The effect of wind on landing distance is identical to its effect on takeoff distance. The effect of proper takeoff speed is especially important when runway lengths and takeoff distances are critical.
The effect of pressure altitude and ambient temperature is to define the density altitude and its effect on takeoff performance. While subsequent corrections are appropriate for the effect of temperature on certain items of powerplant performance, density altitude defines specific effects on takeoff performance. An increase in density altitude can produce a twofold effect on takeoff performance:

1. Greater takeoff speed.
2. Decreased thrust and reduced net accelerating force.
If an aircraft of given weight and configuration is operated at greater heights above standard sea level, the aircraft requires the same dynamic pressure to become airborne at the takeoff lift coefficient. Thus, the aircraft at altitude will take off at the same indicated airspeed (IAS) as at sea level, but because of the reduced air density, the TAS will be greater.

The effect of density altitude on powerplant thrust depends much on the type of powerplant. An increase in altitude above standard sea level will bring an immediate decrease in power output for the unsupercharged reciprocating engine. However, an increase in altitude above standard sea level will not cause a decrease in power output for the supercharged reciprocating engine until the altitude exceeds the critical operating altitude. For those powerplants that experience a decay in thrust with an increase in altitude, the effect on the net accelerating force and acceleration rate can be approximated by assuming a direct variation with density. Actually, this assumed variation would closely approximate the effect on aircraft with high thrust-to-weight ratios.

Proper accounting of pressure altitude and temperature is mandatory for accurate prediction of takeoff roll distance. The most critical conditions of takeoff performance are the result of some combination of high gross weight, altitude, temperature, and unfavorable wind. In all cases, the pilot must make an accurate prediction of takeoff distance from the performance data.
In the prediction of takeoff distance the following primary considerations must be given:

- Pressure altitude and temperature—to define the effect of density altitude on distance. 

- Gross weight—a large effect on distance.
- Wind—a large effect due to the wind or wind component along the runway. 

- Runway slope and condition—the effect of an incline and retarding effect of factors such as snow or ice.
In many cases, the landing distance of an aircraft will define the runway requirements for flight operations. The minimum landing distance is obtained by landing at some minimum safe speed, which allows sufficient margin above stall and provides satisfactory control and capability for a go-around. Generally, the landing speed is some fixed percentage of the stall speed or minimum control speed for the aircraft in the landing configuration. As such, the landing will be accomplished at some particular value of lift coefficient and AOA. The exact values will depend on the aircraft characteristics but, once defined, the values are independent of weight, altitude, and wind.

To obtain minimum landing distance at the specified landing speed, the forces that act on the aircraft must provide maximum deceleration during the landing roll. The forces acting on the aircraft during the landing roll may require various procedures to maintain landing deceleration at the peak value.

A distinction should be made between the procedures for minimum landing distance and an ordinary landing roll with considerable excess runway available. Minimum landing distance will be obtained by creating a continuous peak deceleration of the aircraft; that is, extensive use of the brakes for maximum deceleration. On the other hand, an ordinary landing roll with considerable excess runway may allow extensive use of aerodynamic drag to minimize wear and tear on the tires and brakes. If aerodynamic drag is sufficient to cause deceleration, it can be used in deference to the brakes in the early stages of the landing roll; i.e., brakes and tires suffer from continuous hard use, but aircraft aerodynamic drag is free and does not wear out with use. The use of aerodynamic drag is applicable only for deceleration to 60 or 70 percent of the touchdown speed. At speeds less than 60 to 70 percent of the touchdown speed, aerodynamic drag is so slight as to be of little use, and braking must be utilized to produce continued deceleration. Since the objective during the landing roll is to decelerate, the powerplant thrust should be the smallest possible positive value or largest possible negative value in the case of thrust reversers. In addition to the important factors of proper procedures, many other variables affect the landing performance. Any item that alters the landing speed or deceleration rate during the landing roll will affect the landing distance.
The effect of gross weight on landing distance is one of the principal items determining the landing distance. One effect of an increased gross weight is that a greater speed will be required to support the aircraft at the landing AOA and lift coefficient. For an example of the effect of a change in gross weight, a 21 percent increase in landing weight will require a ten percent increase in landing speed to support the greater weight.
When minimum landing distances are considered, braking friction forces predominate during the landing roll and, for the majority of aircraft configurations, braking friction is the main source of deceleration.
The minimum landing distance will vary in direct proportion to the gross weight. For example, a ten percent increase in gross weight at landing would cause a: five percent increase in landing velocity; ten percent increase in landing distance.
A contingency of this is the relationship between weight and braking friction force.

The effect of wind on landing distance is large and deserves proper consideration when predicting landing distance. Since the aircraft will land at a particular airspeed independent of the wind, the principal effect of wind on landing distance is the change in the groundspeed at which the aircraft touches down. The effect of wind on deceleration during the landing is identical to the effect on acceleration during the takeoff.
The effect of pressure altitude and ambient temperature is to define density altitude and its effect on landing performance. An increase in density altitude increases the landing speed but does not alter the net retarding force.

Thus, the aircraft at altitude lands at the same IAS as at sea level but, because of the reduced density, the TAS is greater. Since the aircraft lands at altitude with the same weight and dynamic pressure, the drag and braking friction throughout the landing roll have the same values as at sea level. As long as the condition is within the capability of the brakes, the net retarding force is unchanged, and the deceleration is the same as with the landing at sea level. Since an increase in altitude does not alter deceleration, the effect of density altitude on landing distance is due to the greater TAS.

The minimum landing distance at 5000 feet (1 foot = 30,48 cm) is 16 percent greater than the minimum landing distance at sea level. The approximate increase in landing distance with altitude is approximately three and one-half percent for each 1000 feet (1 foot = 30,48 cm) of altitude. Proper accounting of density altitude is necessary to accurately predict landing distance.

The effect of proper landing speed is important when runway lengths and landing distances are critical. The landing speeds are generally the minimum safe speeds at which the aircraft can be landed. Any attempt to land at below the specified speed may mean that the aircraft may stall, be difficult to control, or develop high rates of descent. On the other hand, an excessive speed at landing may improve the controllability slightly (especially in crosswinds), but causes an undesirable increase in landing distance.

A ten percent excess landing speed causes at least a 21 percent increase in landing distance. The excess speed places a greater working load on the brakes because of the additional kinetic energy to be dissipated. Also, the additional speed causes increased drag and lift in the normal ground attitude, and the increased lift reduces the normal force on the braking surfaces. The deceleration during this range of speed immediately after touchdown may suffer, and it is more probable for a tire to be blown out from braking at this point.

The most critical conditions of landing performance are combinations of high gross weight, high density altitude, and unfavorable wind. These conditions produce the greatest required landing distances and critical levels of energy dissipation required of the brakes.
In the prediction of minimum landing distance the following considerations must be given:

- Pressure altitude and temperature—to define the effect of density altitude.
- Gross weight—which defines the CAS for landing.

- Wind—a large effect due to wind or wind component along the runway.
- Runway slope and condition - relatively small correction for ordinary values of runway slope, but a significant effect of snow, ice, or soft ground.
A tail wind of ten knots increases the landing distance by about 21 percent. An increase of landing speed by ten percent increases the landing distance by 20 percent.
1.2.5. Performance charts
Performance charts allow a pilot to predict the takeoff, climb, cruise, and landing performance of an aircraft. Information the manufacturer provides on these charts has been gathered from test flights conducted in a new aircraft, under normal operating conditions while using average piloting skills, and with the aircraft and engine in good working order. Engineers record the flight data and create performance charts based on the behavior of the aircraft during the test flights. By using these performance charts, a pilot can determine the runway length needed to take off and land, the amount of fuel to be used during flight, and the time required to arrive at the destination. It is important to remember that the data from the charts will not be accurate if the aircraft is not in good working order or when operating under adverse conditions.
Every chart is based on certain conditions and contains notes on how to adapt the information for flight conditions. The information manufacturers furnish is not standardized. Information may be contained in a table format, and other information may be contained in a graph format. Sometimes combined graphs incorporate two or more graphs into one chart to compensate for multiple conditions of flight. Combined graphs allow the pilot to predict aircraft performance for variations in density altitude, weight, and winds all on one chart.

1.3. THE AIRCRAFT DESIGN PROCESS
The aircraft design process is often divided into several stages, as shown in the figure below (fig. 1.10). 
1.3.1. Conceptual design

The conceptual design phase is characterized by comparative evaluation of numerous alternative design concepts potentially reaching the design requirements. The conceptual design phase is iterative in nature. A large quantity of design concepts are thus evaluated, compared to the requirements, revised, reevaluated, and so on until the convergence to one or more satisfactory concepts is achieved. During this process, the greatest flaws for reaching the requirements are exposed, so that the products of conceptual design frequently include a set of revised requirements.


[image: image15]
Fig. 1.10. Aircraft design process
Aerodynamic design at the conceptual design phase The initial aerodynamic design centers on defining the external geometry and general aerodynamic configuration of the new aircraft. To begin the building a aircraft concept model to start with, the main aerodynamic forces that will take effect on the model need to be looked into. These main aerodynamic forces that determine the aircraft performance and capabilities are drag and lift. The basic, low-speed drag level of the aircraft is usually expressed as a term at zero lift composed of friction and pressure drag forces plus a term associated with the generation of lift, the drag due to lift or the induced drag. Since wings generally operate at a positive angle to the relative wind (called angle of attack) in order to generate the necessary life forces, the wing lift vector is tilted aft, resulting in a component of the lift vector in the drag direction.

Propulsion design at the conceptual design phase. Propulsion design at the conceptual design phase primarily involves the selection of the best propulsion concept involves choosing from among a wide variety of types ranging from reciprocating engine-propeller power plants through turboprops, turbojets, turbofans, and ducted and unducted fan engine developments. The selection process involves propulsionperformance analyses comparing the flight performance of various candidate engines when installed into the aircraft. Once the engine has been selected, the additional propulsion engineering tasks are the design of the air inlet for the engine, as well as the exhaust nozzle and/or the engine nacelles with the rest of the airframe. All elements are tested to assure their satisfactory physical and aerodynamic integration. Major parameters to be chosen include the throat area, the diffuser length and shape, and the relative bluntness of the inlet lips.

Structural design at the conceptual design phase. The structural design at the conceptual design phase starts off with preliminary estimates of design airloads and inertial loads (loads due to the mass of the aircraft being accelerated during maneuvers).Then, the structural design effort centers on a first-order structural arrangement which defines major structural components and establishes the most direct load paths through the structure that are possible within the constraints of the aerodynamic configuration. An initial determination of the structural and material concepts to be used is made at this time. This includes, for example, the deciding on whether the wing should be constructed from built-up sheet metal details, by using machined skins with integral stiffeners, or by fiber-reinforced composite materials.
Aircraft systems design at the conceptual design phase. The design of aircraft systems must begin relatively early because they represent large dimensional and volume requirements which can influence overall aircraft size and shape or because they interact directly with the aerodynamic concept (as in the case of flight-control systems) or propulsion selection (as in the case of power systems).

1.3.2. Preliminary design
During the preliminary design phase, one or more promising concepts from the conceptual design phase are subjected to more rigorous analysis and evaluation in order to define and validate the design that best meets the requirements. With extensive experimental efforts, including wind-tunnel testing and the evaluation of any unique materials or structural concepts, are conducted during preliminary design. The end product of preliminary design is a complete aircraft design description including all aircraft systems and subsystems.

Structural design at the preliminary design phase. The structural design at the preliminary design phase starts off by taking into consideration the dynamic loads, airframe life, and structural integrity. The dynamic loading conditions arise from many sources: landing impact, flight through turbulence, taxiing over rough runways, and so forth. The airframe life requirements are usually stated in terms of desired total flight hours or total flight cycles. To the structural designer these requirements are used as guidelines to determine the requirements for airframe fatigue life. Airframe fatigue life measures the ability of an airframe to withstand repeated loadings without failure. Aircraft design for high airframe fatigue life involves the selection of materials and the design of structural components that minimize concentrated stresses. The structural integrity is then looked into and imposes the requirements for damage tolerance, the ability of the structure to continue to support design loads after specified component failures. The structural integrity is approached from the same angle as the design for aiframe fatigue resistance: the avoidance of stress concentrations and the spreading of loads out over multiple supporting structural members.
Aircraft systems design at the preliminary design phase. During the preliminary design phase, the aircraft system definition is completed to include additional subsystems. Installation of the many aircraft system components and the routing of tubing and wiring through the aircraft are complex tasks which are often aided by the construction of partial or complete aircraft mock-ups. These mock-ups are full scale models of the aircraft, made of inexpensive materials, which aid in the locating of structural and system components.

1.3.3. Detail design
This phase simply deals with the fabrication aspect of the aircraft to be manufactured. It determines the number, design and location of ribs, spars, sections and other structural elements. All aerodynamic, structural, propulsion, control and performance aspects have already been covered in the preliminary design phase and only the manufacturing remains.
1.3.4. Design requirements and objectives
One of the first steps in airplane design is the establishment of design requirements and objectives (DR&O's). These are used to formally document the project goals, ensure that the final design meets the requirements, and to aid in future product development. The specific DR&O's are based on customer requirements, certification requirements, and company policy.

Today, complex sets of requirements and objectives (table 1.3) include specification of airplane performance, safety, reliability and maintainability, subsystems properties and performance, and others. Some of these are illustrated in the table below, based on a Boeing chart.

Table 1.3

Transport Aircraft Design Objectives and Constraints

	Issue
	Civil
	Military

	Dominant design criteria
	Economics and safety
	Mission accomplishment and survivability

	Performance
	Maximum economic cruise

Minimum off-design penalty in wing design
	Adequate range and response.
Overall mission accomplish-ment

	Airfield environment
	Moderate-to-long runways

Paved runway

High-level ATC and landing aides

Adequate space for ground maneuver and parking

	Short-to-moderate runways

All types of runway surfaces

Often spartan ATC, etc.

Limited space available


Table1.1 continued

	Issue
	Civil
	Military

	System complexity and mechanical design
	Low maintenance- economic issue

Low system cost

Safety and reliability

Long service life
	Low maintenance - availability issue

Acceptable system cost

Reliability and survivability

Damage tolerance

	Government regulations and community acceptance
	Must be certifiable

Safety oriented

Low noise mandatory
	Military standards

Performance and safety

Reliability oriented

Low noise desirable

Good neighbor in peace

Dectability in war


1.4. LOADS ON STRUCTURAL COMPONENTS OF THE AIRCRAFT
The structure of an aircraft is required to support two distinct classes of load: the first, termed ground loads, includes all loads encountered by the aircraft during movement or transportation on the ground such as taxiing and landing loads, towing and hoisting loads; while the second, air loads, comprises loads imposed on the structure during flight by manoeuvres and gusts. In addition, most large aircraft have pressurized cabins for high altitude flying; amphibious aircraft must be capable of landing on water.
The two classes of loads may be further divided into surface forces which act upon the surface of the structure, and body forces which act over the volume of the structure and are produced by gravitational and inertial effects.
 Fig. 1.11 shows typical aerodynamic force resultants experienced by an aircraft in steady flight.

The force on an aerodynamic surface (wing, vertical or horizontal tail) results from a differential pressure distribution caused by incidence, camber or a combination of both. Such a pressure distribution, shown in fig. 1.12 (a), has vertical (lift) and horizontal (drag) resultants acting at a centre of pressure (CP). (In practice, lift and drag are measured perpendicular and parallel to the flight path respectively.) Clearly the position of the CP changes as the pressure distribution varies with speed or wing incidence. However, there is, conveniently, a point in the aerofoil section about which the moment due to the lift and drag forces remains constant. Thus we replace the lift and drag forces acting at the CP by lift and drag forces acting at the aerodynamic centre (AC) plus a constant moment Mo as shown in fig. 1.12 (b). (Actually, at high Mach numbers the position of the aerodynamic centre changes due to compressibility effects.)
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Fig. 1.11. Principal aerodynamic forces on an aircraft during flight
While the chord wise pressure distribution fixes the position of the resultant aerodynamic load in the wing cross-section, the spanwise distribution locates its position in relation, say, to the wing root (fig 1.12). A typical distribution for a wing/fuselage combination is shown in fig. 1.13. Similar distributions occur on horizontal and vertical tail surfaces.
We see therefore that wings, tailplane and the fuselage are each subjected to direct, bending, shear and torsional loads and must be designed to withstand critical combinations of these. The manoeuvres and gusts do not introduce different loads but result only in changes of magnitude and position of the type of existing loads. Over and above these basic in-flight loads, fuselages may be pressurized and thereby support hoop stresses. Wings may carry extra fuel tanks with resulting additional aerodynamic and body forces contributing to the existing bending, shear and torsion, while the thrust and weight of engines may affect either fuselage or wings depending on their relative positions.
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Fig.1.12. Pressure distribution around an aerofoil (a); transference of lift and drag loads to the aerodynamic centre (b)
Ground loads encountered in landing and taxiing subject the aircraft to concentrated shock loads through the undercarriage system. The majority of aircraft have their main undercarriage located in the wings, with a nose wheel or tail wheel in the vertical plane of symmetry.
Clearly the position of the main undercarriage should be such as to produce minimum loads on the wing structure compatible with the stability of the aircraft during ground manoeuvres. This may be achieved by locating the undercarriage just forward of the flexural axis of the wing and as close to the wing root as possible. In this case the shock landing load produces a given shear, minimum bending plus torsion, with the latter being reduced as far as practicable by offsetting the torque caused by the vertical load in the undercarriage leg by a torque in an opposite sense due to braking.
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Fig. 1.13. Typical lift distribution for a wing/fiuselage combination
Other loads include engine thrust on the wings or fuselage which acts in the plane of symmetry but may, in the case of engine failure, cause severe fuselage bending moments, as shown in fig. 1.14; concentrated shock loads during a catapult launch; and hydrodynamic pressure on the fuselages or floats of seaplanes.
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Fig. 1.14. Fuselage and wing bending caused by an unsymmetrical engine load
Many of the load requirements on aircraft are defined in terms of the load factor, n.
According to the Airworthiness Requirements (FAR-25, JAR-25) flight load factors represent the ratio of the aerodynamic force component (acting normal to the assumed longitudinal axis of the airplane) to the weight of the airplane. A positive load factor is one in which the aerodynamic force acts upward with respect to the airplane.

In some instances of flight such as turn and pull-up, the aircraft must generate a lift force such that it is more than weight. For instance, load factor in a pull-up can be written as:
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where "a" is the centrifugal acceleration (V2/R). 

As this acceleration increases, i.e. airspeed increases or radius of turn decreases; the load factor will increase too.
For other flight operations, similar expressions can be drawn.

The diagram below shows the relationships between centripetal force, weight, lift and bank angle in the banked turn (fig. 1. 15).
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Fig. 1.15. Forces in correct banked turn
In a level turn the vertical component of the lift Lvc balances aircraft weight and the horizontal component of lift Lhc provides the centripetal force. Then, we can write:
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Therefore a 60 degree banked turn requires a load factor of 2, often called a “2 g” turn. In straight level flight the load factor n=1. If the load limit on a vehicle is 6, then the steepest banked turn allowable would be found from cosφ = 1/6.
If the load is more than allowable design value, the structure will lose its integrity and may disintegrate during flight. Load factor is usually positive, but in some instances, including pull-down, or when encountering a gust, it may become negative. Table 1.4 shows load factor for various types of aircraft.

Table 1.4

Load factor for various types of aircraft
	N

	Aircraft type
	Maximum positive load factor
	Maximum negative load factor

	1
	Normal (non-acrobatic) 
	2.5 – 3.8
	-1 to -1.5

	2
	Utility (semi-acrobatic)
	4.4
	-1.8

	3
	Acrobatic
	6
	-3

	4
	Homebuilt
	5
	-2

	5
	Transport 
	3 – 4
	-1 to -2

	6
	Highly maneuverable
	6.5 – 12
	-3 to -6


Flight regime of any aircraft includes all permissible combinations of speeds, altitudes, weights, centers of gravity, and configurations. This regime is shaped by aerodynamics, propulsion, structure, and dynamics of aircraft.
One of the most important diagrams is referred to as flight envelope. This envelope demonstrates the variations of airspeed versus load factor (V – n) (fig. 1.16).  In another word, it depicts the aircraft limit load factor as a function of airspeed. 
In the flight envelope: VS1 is the stalling speed with flaps retracted; VF is the design flap speeds; VA is the design maneuvering speed; VC is the design cruising speed; VD  is the design dive speed.
The analysis of durability and damage tolerance of aircraft structure requires the definition of repeated load spectra consistent with the operational usage of the airplane. The operational usage of the airplane is defined by a mix of flight profiles of varying durations and distances. Each profile is further broken down to show the approximate duration, altitude, airspeed, and gross weights of the various segments in the profile. For passenger and cargo carrying aircraft the segments are generally identified as takeoff, departure, climb, cruise, descent, approach, and touchdown.
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Fig. 1.16. Flight envelope

The typical loads spectrum for the upper panels of the wing for different segments of flight is shown in fig. 1.17.  
[image: image25.emf]
Fig. 1.17. Typical loads spectrum on the wing of transport plane
Repeating loads cause fatigue and limits aircraft service life. Influence on fatigue is determined by the number of cycles applied, stress level, stress ratio, etc. At table 1.5 the typical repeating loads are presented. Load ratio presented in the table is a ratio of the current stress to the ultimate stress.

Table 1.5

Repeating loads on aircraft
	Loads
	Number of cycles during the 1000 hours
	Frequency,

Hz
	Load ratio

	Wind gusts
	(1-15) x 105
	0.3-5,0
	0,05-0,7

	Airdrome unevenness
	(1-5) x 105
	1-5
	0,05-0,7

	Buffeting
	(0,7-5) x 107
	2-20
	0,01-0,05

	Motor vibration
	(0,7-3) x 108
	20-100
	0,005-0,02

	Acoustic vibration
	(0,5-50) x 109
	100-10000
	0,001-0,01

	Maneuvers
	(1-5) x 103
	5-20 per flight
	0,1-0,7

	Pressurization
	1000
	1 per flight
	0,2-0.4


1.5. WING
1.5.1. Wing geometry
Airfoil geometry can be characterized by the coordinates of the upper and lower surface. It is often summarized by a few parameters such as: maximum thickness, maximum camber, position of max thickness, position of max camber, and nose radius (fig.1.18).
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Fig. 1.18. Geometric parameters of an airfoil
The angle of attack is the angle between the airfoil chord and the velocity of the resultant wind.
The leading edge of an airfoil is the portion that meets the air first. The shape of the leading edge depends upon the function of the airfoil. If the airfoil is designed to operate at high speed, its leading edge will be very sharp, as on most current fighter aircraft. If the airfoil is designed to produce a greater amount of lift at a relatively low rate of speed, as in a Cessna 150 or a An-2, the leading edge will be thick and fat. Actually, the supersonic fighter aircraft and the light propeller-driven aircraft are virtually two ends of a spectrum. Most other aircraft lie between these two.
The trailing edge is the back of the airfoil, the portion at which the airflow over the upper surface joins the airflow over the lower surface. The design of this portion of the airfoil is just as important as the design of the leading edge. This is because the air flowing over the upper and lower surfaces of the airfoil must be directed to meet with as little turbulence as possible, regardless of the position of the airfoil in the air.

The camber of an airfoil is the characteristic curve of its upper or lower surface. The camber determines the airfoil's thickness. But, more important, the camber determines the amount of lift that a wing produces as air flows around it. A high-speed, low-lift airfoil has very little camber. A low-speed, high-lift airfoil, like that on the Yak-18 T, An-2, Cessna 150, has a very pronounced camber.

Upper camber refers to the curve of the upper surface of the airfoil, while lower camber refers to the curve of the lower surface of the airfoil. In the great majority of airfoils, upper and lower cambers differ from one another.

The center of pressure is the point at which the resultant force on the aerofoil cuts the chord.

The chord is the distance between the leading edge and the trailing edge of the wing.
The design of a wing depends upon such factors as the size, weight, and use of the airplane, desired speed, rate of climb, etc.

High wing aircraft have the following advantages: The gear may be quite short without engine clearance problems. This lowers the floor and simplifies loading, especially important for small aircraft or cargo aircraft that must operate without jet-ways. High wing designs may also be appropriate for STOL aircraft that make use of favorable engine-flap interactions and for aircraft with struts. Low wing aircraft are usually favored for passenger aircraft based on considerations of ditching (water landing) safety, reduced interference of the wing carry-through structure with the cabin, and convenient landing gear attachment.

The wing position on the fuselage is set by stability and control considerations and requires a detailed weight breakdown and c.g. estimation. At the early stages of the design process one may locate the aerodynamic of the wing at the center of constant section or, for aircraft with aft-fuselage-mounted engines, at 60% of constant section. (As a first estimate, one may take the aerodynamic center to be at the quarter chord of the wing at the location for which the local chord is equal to the mean aerodynamic chord.)

An airplane with one set of wing is called a monoplane. Monoplanes most generally used have cantilever wing. The airplane with two wings is called biplane.

The distance between the upper and lower wings (for biplane, for example AN-2) is called the gap.

The shape of the wing may be rectangular, triangular, elliptical and swept back.

Modern high speed aircraft have sweepback wings. Sweepback is the angle between the leading edge of the wing and perpendicular to the longitudinal centre line of the aircraft or the angle between the line of the quarter of chords and the perpendicular to the longitudinal centre line of the aircraft.

The dimension over the extreme tips of the wing is called a span.

Some wing parameters presented in fig. 1.19.
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Fig. 1.19. Wing design parameters

An important characteristic of the wing is an aspect ratio. If the plan form of the wing is rectangular, the aspect ratio is thus equal to l/b, where l is the span, and b is the length of the constant chord. If the wing is tapered, the aspect ratio is defined as a ratio of the span to the mean geometric chord. The mean geometric chord is equal to the area divided by the span, i.e. s/l and the aspect ratio is therefore equal to l2/S.

The greater the aspect ratio of the wing, the more efficient is the wing aerodynamically.
The angle between the wing and a horizontal plane is called the dihedral angle of the wing.

The angle of incidence is the angle between the longitudinal axis of the airplane and the chord of the wing.

The terms 'wing twist' and 'washout' refer to wings designed so that the outboard sections have a lower incidence, 3 or 4° or so, and thus lower angle of attack (aoa) than the inboard sections in all flight conditions. One reason for wing twist is to improve the stall characteristics of the wing.

The sections near the wing root reach the stalling angle of attack first, thus allowing effective aileron control even as the stall progresses from inboard to outboard. This is usually achieved by building a geometric twist into the wing structure by rotating the trailing edge, so providing a gradual decrease in aoa from root to tip, but of course washout reduces the total lift capability a little but this disadvantage is more than offset by the wing twist improving elliptical lift distribution and thus decreasing induced drag.

Another form of washout – aerodynamic twist – might be attained by using an aerofoil with a higher stalling angle of attack in the outboard wing sections.
Aircraft incorporating washout tend to not drop a wing during an unaccelerated stall instead there is a tendency to just 'mush' down sedately then drop the nose and regain flying speed. The turbulent downflow starting at the wing root buffets the tailplane providing some warning of the stall before it is fully developed. Also washout is usually applied, for aerodynamic balance, to the swept wings utilised in weight-shift ultralights.

1.5.2. Selecting span, area, sweep, thickness, taper, twist
Selecting the wing span is one of the most basic decisions to make in the design of a wing. The span is sometimes constrained by contest rules, hangar size, or ground facilities but when it is not we might decide to use the largest span consistent with structural dynamic constraints (flutter). This would reduce the induced drag directly. However, as the span is increased, the wing structural weight also increases and at some point the weight increase offsets the induced drag savings.
This point is rarely reached, though, for several reasons:
a) The optimum is quite flat and one must stretch the span a great deal to reach the actual optimum;
b) Concerns about wing bending as it affects stability and flutter mount as span is increased;
c) The cost of the wing itself increases as the structural weight increases. This must be included so that we do not spend 10% more on the wing in order to save 0,001% in fuel consumption;
d) The volume of the wing in which fuel can be stored is reduced;
e) It is more difficult to locate the main landing gear at the root of the wing;
f) The Reynolds number of wing sections is reduced, increasing parasite drag and reducing maximum lift capability.
On the other hand, span sometimes has a much greater benefit than one might predict based on an analysis of cruise drag. When an aircraft is constrained by a second segment climb requirement, extra span may help a great deal as the induced drag can be 70-80% of the total drag.
The selection of optimum wing span thus requires an analysis of much more than just cruise drag and structural weight. Once a reasonable choice has been made on the basis of all of these considerations, however, the sensitivities to changes in span can be assessed.
The definition of wing area (fig. 1.20) is not obvious and different companies define the areas differently. Here, we always take the reference wing area to be that of the trapezoidal portion of the wing projefcted into the centerline. The leading and trailing edge chord extensions are not included in this definition and for some airplanes, such as Boeing's Blended Wing Body, the difference can be almost a factor of two between the "real" wing area and the "trap area". Some companies use reference wing areas that include portions of the chord extensions, and in some studies, even tail area is included as part of the reference area.
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Fig. 1.20. The wing area: a) reference wing area, b) exposed wing area, c) area affected by flaps

The wing area, like the span, is chosen based on a wide variety of considerations including:

a) cruise drag;
b) stalling speed / field length requirements;
c) wing structural weight;
d) fuel volume.
These considerations often lead to a wing with the smallest area allowed by the constraints. But this is not always true; sometimes the wing area must be increased to obtain a reasonable CL at the selected cruise conditions.

Selecting cruise conditions is also an integral part of the wing design process. It should not be dictated a priori because the wing design parameters will be strongly affected by the selection, and an appropriate selection cannot be made without knowing some of these parameters. But the wing designer does not have complete freedom to choose these, either. Cruise altitude affects the fuselage structural design and the engine performance as well as the aircraft aerodynamics. The best CL for the wing is not the best for the aircraft as a whole. An example of this is seen by considering a fixed CL, fixed Mach design. If we fly higher, the wing area must be increased by the wing drag is nearly constant. The fuselage drag decreases, though; so we can minimize drag by flying very high with very large wings. This is not feasible because of considerations such as engine performance.
Wing sweep is chosen almost exclusively for its desirable effect on transonic wave drag. (Sometimes for other reasons such as a c.g. problem or to move winglets back for greater directional stability.)
The wing sweep is chosen based on a wide variety of considerations including:
a) It permits higher cruise Mach number, or greater thickness or CL at a given Mach number without drag divergence;
b) It increases the additional loading at the tip and causes spanwise boundary layer flow, exacerbating the problem of tip stall and either reducing CLmax or increasing the required taper ratio for good stall;
c) It increases the structural weight - both because of the increased tip loading, and because of the increased structural span;
d) It stabilizes the wing aeroelastically but is destabilizing to the airplane;
e) Too much sweep makes it difficult to accommodate the main gear in the wing. 

Much of the effect of sweep varies as the cosine of the sweep angle, making forward and aft-swept wings similar. There are important differences, though in other characteristics.
The distribution of thickness from wing root to tip is selected as follows:
a) We would like to make the t/c as large as possible to reduce wing weight (thereby permitting larger span, for example);
b) Greater t/c tends to increase CLmax up to a point, depending on the high lift system, but gains above about 12% are small if there at all;
c) Greater t/c increases fuel volume and wing stiffness;
d) Increasing t/c increases drag slightly by increasing the velocities and the adversity of the pressure gradients;
e) The main trouble with thick airfoils at high speeds is the transonic drag rise which limits the speed and CL at which the airplane may fly efficiently.
The wing taper ratio (or in general, the planform shape) is determined from the following considerations:
a) The planform shape should not give rise to an additional lift distribution that is so far from elliptical that the required twist for low cruise drag results in large off-design penalties;
b) The chord distribution should be such that with the cruise lift distribution, the distribution of lift coefficient is compatible with the section performance. Avoid high Cl's which may lead to buffet or drag rise or separation;
c) The chord distribution should produce an additional load distribution which is compatible with the high lift system and desired stalling characteristics;
d) Lower taper ratios lead to lower wing weight;
e) Lower taper ratios result in increased fuel volume;
f) The tip chord should not be too small as Reynolds number effects cause reduced CL capability;
g) Larger root chords more easily accommodate landing gear.

Here, again, a diverse set of considerations are important.

The major design goal is to keep the taper ratio as small as possible (to keep the wing weight down) without excessive CL variation or unacceptable stalling characteristics.

Since the lift distribution is nearly elliptical, the chord distribution should be nearly elliptical for uniform CL's. Reduced lift or t/c outboard would permit lower taper ratios.

Evaluating the stalling characteristics is not so easy. In the low speed configuration we must know something about the high lift system: the flap type, span, and deflections. The flaps- retracted stalling characteristics are also important.
The wing twist distribution is perhaps the least controversial design parameter to be selected. The twist must be chosen so that the cruise drag is not excessive. Extra washout helps the stalling characteristics and improves the induced drag at higher CL's for wings with additional load distributions too highly weighted at the tips.

Twist also changes the structural weight by modifying the moment distribution over the wing.
Twist on swept-back wings also produces a positive pitching moment which has a small effect on trimmed drag. The selection of wing twist is therefore accomplished by examining the trades between cruise drag, drag in second segment climb, and the wing structural weight. The selected washout is then just a bit higher to improve stall.

1.5.3. Structural members of the wing
The wing structure has a dual purpose:

a) It transmits and resists all loads applied to it, and

b) It acts as a cover to maintain the aerodynamic shape and protect its content.
Structural members of the wings are spars, stringers, ribs, skin (fig. 1.21).
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Fig. 1.21. Structural members of the light plane wing
Spar (fig.1.22, fig. 1.23) runs along the length of the wing from the fuselage to the tip of the wing. Wing design has one, two or three spars.
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Fig. 1.22. Typical spar arrangement: 1 - upper cap; 2 - lower cap; 3 - web; 4 - stiffeners; 5 - transvers junction of the webs; 6 - openings for the connections of fuel system pipes
In the design of light aircraft with fabric skin spars carry main part of the load, but more usually all wing members carry significant part of loads. Such structures have so called “stressed skin”.
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Fig. 1.23. Different spar design
Perpendicular to the spar is a series of ribs (fig. 1.23). The ribs placed at frequent intervals to develop the wing contour. The ribs are stamped from one piece.
There are two main kinds of ribs: normal and reinforced. Normal ribs withstand air loads and form airfoil cross section. Reinforced ribs withstand concentrated loads, for example loads, transmitted from landing gear, engines, etc.
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Fig. 1.24. Normal rib

Stringers are fixed to the inside of the skin. Stringers are riveted parallel to and between the spars. The heads of rivets are being flush on the inside.
The thickened portions of cross section showed on the picture improve the stability of the stringer under the compression (fig.1.25).
Stringers may be manufactured by extrusion or bending from the metal sheet.
Conventional materials for wing members manufacturing are aluminum alloys, such as D-16, V-95 of Ukrainian or Russian production and 2024T3, 7075T6 of western manufacturing. Some elements of modern aircraft made of composite materials.
Skin of the wing transmits aerodynamic forces to the longitudinal and transverse members, develops shear stresses to react the applied torsion moments, and together with longitudinal members it resists axial loads and applied bending.
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Fig. 1.25. Stringers’ cross sections

1.5.4. High lift devices
Flaps. The most common high-lift device is the flap, a movable portion of the wing that can be lowered into the airflow to produce extra lift.

Flaps are usually located on the trailing edge of a wing, while leading edge flaps are occasionally used as well (fig. 1.26).
Their purpose is to re-shape the wing section into one that has more camber.
Some flap designs also increase the wing chord when deployed, increasing the wing area to help produce more lift; such complex flap arrangements are found on many modern aircraft. Large modern airliners make use of triple-slotted flaps to produce the massive lift required during takeoff.
The most common is the plain flap which might provide a 0.5 increase in CLmax with a large increase in drag when fully deflected.
The split flap provides slightly more increase in lift but a larger increase in drag and is more difficult to construct and thus probably not worth the effort.
The slot incorporated into the junction between the main wing and the plain flap in the slotted flap arrangement, allows airflow from under the wing to energize [i.e. accelerate and smooth] the turbulent boundary layer flow over the upper surface of lowered flap, providing better downstream boundary layer adherence, and thus allowing a larger angle of attack to be achieved before stall with higher CL and lower drag than the plain flap.
The rearward extension of the Fowler flap as it is deflected increases wing area as well as camber so it provides the best increase in lift of all the simpler systems — although perhaps even a single element Fowler flap is not simple to construct.

In the design of a double-slotted flap and slat system (fig. 1.27) some of the increase in CLmax is associated with an increase in chord length (Fowler motion) provided by motion along the flap track or by a rotation axis that is located below the wing.
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Fig. 1.26. Types of flaps: a) plain flap, b) split flap, c) slotted flap, d) Fowler flap, e) double-slotted Fowler flap, f) Junkers flap, g) gouge flap, h) fairy-youngman flap, i) zap flap
Modern high lift systems are often quite complex with many elements and multi-bar linkages. Current practice has been to simplify the flap system and double (or even single) slotted systems are often preferred.

Flaps change the airfoil pressure distribution, increasing the camber of the airfoil and allowing more of the lift to be carried over the rear portion of the section. Flaps also increase the lift at a given angle of attack, important for aircraft which are constrained by ground angle limits.
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Fig. 1.27. Double-slotted flap and slat system

Slotted flaps achieve higher lift coefficients than plain or split flaps because the boundary layer that forms over the flap starts at the flap leading edge and is "healthier" than it would have been if it had traversed the entire forward part of the airfoil before reaching the flap. The forward segment also achieves a higher CLmax than it would without the flap because the pressure at the trailing edge is reduced due to interference, and this reduces the adverse pressure gradient in this region.
The favorable effects of a slotted flap on CLmax was known early in the development of high lift systems. That a 2-slotted flap is better than a single-slotted flap and that a triple-slotted flap achieved even higher CL's suggests that one might try more slots. Handley Page did this in the 1920's (fig. 1.28). Tests showed a CLmax of almost 4.0 for a 6-slotted airfoil.
Flaperons. In some light aircraft designs (for example An-2), particularly those with STOL (Short Take-Off and Landing) capability it has been found expedient to incorporate the aileron and a plain flap into one control surface which extends the full length of the wing trailing edge. The different functional movements are sorted out by a control mixer mechanism. Usually the flaperon is not integral with the wing but bracketed to the underwing to provide a slotted flap — acting like an external aerofoil flying in close formation with the main wing. Although the CL increase attainable might be 1.0 there are drawbacks to this arrangement which particularly exacerbate low speed aileron drag.
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Fig. 1.28. Multi-element section from 1921

Reflex flaps. Some aircraft (particularly sailplanes) are fitted with flaps that can be deflected upward 5° or 10° above the normal neutral or stowed position in addition to the normal downward deflection positions described above. Upward deflection of flaps is done at cruising speed, increasing the maximum cruise speed perhaps 5% by reducing camber and thus drag and is often associated with aerofoils that have natural laminar flow.
Slat. Another common high-lift device is the slat, a small aerofoil attached in front of the wing leading edge. The slat re-directs the airflow at the front of the wing, allowing it to flow more smoothly over the upper surface while at a high angle of attack. This allows the wing to be operated effectively at the higher angles required to produce more lift. 

Leading edge devices such as nose flaps, Kruger flaps, and slats (fig. 1.29) reduce the pressure peak near the nose by changing the nose camber. Slots and slats permit a new boundary layer to start on the main wing portion, eliminating the detrimental effect of the initial adverse gradient.
The slat/slot works in much the same way as the slotted flap. At low aoa the fixed slat has no value, just increasing drag and thus degrading extended climb and cruise performance, but at high aoa the higher pressure on the underside of the slat is channeled through the slot and energises the boundary layer flow over the upper surface of the wing thus delaying the onset of the turbulent stall airflow. Some slat/slot systems also have the effect of increasing wing area thus reducing wing loading and stall speed.
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Fig. 1.29. Leading edge devices

Spoilers. Spoilers are hinged airfoils on the top portion of wings. Spoilers can be used to slow an aircraft, or to make an aircraft descend, if they are deployed on both wings. Spoilers can also be used to generate a rolling motion for an aircraft, if they are deployed on only one wing. 

Spoilers Deployed on Both Wings. When the pilot activates the spoilers, the plates flip up into the air stream. The flow over the wing is disturbed by the spoiler, the drag of the wing is increased, and the lift is decreased. Spoilers can be used to "dump" lift and make the airplane descend; or they can be used to slow the airplane down as it prepares to land. When the airplane lands on the runway, the pilot usually brings up the spoilers to kill the lift, keep the plane on the ground, and make the brakes work more efficiently. The friction force between the tires and the runway depends on the "normal" force, which is the weight minus the lift. The lower the lift, the better the brakes work. The additional drag of the spoilers also slows the plane down.

Spoiler deployed on only one wing. A single spoiler is used to bank the aircraft; to cause one wing tip to move up and the other wing tip to move down. The banking creates an unbalanced side force component of the large wing lift force which causes the aircraft's flight path to curve. The scheme of modern plane wing equipped with high lift devices presented on fig. 1.30.
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Fig. 1.30. The wing of modern airplane: 1- slats; 2- flaps; 3-spoilers; 
4- ground spoiler; 5 - aileron
Winglets. Winglets are one of the most successful examples of an aeronautical innovation being utilized around the world on all types of aircraft.

Winglets are vertical extensions of wingtips that improve an aircraft's fuel efficiency and cruising range. Designed as small airfoils, winglets reduce the aerodynamic drag associated with vortices that develop at the wingtips as the airplane moves through the air (fig. 1.31). By reducing wingtip drag, fuel consumption goes down and range is extended.

Aircraft of all types and sizes are flying with winglets -- from single-seat hang gliders and ultralights to global jumbo jets. Some aircraft are designed and manufactured with sleek upturned winglets that blend smoothly into the outer wing sections. Add-on winglets are also custom made for many types of aircraft.

The concept of winglets originated with a British aerodynamicist in the late 1800s, but the idea remained on the drawing board until rekindled in the early 1970s by Dr. Richard Whitcomb when the price of aviation fuel started spiraling upward.

Whitcomb refined the winglet concept with wind tunnel tests and computer studies. He then predicted that transport-size aircraft with winglets would realize improved cruising efficiencies of between 6% and 9%. A winglet flight test program at the NASA Dryden Flight Research Center in 1979-80 validated Whitcomb's research when the test aircraft - a military version of Boeing 707 jetliner - recorded an increased fuel mileage rate of 6.5%.

Winglets increase an aircraft's operating efficiency by reducing what is called induced drag at the tips of the wings. An aircraft's wing is shaped to generate negative pressure on the upper surface and positive pressure on the lower surface as the aircraft moves forward. This unequal pressure creates lift across the upper surface and the aircraft is able to leave the ground and fly.

Unequal pressure, however, also causes air at each wingtip to flow outward along the lower surface, around the tip, and inboard along the upper surface producing a whirlwind of air called a wingtip vortex. The effect of these vortices is increased drag and reduced lift that results in less flight efficiency and higher fuel costs.
Winglets, which are airfoils operating just like a sailboat tacking upwind, produce a forward thrust inside the circulation field of the vortices and reduce their strength. Weaker vortices mean less drag at the wingtips and lift is restored. Improved wing efficiency translates to more payload, reduced fuel consumption, and a longer cruising range that can allow an air carrier to expand routes and destinations.
To produce as much forward thrust as possible, the winglet's airfoil is designed with the same attention as the airfoil of the wings themselves. Performance improvements generated by winglets, however, depend on factors such as the basic design of the aircraft, engine efficiency, and even the weather in which an aircraft is operating. The shapes and sizes of winglets, and the angles at which they are mounted with respect to the main wings, differ between the many types and sizes of aircraft produced but they all represent improved efficiency. Throughout the aviation industry, winglets are responsible for increased mileage rates of as much as 7%. Aircraft manufacturers and makers of add-on winglets have also reported improved cruising speeds, time-to-climb rates, and higher operating altitudes.
Winglets are wing tip extensions which provide several benefits to airplane operators. The winglet option increases the Next-Generation 737's lead as the newest and most technologically advanced airplane in its class. These new technology winglets are now available on 737-800s as well as on Boeing Business Jet (737-700 and 737-800) (fig. 1.32).
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Fig. 1.31. Vortices around the wingtips
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Fig. 1.32. Geometry of the winglets on Boeing
The addition of winglets to the 737 Next Generation has demonstrated drag reduction in the 5 to 7% range that measurably increases range and fuel efficiency (table 1.6).

Table 1.6

Effect of winglets application
	Series
	Range (nm)
Normal
	Range (nm)
With Winglets

	Boeing 747 -700
	3250
	3634

	Boeing 747 -800
	2930
	3060

	Boeing 747 -900
	2670
	2725


The EADS Airbus A340 and Boeing 747-400 use winglets. Other designs such as Boeing 777 and Boeing 747-800 omit them in favor of raked wingtips, because the gain available is very small and would make the aircraft too large for a standard airport gate. Large winglets are mainly useful for short distance flights, where the benefit in climb performance is more important. Raked wingtips are now preferred over small winglets for long distance flights where cruise performance is more important.

A wingtip fence is a winglet variant with surfaces extending both upward and downward from the wingtip. Both surfaces are shorter than or equivalent to a winglet possessing similar aerodynamic benefits.

Wingtip fences are the preferred wingtip device of Airbus, employed on all their airliners except for the A330 and A340 families. The Airbus A350 will also make use of winglets rather than wingtip fences.
Raked wingtips are a feature on some Boeing airliners, where the tip of the wing has a higher degree of sweep than the rest of the wing. The stated purpose of this additional feature is to improve fuel economy, climb performance and to shorten takeoff field length. It does this in much the same way that winglets do, by increasing the effective aspect ratio of the wing and interrupting harmful wingtip vortices. This decreases the amount of lift-induced drag experienced by the aircraft. In testing by Boeing and NASA, raked wingtips have been shown to reduce drag by as much as 5.5%, as opposed to improvements of 3.5% to 4.5% from conventional winglets. An increase in wingspan is generally more effective than a winglet of the same length, but may present difficulties in ground handling. At the wing tip, the CH 701 design utilizes ‘Hoerner’ tips (fig. 1.33) to maximize the wing’s effective lift area and to minimize wing tips vortices. Hoerner wing tips provide the largest effective span for a given geometric span or a given wing weight.
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Fig. 1.33. Hoerner wing tips

1.6. FUSELAGE
1.6.1. Fuselage geometry
The design of the fuselage is based on payload requirements, aerodynamics, and structures. The overall dimensions of the fuselage affect the drag through several factors. Fuselages with smaller fineness ratios have less wetted area to enclose a given volume, but more wetted area when the diameter and length of the cabin are fixed. The higher Reynolds number and increased tail length generally lead to improved aerodynamics for long, thin fuselages, at the expense of structural weight.

The fuselages of all airplanes are similar in design and location. The main differences are the size and use for which the airplane is designed.

Most fuselage cross-sections (fig.1.34) are relatively circular in shape. This is done for two reasons: a) by eliminating corners, the flow will not separate at moderate angles of attack or sideslip; b) when the fuselage is pressurized, a circular fuselage can resist the loads with tension stresses, rather than the more severe bending loads that arise on non-circular shapes.

Many fuselages are not circular, however. Aircraft with unpressuried cabins often incorporate non-circular, even rectangular cabins in some cases, as dictated by cost constraints or volumetric efficiency.
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Fig. 1.34. Fuselage cross-sections
Sometimes substantial amounts of space would be wasted with a circular fuselage when specific arrangements of passenger seats and cargo containers must be accommodated. In such cases, elliptical or double-bubble arrangements can be used. The double-bubble geometry uses intersecting circles, tied together by the fuselage floor, to achieve an efficient structure with less wasted space.

Fuselage Diameter.  The dimensions are set so that passengers and standard cargo containers may be accommodated. Typical dimensions for passenger aircraft seats are shown (fig.1.35) by way of the several examples below.

The diameter of smaller aircraft such as commuters and business aircraft is dictated by similar considerations, although cargo is not carried below the floor and the cabin height is much more a market-driven decision.
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Fig. 1.35. Typical dimensions for passenger aircraft seats
The cross section of the A380 departs from the double-bubble concept with a rather eccentric ellipse as shown in the cross sections below (fig. 1.36).
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Fig. 1.36. The cross section of the A380
The figure shows a generic fuselage shape for a transport aircraft. The geometry is often divided into three parts (fig. 1.37): a tapered nose section in which the crew and various electronic components are housed, a constant section that contains the passenger cabin, and a mildly tapered tail cone.
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Fig.1.37. Generic fuselage shape for a transport aircraft
Note that passengers or other payload may extend over more than just the constant section, especially when the fuselage diameter is large. Because of the long tail cone sections, the pressurized payload section often extends back into this region.

Additional area is required for lavatories, galleys, closets, and flight attendant seats. The number of lavatories depends on the number of passengers, with about 40 passengers per lavatory, a typical value. One must allow at least 34"x38" for a standard lavatory. Closets take from a minimum 3/4" per passenger in economy class to 2" per first class passenger. Room for food service also depends on the airline operation, but even on 500 mi stage lengths, this can dictate as much as 1.5" of galley cabinet length per passenger. Attendant seats are required adjacent to door exits and may be stowed upright, but clear of exit paths. In addition, emergency exits must include clear aisles that may increase the overall length of the fuselage. The requirements are described in the FAR's.

On average the floor area per person ranges from 6.5 ft^2 for narrow body aircraft to 7.5 ft^2 for wide-bodies in an all-tourist configuration. A typical 3-class arrangement requires about 10 ft^2 per person.
The fuselage shape must be such that separation and shock waves are avoided when possible. This requires that the nose and tail cone fineness ratios be sufficiently large so that excessive flow accelerations are avoided.
Several rules result from these analyses: The transition from nose to constant section, and constant section to tail cone should be smooth - free of discontinuities in slope (kinks). The tail cone slopes should resemble those shown in the examples. That is, the slope must change smoothly and the trailing edge should not be blunt. The closure angle near the aft end should not be too large (half angle less than 14°-20°).
Considerations Related to Fuselage Side-View. The shape of the fuselage in side view is determined based on visibility requirements for the cockpit and ground clearance of the tail cone. Usually aft-fuselage upsweep is required to provide the capability of rotating to high angles of attack on the ground (often about 14°). The upsweep cannot be set without estimating the length of the main gear, but this can be done early in the design process by comparison with similar aircraft. Exceptions: "Flying wing" aircraft, such as the Northrop YB-49 Flying Wing and the Northrop B-2 Spirit bomber have no separate fuselage; instead what would be the fuselage is a thickened portion of the wing structure. Conversely there have been a small number of aircraft designs which have no separate wing, but use the fuselage to generate lift. Examples include NASA's experimental lifting body designs and the Vought XF5U-1 Flying Flapjack.

1.6.2. Fuselage Structure
Three main types of fuselage structures are truss, semimonocoque and monocoque.
The truss structures are formed with the spatial system of bars. Such structure is typical for old light aircraft (fig.1.38).
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Fig. 1.38. The truss structure of the fuselage
A semi-monocoque structure (fig.1.39) comprises a set of stressed members, namely: skin, frames or bulkheads, stringers, longitudinal beams. All mentioned members carry the part of loads. A semi-monocoque structure is typical for majority of modern passenger aircraft.
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Fig. 1.39. A semi-monocoque fuselage made similar to a semi-monocoque wing
In the case of monocoque fuselage, skin carries all loads, stringers, frames are absent. Such design of fuselage is rather seldom, but some units of structure may be made as a monocoque, for example aft fuselage structure, front portion of fuselage where airborne radar is located.

Fuselages of most present-day airplanes are of semi-monocoque design. The trend today is to make a fuselage of fail-safe design wherein structural safety is provided by the multy-load path concept, and to achieve this for as low a weight penalty as possible.
1.7. LANDING GEAR
1.7.1. The main functions of landing gear
The undercarriage or landing gear (LG) is the structure that supports an aircraft on the ground and allows it to taxi, takeoff and land.

The landing gear includes: strut; shock absorber; extraction / retraction mechanism; brakes; wheel; tyre.

Shock absorber and extraction/retraction mechanism may not be present in small airplanes.
The landing gear is the interface of airplane to ground, so that all the ground loads are transmitted by it to the aircraft structure. There is then a high influence of the landing gear on the local structure, which must be taken into account since the initial design stage.
Depending on aircraft category, the mass of landing gear can range from 3 to 7% of the aircraft total mass.

The main functions and at the same time they are the main regiurements also of the landing gear are as follows:
- to energy absorption at landing (landing is the main sizing conditions for the system and its surrounding structure);
- to carry out a braking (braking also determines both vertical and horizontal loads that influence structural sizing);
- to cattry out taxi control (taxi control includes steering and taxi stability;
- to provide stability and control at ground taxi operation;
- to provide safe ground maneuverability;
- to realize one hundred eighty degrees turn;
- to exclude aircraft turnover and  touchdown any parts of aircraft except undercarriage;
- to absorb the kinetic energy of shock during landing and taxing for reducing the overload and dissipate the most part of energy to exclude the shimmy;
- to have minimum resistance of motion during takeoff roll and necessary effectiveness of brakes during landing run;
- to carry out a quick extraction and retraction;
- to ensure emergency extraction of LG;
- to provide reliability of extraction/retraction mechanism;
- to prevent selfoscillations (shimmy is the vibration of landing gear strut under the action of elastic forces), with the insufficient stiffness of structure of wheels and struts of LG.

And the general requirements to the LG are as follows:
- to have minimum weight under established strength, stiffness, and durability;
- to have minimum drag in extraction/retraction position;
- to have high manufacturability of structure;
- to have good maintenance performance.
1.7.2. Classification of the landing gear
Landing gear classification according to their layout. The layout of the landing gear determines the load transfer to the structure, ground stability and control.
- The most landing gear arrangement is tricycle (fig.1.40, fig.1.41), consisting of a main landing gear group located near the aircraft centre of gravity and a nose landing gear.
The nose landing gear has a series of unquestioned advantages:

· lateral stability in taxiing;
· stability in braking;
· steady touch down with no risk of aerodynamic bounce;
· high pilot visibility during taxiing; (as the nose of the aircraft is level and does not block the view ahead);
· horizontal floor (occupants’ comfort and easy freight loading);
· low drag during take-off acceleration. (A further plus is that the aircraft is at a small angle of attack so that the thrust of the engine is more parallel to the direction of travel, allowing faster acceleration during takeoff.)
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Fig.1.40. Tricycle or nosewheel landing gear



Fig.1.41. An-148 tricycle landing gear
The greatest drawback of tricycle gear is the greater weight and drag incurred by adding the large nosewheel strut. Planes with nosewheels almost always require retraction mechanisms to reduce drag.
Some planes with tricycle gear also have difficulty rotating the nose up during takeoff because the main wheels are located so close to the elevator, and there may be insufficient control effectiveness. Similarly, the closeness to the rudder reduces its effectiveness in counteracting crosswinds.
Another critical factor when designing tricycle gear is to properly balance the load carried by the main gear versus the nosewheel. Too little load on the main wheels reduces their braking effectiveness while too little on the nosewheel reduces its steering effectiveness. Careful balancing weight is also important to prevent the plane from tipping back on its tail while at rest on the ground.

The Tailwheel configuration (fig. 1.42) has several advantages over the tricycle landing gear arrangement (The Cessna 170 is a light, single-engine, general aviation aircraft produced by the Cessna Aircraft Company):
1. Due to its smaller size the tailwheel has less parasite drag than a nosewheel, allowing the conventional geared aircraft to cruise at a higher speed at the same power.
2. Tail wheels are less expensive to buy and maintain than a nosewheel.
3. If a tailwheel fails on landing, the damage to the aircraft will be minimal. This is not the case in the event of a nosewheel failure, which usually results in propeller damage.

4. Tailwheel aircraft are easier to steer on the ground and, as the tail is rather low, they will fit into some hangars without problem.

5. Due to the increased propeller clearance on tail wheel aircraft less stone chip damage will result from operating a conventional geared aircraft on rough or gravel airstrips. Because of the way airframe loads are distributed while operating on rough ground, tail wheel aircraft are better able to sustain this type of use for a long period of time, without cumulative airframe damage.
6. Tail wheel aircraft are also more suitable for operation with skis.

The conventional landing gear arrangement does have some disadvantages, compared to the nose wheel aircraft:
1. Tail wheel aircraft are much more subject to "nose-over" accidents, due to main wheels becoming stuck in holes or injudicious application of brakes by the pilot.

2. Conventional geared aircraft are much more susceptible to ground looping. A ground loop is a rapid rotation of a fixed-wing aircraft in the horizontal plane while on the ground. Aerodynamic forces may cause the advancing wing to rise, which may then cause the other wingtip to touch the ground. A ground loop occurs when directional control is lost on the ground. This event can result in damaging the aircraft's undercarriage, tires, wingtips and propeller. Avoidance of  ground loops requires increased pilot training and skill.

3. Tail wheel aircraft generally suffer from poor forward visibility on the ground, compared to nose wheel aircraft.
4. Tail wheel aircraft are more difficult to taxi during strong wind conditions, due to the higher angle of attack on the wings. They also suffer from lower crosswind capability and in some wind conditions may be unable to use crosswind runways or single-runway airports.

5. Conventional geared aircraft require more training hours for student pilots to master their skills.



Fig. 1.42. An-2 with tail dragger landing gear
Landing a conventional geared aircraft can be accomplished in two ways. Normal landings are done by touching all three wheels down at the same time in a three-point landing. This method does allow the shortest landing distance but can be difficult to carry out in crosswinds. A common variant of this method is the stalled landing, in which the aircraft is stalled above the runway in a three-point attitude. The stalled landing is less preferable than the other techniques, but has the advantage of reducing the probability of the aircraft bouncing back into the air.

The alternative is the wheel landing. This requires the pilot to land the aircraft on the main wheels while maintaining the tail wheel in the air with elevator to keep the angle of attack low. Once the aircraft has slowed to a speed that can ensure control will not be lost, but above the speed at which rudder effectiveness is lost, then the tail wheel is lowered to the ground.
Bicycle gear. Bicycle (fig.1.43) gear features two main gears along the centerline of the aircraft, one forward and one aft of the center of gravity. To prevent the plane from tilting over sideways there are two small outrigger gear mounted along the wing.
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Fig. 1.43. Bicycle gear: a) scheme; b) bicycle gear of B-47 Stratojet
The only real advantage of bicycle gear over either the taildragger or tricycle arrangements is lower weight and drag. Bicycle gear is also useful on planes with very long and slender fuselages where there is little room for more traditional undercarriage arrangements. Unfortunately, bicycle gear is very demanding on the pilot who must maintain a very level attitude during takeoff and landing while carefully managing airspeed.
Because of these limitations, bicycle gear is generally limited to planes with high aspect ratio wings that generate high lift at low angles of attack.
Single main gear. Single main gear (fig. 1.44) layout features a single large gear unit and a much smaller auxiliary tailwheel along the centerline. Outriggers are again provided for stability.
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Fig. 1.44. Single main gear scheme
This design is particularly simple, lightweight, and low drag and may even include skids rather than wheels. This simplicity makes the gear arrangement attractive for use on light planes like gliders and sailplanes, but the single main gear is generally impractical for larger aircraft.
Quadricycle gear. Quadricycle gear (fig. 1.45) is also very similar to the bicycle arrangement with the exception that there are four main gears of roughly equal size and mounted along the fuselage.
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Fig. 1.45. Quadricycle gear: a) scheme; b)  landing gear of Boeing B-52
Like bicycle gear, the quadricycle undercarriage also requires a very flat attitude during takeoff and landing. This arrangement is also very sensitive to roll, crosswinds, and proper alignment with the runway. The most significant advantage of quadricycle gear is that the plane's floor can be very close to the ground for easier loading and unloading of cargo. However, this benefit comes at the expence of much higher weight and drag than bicycle gear. The most well known example is the B-52 bomber. This aircraft combines features both quadricycle and bicycle arrangements since it has four main gear plus two small outriggers near the wingtips.
Multi-bogie gear. When multiple wheels are placed on the same gear unit, they are attached together on a structural device called a bogie (fig. 1.46 – fig. 1.47). The heavier the aircraft becomes, the more wheels are typically added to the bogie to spread the plane's weight more evenly across the runway pavement.
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Fig. 1.46. Schemes of Airbus A380 multi-bogie main gear




Fig.1.47. Main landing gear of An- 225
The best examples of multi-bogie aircraft are large mega jets like the An-225. This cargo plane has seven pairs of wheels on each main gear assembly plus four nosewheels, containing 32 tires. Another good example is Boeing 747 equipped with four main gear units, each with four-wheel bogies, plus twin nosewheels so that the plane's weight is spread along 18 wheels.
1.8. PRIMARY FLIGHT CONTROLS
The primary flight controls maneuver the airplane about the pitch, roll, and yaw axes. They include the ailerons, elevator, and rudder.
Secondary or auxiliary flight controls include tabs, leading edge flaps, trailing edge flaps, spoilers, and slats. Primary and secondary control surfaces of Boeing 737 and 727 are shown in fig. 1.48.
In flight, any aircraft will rotate about its center of gravity, a point which is the average location of the aircraft mass. We can define a three dimensional coordinate system through the center of gravity with each axis of this coordinate system perpendicular to the other two axes. Then we can define the orientation of the aircraft by the amount of rotation of the aircraft parts along these principal axes (fig. 1.49).
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Fig. 1.48. Boeing 727 primary and secondary control surfaces
The yaw axis is defined as perpendicular to the plane of the wings with its origin in the center of gravity. A yaw motion is a movement of the nose of the aircraft from side to side.
The pitch axis is perpendicular to the yaw axis and is parallel to the plane of the wings with its origin at the center of gravity. A pitch motion is an up or down movement of the nose of the aircraft.
The roll axis is perpendicular to the other two axes with its origin in the center of gravity, and is directed towards the nose of the aircraft. A rolling motion is an up and down movement of the aircraft wing tips.

The primary group of control surfaces, called “ailerons”, “elevators”, and “rudders”, causes the airplane to rotate about various axes.

In flight, the control surfaces of an aircraft produce aerodynamic forces.
These forces are applied in the center of pressure of the control surfaces which are at some distance from the aircraft center of gravity and produce torques (or moments) about the principal axes. The torques cause the aircraft to rotate. The elevators produce a pitching moment, the rudder produces a yawing moment, and the ailerons produce a rolling moment. The ability to vary the amount of the force and the moment allows the pilot to maneuver or to trim the aircraft. The first aircraft to demonstrate active control about all three axes was the Wright brothers' glider in 1902.
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Fig. 1.49. Aircraft rotation

Ailerons are sections hinged to the outboard portion of a wing. Ailerons usually work in opposition: when the right aileron is deflected upward, the left is deflected downward, and vice versa. The ailerons are used to bank the aircraft; to cause one wing tip to move up and the other wing tip to move down. The banking creates an unbalanced side force component of the large wing lift force which causes the aircraft's flight path to curve. The ailerons work by changing the effective shape of the airfoil of the outer portion of the wing. Changing the angle of deflection at the rear of an airfoil will change the amount of lift generated by the airfoil. With greater downward deflection, the lift will increase in the upward direction. The lift force (Fl) of the wing section through the aileron is applied in the aerodynamic center of the section which is some distance (L) from the aircraft center of gravity. This creates a torque about the center of gravity:
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Some jet transports have two sets of ailerons; a pair of outboard low-speed ailerons, and a pair of high-speed inboard ailerons. When the flaps are fully retracted after takeoff, the outboard ailerons are automatically locked out in the faired position.

Adverse yaw. To understand the concept better, let's study a picture which shows what happens when the pilot deflects the ailerons to roll the aircraft. (fig. 1.50).
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Fig. 1.50. Effects caused by aileron deflection
Unfortunately, drag is also affected by this aileron deflection. More specifically, two types of drag, called induced drag and profile drag, are increased when ailerons are deployed. Induced drag is a form of drag that is induced by any surface that generates lift. The more lift a surface produces the more induced drag it will cause (for a given wingspan and wing area). Thus, the wing on which the aileron is deflected downward to generate more lift also experiences more induced drag than the other wing. Profile drag includes all other forms of drag generated by the wing, primarly skin friction and pressure drag. A larger total drag force exists on the wing with the down aileron. This difference in drag creates a yawing motion in the opposite direction of the roll. Since the yaw motion partially counteracts the desired roll motion, we call this effect adverse yaw. We can correct this effect in several ways. The most important methods are: Frise ailerons and differential ailerons.

Frise ailerons. The concept of this particular kind of aileron (fig. 1.51) is to minimize the profile drag on the wing with the down aileron while increasing the profile drag on the wing with the up aileron. This difference in profile drag counteracts the effect of induced drag thereby creating a yawing motion that at least partially cancels the adverse yaw effect.
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Fig. 1.51. Frise ailerons
Frise ailerons accomplish this differential profile drag by maintaining a smooth contour between the upper surfaces of the wing and aileron, causing very little drag, while the bottom surface of the aileron juts downward to create a large increase in profile drag. Although this approach is simple and provides some relief. The performance of Frise ailerons is very dependent on operating conditions. That is why, such ailerons are often partially effective at overcoming adverse yaw.

Differential ailerons. Another approach to solving adverse yaw is to deflect the ailerons by differing amounts. The deflection of the down aileron is typically much less than the up aileron so that the additional profile drag is very small compared to that on the up aileron (fig. 1.52).
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Fig. 1.52. Differential ailerons
As in the case of Frise aileron, this differential profile drag produces a yawing motion that at least partially offsets the adverse yaw, but the effect is limited.
At the rear of the fuselage of most aircraft, one finds a horizontal stabilizer and an elevator.
The stabilizer is a fixed wing section whose job is to provide aircraft stability, to keep it flying straight. The horizontal stabilizer prevents up-and-down, or pitching, motion of the aircraft nose. The elevator is the small moving section at the rear of the stabilizer that is attached to the fixed sections by hinges. Because the elevator moves, it varies the amount of force generated by the tail surface and is used to generate and control the pitching motion of the aircraft.
The elevator is used to control the position of the nose of the aircraft and the wing angle of attack. The changing the inclination of the wing to the local flight path changes the amount of lift which the wing generates. This, in turn, causes the aircraft to climb or dive. During take off the elevators are used to bring the nose of the aircraft up to begin the climb. During a banked turn, elevator inputs can increase the lift and cause a steep turn.
At the rear of the aircraft fuselage one finds a vertical stabilizer or fin and a rudder.

The stabilizer is a fixed wing section whose job is to provide stability for the aircraft, to keep it flying straight. The vertical stabilizer prevents side-to-side, or yawing, motion of the aircraft nose.
The rudder is the small moving section at the rear of the stabilizer that attached to the fixed sections by hinges. As the rudder moves, it varies the amount of force generated by the tail surface and is used to generate and control the yawing motion of the aircraft.
A large variety of aircraft tail shapes were employed during past century. These include configurations often denoted by the letters whose shapes they resemble in front view: T, V, H, + , Y, inverted V. The selection of the particular configuration involves complex system-level considerations, but here are a few of the reasons these geometries have been used.

The conventional configuration with a low horizontal tail is a natural choice since roots of both horizontal and vertical surfaces are conveniently attached directly to the fuselage. In this design, the effectiveness of the vertical tail is large because interference with the fuselage and horizontal tail increase its effective aspect ratio. Large areas of the tails are affected by the converging fuselage flow, which however, can reduce the local dynamic pressure.

T-tail is often chosen to move the horizontal tail away from engine exhaust and to reduce aerodynamic interference. The vertical tail is quite effective, being 'end-plated' on one side by the fuselage and on the other by the horizontal tail. By mounting the horizontal tail at the end of a swept vertical, the tail length of the horizontal can be increased. This is especially important for short-coupled designs such as business jets. The disadvantages of this arrangement include higher vertical fin loads, potential flutter difficulties, and problems associated with deep-stall. One can mount the horizontal tail part-way up the vertical surface to obtain a cruciform tail. In this arrangement the vertical tail does not benefit from the end plating effects obtained either with conventional or T-tails, however, the structural issues with T-tails are mostly avoided and the configuration may be necessary to avoid certain undesirable interference effects, particularly near stall.

V-tails combine functions of horizontal and vertical tails. They are sometimes chosen because of their increased ground clearance, reduced number of surface intersections, or novel look, but require mixing of rudder and elevator controls and often exhibit reduced control authority in combined yaw and pitch maneuvers.

H-tails use the vertical surfaces as endplates for the horizontal tail, increasing its effective aspect ratio. The vertical surfaces can be made less high since they enjoy some of the induced drag savings associated with biplanes. H-tails are sometimes used on propeller aircraft to reduce the yawing moment associated with propeller slipstream impingement on the vertical tail. More complex control linkages and reduced ground clearance limit their widespread use.

Y-shaped tails have been used on aircraft, when the downward projecting vertical surface can serve to protect a pusher propeller from ground strikes or can reduce the 1-per-rev interference that would be more severe with a conventional arrangement and a 2 or 4-bladed prop. Inverted V-tails have some of the same features and problems with ground clearance while producing a favorable rolling moments with yaw control input.
The tail surfaces should have lower thickness and/or higher sweep than the wing (usually about 5°) to prevent strong shocks on the tail in normal cruise. If the wing is very highly swept, the horizontal tail sweep is not increased mainly because of the effect on lift curve slope. Tail t/c values are often lower than that of the wing since t/c of the tail has a less significant effect on weight. Typical values range from 8% to 10%.

Typical aspect ratios are about 4 to 5. T-Tails are sometimes higher (5-5.5), especially to avoid aft-engine/pylon wake effects.

ARv is about 1.2 to 1.8 with lower values for T-Tails. The aspect ratio is the square of the vertical tail span (height) divided by the vertical tail area, bv2 / Sv.

Taper ratios of about 0.4 to 0.6 are typical for tail surfaces, since lower taper ratios would lead to unacceptably small Reynolds numbers. T-Tail vertical surface taper ratios range from of 0.85 to 1.0 to provide adequate chord for attachment of the horizontal tail and associated control linkages.

Horizontal tails are generally used to provide trim and control over a range of conditions. Typical conditions at which tail control power may be critical and which sometimes determine the required tail size include: take-off rotation (with or without ice), approach trim and nose-down acceleration near stall. Many tail surfaces are normally loaded downward in cruise. For some commercial aircraft the tail download can be as much as 5% of the aircraft weight.
Canard configuration. The term canard refers to a control surface that functions as a horizontal stabilizer but is located in front of the main wings. The term is also used to describe an airplane equipped with a canard. In effect, it is an airfoil similar to the horizontal surface on a conventional aft-tail design. The difference is that the canard actually creates lift and holds the nose up, in contrast to the aft-tail design which exerts downward force on the tail to prevent the nose from rotating downward.

Although the Wright Flyer was configured as a canard with the horizontal surfaces in front of the lifting surface, it was not until recently that the canard configuration began appearing was used at new airplanes. Canard designs include two types—one with a horizontal surface of about the same size as a normal aft-tail design, and the other with a surface of approximately size and airfoil of the aft-mounted wing known as a tandem wing configuration. Theoretically, the canard is considered more efficient because using the horizontal surface to help lift the weight of the aircraft should result in less drag for a given amount of lift.

The canard main advantage is in the area of stall characteristics. A properly designed canard or tandem wing will run out of authority to raise the nose of the aircraft at a point before the main wing stall. This makes the aircraft stall-proof and results only in a descent rate that can be halted by adding power.

Ailerons on the main wing remain effective throughout the recovery. Other canard configurations are designed so that canard stalls occurs before the main wing, automatically lowering the nose and recovering the aircraft to a safe flying speed. And, the ailerons remain effective throughout the stall.

The canard design has several limitations. First, it is important that the forward lifting surface of a canard design stalls before the main wing. If the main wing stalls first, the lift remaining from the forward wing or canard would be well ahead of the CG, and the airplane would pitch up uncontrollably. Second, when the forward surface stalls first, or is limited in its ability to increase the angle of attack, the main wing never reaches a point where its maximum lift is created, sacrificing some performance. Third, use of flaps on the main wing causes design problems for the forward wing or canard. As lift on the main wing is increased by extension of flaps, the lift requirement of the canard is also increased. The forward wing or canard must be large enough to accommodate flap use, but not so large that it creates more lift than the main wing.

Finally, the influence of the main wing on the forward surface also makes a difference. When positioned closely in the vertical plane, downwash from the forward wing can have a negative effect on the lift of the main wing. Increasing vertical separation increases efficiency of the design. Efficiency is also increased as the size of the two surfaces grows closer to being equal.

1.9. SECONDARY FLIGHT CONTROLS

Tabs. Trim tabs (fig. 1.53) are used to reduce the load exerted by pilot to stick. They are very important as it is not so tiresome for the pilot to hold steady flight. Trim tabs may be set when the airplane is on the ground or manually operated and set by the pilot.
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Fig. 1.53. Elevator with trim tab and horn balance
A trim tab is a small, adjustable and hinged surface on the trailing edge of the aileron, rudder, or elevator control surfaces. Trim tabs are labour saving devices that enable the pilot to release manual pressure on the primary controls.
Some airplanes have trim tabs on all three control surfaces adjustable from the cockpit; others have them only on the elevator and rudder; and some have them only on the elevator. Some trim tabs are the ground-adjustable type only.
The tab is moved in the direction opposite to the primary control surface, to relieve pressure on the control wheel or rudder control. For example, consider the situation in which we wish to adjust the elevator trim for level flight. ("Level flight" is the attitude of the airplane when it maintains a constant altitude.) Suppose back pressure is required on the control wheel to maintain level flight and we wish to adjust the elevator trim tab to relieve this pressure. Since we are holding back pressure, the elevator will be in the "up" position. The trim tab must then be adjusted downward so that the airflow striking the tab will hold the elevators in the desired position. Conversely, if forward pressure is being held, the elevators will be in the down position, so the tab must be moved upward to relieve this pressure. In this example, we are talking about the tab itself and not the cockpit control.
Rudder and aileron trim tabs operate on the same principle as the elevator trim tab to relieve pressure on the rudder pedals and sideward pressure on the control wheel, respectively.

The tabs are usually controlled by a wheel which is often situated on the floor between the two front seats. Some aircraft have the trim controlled by a small rocker switch on the control column. The aircraft should be trimmed after every change in attitude or power setting. 

The control forces may be extremely high in some airplanes, and in order to decrease them, the manufacturer may use balance tabs (fig. 1.54).
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Fig. 1.54. Balance tab
They look like trim tabs and are hinged in approximately the same places as trim tabs. The essential difference between the two is that the balance tab is coupled to the control surface rod so that when the primary control surface is moved in any direction, the tab automatically moves in the opposite direction.
If the linkage between the tab and the fixed surface is adjustable from the cockpit, the tab acts as a combination of trim and balance tab, which can be adjusted to any desired deflection. Any time the control surface is deflected, the tab moves in the opposite direction and reduces the load on the pilot.

Adjustable stabilizer. Rather than using a movable tab on the trailing edge of the elevator, some airplanes have an adjustable stabilizer. With this arrangement linkages pivot the horizontal stabilizer about its rear spar. This is accomplished by use of a jackscrew mounted on the leading edge of the stabilator. On small airplanes, the jackscrew is cable-operated with a trim wheel or crank, and on larger airplanes, it is motor driven. The trimming effect and cockpit indications for an adjustable stabilizer are similar to those of a trim tab.

PART II
AIRCRAFT SYSTEMS DESIGN
2.1. FLIGHT CONTROL SYSTEMS
Flight control systems (FCS) are classified as follows: mechanical FCS; hydromechanical FCS (powered flight control units (PFCU)); fly-by-wire FCS.
2.1.1. Mechanical flight control systems
The mechanical FCS are the most basic designs. They were used in early aircraft and currently in small aeroplanes where the aerodynamic forces are not excessive. The FCS uses a collection of mechanical parts such as rods, cables, pulleys and sometimes chains to transmit the forces of the cockpit controls to the control surfaces. Since an increase in control surface area in bigger airplane leads to an exponential increase in forces needed to move them, complicated mechanical arrangements are used to extract maximum mechanical advantage in order to make the forces required bearable to the pilots. This arrangement is found on bigger or higher performance propeller aircraft such as the An-24 or An-140.Some mechanical FCS use servo tabs that provide aerodynamic assistance to reduce complexity.

2.1.2. Hydromechanical flight control system
The complexity and weight of a mechanical FCS increase considerably with size and performance of the airplane. A hydraulic FCS has 2 parts: the mechanical circuit and the hydraulic circuit. The mechanical circuit links the cockpit controls with the hydraulic circuits. Like the mechanical FCS, it is made of rods, cables, pulleys, and sometimes chains. The hydraulic circuit has hydraulic pumps, pipes, valves and actuators. The actuators are powered by the hydraulic pressure generated by the pumps in the hydraulic circuit. The actuators convert hydraulic pressure into control surface movements. The servo valves control the movement of the actuators.

The pilot's movement of a control causes the mechanical circuit to open the appropriate servo valves in the hydraulic circuit. The hydraulic circuit powers the actuators which then move the control surfaces. This arrangement is found in most jet transports and high performance aircraft.

In the mechanical FCS, the aerodynamic forces on the control surfaces are transmitted through the mechanisms (artificial sensing devices) and can be felt by the pilot. This gives a tactile feedback of airspeed and aids flight safety. The hydromechanical FCS lacks this "feel". The aerodynamic forces are only felt by the actuators. Artificial sensing devices are fitted to the mechanical circuit of the hydromechanical FCS to simulate this "feel". They increase resistance with airspeed and vice-versa. The pilots feel as if they are flying an aircraft with a mechanical FCS.
2.1.3. Fly-by-wire flight control systems
With the invention of the autopilot, it is possible to control an aircraft electrically. The pilot utilizes switches on the autopilot for control. Later on autopilots can accept steering commands directly from the cockpit controls. The cockpit controls must be fitted with transducers.
As autopilot reliability improves, the next logical stage of FCS evolution was to remove completely the mechanical circuit, creating the fly-by-wire FCS.

Analog fly-by-wire FCS. The fly-by-wire FCS eliminates the complexity, fragility and weight of the mechanical circuit of the hydromechanical FCS and replaces it with an electrical circuit. The cockpit controls now operate signal transducers which generate the appropriate commands. The commands are processed by an electronic controller. Nowadays the autopilot is a part of the electronic controller. The hydraulic circuits are similar except that mechanical servo valves are replaced with electrically controlled servo valves. The valves are operated by the electronic controller.

In this configuration, the FCS must simulate "feel". The electronic controller controls electrical sensing devices that provide the appropriate "feel" forces on the manual controls. This is still used in the Embraer 170 and Embraer 190 and was used in the Concorde, the first fly-by-wire airliner.
Digital fly-by-wire FCS. On more sophisticated versions, analog computers replaced the electronic controller. A digital fly-by-wire FCS is similar to its analogue conterpart. However, the signal processing is done by digital computers. The pilot literally can "fly-via-computer". This increases flexibility as the digital computers can receive input from any aircraft sensor. It also increases stability, because the system is less dependent on the values of critical electrical components in an analog controller.

Power-by-wire FCS. Having eliminated the mechanical circuits in fly-by-wire FCS, the next step is to eliminate the bulky and heavy hydraulic circuits. The hydraulic circuit is replaced by an electrical power circuit. The power circuits power electrical or self-contained electrohydraulic actuators that are controlled by the digital flight control computers. All benefits of digital fly-by-wire are retained.
The biggest benefits are weight savings, the possibility of redundant power circuits and tighter integration between the aircraft FCS and its avionics systems. The absence of hydraulics greatly reduces maintenance costs.

Intelligent FCS. A newer flight control system, called Intelligent Flight Control System (IFCS), is an extension of modern digital fly-by-wire FCS. The aim of IFCS is to intelligently compensate for aircraft damage and failure during mid-flight, as automatically using engine thrust and other avionics we compensate for severe failures such as loss of hydraulics, loss of rudder, loss of ailerons, loss of an engine, etc.
Fly-by-optics FCS. Fly-by-optics is sometimes used instead of fly-by-wire because it can transfer data at higher speeds, and it is immune  to electromagnetic interference. In most cases, only the electronic interface to the wire changes. The data generated by the software and interpreted by the controller remain the same.

2.1.4. Flight instruments
Most aircraft are equipped with a standard set of flight instruments which gives the pilot information about the aircraft's attitude, airspeed, and altitude. Most aircraft have six basic flight instruments:

Altimeter (fig. 2.1.). Gives the aircraft's height (usually in feet or meters) above some reference level (usually sea-level) by measuring the local air pressure. It is adjustable for local barometric pressure (referenced to sea level) which must be set correctly to obtain accurate altitude readings.




Fig. 2.1. .Altimeter
Attitude indicator (fig. 2.2.) (also known as an artificial horizon) shows the aircraft's attitude relative to the horizon. From this the pilot can tell whether the wings are leveled and if the aircraft nose is pointing above or below the horizon. This is a primary instrument for instrument flight and is also useful in poor visibility. Pilots are trained to use other instruments in combination should this instrument or its power fail.
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Fig .2.2. Attitude indicator
Airspeed indicator (fig. 2.3.) shows the aircraft's speed (usually in knots) relative to the surrounding air. It works by measuring the ram-air pressure in the aircraft's pitot tube. The indicated airspeed must be corrected for air density (which varies with altitude, temperature and humidity) in order to obtain the true airspeed, and for wind conditions in order to obtain the speed in relation to the ground.
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Fig. 2.3. Airspeed indicator
Magnetic compass (fig. 2.4.). Shows the aircraft's heading relative to magnetic north. While reliable in steady level flight it can give confusing indications when turning, climbing, descending, or accelerating due to the inclination of the earth's magnetic field. For this reason, the heading indicator is also used for aircraft operation. For purposes of navigation it may be necessary to correct the direction indicated (which points to a magnetic pole) in order to obtain direction of true north or south (which points to the earth's axis of rotation).
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Fig. 2.4. Magnetic compass
Heading indicator (fig. 2.5.).  Also known as the directional gyro, or DG. Sometimes also called the gyrocompass, though usually not in aviation applications. Displays the aircraft's heading with respect to geographical north. Principle of operation is a spinning gyroscope, and is therefore subjected to drift errors (called precession) which must be periodically corrected by calibrating the instrument to the magnetic compass. In many advanced aircraft (including almost all jet aircraft), the heading indicator is replaced by a Horizontal Situation Indicator (HSI) which provides the same heading information, but also assists in navigation.
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Fig. 2.5. Heading indicator
Turn and bank indicator, turn coordinator or turn indicator  (fig. 2.6.). The turn and bank indicator, also called the turn and slip indicator, displays direction of turn and rate of turn. Internally mounted inclinometer displays 'quality' of turn, i.e. whether the turn is correctly coordinated, as opposed to an uncoordinated turn, where in the aircraft would be in either a slip or a skid. It replaced in the late sixties and early seventies by the newer turn coordinator, the turn and bank is typically only seen in aircraft manufactured prior to that time, or in gliders manufactured in Europe. A turn coordinator displays rate and direction of roll while the aircraft is rolling; displays rate and direction of turn while the aircraft is not rolling. Internally mounted inclinometer also displays quality of turn. It replaced the older turn and bank indicator.
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Fig. 2.6. Turn and bank indicator
Vertical speed indicator (fig. 2.7.) is also sometimes called a variometer. Senses changing air pressure, and displays that information to the pilot as a rate of climb or descent in feet per minute, meters per second or knots.
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Fig. 2.7. Vertical speed indicator
2.2. AIRCRAFT FUEL SYSTEM
The purpose of an aircraft fuel system is to store and deliver the proper amount of clean fuel at the correct pressure to the engine. Fuel systems should provide positive and reliable fuel flow through all phases of flight including: a) changes in altitude, b) violent maneuvers, c) sudden acceleration and deceleration.

Fuel systems should also continuously monitor system operation such as: Fuel pressure, Fuel flow, Warning signals, Tank quantity.

Fuel systems can be classified into two broad categories: 1) Gravity-Feed Systems, 2) Pressure-Feed Systems.

Gravity-Feed Systems. This type of system is often used in high-wing light aircraft. Gravity-Feed Systems use only the force of gravity to push fuel to the engine fuel-control mechanism. The bottom of the fuel tank must be situated high enough to provide adequate pressure to the fuel-control component..
Pressure-Feed Systems. Pressure-Feed Systems require the use of a fuel pump to provide fuel-pressure to the engine fuel-control component.

There are two main reasons why these systems are necessary: 1) The fuel tanks are placed too low to provide enough pressure from gravity, 2) The fuel tanks are a great distance from the engine.

Also, most large aircraft with higher powered engines require a pressure system regardless of the fuel tank location because of the large volume of fuel used by the engines.

Fuel System Components. To better understand aircraft fuel systems and their operation, the description of some components of aircraft fuel systems is included.

Fuel Tanks. There are three basic types of aircraft fuel tanks: rigid removable tanks, bladder tanks, and integral fuel tanks. The type of aircraft, its design and intended use determine which fuel tank is installed in an aircraft. Most tanks are constructed of noncorrosive materials. They are typically made to be vented either through a vent cap or a vent line. Aircraft fuel tanks have a low area called a sump that is designed as a place for contaminants and water. The sump is equipped with a drain valve used to remove the impurities during preflight walk-around inspection. Most aircraft fuel tanks contain some sort of baffling to subdue the fuel from shifting rapidly during flight maneuvers. The use of a scupper constructed around the fuel filler neck to drain away any spilled fuel is also common.

Rigid Removable Fuel Tanks. Rigid removable fuel tanks are used in many aircraft, especially older ones. A rigid tank is made from various materials, and it is strapped into the airframe structure. The tanks are often riveted or welded together and can include baffles, as well as the other fuel tank features described above. They typically are made from aluminum alloy or stainless steel and are riveted and seam welded to prevent leaks. Regardless of the actual construction of removable metal tanks, they must be supported by the airframe and held in place with some sort of padded strap arrangement to resist shifting in flight. The wings are the most popular location for fuel tanks. Many fuselage tanks also exist. In all cases, the structural integrity of the airframe does not rely on the tanks being installed, so the tanks are not considered integral.
It is very convenient that a fuel tank can be removed, repaid or replaced in case any leaks or malfunction occur.

Bladder Fuel Tanks. A fuel tank is made out of a reinforced flexible material. A bladder tank contains most of the features and components of a rigid tank but does not require large opening in the aircraft skin to install. It bladder tanks must be attached to the structure with clips or other fastening devices. Bladder fuel tanks are used on aircraft of all size. They are strong and have a long life having seams only around installed features, such as the tank vents, sump drain, filler spout, etc.

Integral Fuel Tanks. On many aircraft, parts of the wings or fuselage structure are sealed with a fuel resistant two-part sealant to form a fuel tank. The sealed skin and structural members provide the highest volume of space available with the lowest weight. This type of tank is called an integral fuel tank since it forms a tank as a unit within the airframe structure.

Integral fuel tanks in the otherwise unused space inside the wings are most common. For fuel management purposes, sometimes a wing is sealed into separate tanks and may include a surge tank or an overflow tank, which is normally empty but sealed to hold fuel when needed. When an aircraft maneuvers, the long horizontal integral wing tank requires baffling to keep the fuel from sloshing. The wing ribs and box beam and other structural members serve as baffles. Baffle check valves are commonly used. These valves allow fuel to move to the low, inboard sections of the tank but prevent it from moving outboard. They ensure that the fuel boost pumps located in the bottom of the tanks at the lowest points above the sumps always have fuel to pump regardless of aircraft attitude. Integral fuel tanks must have access panels for inspection and repairs of the tanks and other fuel system components.

Aircraft using integral fuel tanks normally have sophisticated fuel systems that include in-tank boost pumps. There are usually at least two pumps in each tank that deliver fuel to the engines under positive pressure.
On various aircraft, these in-tank boost pumps are also used to transfer fuel to other tanks, jettison fuel, and defuel the aircraft.

Most transport category aircraft fuel systems are very much alike. Integral fuel tanks are the norm with much of each wing structure sealed to enable its use as a fuel tank. Center wing section or fuselage tanks are also common. These may be sealed structure or bladder type.
Fig. 2.8 shows a diagram of a Boeing 777 fuel tank configuration with tank capacities.
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Fig. 2.8.  Boeing 777 fuel tank configuration
Fuel Lines. Aircraft fuel lines can be rigid or flexible depending on location and application. Rigid lines are often made of aluminum alloy. However, in the engine compartment, wheel wells, and other areas, subjected to damage caused by debris, abrasion, and heat, stainless steel lines are often used.

Flexible fuel hose has a synthetic rubber interior with a reinforcing fiber braid wrap covered by a synthetic exterior. The diameters of all fuel hoses and line are determined by the fuel flow requirements of the aircraft fuel system. Flexible hoses are used in areas where vibration exists between components, such as between the engine and the aircraft structure.

Metal fuel lines and all aircraft fuel system components need to be electrically bonded and grounded to the aircraft structure. This is important because fuel flowing through the fuel system generates static electricity.

Fuel Valves. Large aircraft fuel systems have numerous valves. Most simply open and closed have different names related to their location and function in the fuel system (e.g., shutoff valve, transfer valve, crossfeed valve). Fuel valves can be manually operated, solenoid operated, or operated by electric motor.

Hand-Operated Valves. There are three basic types of hand-operated valves used in aircraft fuel systems. The cone-type valve and the poppet-type valve are commonly used in light general aviation aircraft as fuel selector valves. Gate valves are used on transport aircraft as shutoff valves. While many are motor operated, there are several applications in which gate valves are hand operated.

Cone Valves. A cone valve, also called a plug valve, consists of a machined valve housing, into which a rotatable brass or nylon cone is set. The cone is manually rotated by the pilot with an attached handle. Passageways are machined through the cone so that, as it is rotated, fuel can flow from the selected source to the engine.
Poppet Valves. Selector valves are usually of the poppet type. As the handle is rotated in this valve, a cam on the attached shaft lifts the poppet off the seat of the selscted port. At the same time, spring-assisted poppets close off the ports that are not selected. A similar mechanism is used in some selector valves, but instead of poppets balls are used.

Manually-Operated Gate Valves. A single selector valve is not used in complex fuel systems of transport aircraft. Fuel flow is controlled with a series of ON/OFF, or shutoff type valves that are plumbed between system components. Hand-operated gate valves can be used, especially fire control valves, which require no electrical power to shutoff fuel flow when the fire emergency handle is pulled. The valves are typically positioned in the fuel feed line of each engine. Hand-operated gate valves are also featured as ground-operated defuel valves and boost pump isolation valves, which shut off the fuel to the inlet of the boost pump, allowing it to be changed without emptying the tank. Gate valves utilize a sealed gate or blade that slides into the path of the fuel, blocking its flow when closed. When the handle is rotated, the actuating arm inside the valve moves the gate blade down between seals and into the fuel flow path. A thermal relief bypass valve is incorporated to relieve excess pressure buildup against the closed gate due to temperature increase.

Motor-Operated Valves. The use of electric motors to operate fuel system valves is common on large aircraft due to the remote location of fuel system components from the cockpit. The types of valves used are basically the same as the manually operated valves, but electric motors are used to actuate the units.
Solenoid-Operated Valves. An additional way to operate a remotely located fuel valve is through the use of electric solenoids. A poppet-type valve is opened via the magnetic pull that is developed when an opening solenoid is energized.
Fuel Pumps. Other than aircraft with gravity-feed fuel systems, all aircraft have at least one fuel pump to deliver clean fuel under pressure to the fuel metering device for each engine. Engine-driven pumps are the primary delivery device. Auxiliary pumps are used on many aircraft as well. Sometimes auxiliary pumps known as booster pumps or boost pumps are used to supply fuel under positive pressure to the engine-driven pump and during starting when the engine-driven pump is not yet up to speed for sufficient fuel delivery. They are also used to back up the engine-driven pump during takeoff and at high altitude to guard against vapor lock. On many large aircraft, boost pumps are used to transfer fuel from one tank to another.

Centrifugal Boost Pumps. We can classify fuel pumps according to pump function or metod of operation: Boost Pump, Scavenge Pump, Cross-feed Pumps.

The most common type of auxiliary fuel pump used on aircraft, is the centrifugal pump. It is an electrically driven motor which is most frequently submerged in the fuel tank or located just outside the bottom of the tank with the inlet of the pump extending into the tank. If the pump is mounted outside the tank, a pump removal valve is as a rule installed in such way that the pump can be removed without draining the fuel.
A centrifugal boost pump is a variable displacement pump. It takes in fuel at the center of an impeller and expels it to the perifery as the impeller turns. An outlet check valve prevents fuel from flowing back through the pump.

A fuel feed line is connected to the pump outlet. A bypass valve may be installed in the fuel feed system to allow the engine-driven pump to pull fuel from the tank if the boost pump is not operating. The centrifugal boost pump is used to supply the engine-driven fuel pump, back up the engine-driven fuel pump, and transfer fuel from tank to tank if the aircraft is so designed.

Centrifugal fuel pumps located in fuel tanks ensure positive pressure throughout the fuel system regardless of temperature, altitude, or flight attitude thus preventing vapor lock. Submerged pumps have fuel proof covers for the electric motor as the motor is in the fuel.
 Centrifugal pumps mounted on the outside of the tank do not require such protection but have some kind of inlet that is located in the fuel. This can be a tube in which a shutoff valve is located so the pump can be changed without draining the fuel. The inlet of both types of centrifugal pump is covered with a screen to prevent foreign matter from gettery inside.
Ejector Pumps. Fuel tanks with in-tank fuel pumps, such as centrifugal pumps, are constructed to maintain a fuel supply to the pump inlet continuously. This ensures that the pump does not cavitate and that the pump is cooled by the fuel. The section of the fuel tank used for the pump installation may be partitioned off with baffles that contain check valves also known as flapper valves. These allow fuel to flow inboard to the pump during maneuvers but do not allow it to flow outboard. Some aircraft use ejector pumps that ensure liquid fuel always be at the pump inlet. A relatively small line diameter allows pump outflow back into the section of the tank where the pump is located. The fuel is directed through a venturi that is part of the ejector. As the fuel rushes through the venturi, low pressure is formed. An inlet, or line that is located outside of the tank pump area, allows fuel to be drawn into the ejector assembly where it is pumped into the fuel pump of tank section. Together, with baffle check valves, ejector pumps keep a positive head of fuel at the inlet of the pump.
Pulsating Electric Pumps. General aviation aircraft often make use of smaller, less expensive auxiliary fuel pumps. The pulsating electric pump, or plunger-type fuel pump, is commonly used in the same manner as a centrifugal fuel pump on larger aircraft, except it is located downstream of the fuel tank outlets. The pulsating electric fuel pump is plumbed in parallel with the engine-driven pump. During starting, it provides fuel before the engine-driven fuel pump is up to speed, and it can be used during takeoff as a backup. It also can be used at high altitudes to prevent vapor lock.

The pulsating electric pump uses a plunger to draw fuel in and push fuel out of the pump. It is powered by a solenoid that alternates between being energized and de-energized, which moves the plunger back and forth in a pulsating motion.

Vane-Type Fuel Pumps. Vane-type fuel pumps are the most common types found on reciprocating-engine aircraft. They are used as engine-driven primary fuel pumps and as auxiliary or boost pumps. Regardless, the vane-type pump is a constant displacement pump that moves a constant volume of fuel with each revolution of the pump. When used as an auxiliary pump, an electric motor rotates the pump shaft. On engine-driven applications, the vane pump is typically driven by the accessory gear box. As with all vane pumps, an eccentric rotor is driven inside a cylinder. Slots on the rotor allow vanes to slide in and out and be held against the cylinder wall by a central floating spacer pin. As the vanes rotate with the eccentric rotor, the volume of space created by the cylinder wall, the rotor, and the vanes increases and then decreases.
Fuel Filters. Two main types of fuel cleaning device are utilized on aircraft. Fuel strainers are usually constructed of relatively coarse wire mesh. They are designed to trap large pieces of debris and prevent their getting into the fuel system. Fuel strainers do not inhibit the flow of water. Fuel filters are usually fine mesh. In various applications, they can trap fine sediment that can be only thousands of inch in diameter and also help trap water. The technician should be aware that the terms “strainer” and “filter” are sometimes used interchangeably. Micronic filters are commonly used on turbine-powered aircraft. This is a type of filter that captures extremely fine particles in the range of 10–25 microns.
All aircraft fuel systems have filters and strainers that ensure that the fuel delivered to the engine be free from contaminants. The first of these is encountered at the outlet of the fuel tank. A sump is used to collect of debris in the lowest part of the tank, which can then be drained off before flight. The actual fuel tank outlet is positioned above this sump. Some type of screen is used to trap contaminants attempting to flow out of the tank into the fuel system. Finger screens are common on light aircraft. They effectively increase the area of the fuel tank outlet, allowing a large amount of debris to be trapped while still permitting fuel to flow.
Fuel tank outlet screens on aircraft with more complex fuel systems are similarly designed. When in-tank boost pumps are used, the tank outlet strainer is located at the inlet to the boost pump. The screen large area allows debris capture while still permitting sufficient fuel flow for operation.
The main fuel strainer is often mounted at a low point on the engine firewall. The drain is accessible through an easy-access panel, or it simply extends through the bottom engine cowling. As with most filters or strainers, fuel is allowed to enter the unit but must travel up through the filtering element to exit. Water, which is heavier than fuel, becomes trapped and collected in the bottom of the bowl. Other debris which are too large to pass through the element also settles in the strainer bowl.
Turbine engine fuel control units are extremely close tolerance devices. It is imperative that fuel delivered to them is clean and contaminant free. The used of micronic filters makes this possible.
Fuel Heaters and Ice Prevention. Turbine powered aircraft operate at high altitude where the temperature is very low. As the fuel in the fuel tanks cools, water in the fuel condenses and freezes. It may form ice crystals in the tank or as the fuel/water solution slows and contacts the cool filter element on its way through fuel filter to the engine(s). The formation of ice on the filter element blocks the flow of fuel through the filter. A valve in the filter unit bypasses unfiltered fuel when this occurs.
Fuel heaters are used to warm the fuel so that ice does not form. These heat exchanger units also heat the fuel sufficiently to melt any ice that has already formed.

The most common types of fuel heaters are air/fuel heaters and oil/fuel heaters. An air/fuel heater uses warm compressor bleed air to heat the fuel. An oil/fuel exchanger heats the fuel with hot engine oil. The latter type is often referred to as a fuel-cooled oil cooler (FCOC).
Some aircraft have a hydraulic fluid cooler in one of the aircraft fuel tanks. The fluid helps warm the fuel as it cools in this type of full-time heat exchanger.

Fuel System Indicators. Aircraft fuel systems utilize various indicators. Fuel flow, pressure, and temperature are monitored on many aircraft. Valve position indicators and various warning lights and annunciations are also used.

Fuel Quantity Indicating Systems. All aircraft fuel systems must have some types of fuel quantity indicator. These devices vary widely depending on the complexity of the fuel system and the aircraft on which they are installed. Simple indicators requiring no electrical power were the earliest type of quantity indicators and are still in use today. The use of these direct reading indicators is possible only on light aircraft in which the fuel tanks are in close proximity to the cockpit. Other light aircraft and larger aircraft require electric indicators or electronic capacitance-type indicators.

A sight glass is a clear glass or plastic tube where the fuel is at the same level as the fuel in the tank.

Another type of sight gauge makes use of a float with an indicating rod attached to it. As the float moves up or down depending on the fuel level in the tank, the portion of the rod that extends through the fuel cap indicates the quantity of fuel in the tank.
More sophisticated mechanical fuel quantity gauges are used. A float that follows the fuel level remains the primary sensing element, but a mechanical linkage is connected to move a pointer across the dial face of an instrument. This can be done with a crank and pinion.
In modern aircraft electric fuel quantity indicators are more common than mechanical indicators. Most of these units operate with direct current (DC) and use variable resistance in a circuit to drive a ratiometer-type indicator. The movement of a float in the tank moves a connecting arm to the wiper on a variable resistor in the tank unit. This resistor is wired in series with one of the coils of the ratiometer-type fuel gauge on the instrument panel. Changes of the current flowing through the tank unit resistor changes the current flowing through one of the coils in the indicator. This alters the magnetic field in which the indicating pointer pivots. The calibrated dial indicates the corresponding fuel quantity.
Digital indicators are available to work with the same variable resistance signal from the tank unit. They convert the variable resistance and send it to a digital display in the cockpit instrument head. Fully digital instrumentation systems, such as those found in a glass cockpit aircraft, convert the variable resistance into a digital signal to be processed in a computer and displayed on a flat screen panel.

Large and high-performance aircraft typically utilize electronic fuel quantity systems. These more costly systems have the advantage as there are no moving parts in the tank sending units. Variable capacitance transmitters are installed in the fuel tanks extending from the top to the bottom of each usable fuel tank. Several of these tank units, or fuel probes as they are sometimes called, may be installed in a large tank.
As the level of the fuel changes, the capacitance of each unit changes too. The capacitance transmitted by all of the probes in a tank is totaled and compared in a bridge circuit by a microchip computer in the tank digital fuel quantity indicator in the cockpit. As the aircraft maneuvers, some probes are more imerged into fuel than others due to the attitude of the aircraft. The indication remains steady, because the total capacitance transmitted by all of the probes remains the same.

Many aircraft with capacitance-type fuel indicating systems also use a mechanical indication system to cross-check fuel quantity indications and to ascertain the amount of fuel onboard the aircraft when electrical power is not available. A handful of fuel measuring sticks are mounted in each tank. When pushed and rotated, the drip stick can be lowered until fuel comes into the hole on the bottom of each stick. This is the point at which the top of the stick is equal to the height of the fuel. The sticks have a calibrated scale on them.
Fuel Flowmeters. A fuel flowmeter indicates an engine fuel use in real time. This can be useful to the pilot for ascertaining engine performance and for flight planning calculations. The types of fuel flow meter used on an aircraft depends primarily on the powerplant and the associated fuel system being used.

Accurate fuel flow measurement fuel flow accurately is complicated by the fact that the fuel mass changes with temperature or with the type of fuel used in turbine engines. In light aircraft with reciprocating engines, systems have been devised to measure fuel volume.

The actual mass of fuel flowing to the engine is based on an assumption of the average weight of the fuel per unit volume. The simplest fuel flow sensing device is used in conjunction with fuel injection systems installed on horizontally opposed reciprocating engines. A pressure gauge is used but it is calibrated in gallons per hour or pounds per hour. The amount of fuel that is flowing through the fuel injectors has a direct relationship to the pressure drop across the fuel injector orifices. Therefore, monitoring fuel pressure at the injector closely approximates fuel flow and provides useful flow information for mixture control and flight planning.

There is a major limitation to the use of fuel pressure indicator. Should an injector become clogged, fuel flow is reduced. However, the pressure gauge indicates a higher fuel pressure and greater fuel flow due to the restriction.

Large reciprocating engine fuel systems may use a vane-type fuel flow meter that measures the volume of the fuel consumed by the engine. The fuel flow unit is typically located between the engine-driven fuel pump and the carburetor. The entire volume of fuel delivered to the engine passes through the flowmeter. Inside, the fuel pushes against the vane, which registers the force of the fuel flow with a calibrated spring.

The vane shaft rotates varying degrees matching the fuel flow rate through the unit. An autosyn transmitter deflects the pointer on the cockpit fuel flow gauge according to the vane deflection. The dial face of the indicator is calibrated in gallons per hour or pounds per hour based on an average weight of fuel.

As fuel fed to the engine must pass through the flowmeter unit, a relief valve is incorporated to bypass the fuel around the vane should it malfunction and restrict normal fuel flow. The vane chamber is eccentric. As more fuel pushes against the vane, it rotates further around in the chamber. The volume of the chamber gradually increases to permit the greater flow of fuel pass without restriction or pressure buildup.
Turbine-engine aircraft experience the greatest range of fuel density because of temperature variation and fuel composition. An elaborate fuel flow device is used on these aircraft. It measures fuel mass for accurate fuel flow indication in the cockpit. The mass flow indicator takes advantage of the direct relationship between fuel mass and viscosity. Fuel is swirled by a cylindrical impeller that rotates at a fixed speed. The outflow deflects a turbine just downstream of the impeller. The turbine is held with calibrated springs. Since the impeller motor swirls the fuel at a fixed rate, any variation of the turbine deflection is caused by the volume and viscosity of the fuel. The viscosity component represents the mass of the fuel.
Most high-performance aircraft have a fuel totalizer that electronically calculates and displays information, such as total fuel used, total fuel remaining onboard the aircraft, total range and flight time remaining at the present airspeed, rate of fuel consumption, etc. On light aircraft, it is common to replace the original analog fuel indicators with electronic gauges of similar capabilities and built-in logic.

Increasing use of microprocessors and computers on aircraft enables the integration of fuel temperature and other compensating factors to produce highly accurate fuel flow information.
Fuel Temperature Gauges. As previously mentioned, monitoring fuel temperature can inform the pilot when fuel temperature approaches  the level that may cause ice formation in the fuel system, especially at the fuel filter. Many large and high-performance turbine aircraft use a resistance type electric fuel temperature sender in a main fuel tank for this purpose. It can display on a traditional ratiometer gauge or can be input into a computer for processing and digital display. A low fuel temperature can be corrected with the use of a fuel heater if the aircraft is so equipped. As was mentioned, fuel temperature can be integrated into fuel flow processing calculations. Viscosity differences at varying fuel temperatures that affect fuel flow sensing accuracy can be corrected via microprocessors and computers.

Fuel Pressure Gauges. Monitoring fuel pressure can warn the pilot about fuel system malfunction. Verification of the amount of delivered fuel to the fuel metering device can be critical. Modern aircraft may use a variety of sensors including solid state types and those with digital output signals or signals that are converted to digital output. These can be processed in the instrument gauge microprocessor, if so equipped or in a computer and sent to the display unit.
Fire Safety. Fuel vapor, air, and a source of ignition can cause fuel fire. Whenever working with fuel or a fuel system component, the technician must be vigilant to prevent these elements from being mixed cause fire or explosion. A source of ignition is often the most controllable. In addition for removing all sources of ignition from the work area, care must be exercised to guard against static electricity. Static electricity can easily ignite fuel vapor, and its potential for igniting fuel vapor may not be as obvious as a flame or an operating electrical device. The action of fuel flowing through a fuel line can cause a static buildup and many other situations in which one object moves past another. Always examine the work area and take steps to remove any potential static electricity ignition sources.

Fuel Subsystems. There are some aircraft fuel subsystems: Jettison, Heating, Cross-Feeding.

Fuel Jettison. The fuel jettison system comprises a combination of fuel lines, valves, and pumps provided to dump fuel overboard in case of in-flight emergency. This will reduce the weight of the aircraft so an emergency landing is possible.

Fuel Heating. Fuel heating is necessary for turbine engines to melt ice particles in the fuel that would otherwise clog the filters. Fuel goes through a heat exchanger that uses either engine oil or compressor bleed air to bring the fuel up to an acceptable temperature.

Cross Feeding. Cross feed systems allow the flow of fuel from any of the tanks to any of the engines. Some reasons that this system might be used are: engine failure, problem with one or more fuel tanks, weight and balance fuel redistribution.

Fuel System Contamination. The higher the viscosity of the fuel, the greater is ability to hold contaminants in suspension. That is why jet fuels, which have higher viscosity than av-gas, are also more susceptible to contamination than av-gas.

The main contaminants that reduce the quality of fuel are: some petroleum products; water; rust; scale; dirt.

Water Contamination. Water contamination in fuel can be in two forms:

· Dissolved in the fuel;

· Entrained or suspended in the fuel.

Water in fuel can cause icing in the aircraft fuel system, usually in:

· Boost pump screens; 

· Low pressure filters.

Large amounts of water can cause engine stoppage.
Microbial Growth. Microbial Growth is produced by various forms of micro-organisms that live and multiply in water which is in jet fuel.

These micro-organisms form slime that can be red, brown, green, or black.

The organisms are fed by hydrocarbons in the fuel but require water to multiply.

This buildup can:

· Interfere in fuel flow and quantity indications;
· Start electrolytic corrosive action.

Contamination detection. Coarse fuel contamination can be detected visually. Uncontaminated fuel should contain no perceptible free water be clean and bright.

Clean means the absence of any readily visible sediment or entrained water. Bright refers to the shiny appearance of clean, dry fuel. Free water is indicated by a cloud, haze, or water slug. Water saturated in fuel is not always visible.

There is no accurate method of detecting fuel entrained water when it is frozen. It is important to check fuel when the water is in a liquid state. This should not be done at flight at altitude when the fuel would be below 32 degrees F. It is advisable to let fuel stay undisturbed for period of time, allowing the water to precipitate and settle to the drain point and after that drain it.

2.3. AIRCRAFT HYDRAULICS
The word “hydraulics” is based on the Greek word for water and originally meant the study of the physical behavior of water at rest and in motion. Today, the meaning has been expanded to include the physical behavior of all liquids, including hydraulic fluid. Hydraulic systems are not new in aviation. Early aircraft had hydraulic brake systems. As aircraft became more sophisticated, newer systems with hydraulic power were developed.

For discussing the problem the student should know hydraulic abbreviations and designations. Some of them are: 1 Joule = 1H/1m (j);      1 W = 1 joule/c; 1 Pa = 1 N/m2; 1 psi = 1lb/in2 (pound per square inch); Lb - pound (from libra(e)); 1 at=98,066 Pa=1 kgt/cm2; At- technical atmosphere; Atm – standart atmosphere; 1 atm = 101325 Pa; 1 psi=1 lb/in2=6894,76 Pa.
Aircraft Hydraulics is a means of transmitting energy or power from one place to another efficiently. It is a system where liquid under pressure is used to transmit this energy. Hydraulic systems take engine power and convert it to hydraulic power by means of a hydraulic pump. This power can be distributed throughout the airplane by means of tubing that runs through the aircraft. Hydraulic power may be reconverted to mechanical power by means of an actuating cylinder, or motor.

The energy produced and transmitted by hydraulic system can be used to actuate: primary control boosters, flaps, slats, spoilers, retraction/extension mechanisms of landing gear, brakes, thrust reversal, swash plate, etc.

Hydraulic system complexity varies from small aircraft that require fluid only for manual operation of the wheel brakes to large transport aircraft where the systems are large and complex. To achieve the necessary redundancy and reliability, the system may consist of several subsystems.

Each subsystem has a power generating device (pump) reservoir, accumulator, heat exchanger, filtering system, etc. System operating pressure may vary from a couple hundred pounds per square inch (psi) (1 psi=6894,757 pascal) in small aircraft and rotorcraft to 5,000 psi in large transports.

Hydraulic systems have many advantages as power sources for operating various aircraft units; they combine the advantages of light weight, ease of installation, simplification of inspection, and minimum maintenance requirements. The main advantage of hydraulic systems - it can develop practically unlimited force or torque.
Hydraulic operations are also almost 100 percent efficient, with only negligible loss due to fluid friction.
Pascal’s theory. The method by which fluid is used to create force was explained by Pascal.  In a confined stationary liquid, neglecting the effect of gravity, pressure is distributed equally and undiminished in all directions; it acts perpendicular to the surface it touches.

Pascal’s Law states that if you apply pressure to fluids that are confined, the fluids will then transmit that same pressure in all directions.

Pascal’s law states that when there is an increase in pressure at any point in a confined fluid, there is an equal increase at every point.
Hydraulic Fluid. Hydraulic system liquids are used primarily to transmit and distribute forces to various units to be actuated. Liquids are able to do this because they are almost incompressible.

Manufacturers of hydraulic devices usually specify the type of liquid best suited for use with their equipment in view of the working conditions, the service required, temperatures expected inside and outside the systems, pressures the liquid must withstand, the possibilities of corrosion, and other conditions that must be considered. If incompressibility and fluidity were the only qualities required, any liquid that is not too thick could be used in a hydraulic system. But a satisfactory liquid for a particular installation must possess a number of other properties. Some of the properties and characteristics that must be considered when selecting a satisfactory liquid for a particular system are discussed below.

Viscosity. One of the most important properties of any hydraulic fluid is its viscosity. Viscosity is internal resistance to flow. A liquid such as gasoline that has a low viscosity flows easily, while a liquid such as tar that has a high viscosity flows slowly.

Viscosity increases as temperature decreases. A satisfactory liquid for a given hydraulic system must have enough body to give a good seal at pumps, valves, and pistons, but it must not be so thick that it offers resistance to flow, leading to power loss and higher operating temperatures. These factors add to the load and to excessive wear of parts. A fluid that is too thin also leads to rapid wear of moving parts or of parts that have heavy loads. The instruments used to measure the viscosity of a liquid are known as viscometers or viscosimeters.

Chemical Stability. Chemical stability is another property that is exceedingly important in selecting a hydraulic liquid. It is the liquid ability to resist oxidation and deterioration for long periods.

All liquids tend to undergo unfavorable chemical changes under severe operating conditions. This is the case, for example, when a system operates for a considerable period of time at high temperatures. Excessive temperatures have a great effect on the life of a liquid. It should be noted that the temperature of the liquid in the reservoir of an operating hydraulic system does not always represent a true state of operating conditions.

Flash Point. Flash point is the temperature at which a liquid gives off vapor in sufficient quantity to ignite momentarily or flash when a flame is applied. A high flash point is desirable for hydraulic liquids because it indicates good resistance to combustion and a low degree of evaporation at normal temperatures.

Fire Point. Fire point is the temperature at which a substance gives off vapor in sufficient quantity to ignite and continue to burn when exposed to a spark or flame. Like flash point, a high fire point is required of desirable hydraulic liquids.

Types of Hydraulic Fluids. To assure proper system operation and to avoid damage to nonmetallic components of the hydraulic system, the correct fluid must be used. When adding fluid to a system, use the type specified in the aircraft manufacturer’s maintenance manual or on the instruction plate affixed to the reservoir or unit being serviced.

The three principal categories of hydraulic fluids are:

1. Minerals.
2. Polyalphaolefins.
3. Phosphate esters.

When servicing a hydraulic system, the technician must be certain to use the correct category of replacement fluid, because hydraulic fluids are not necessarily compatible.
Hydraulic Fluid Contamination. Experience has shown that trouble in a hydraulic system is inevitable whenever the liquid is allowed to become contaminated. The nature of the trouble, whether a simple malfunction or the complete destruction of a component, depends to some extent on the type of contaminant. Two general contaminants are:

1. Abrasives, including such particles as core sand, weld spatter, machining chips, and rust.

2. Nonabrasives, including those resulting from oil oxidation and soft particles worn or shredded from seals and other organic components.

Basic Hydraulic Systems. Regardless of its function and design, every hydraulic system has a minimum number of basic components in addition to a means through which the fluid is transmitted. The basic system consists of a pump, reservoir, directional valve, check valve, pressure relieve valve, selector valve, actuator, and filter (fig. 2.9).

Now, let’s consider components of large commercial airplane more detailed.
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Fig. 2.9. Basic hydraulic sysyem
Reservoirs. The reservoir is a tank in which an adequate supply of fluid for the system is stored. Fluid flows from the reservoir to the pump where it is forced through the system and eventually returned to the reservoir. The reservoir not only meets the operating needs of the system, but it also replenishes fluid lost through leakage. Furthermore, the reservoir serves as an overflow basin for excess fluid forced out of the system by thermal expansion (the increase of fluid volume caused by temperature changes), the accumulators, and by piston and rod displacement.

The reservoir also furnishes a place for the fluid to purge itself of air bubbles that may enter the system. Foreign matter picked up in the system may also be separated from the fluid in the reservoir or as it flows through line filters. Reservoirs are either pressurized or nonpressurized.

Baffles and/or fins are incorporated in most reservoirs to keep the fluid within the reservoir when having random movement, such as vortexing (swirling) and surging. These conditions can cause fluid to foam and air to enter the pump along with the fluid. Many reservoirs incorporate strainers in the filler neck to prevent the entry of foreign matter during servicing. These strainers are made of fine mesh screening and are usually referred to as finger strainers because of their shape.

Finger strainers should never be removed or punctured for speeding up the pouring of fluid into the reservoir.

Most aircraft have emergency hydraulic systems that take over if main systems fail. In many such systems, the pumps of both systems obtain fluid from a single reservoir. Under such circumstances, a supply of fluid for the emergency pump is ensured by drawing the hydraulic fluid from the bottom of the reservoir. The main system draws its fluid through a standpipe located at a higher level. With this arrangement, should the main system fluid supply become depleted, adequate fluid is left for the emergency system operation.
Pressurized Reservoirs. Reservoirs on aircraft designed for high-altitude flight are usually pressurized. Pressurizing assures a positive flow of fluid to the pump at high altitudes when low atmospheric pressures are encountered. On some aircraft, the reservoir is pressurized by bled air taken from the compressor section of the engine. On others, the reservoir may be pressurized by hydraulic system pressure.

Air-Pressurized Reservoirs. Air-pressurized reservoirs are used in many commercial transport-type aircraft. Pressurization of the reservoir is required because the reservoirs are often located in wheel wells or other nonpressurized areas of the aircraft and at high altitude there is not enough atmospheric pressure to move the fluid to the pump inlet. Engine bled air is used to pressurize the reservoir. The reservoirs are usually cylindrical in shape. The following components are installed on a typical reservoir:

1. Reservoir pressure relief valve - prevents pressurization of the reservoir. Valve opens at a preset value. Sight glasses (low and overfull) - provide visual indication for flight crews and maintenance personnel that the reservoir needs to be serviced.

2. Reservoir sample valve - used to take hydraulic fluid sample for testing.

3. Reservoir drain valve - used to drain the fluids out of the reservoir for maintenance operation.

4. Reservoir temperature transducer - sends hydraulic fluid temperature information to the flight deck.

5. Reservoir quantity transmitter - transmits fluid quantity to the flight deck so that the flight crew can monitor fluid quantity during flight.

A reservoir pressurization module is installed close to the reservoir. The reservoir pressurization module supplies airplane bled air to the reservoirs.
Fluid-Pressurized Reservoirs. Some aircraft hydraulic system reservoirs are pressurized by hydraulic system pressure. Regulated hydraulic pump output pressure is applied to a movable piston inside the cylindrical reservoir. This small piston is attached to and moves a larger piston against the reservoir fluid. The reduced force of the small piston when applied by the larger piston is adequate to provide head pressure for high altitude operation.

The small piston protrudes out of the reservoir body. The amount exposed is used as a reservoir fluid quantity indicator.

Filters. A filter is a screening or straining device used to clean the hydraulic fluid, preventing foreign particles and contaminating substances from remaining in the system. If such material were not removed, the entire hydraulic system of the aircraft could fail through the breakdown or malfunctioning of a single unit of the system.

The hydraulic fluid holds in suspension tiny particles of metal that are deposited during the normal wear of selector valves, pumps, and other system components. Such minute particles of metal may damage the units and parts through which they pass if they are not removed with a filter. Since tolerances within the hydraulic system components are quite small, it is apparent that the reliability and efficiency of the entire system depends upon adequate filtering.

Filters may be located within the reservoir, in the pressure line, in the return line, or in any other location the designer of the system decides that they are needed to safeguard the hydraulic system against impurities. Modern design often uses a filter module that contains several filters and other components.

Filter Bypass Valve. Filter modules are often equipped with a bypass relief valve. The bypass relief valve opens if the filter clogs up, permitting continued hydraulic flow and operation of aircraft systems.

Pumps. All aircraft hydraulic systems have one or more power-driven pumps and may have a hand pump as an additional unit when the engine-driven pump is inoperative. Power-driven pumps are the primary source of energy and may be either engine driven, electric motor driven, or air driven. As a general rule, electrical motor pumps are installed for use in emergencies or during ground operations. Some aircraft can deploy a ram air turbine (RAT) to generate hydraulic power.

Hand Pumps. The hydraulic hand pump is used in some older aircraft for the operation of hydraulic subsystems and in a few newer aircraft systems as a backup unit. Hand pumps are generally installed for testing purposes, as well as for use in emergencies. Hand pumps are also installed to service the reservoirs from a single refilling station. The single refilling station reduces the chances of fluid contamination.

Power-Driven Pumps. Many of the power driven hydraulic pumps of current aircraft are of variable delivery, compensator-controlled type. Constant delivery pumps are also in use. Principles of operation are the same for both types of pumps. Modern aircraft use a combination of engine-driven power pumps, electrical-driven power pumps, air-driven power pumps, power transfer units (PTU), and pumps driven by RAT.
For example, large aircraft, such as Airbus A380, have two hydraulic systems, eight engine-driven pumps, and three electrical driven pumps. Boeing 777 has three hydraulic systems with two engine driven pumps, four electrical driven pumps, two air driven pumps, and a hydraulic pump motor driven by RAT.

Classification of Pumps. All pumps may be classified either as positive displacement or nonpositive displacement. Most pumps used in hydraulic systems are positive displacement. A nonpositive displacement pump produces a continuous flow. However, because it does not provide a positive internal seal against slippage, its output varies considerably as pressure varies. Centrifugal and propeller pumps are examples of nonpositive-displacement pumps. If the output port of a nonpositive-displacement pump was blocked off, the pressure would rise and output would decrease to zero. Although the pumping element would continue moving, the flow would stop because of slippage inside the pump. In a positive displacement pump, slippage is negligible compared to the pump volumetric output flow. If the output port was plugged, pressure would increase instantaneously to the point so the pump pressure relief valve opens.
Constant-Displacement Pumps. A constant-displacement pump, regardless of pump rotations per minute, forces a fixed or unvarying quantity of fluid through the outlet port during each revolution of the pump. Constant-displacement pumps are sometimes called constant-volume or constant-delivery pumps. They deliver a fixed quantity of fluid per revolution, regardless of the pressure demands. Since the constant-delivery pump provides a fixed quantity of fluid during each revolution of the pump, the quantity of fluid delivered per minute depends upon pump rotations per minute. When a constant displacement pump is used in a hydraulic system in which the pressure must be kept at a constant value, a pressure regulator is required.

Gear-Type Power Pump. A gear-type power pump is a constant-displacement pump. It consists of two meshed gears that revolve inside a housing (fig. 2.10).
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Fig. 2.10. Gear-type power pump

The driving gear is driven by the aircraft engine or some other power unit. The driven gear meshes with, and is driven by, the driving gear. Clearance between the teeth as they mesh and between the teeth and the housing is very small. The inlet port of the pump is connected to the reservoir, and the outlet port is connected to the pressure line.

When the driving gear turns it turns the driven gear. Fluid is captured by the teeth as they pass the inlet, and it travels around the housing to the outlet.

Piston Pump. Piston pumps can be constant-displacement or variable displacement type. Piston type power-driven pumps have flanged mounting bases for placing pumps on the accessory drive cases of aircraft engines. A pump drive shaft, which turns the mechanism, extends through the pump housing slightly beyond the mounting base. Torque from the driving unit is transmitted to the pump drive shaft by a drive coupling. The drive coupling is a short shaft (fig. 2.11) with a set of male splines on both ends. The splines on one end engage with female splines in a driving gear; the splines on the other end engage with female splines in the pump drive shaft. Pump drive couplings serve as safety devices. The shear section of the drive coupling, located midway between the two sets of splines, is smaller in diameter than the splines. If the pump becomes unusually hard to turn or james, this section shears, preventing damage to the pump or driving unit.
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Fig. 2.11. Hydraulic pump shear shaft
The basic pumping mechanism of piston-type pumps consists of a multiple-bore cylinder block, a piston for each bore, and a valve plate with inlet and outlet slots. The purpose of the valve plate slots is to let fluid into and out of the bores as the pump operates. The cylinder bores go parallel to and symmetrically around the pump axis. All aircraft axial-piston pumps have an odd number of pistons.
Bent Axis Piston Pump. A typical constant-displacement axial-type pump is shown in fig. 2.12. The angular housing of the pump forms corresponding angle between the cylinder block and the drive shaft plate to which the pistons are attached.

It is this angular configuration of the pump that causes the pistons to stroke as the pump shaft is turned. When the pump operates, all parts within the pump (except the outer races of the bearings that support the drive shaft, the cylinder bearing pin on which the cylinder block turns, and the oil seal) turn together as a rotating group. At one point of rotation of the rotating group, a minimum distance exists between the top of the cylinder block and the upper face of the drive shaft plate.

As the angled housing at a point of rotation 180° away, the distance between the top of the cylinder block and the upper face of the drive shaft plate is at a maximum. At any given moment of operation, three of the pistons are moving away from the top face of the cylinder block, producing a partial vacuum in the bores in which these pistons movee. This occurs over the inlet port, so fluid is drawn into these bores at this time. On the opposite side of the cylinder block, three different pistons are moving toward the top face of the block. This occurs while the rotating group is passing over the outlet port causing fluid to be expelled from the pump by these pistons. The continuous and rapid action of the pistons is overlapping in nature and results in a practically nonpulsating pump output.
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Fig. 2.12. Bent axis piston pump

Inline Piston Pump. The simplest type of axial piston pump is the swash plate design in which a cylinder block is turned by the drive shaft. Pistons fitted to bores in the cylinder block are connected through piston shoes and a retracting ring so that the shoes bear against an angled swash plate. As the block turns, the piston shoes follow the swash plate, causing the pistons to reciprocate. The ports are arranged in the valve plate so that the pistons pass the inlet as they are pulled out, and pass the outlet as they are forced back in. In these pumps, displacement is determined by the size and number of pistons, as well as their stroke length, which varies with the swash plate angle. This constant-displacement pump is illustrated in fig. 2.13.
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Fig. 2.13. Inline piston pump

Vane Pump. The vane-type power pump is also a constant-displacement pump. It consists of a housing containing four vanes (blades), a hollow steel rotor with slots for the vanes, and a coupling to turn the rotor (fig. 2.14).
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Fig. 2.14. Vane-type power pump

The rotor is positioned off center within the sleeve. The vanes, which are mounted in the slots in the rotor, together with the rotor, divide the bore of the sleeve into four sections. As the rotor turns, each section passes one point where its volume is at a minimum and another point where its volume is at a maximum. The volume gradually increases from minimum to maximum during the first half of a revolution and gradually decreases from maximum to minimum during the second half of the revolution. As the volume of a given section increases, that section is connected to the pump inlet port through a slot in the sleeve.
 Since a partial vacuum is produced by the increase in volume of the section, fluid is drawn into the section through the pump inlet port and the slot in the sleeve. As the rotor turns through the second half of the revolution and the volume of the given section is decreasing, fluid is displaced out of the section, through the slot in the sleeve aligned with the outlet port, and out of the pump.
Variable-Displacement Pump. A variable-displacement pump has a fluid output that is varied to meet the pressure demands of the system. The pump output is changed automatically by a pump compensator within the pump.

Valves. Flow Control Valves. Flow control valves control the speed and/or direction of fluid flow in the hydraulic system. They provide for the operation of various components when desired and the speed at which the component operates. Examples of flow control valves include: selector valves, check valves, sequence valves, priority valves, shuttle valves, quick disconnect valves, and hydraulic fuses.

Selector Valves. A selector valve is used to control the direction of movement of a hydraulic actuating cylinder or similar device. It provides for the simultaneous flow of hydraulic fluid both into and out of the unit. Hydraulic system pressure can be routed with the selector valve to operate the unit in either direction and a corresponding return path for the fluid to the reservoir is provided. There are two main types of selector valves: open-center and closed-center. An open center valve allows a continuous flow of system hydraulic fluid through the valve even when the selector is not in a position to actuate a unit. A closed-center selector valve blocks the flow of fluid through the valve when it is in the NEUTRAL or OFF position. Selector valves may be poppet-type, spool-type, piston-type, rotary-type, or plug-type. Regardless, each selector valve has a unique number of ports. The number of ports is determined by the particular requirements of the system in which the valve is used. Closed-centered selector valves with four ports are most common in aircraft hydraulic systems. These are known as four-way valves.

Most selector valves are mechanically controlled by a lever or electrically controlled by solenoid or servo.
Check Valve. Another common flow control valve in aircraft hydraulic systems is the check valve. A check valve allows fluid to flow unimpeded in one direction, but prevents or restricts fluid flow in the opposite direction. A check valve may be an independent component situated in-line somewhere in the hydraulic system or it may be built-in to a component. When part of a component, the check valve is said to be an integral check valve.

A typical check valve consists of a spring loaded ball and seat inside a housing. The spring compresses to allow fluid flow in the designed direction. When flow stops, the spring pushes the ball against the seat which prevents fluid from flowing in the opposite direction through the valve. A check valve may also be constructed with spring loaded flapper or coned shape piston instead of a ball.

Orifice-Type Check Valve. Some check valves allow full fluid flow in one direction and restricted flow in the opposite direction. These are known as orifice-type check valves, or damping valves. The valve contains the same spring, ball, and seat combination as a normal check valve but the seat area has a calibrated orifice machined into it. Thus fluid flow is unrestricted in the designed direction while the ball is pushed off of its seat. The downstream actuator operates at full speed. When fluid flows back into the valve, the spring forces the ball against the seat which limits fluid flow to the amount that can pass through the orifice. The reduced flow in this opposite direction slows the motion, or dampens, the actuator associated with the check valve. An orifice check valve may be included in a hydraulic landing gear actuator system. When the gear is raised, the check valve allows full fluid flow to lift the heavy gear at maximum speed. When lowering the gear, the orifice in the check valve prevents the gear from violent dropping by restricting fluid flow out of the actuating cylinder.

Sequence Valves. Sequence valves control the sequence of operation between two branches in a circuit; they enable one unit to automatically set another unit into motion. An example of the use of a sequence valve is in an aircraft landing gear actuating system. In a landing gear actuating system, the landing gear doors must open before the landing gear starts to extend. Conversely, the landing gear must be completely retracted before the doors close. A sequence valve installed in each landing gear actuating line performs this function. A sequence valve is somewhat similar to a relief valve except that after the set pressure has been reached, the sequence valve diverts the fluid to a second actuator or motor to do work in another part of the system. There are various types of sequence valves. Some are controlled by pressure, some are controlled mechanically, and some are controlled by electric switches.
Priority Valves. A priority valve gives priority to the critical hydraulic subsystems over noncritical systems when system pressure is low. For instance, if the pressure of the priority valve is set for 2200 psi, all systems receive pressure when the pressure is above 2200 psi. If the pressure drops below 2200 psi, the priority valve closes and no fluid pressure flows to the noncritical systems. Some hydraulic designs use pressure switches and electrical shutoff valves to assure that the critical systems have priority over noncritical systems when system pressure is low.

Quick Disconnect Valves. Quick disconnect valves are installed in hydraulic lines to prevent loss of fluid when units are removed. Such valves are installed in the pressure and suction lines of the system immediately upstream and downstream of the power pump. In addition to pump removal, a power pump can be disconnected from the system and a hydraulic test stand connected in its place.
Hydraulic Fuses. A hydraulic fuse is a safety device. Fuses may be installed at strategic locations throughout a hydraulic system. They detect a sudden increase in flow, such as a burst downstream, and shut off the fluid flow. By closing, a fuse preserves hydraulic fluid for the rest of the system. Hydraulic fuses are fitted to the brake system, leading edge flap and slat extension and retraction lines, nose landing gear up and down lines, and the thrust reverser pressure and return lines. One type of fuse, referred to as the automatic resetting type, is designed to allow a certain volume of fluid per minute to pass through it. If the volume passing through the fuse becomes excessive, the fuse closes and shuts off the flow. When the pressure is removed from the pressure supply side of the fuse, it automatically resets itself to the open position.

Pressure Control Valves. The safe and efficient operation of fluid power systems, system components, and related equipment requires a means of controlling pressure. There are many types of automatic pressure control valves. Some of them are for pressure escape that exceeds a set pressure; some only reduce the pressure to a lower pressure system or subsystem; and some keep the pressure in a system within a required range.

Relief Valves. Hydraulic pressure must be regulated in order to use it to perform the desired tasks. A pressure relief valve is used to limit the amount of pressure being exerted on a confined liquid. This is necessary to prevent failure of components or rupture of hydraulic lines under excessive pressures. The pressure relief valve is, in effect, a system safety valve. The design of pressure relief valves incorporates adjustable spring-loaded valves. They are installed in such a manner as to discharge fluid from the pressure line into a reservoir return line when the pressure exceeds the predetermined maximum for which the valve is adjusted. Various makes and designs of pressure relief valves are in use, but, in general, they all employ a spring-loaded valving device operated by hydraulic pressure and spring tension. Pressure relief valves are adjusted by increasing or decreasing the tension on the spring to determine the pressure required to open the valve. They may be classified by type of construction or uses in the system. The most common types of valve are:

1. Ball type - in pressure relief valves with a ball-type valving device, the ball rests on a contoured seat. Pressure acting on the bottom of the ball pushes it off its seat, allowing the fluid to bypass.

2. Sleeve type - in pressure relief valves with a sleevetype valving device, the ball remains stationary and a sleeve-type seat is moved up by the fluid pressure. This allows the fluid to bypass between the ball and the sliding sleeve-type seat.

3. Poppet type - in pressure relief valves with a poppet type valving device, a cone-shaped poppet may have any of several design configurations; however, it is basically a cone and seat machined at matched angles to prevent leakage. As the pressure rises to its predetermined setting, the poppet is lifted off its seat, as in the ball-type device. This allows the fluid to pass through the opening created and out the return port.

Pressure relief valves cannot be used as pressure regulators in large hydraulic systems that depend on engine-driven pumps for the primary source of pressure because the pump is constantly under load and the energy expended in holding the pressure relief valve off its seat is changed into heat. This heat is transferred to the fluid and, in turn, to the packing rings, causing them to deteriorate rapidly. Pressure relief valves, however, may be used as pressure regulators in small, low-pressure systems or when the pump is electrically driven and is used intermittently.

Pressure relief valves may be used as:

1. System relief valve - the most common use of the pressure relief valve is as a safety device against the possible failure of a pump compensator or other pressure regulating device. All hydraulic systems that have hydraulic pumps incorporate pressure relief valves as safety devices.

2. Thermal relief valve - the pressure relief valve is used to relieve excessive pressures that may exist due to thermal expansion of the fluid. They are used where a check valve or selector valve prevents pressure from being relieved through the main system relief valve. Thermal relief valves are usually smaller than system relief valves. As pressurized fluid in the line in which it is installed builds to an excessive amount, the valve poppet is forced off its seat. This allows excessive pressurized fluid to flow through the relief valve to the reservoir return line. When system pressure decreases to a predetermined pressure, spring tension overcomes system pressure and forces the valve poppet to the closed position.

Pressure Regulators. The term pressure regulator is applied to a device used in hydraulic systems that are pressurized by constant-delivery-type pumps. One purpose of the pressure regulator is to manage the output of the pump to maintain system operating pressure within a predetermined range. The other purpose is to permit the pump to turn without resistance (termed unloading the pump) at times when pressure in the system is within normal operating range. The pressure regulator is located in the system so that pump output can get into the system pressure circuit only by passing through the regulator.

The combination of a constant-delivery-type pump and the pressure regulator is virtually the equivalent to variable-delivery-type pump which is controlled by a compensator.

Shuttle Valves. In certain fluid power systems, the supply of fluid to a subsystem must be from more than one source to meet system requirements. In some systems an emergency system is provided as a source of pressure in the event of normal system failure. The emergency system usually actuates only essential components. The main purpose of the shuttle valve is to isolate the normal system from an alternate or emergency system. It is small and simple yet, a very important component. The housing contains three ports – normal system inlet, alternate or emergency system inlet, and outlet. A shuttle valve used to operate more than one actuating unit may contain additional units outlet ports. Enclosed in the housing is a sliding part called the shuttle. Its purpose is to seal off one of the inlet ports. There is a shuttle seat at each inlet port. When a shuttle valve is in the normal operation position, fluid has a free flow from the normal system inlet port, through the valve, and out through the outlet port to the actuating unit. The shuttle is seated against the alternate system inlet port and held there by normal system pressure and by the shuttle valve spring. The shuttle remains in this position until the alternate system is activated. This action directs fluid under pressure from the alternate system to the shuttle valve and forces the shuttle from the alternate system inlet port to the normal system inlet port. Fluid from the alternate system then has a free flow to the outlet port, but is prevented from entering the normal system by the shuttle, which seals off the normal system port.

Shutoff Valves. Shutoff valves are used to shutoff the flow of fluid to a particular system or component. In general, these types of valves are electrically powered. Shutoff valves are also used to create a priority in a hydraulic system and are controlled by pressure switches.

Accumulators. The accumulator is a steel sphere divided into two chambers by a synthetic rubber diaphragm. The upper chamber contains fluid at system pressure, while the lower chamber is charged with nitrogen or air. Cylindrical types are also used in highpressure hydraulic systems. Many aircraft have several accumulators in the hydraulic system. There may be a main system accumulator and an emergency system accumulator. There may also be auxiliary accumulators located in various sub-systems.

The function of an accumulator is to:
1. Dampen pressure surges in the hydraulic system caused by actuation of a unit and the effort of the pump to maintain pressure at a preset level.
2. Aid or supplement the power pump when several units are operating at once by supplying extra power from its accumulated, or stored, power.
3. Store power for the limited operation of a hydraulic unit when the pump is not operating.

4. Supply fluid under pressure to compensate for small internal or external (not desired) leaks that would cause the system to cycle continuously by action of the pressure switches continually kicking in.

Types of Accumulators. There are two general types of accumulators used in aircraft hydraulic systems: spherical and cylindrical.

Spherical. The spherical-type accumulator (fig. 2.15) is constructed in two halves that are fastened and threaded, or welded, together. Two threaded openings exist. The top port accepts fittings to connect to the pressurized hydraulic system with the accumulator. The bottom port is fitted with a gas servicing valve, such as a Schrader valve. A synthetic rubber diaphragm, or bladder, is installed in the sphere to create two chambers.
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Fig. 2.15. A spherical accumulator with diaphragm (left) and bladder (right)
Pressurized hydraulic fluid occupies the upper chamber and nitrogen or air charges the lower chamber. A screen at the fluid pressure port keeps the diaphragm, or bladder, from extruding through the port when the lower chamber is charged and hydraulic fluid pressure is zero. A rigid button or disc may also be attached to the diaphragm, or bladder, for this purpose. The bladder is installed through a large opening in the bottom of the sphere and is secured with a threaded retainer plug. The gas servicing valve is mounted into the retainer plug. The dotted lines in the right drawing depict the bladderwhen the accumulator is charged with both hydraulic system fluid and nitrogen preload.

Cylindrical. Cylindrical accumulators consist of a cylinder and piston assembly. End caps are attached to both ends of the cylinder. The internal piston separates the fluid and air/nitrogen chambers. The end caps and piston are sealed with gaskets and packings to prevent external leakage around the end caps and internal leakage between the chambers. In one end cap, a hydraulic fitting is used to attach the fluid chamber to the hydraulic system. In the other end cap, a filler valve is installed to perform the same function as the filler valve installed in the spherical accumulator. In operation, the compressed-air chamber is charged to a set pressure that is somewhat lower than the system operating pressure. This initial charge is referred to as the accumulator preload. As an example of accumulator operation, let us assume that the cylindrical accumulator is designed for a preload of 1300 psi in a 3000-psi system. When the initial charge of 1300 psi is introduced into the unit, hydraulic system pressure is zero. As air pressure is applied through a gas servicing valve, it moves the piston toward the opposite end until it bottoms. If the air behind the piston has a pressure of 1300 psi, the hydraulic system pump has to create a pressure within the system higher than 1300 psi before the hydraulic fluid can actuate the piston. At 1301 psi the piston starts to move within the cylinder, compressing the air as it moves. At 2000 psi, it has backed up several inches. At 3000 psi, the piston has backed up to its normal operating position, compressing the air until it occupies a space less than one-half the length of the cylinder. When actuation of hydraulic units lowers the system pressure, the compressed air expands against the piston, forcing fluid from the accumulator. This supplies an instantaneous supply of fluid to the hydraulic system component. The charged accumulator may also supply fluid pressure to actuate a component(s) briefly in case of pump failure.

Heat Exchangers. Transport-type aircraft use heat exchangers in their hydraulic power supply system to cool the hydraulic fluid from the hydraulic pumps. This extends the service life of the fluid and the hydraulic pumps. They are located in the fuel tanks of the aircraft. The heat exchangers use aluminum finned tubes to transfer heat from the fluid to the fuel. The fuel in the tanks that contain the heat exchangers must be maintained at a specific level to ensure adequate cooling of the fluid.

Actuators. An actuating cylinder transforms energy in the form of fluid pressure into mechanical force, or action, to perform work. It is used to impart powered linear motion to some movable object or mechanism. A typical actuating cylinder consists of a cylinder housing, one or more pistons and piston rods, and some seals. The cylinder housing contains a polished bore in which the piston operates, and one or more ports through which fluid enters and leaves the bore. The piston and rod form an assembly. The piston moves forward and backward within the cylinder bore, and an attached piston rod moves into and out of the cylinder housing through an opening in one end of the cylinder housing.

Actuating cylinders are of two major types: single action and double action. The single-action (single port) actuating cylinder is capable of producing powered movement in one direction only. The double-action (two ports) actuating cylinder is capable of producing powered movement in two directions.

Linear Actuators. A single-action actuating cylinder is illustrated in fig. 2.16. Fluid under pressure enters the port at the left and pushes against the face of the piston, forcing the piston to the right. As the piston moves, air is forced out of the spring chamber through the vent hole, compressing the spring.
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Fig. 2.16. Liner actuator

When pressure on the fluid is released to the point it exerts less force than is present in the compressed spring, the spring pushes the piston toward the left. As the piston moves to the left, fluid is forced out of the fluid port. At the same time, the moving piston pulls air into the spring chamber through the vent hole. A three-way control valve is normally used for controlling the operation of a single-action actuating cylinder.

A double-action (two ports) actuating cylinder is illustrated in fig. 2.17. The operation of a double-action actuating cylinder is usually controlled by a four-way selector valve. When the selector valve is placed in the ON or EXTEND position, fluid is admitted under pressure to the left-hand chamber of the actuating cylinder. This results in the piston being forced toward the right. As the piston moves toward the right, it pushes returned fluid out of the right-hand chamber and through the selector valve to the reservoir. When the selector valve is placed in its RETRACT position, fluid pressure enters the right chamber, forcing the piston toward the left. As the piston moves toward the left, it pushes return fluid out of the left chamber and through the selector valve to the reservoir. Besides having the ability to move a load into position, a double-acting cylinder also has the ability to hold a load in position. This capability exists because when the selector valve used to control operation of the actuating cylinder is placed in the off position, fluid is trapped in the chambers on both sides of the actuating cylinder piston. Internal locking actuators also are used in some applications.
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Fig. 2.17. Double-action actuator
 Rotary Actuators. Rotary actuators can mount right at the part without taking up the long stroke lengths required for cylinders. Rotary actuators are not limited to 90° pivot arc typical of cylinders; they can achieve arc lengths of 180°, 360°, or even 720° or more, depending on the configuration. An often used type of rotary actuator is the rack and pinion actuator used for many nose wheel steering mechanisms (fig. 2.18). In a rack-and-pinion actuator, a long piston with one side machined into a rack engages a pinion to turn the output shaft. One side of the piston receive fluid pressure while the other side is connected to the return. When the piston moves, it rotates the pinion.
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Fig. 2.18. Rack and pinion gear
Hydraulic Motor. Piston-type motors are the most commonly used in hydraulic systems. They are basically the same as hydraulic pumps except they are used to convert hydraulic energy into mechanical (rotary) energy (fig. 2.19). Hydraulic motors are either of the axial inline or bent-axis type. The most commonly used hydraulic motor is the fixed-displacement bent-axis type. These types of motors are used for the activation of trailing edge flaps, leading edge slats, and stabilizer trim. Some equipment uses a variable-displacement piston motor where very wide speed ranges are desired.

Although some piston-type motors are controlled by directional control valves, they are often used in combination with variable-displacement pumps. This pump-motor combination is used to provide a transfer of power between a driving element and a driven element. Some applications for which hydraulic transmissions may be used are speed reducers, variable speed drives, constant speed or constant torque drives, and torque converters.
Some advantages of hydraulic power transmission over mechanical power transmission are as follows:

1. Quick, easy speed adjustment over a wide range while the power source is operating at a constant (most efficient) speed.
2. Rapid, smooth acceleration or deceleration.
3. Control over maximum torque and power.
4. Cushioning effect to reduce shock loads.
5. Smoother reversal of motion.
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Figure 12-55. Bent axis pistion motor.




Fig. 2.19. Bent axis pistion motor
Ram Air Turbine (RAT). The RAT is installed in the aircraft to provide electrical and hydraulic power if the primary sources of aircraft power are lost. Ram air is used to turn the blades of a turbine that, in turn, operates a hydraulic pump and generator. The turbine and pump assembly is generally installed on the inner surface of a door in the fuselage. The door is hinged, allowing the assembly to be extended into the slipstream by pulling a manual release in the flight deck. In some aircraft, the RAT automatically deploys when the main hydraulic pressure system fails and/or electrical system malfunction occurs.

Large Aircraft Hydraulic Systems. As an example the analysis of Boeing 737NG hydraulic system is presented (fig. 2.20). Boeing 737 Next Generation has three 3,000 psi hydraulic systems: system A, system B, and standby. The standby system is used if system A and/or B pressure is lost.

The hydraulic systems power the following aircraft systems:

1. Flight controls.

2. Leading edge flaps and slats.
3. Trailing edge flaps.
4. Landing gear.
5. Wheel brakes.

6. Nose wheel steering.

7. Thrust reversers.
8. Autopilots

Reservoirs. The systems A, B, and standby reservoirs are located in the wheel well area. The reservoirs are pressurized by bled air through a pressurization module. The standby reservoir is connected to the system B reservoir for pressurization and servicing. The positive pressure in the reservoir ensures a positive flow of fluid to the pumps. The reservoirs have a standpipe that prevents the loss of all hydraulic fluid if a leak develops in the engine-driven pump or its related lines. The engine-driven pump draws fluid through a standpipe in the reservoir and the AC motor pump (ACMP) draws fluid from the bottom of the reservoir.

Pumps. Both A and B hydraulic systems have an engine-driven pump (EDP) and an ACMP. The system A engine-driven pump is installed on the number 1 engine and the system B engine-driven pump is installed on the number 2 engine. The AC pumps are controlled by a switch on the flight deck. The hydraulic case drain fluid that lubricates and cools the pumps return to the reservoir through a heat exchanger. The heat exchanger for the A system is installed in the main fuel tank No. 1, and the heat exchanger for the B system is installed in the main fuel tank No. 2. Minimum fuel for ground operation of electric motor-driven pumps is 1,675 pounds in the related main tank. Pressure switches, located in the EDP and ACMP pump output lines, send signals to illuminate the related LOW PRESSURE light if pump output pressure is low. The related system pressure transmitter sends the combined pressure of the EDP and ACMP to the related hydraulic system pressure indicator.

Filter Units. Filter modules are installed in the pressure, case drain, and return lines to clean the hydraulic fluid. Filters have a differential pressure indicator that pops out when the filter is dirty and needs to be replaced.

Power Transfer Unit (PTU). The purpose of the PTU is to supply the additional volume of hydraulic fluid needed to operate the autoslats and leading edge flaps and slats at the normal rate when system B EDP malfunctions. The PTU unit consists of a hydraulic motor and hydraulic pump that are connected through a shaft. The PTU uses system A pressure to drive a hydraulic motor. The hydraulic motor of the PTU unit is connected through a shaft with a hydraulic pump that can draw fluid from the system B reservoir. The PTU can only transfer power and cannot transfer fluid. The PTU operates automatically when all of the following conditions are met:

1. System B EDP pressure drops below limits.
2. Aircraft airborne.
3. Flaps are less than 15° but not up.

Landing Gear Transfer Unit. The purpose of the landing gear transfer unit is to supply the volume of hydraulic fluid needed to raise the landing gear at the normal rate when system A EDP is lost. The system B EDP supplies the volume of hydraulic fluid needed to operate the landing gear transfer unit when all of the following conditions are met:

1. Aircraft airborne.

2. No. 1 engine rpm drops below a limit value.

3. Landing gear lever is up.
4. Either or both main landing gear not up and locked.

Standby Hydraulic System. The standby hydraulic system is provided as a backup if system A and/or B pressure is lost. The standby system can be activated manually or automatically and uses a single electric ACMP to power:

1. Thrust reversers.

2. Rudder.
3. Leading edge flaps and slats (extended only).

4. Standby yaw damper.
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Fig. 2.20. Boeing 737 hydraulic system (simplified)
2.4. ICE PROTECTION SYSTEMS

Aircraft takeoff prohibited when snow, ice, or frost is adhering to wings, propellers, or control surfaces of an airplane, because airplane performance is based on clean structure. An airplane is designed using the predictable effects of airflow over clean wings. Ice, snow, or frost adhering to the wings disturbs this airflow, and results in reducing lift, increased drag, increased stall speed, and may cause an abnormal pitch characteristic.
It’s not just wing contamination that is dangerous. For example, ice on the fuselage can break loose and damage a rear mounted engine. Or ice build-up on the rear side of engine fan blades during freezing fog conditions can cause serious damages as the engine advances for takeoff. There are many other examples, but the important thing to remember is that there is no acceptable level of critical surface contamination.

Contamination may come in the form of ice, snow, slush and/or frost.

Visibly obvious conditions that cause this contamination are falling snow or sleet. Wet snow is particularly dangerous because it sticks to the airplane surface and is not blown off easily. Contamination can also form in conditions that do not look very dangerous, such as freezing fog, or high humidity. These conditions can cause frost or ice that is difficult to see, but is as dangerous as wet snow, even at temperatures above freezing.

At cruise altitude the airplane’s surface is very cold. Even after landing there may be enough cold fuel inside the wing to continue to keep the surface cool. If warmer humid air contacts the cold surface, frost can be formed on the wing, and if it rains on a cold-soaked clear ice can be formed.

Clear ice can also be formed form below a layer of snow or slush. Some airplanes have a ground thermal anti-ice system that protects the leading edge but does not stop contamination from forming on the upper and lower wing surface. So it is very important to do careful checks for contamination.

Airliners must fly in all-weather conditions, hence ice protection is needed on structure and engines.

Structure:
- Wings, flaps, tail, and mechanisms (e.g. ram air inlets and outflow valves). In the case of a multi-element wing airfoil, the anti-icing hot air is used to remove ice from the first element, i.e. at the slat only, not on the main body or the flap.

- Windscreens. They are laminated compounds made of (from outside-inside): a thin tempered glass layer, a transparent heater film of SnO2 (or fine-wire mesh), a vinyl layer (hot bonded), a structural glass layer, a vinyl layer, and a glass layer; some 30...40 mm thick in total (it must resist 100 kPa cabin overpressure and the impact of a 2 kg bird at high speed). They incorporate temperature sensors (termistors), and is an expensive item. Windscreens wipers must be often cleaned and never operated dry, to avoid scratches on the outer glass surface.

- Sensors (pitot and static probes, antenna).
- Water discharge (sanitary, condensates).
Engines:
- Nose cowling (the streamlined metal covering fitted around an aircraft engine). Ice particles usually melt on compressor heated air, but sometimes the water freezes again on metal surfaces, and accumulated ice can either break into chunks that damage turbine blades, or melt and douse the ignition system. There have been up to 14 reported cases of in-flight dual-engine flame extinction (all of them were fortunately quickly re-ignited) attributed to ice ingestion (plus many single-engine cases). Although torrential rain and hail were known to shut down engines, icing was not considered a big problem before year 2000.
- Fan or guide blades. Besides, tiny ice crystals (undetected by pilots and weather radars) may be sucked in great amounts inside jet engines and become a hazard at high-altitude storms because they can coalesce after melting and get in liquid form to combustion chambers and douse the flame.
- Propellers, if any (and old carburettors).
In brief, icing decreases lift, adds resistance, decreases thrust, unbalances rotors, blocks sensors and actuators, and adds weight.

The problem is solved by the following stages:

- Detection and warning of risk.
- Action (available tools and procedures) to avoid or prevent damage.
- Analysis to solve (predict and avoid, or minimise unwanted effects of) future problems.

Type of ice formation:
1. rime ice. Frost formed by the freezing of highly-supercooled small water-droplets onto cold solid objects (T<15 ºC, above 4...5 km altitude) is called rime, an opaque white form of ice (with entrapped air) with lower density than glass transparent ice (some 880 kg/m3 instead of 917 kg/m3). Light or moderate icing occurs in clouds of type Ac, As, St, or fog, and moderate to severe rime in Ns and Cb. Splashing is never considered, but partial droplet sticking must be considered as large droplets that do not fully freeze, and the remaining liquid part runs away in a liquid layer over the ice layer formed.

2. Glaze ice. Under milder conditions (10...5 ºC, in strong convective clouds at lower altitudes with larger subcooled drops), glaze ice forms (a transparent wet glossy ice layer under a liquid water layer). In this case only a fraction of the droplet will freeze instantaneously, the rest of the droplet can remain liquid for some time and may flow as runback water. Large drops can only occur in atmospheric upward vertical motion, to compensate terminal velocity (3 mm/s at 10 m, 70 mm/s at 50 m; Stokes’ law applies up to d<50 m).
Ice detection can be classified as visual, optical, electrical and some others.
Visual ice detector. Pilot visualize ice formation:

1. Light icing: ice under the windscreen wiper blades. Ice accretion may create a problem if flight is prolonged in such environment over 1h.

2. Moderate icing: ice on the wiper nut.
3. Severe icing: ice on the central windscreen pillar.
Optical ice detector. Based on a protruding acrylic-glass cylinder (the same material used for aircraft windshields). The device works as a combined optical spectrometer and optical switch. A change in opacity registers as rime ice. A change in refractive index registers as clear ice. Ice thickness less than 0.01 mm can be detected. An internal heater may be added to force cleaning. The wavelength of the transducer's excitation light is not visible to the human eye, so can not be taken for any kind of navigation light.
Electrical ice detector. Based on magneto-strictive resonance change in a magnetic cylinder (6 mm diameter and 25 mm long), which is axially vibrated with an oscillating magnetic field, and the extra ice mass lowers its resonant frequency.

Other kind of detectors (acoustic, nuclear) have been tried too.

Anti-icing (prevention) and de-icing (fight) systems are:
Thermal (by hot air). Hot air is bled off the jet engine into tubes routed through wings, tail surfaces, and engine inlets (the hot air is expelled through holes in the piping, and finally vented outside). Ice must be completely vaporised because if it is just molten, the run-off water may freeze downwards; on large airliners it may take up about 100 kW of air bleed. On modern high-bypass airliners, primary air is scarce, and they are being designed to tolerate some icing in non-critical areas (e.g. wing tips and roots). On small aircraft, engine-exhaust heat recovery systems are used.
Electro-thermal (quasi-steady, or short-pulse). Unlike conventional windshield defrosters that rely on gradual warming to liquefy snow and ice, there are new devices that deliver a pulse (~1 s) of high-power electricity that immediately melts the ice at its interface with an object's surface, and the flow sweeps it away. This system demands less energy (about 20 MW/m2 during a few seconds instead of 500 W/m2 during many minutes) because heat is not wasted for warming up the object and the ice.
Mechanical (inflatable rubber boots). These systems require less engine bleed air but are usually less effective than a heated surface. They must be inflated in small lengths at a time, to avoid large aerodynamic disturbances.
Chemical (application of deicing fluid through small holes in leading edges (weeping wing system).

Electromagnetic (microwaves through composite walls).

Some examples of components protection are presented below.
Engine air intake protection. The inlet cowl anti-icing system is usually a thermal system that uses engine hot bleed air from the high pressure compressor (HPC) section. The function of the system is to maintain ice free inlet cowl surfaces during flight and ground operations.

The system consists of ducting, a dual purpose pressure regulating and shutoff valve, a pressure switch and an overheat switch downstream the valve, an anti-icing distribution spray ring located in the lip of the inlet cowl, and an exhaust port located at the 6 o'clock position on the inlet cowl.

Each engine anti-ice system operates independently. Each valve is pneumatically operated and electrically controlled by a switch located on the pilots' overhead panel. The associated valve position indicator lights and warning lights are located adjacent to the switches.
Propeller anti-icing. Ice usually appears on propeller before it forms on the wing. Graphite electric resistance heaters on leading edges of blades can also be used.
The heating of the pitot-static tube and alfa vanes. The pitot-static tubes, the temperature probe, and the alpha vanes are heated to prevent ice formation which could affect sensing accuracy. The heating is accomplished by electrical heaters installed as an integral part of the units.
Wing and stabilizes thermal anti-icing. This method uses heating air flowing through passages in the leading edge of wings, engine cowlings and stabilizers to prevent ice formation. The heat is normally supplied by combustion heaters in reciprocating-engine-powered aircraft and from engine bleed air in turbine-powered aircraft. The hot air is distributed from the heat source along the leading edge of the item being anti-iced using a perforated air duct called a piccolo, or spray, tube. By exiting the spray tube the hot air comes in contact with the leading-edge skin of the surface, as shown in fig. 2.21. The skin is heated and the formation of ice is prevented. The air then flows out of the wing through openings in the end or in the bottom of the wing.
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Fig. 2.21. Heating by hot air
Pneumatic-mechanical deicing. These systems consist of inflatable rubber "boots" used on the leading edge of wings, struts, and stabilizers (fig. 2.22).

Several separate air passages or chambers are usually used to construct the inflatable boots, so that some can be inflated while alternate chambers are deflated. The output pressure from a vacuum pump is used to inflate a boot while the inlet side of the pump is used for deflation. The pressure and suction control can be accomplished by means of a distributor valve. The valve rotates and changes periodically the flow of air to or from the different sections of the boots. This control can also be done by flow control valves. The resulting alternate rising and lowering of sections of the boots is responsible for the cracking off ice that has formed on the boots.
Deicer boots, also called deicers, consist of fabric-reinforced rubber sheets containing built-in inflation tubes.
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Fig. 2.22. Operation of deicing boots

Inflatable wing leading edges for high lift and deicing (fig. 2.23). Computational simulations and wind-tunnel tests have demonstrated the feasibility of using inflatable boots on the leading edges of airplane wings, both as devices to increase lift and as pneumatic deicing actuators. A boot of this type comprises front and rear cells. The front cell is shaped so that when it is inflated, its exposed leading-edge surface is nominally a portion of a circular cylinder. The rear cell serves as a fairing; it is vented to the atmosphere instead of inflated, and it is formed by attachment between a tangent line on the front cell and a line on the bottom surface of the airfoil.

Circular-arc boots for the wind-tunnel model were made of a standard deicing-boot material, and two different designs called "inlaid" and "overlaid" were tested. In the tests, inflation of both boots resulted in significant increases in the maximum coefficient of lift and the angle of the stall break. Results of preliminary calculations based on the data of these tests suggest that it is possible to achieve substantial increases in gross weight and reductions in stall speeds by use of faired circular-arc boots.
The use of inflatable leading-edge boots on airplanes would enable operation under known icing conditions and would thereby reduce the incidence due to weather-related flight delays. High-lift features could be incorporated into deicing systems with very small increases in weight. Inflation of the boots for high lift would greatly extend angles of attack for maximum lift and would broaden the peaks of lift-vs.-angle-of-attack functions, thereby helping to prevent stall accidents. An inflated faired boot installed on the leading edge of an airfoil can be used to increase lift and/or as a deicing actuator.
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Fig. 2.23. Inflatable wing leading edge
Pneumatic rain-removal system. This method is based on the use of engine bleed from the turbines of turbine-powered aircraft to prevent rain from striking the windshield. Bleed air at high temperature and pressure is directed to an outlet at the base of the windshield when the pilot turns on the rain-removal system. This flow of air carries away rain drops before they strike the windshield. It also carries away any raindrops on the windshield when the system is turned on.
Windshield-wiper systems. Windshield wiper systems may be operated pneumatically, electrically or hydraulically. Separate systems operate each wiper to ensure clear vision through one of the windows in the case of an eventual system failure. Each windshield-wiper system consists of a control switch, a drive motor, a flexible drive shaft, a resistor, a torque converter, and a windshield-wiper assembly.

By changing the voltage applied to the windshield-wiper, motor speed control is accomplished. By turning the windshield-wiper switch to a selected speed, the required resistance and voltage is introduced into the motor circuit. The windshield-wipers rotary motion is transmitted by the flexible shaft to the converter. The speed reduction of the shaft and the change of the motion from rotary to oscillating is accomplished by the converter.
Pneumatically and hydraulically operated wiper systems are similar as they both require a pressure supply to be directed to an actuator. The back and forth movement of the piston is caused by the control unit that alternately connects a pressure or return line to opposite sides of the actuator. The side to side motion of the wiper is caused by the actuator piston. This piston incorporates a rack that operates a pinion gear at the base of the wiper. A speed control valve allows the pilot to select the speed at which the wipers will operate.

Rain-repellent systems. This system consists of spray nozzles, pressurized fluid containers, a selector valve, push button switches, a control switch, solenoid actuated valves, a time-delay relay, and necessary plumbing. The rain repellent should not be sprayed on the windshield unless the shield is wet and the wipers are operated, nor should the wipers be operated on a dry windshield. Therefore during rain conditions, the wipers are first turned on and afterwards the repellent is sprayed on the shield so that the wipers can spread it evenly over the shield. The rain repellent causes the water to form small globules that can quickly be blown away by the rush of air over the windshield in flight.

Electro-impulse deicing. Electromagnetic coil under the skin induces strong eddy currents on surface (fig. 2.24). When the high-voltage capacitors are rapidly discharged through the coils installed just inside the skin of the aircraft leading edge, the result is a sudden electromagnetic repulsive force in the skin which throws ice in all directions. The well known drawbacks of this method is an electromagnetic interference, structural fatigue and passenger response to the noise. It shoud be mentioned here that presented list of anti icing methods do not cover spectrum of modern approaches to the problem.
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Fig. 2.24. Impulsive coil in a leading edge (Eddy current)
2.5. FIRE PROTECTION SYSTEMS
While no zone of an aircraft is immune to in-flight fires, fire protection systems used in transport aircraft have evolved, as there is the probability of fire ignition within particular zones of the aircraft. These aircraft are equipped with a variety of built-in detectors and, in some cases, associated suppression systems designed to assist the aircraft crew in identifying and extinguishing in-flight fire. A designated fire zone includes engines, APU, and any fuel-burning heater or combustion equipment. In addition, specific regions of the aircraft, such as cargo compartments and lavatories, have been identified as "potential fire zones" that require various built-in detection and suppression capabilities.

A fire aboard an aeroplane is obviously an extremely dangerous matter, and special precautions are taken in the design to make an outbreak of fire unlikely. In addition, fire extinguishers are mounted at danger-points, and hand extinguishers are provided for the use of the crew. One of the chief danger points for an outbreak of fire is the engine, or engines. By regulation, an engine is separated from the remainder of an aircraft by a steel fire-proof bulkhead, and extinguishers are permanently mounted in the danger zone so that the whole engine can be sprayed with the pressing of the button in the cockpit.

Many aircraft have freight and baggage compartments beneath the floor of the passenger deck. These are not usually accessible in flight, but fire-extinguishing means must be provided.
But before fire extinguishers are used in such places, where the eye cannot see, there must be some means of ensuring that a fire is really in progress. Broadly, the devices used for this purpose can be divided into two types: first, those that detect unusually high temperatures; secondly, those that detect smoke. A common form of smoke detector consists of a source of light playing upon a light-sensitive cell. When the path of the light passes through clear air the light-sensitive cell receives energy at a certain rate; but if there is smoke in the air the particles interrupt and disperse the light rays and reduce the rate at which energy falls on the cell. This change triggers the warning system.

Temperature-sensing devices may be of several kinds. There is the compound metallic element thermo-couple, or pyrometer, for example. Another kind that has been tried relies upon the loss of magnetic properties in certain alloys at particular temperatures: a switch is held open by a magnet until its temperature rises above a critical level (the Curie point), whereupon the magnetism diminishes sharply and the switch is free to close under the action of a spring. The disadvantage of this type of detector, as with the bimetallic element, is that several detectors have to be placed around a compartment, and to give full coverage the weight becomes excessive.

A more attractive device is that which makes use a continuous wire detector. This wire has an inner conductor and an outer conducting sheath, separated by a sleeve of woven glass. At low temperatures the separating sleeve is non-conductive, but above a certain point its electrical properties are changed and it becomes a conductor so that current can flow between the outer sheath and the inner wire. The advantage of this device is that it is light, and can be run right round a compartment and into all manner of awkward corners.
Fire protection systems are installed on aircraft to detect and protect against an outbreak of fire. These systems are installed near the engines and in the fuselage.

 These systems monitor the conditions which could lead to a fire and are comprised of smoke detectors, heat sensors near engines or hydraulic systems, and visible and audible warnings in the cockpit.

The chance of a fire in small general aviation or experimental type aircraft are very remote but at least the engine compartment should have some form of detection as this is the area where heat, air and a combustible fluid are in close proximity with each other.

Bimetallic switch. The bimetallic switch (fig. 2.25) detects a temperature change as each of the two dissimilar materials have a different expansion thereby deforming the metal arm and contacting a switch.
[image: image93.png]wire

ivet

base

contact ~
o
r—

bimetallc sirip

wire




Fig. 2.25. Bimetallic switch

Fire detectors. Thermocouple. A thermocouple fire detector (fig. 2.26) consists of two dissimilar materials which will generate a small voltage when its heated. They are also used in exhaust gas temperature (EGT) or cylinder heat temperature (CHT) sensors.
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Fig. 2.26. Thermocouple fire detector

Detection loop. A different method of fire detection uses a continuous loop device. This is a thin wire inside a capillary tube insulated with a thermistor type material (fig. 2.27). This material will become a conductor when a certain high temperature is reached.
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Fig. 2.27. Continuous-loop fire detection system element

When the loop is triggered (by heat) a small current will flow and this trips a detector circuit and warning device. After the temperature drops (fire is extinguished) the wire will stop conducting and the system is reset and can be used again.

Fire can also be detected by infrared sensors connected to a circuit where a threshold is set to indicate temperature rise.

Fire extinguishers. In fixed installations the gas is held in pressurized bottles ready to be expelled by either an electric trigger or automatically by inertia switches in the event of a crash (fig. 2.28).
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Fig. 2.29. Fire extinguishers

The gas is released from the bottle and routed through tubing to nozzles to be expelled in the engine or cargo compartment. Older installations use a one shot (one time use only) or a double shot system.

Extinguishing agents. To put out a fire you will need to exclude away one of the three items that sustain the fire: air, temperature or the combustible agent. Fire extinguishing agent replaces air with an inert gas so that combustion can no longer take place.

Carbon Dioxide (CO2). Commonly used in cargo/ freight compartments. Also in small hand extinguishers in the cabin, but the size must be in proportion with the cabin to allow sufficient breathing by the occupants after releasing the agent.

Methyl Bromide (MB). Used in engine bay compartments, much more effective with an equivalent weight compared to CO2 agents. It is also toxic and thus unusable in the cabin or cockpit.

Dry powder. Found in hand extinguishers in the galley areas. It is a powder and very effective against liquid, electrical and the usual combustibles such as paper and fabrics.

Modern passenger jet Airbus A-320 fire protection system includes:
1. Fire and overheat detection and extinguishing systems for the engines and APU.

2. Smoke detection and extinguishing systems for the cargo compartments and lavatories.

3. Smoke detection for the avionic bay.

4. Portable fire extinguishers for the flight compartment and passenger cabin.
Each engine and the APU each have a fire and overheat detection system consisting of:

1. Two identical gas detection loops (A and B) mounted in parallel.

2. A Fire Detection Unit (FDU).

The gas detection loops consist of:

1. Three sensing elements for each engine, one in the pylon nacelle, one in the engine core and one in the engine fan section.

2. One sensing element in the APU compartment.

When a sensing element is subjected to heat, it sends a signal to the fire detection unit.

As soon as loops A and B detect temperature at a preset level, they trigger the fire warning system. A fault in one loop (break or loss of electrical supply) does not affect the warning system because the unaffected loop still protects the aircraft.

If the system detects fire in APU while the aircraft is on the ground, it shuts down the APU automatically and discharges extinguishing agent.
Each engine has two extinguisher bottles equipped with electrically operated squibs to discharge their contents. Each squib has a dual electric supply. The flight crew controls the discharge from the ENG FIRE panel in the cockpit.

The APU has one fire extinguisher bottle that has two electrically operated squibs to discharge its agent. The flight crew controls the discharge from the APU FIRE panel in the cockpit. This bottle also discharges automatically if there is fire in APU when the aircraft is on the ground.
Fire detection units process all the warnings and cautions originating in the sensing elements:

1. The fire warning appears in case of:

- a fire signal from both loop A and B or,

- a fire signal from one loop when the other is faulty, or

- breaks in both loops occuring within 5 s of each other (flame effect), or

- a test performed on the control panel.

2. The loop-fault cautions appear if:

- one loop is faulty or,

- both loops are faulty or,

- the fire detection unit fails.
One smoke detector in the air extraction duct of the avionics ventilation system detects smoke in the avionics compartment.

The lavatory smoke detection system consists of:

1. One smoke detector in each lavatory.

2. A CIDS (Cabin Intercommunication Data System) Decoder Encoder Unit that links the detector to the entire CIDS.

When a detector finds smoke in a lavatory, it sends a signal to the CIDS, which transmits it to the Flight Warning Computer (FWC), for Warning in the cockpit, and generates an indication in the cabin.
Each lavatory wastebin has an automatic fire extinguishing system.

The cargo compartments have a smoke detection system.

1. Cavities in the cargo compartment ceiling panels each hold two smoke detectors. Each detector is linked to one of the two detection loops (dual loop principle).

2. The forward cargo compartment has one cavity.

3. The aft cargo compartment has two cavities.

4. The Cabin Intercommunication Data System (CIDS) receives signals and transmits them to display a warning in the cockpit.
Smoke in one cavity activates the cargo smoke warning if:

1. Both smoke detectors detect it, or

2. One smoke detector detects it and the other is inoperative.

Cargo ventilation and the cargo smoke warning is activated in either compartment, the associated isolation valves automatically close and the extraction fan stops.

A fire extinguishing system protects the forward and aft cargo compartments. One fire bottle supplies three nozzles (one in forward compartment and two in aft compartment).
2.6. PRESSURIZATION AND AIR CONDITIONING SYSTEMS
Aircraft engines become more efficient with increase in altitude, burning less fuel for a given airspeed. In addition, by flying above weather and associated turbulence, the flight is smoother and the aircraft less fatigued. Crews will therefore normally fly as close to the aircraft’s cruise ceiling as they can. In order to be able to fly at high attitudes, the aircraft are equiped with pressurization and air conditioning systems.

2.6.1. Need for cabin pressurization
Pressurization becomes necessary at altitudes above 3,800 m above sea level to protect crew and passengers from the risk of a number of physiological problems caused by the low outside air pressure above that altitude; generally it also serves to increase passenger comfort. The principal physiological problems are as follows: 

Hypoxia. The lower partial pressure of oxygen at altitude reduces the alveolar oxygen tension in the lungs and subsequently in the brain, leading to sluggish thinking, dimmed vision, loss of consciousness, and ultimately death. In some individuals, particularly those with heart or lung disease, symptoms may begin as low as 1500 m, although most passengers can tolerate altitudes of 2400 m without ill effect. At this altitude, there is about 25% less oxygen than there is at sea level. Hypoxia may be addressed by the administration of supplementary oxygen, either through an oxygen mask or through a nasal cannula. Without pressurization, sufficient oxygen can be delivered up to an altitude of about 12000 m. That is because a human being that is used to living at sea level needs about 0.20 bar partial oxygen pressure to function normally and that pressure can be maintained up to about 12000 m by increasing the mole fraction of oxygen in the air that is being breathed. At 12000 m the ambient air pressure falls to about 0.2 bar and to maintain a minimum partial pressure of oxygen of 0.2 bar required for breathing 100% oxygen using a oxygen mask. Emergency oxygen supply masks in the passenger compartment of airliners do not need to be pressure-demand masks because most flights stay below 12,000 m. Above that altitude the partial pressure of oxygen will fall below 0.2 bar even at 100% oxygen and some degree of cabin pressurisation or rapid descent is essential to avoid the risk of hypoxia.

Altitude sickness. Hyperventilation, the body’s most common response to hypoxia, does help to partially restore the partial pressure of oxygen in the blood, but it also causes carbon dioxide (CO2) to out-gas, raising the blood pH and inducing alkalosis. Passengers may experience fatigue, nausea, headaches, sleeplessness, and (on extended flights) even pulmonary oedema. These are the same symptoms that mountain climbers experience, but the limited duration of powered flight makes the development of pulmonary oedema unlikely. Altitude sickness may be controlled by a full pressure suit with helmet and faceplate, which completely envelopes the body in a pressurized environment; this is clearly impractical for commercial passengers.

Decompression sickness. The low local partial pressure of gases, principally nitrogen (N2) but including all other gases, may cause dissolved gases in the bloodstream to precipitate out, resulting in gas embolism or bubbles in the bloodstream. The mechanism is the same as for compressed-air divers at ascent from depth. Symptoms may include the early symptoms of "the bends"—tiredness, forgetfulness, headache, stroke, thrombosis, and subcutaneous itching—but rarely the full symptoms of the bends. Decompression sickness may also be controlled by a full-pressure suit the same as for altitude sickness.

Barotrauma. As the aircraft climbs or descends, passengers may experience discomfort or acute pain as gases trapped within their bodies expand or contract. The most common problems occur with air trapped in the middle ear (aerotitus) or paranasal sinuses by a blocked Eustachian tube or sinuses. Pain may also be experienced in the gastrointestinal tract or even the teeth (barodontalgia). Usually these are not severe enough to cause actual trauma but can result in soreness in the ear that persists after the flight and can exacerbate or precipitate pre-existing medical conditions, such as pneumothorax.

Pressurization of the cargo hold is also required to prevent damage to pressure sensitive goods that might leak, expand, burst or be crushed on re-pressurization.

2.6.2. Design and work of pressurization and air conditioning systems
First, it is necessary to become familiar with some terms and definitions to understand the operating principles of pressurization and air conditioning systems. These are:
 1. Aircraft altitude. The actual height above sea level at which the airplane is flying.
2. Ambient temperature. The temperature in the area surrounding the airplane.
3. Ambient pressure. The pressure in the area surrounding the airplane. 

4. Cabin altitude. Used to express cabin pressure in terms of equivalent altitude above sea level. The cabin altitude is the equivalent altitude having the same atmospheric pressure, so that if the cabin altitude were set to zero then the pressure inside would be the pressure found at sea level. In practice, it is almost never kept at zero; kept within the design limits of the fuselage and to manage landing at airfields higher than sea level. The cabin altitude of an aircraft planning to cruise at 12000 m is programmed to rise gradually from the altitude of the airport of origin to around a maximum of 2400 m and then to reduce gently during descent until it matches the ambient air pressure of the destination.

A typical cabin altitude, such as in Boeing 767's, is maintained at 2100 m when cruising at 12000 m. A design goal in newer aircraft is to lower the cabin altitude. For example, the highest internal cabin altitude of Boeing 787 is equivalent to 1800 m, while one of the lowest currently flying is the Bombardier Global Express business jet which features 1400 m when cruising at 12000 m. However the trend for lower cabin altitude on newer aircraft is not universal: older 747 typically have lower cabin altitude than the newer 777 or A380. The absolute lowest cabin altitude available on an aircraft is found on the Emivest SJ30 business jet which features a sea level cabin altitude when cruising at 12000 m.
Keeping the cabin altitude below 2400 m generally avoids significant hypoxia, altitude sickness, decompression sickness, and barotrauma, and modern regulations mandate that the cabin altitude may not exceed this level at the maximum operating altitude of the aircraft under normal operating conditions.
5. Differential pressure is the difference in pressure between the pressure acting on one side of a wall and the pressure acting on the other side of the wall. In aircraft air conditioning and pressurizing systems, it is the difference between cabin pressure and atmospheric pressure. 

An Environmental Control System (ECS) is used on aircraft for regulating cabin pressure and temperature thus providing passenger comfort and safety. The systems required to achieve this by taking pressurized air from the engine compressors, feeding through a pneumatic system for distribution, conditioning for temperature and removing water for humidity control.

ECS is a complex system that maintains a cabin pressure during flight and prevents rapid changes of cabin altitude which may be uncomfortable or injurious to passengers and crew. In addition to pressurization the system permits air exchange from outside the cabin whilst tempering and filtering the air released in to the cabin.

To illustrate how the ECS of Boeing 767 works an analysis of the flow path and phases taken by the continuous incoming air will be considered, starting from engine intake to its exit into the atmosphere. 
Bleed system. The bleed system supplies the basis of the ACS, by extracting some of the pressurized air passing through the engine to be processed before eventually distributing into the cabin. As outside air enters the compressor stages of the engine, it is compressed to approximately 32 psi at temperature of 165ºC. Some volume of this processed air is then extracted from the engine core through one of two bleed port openings in the side of the engine.
The bleed hole from which the air is extracted is dependent upon the positioning of the respective control valves. There exists a “high stage” port which is situated at the engine’s fifteenth compressor stage, and a “low” or “intimidate stage” port situated at the eighth compressor stage. These stage positions are subjected to variation depending on engine type. The location of the high stage bleed port experiences the highest air pressure available from the engine compressor. Hence at low engine power the high stage is the only source of air intake at sufficient pressure to meet the needs of the bleed system.
The bleed system consists of a number of valves and a heat exchanger for pre-cooling of the air intake. It automatically provides air at the required temperature and pressure to meet the needs of all pneumatic devices on the airplane. These devices include the airconditioning packs, cabin ventilation system, potable water pressurization, wing and engine anti-ice protection, airdriven hydraulic pump, hydraulic reservoir pressurization, cargo heat, and cabin pressurization. Due to technological advances the bleed system is totally automatic; however has a manual shutoff function on the overhead panel in the flight deck to allow the pilot mechanical control.
During takeoff the required power to produce enough thrust to become airborne results in the compression of air to 1,200ºF and 430psi, at the high stage compressor. This energy level exceeds the requirements for the air conditioning packs and other pneumatic services within the aircraft, thus resulting in an approximate 50% wastage of the total energy available at the high stage port. However, the bleed system recognizes this excess in energy source and automatically switches to the low stage port, hence conserving energy.

Despite this automated procedure of conserving energy, the large variations in operating conditions inevitably causes the air at the high or low stage of the engine compressor seldom exactly to match the needs of the pneumatic systems. Henceforth needing excess energy disposal by forms of waste heat, despite which bleed hole is in operation. The bleed system is fitted with various sensors thus constantly monitoring the engine conditions as to always select the least wasteful port. Despite this, bleed temperatures often exceed safe levels for delivery to downstream systems. By definition safe temperature levels are temperatures at which fuel will not “auto” ignite. Thus the bleed system incorporates a pre-cooler device that automatically discharges excess energy back into the atmosphere as waste heat. This ensures that the temperature of the pneumatic manifold is always well below that which could ignite fuel, thus safeguarding against combustion of a fuel leak.

Ozone converters. Ozone occurs naturally in the atmosphere by the photochemical conversion of oxygen by solar ultraviolet radiation; as such levels may vary with season, altitude, latitude, and weather condition. At 39000 feet (1 foot = 30,48 cm) several ozone plumes may be encountered, some of which may contain ozone concentrations as high as 0,8 parts per million (ppm) or 0,62 ppm sea level equivalent (SLE).

In an aircraft system ozone dissociation occurs when the ozone goes through the compressor stages of the engine, the ozone catalytic converter, and the air-conditioning packs. The ozone further dissociates when contacting airplane ducting, interior surfaces and the airplane recirculation system. In aircraft the use of a noble catalyst such as palladium as a catalyzing agent is used in ozone converters to dissociate ozone to oxygen molecules. A new 767 converter dissociates approximately 95% of the ozone entering the converter to oxygen with a life span of about 12,000 flight hours.

The processed air is then dispensed to the air conditioning system whilst still at approximately 400°F and pressure of 30 psi.

Air-conditioning packs. Air-conditioning packs are air cycle refrigeration systems that use the air passing through and into the airplane as the refrigerant, and are located under the wing center section. This is accomplished by a combined turbine and compressor machine, valves for temperature and flow control, and heat exchangers to dispense waste heat using outside air.

Cool air from the atmosphere is driven into air conditioning packs with the ram air inlets (or through a fan when taxiing). This air convectively cools the bleed air as it passes through the two heat exchangers in the pack. Air from the pneumatic manifold passes through the first heat exchanger where it is cooled substantially, in the cruise condition this is usually sufficient in case the bypass valve opens and no further conditioning happens. Otherwise the air passes through a compressor, which pressurizes and heats the air. It goes through the second heat exchanger where it is cooled and than through the turbine where the air expands. This provides power for the compressor and by this stage the air is cool enough for the cabin to supply.

The pack also contains a water separator to dehumidify air. At cruise height air is extremely dry so this is not always necessary. However where humidity is present it can be a problem due to the low temperature of the air at this point. Water can turn into ice, which causes corrosion of the system. The separator contains a bag that catches water and causes it to form droplets. As the droplets get large enough they pass through the bag and are spin around at sharp turn. The large droplets are separated from the air stream and drained from the plane. If the temperature drops below 2ºC the system mixes warm air with the stream to prevent ice forming in the bag.

The air-conditioning pack thus provides dry, sterile, and dust free conditioned air to the airplane cabin at the proper temperature, flow rate, and pressure to satisfy cabin pressurization requirements. For most modern aircraft, this is approximately 5 cubic feet per minute (cfm) per passenger. However as a safeguard, two air-conditioning packs and sometimes three (as for Boeing 747) provide totaly about 10cfm of conditioned air per passenger. As a way of saving energy, an equal quantity of filtered recirculated air is then mixed with the air from the air-conditioning packs. Due to this high quantity of air circulation, the cabin undergoes a complete air exchange about every two and one-half minutes, or about 25 air changes per hour.

The high air exchange rate is necessary to control temperature gradients, prevent stagnant cold areas, maintain air quality, and dissipate smoke and odors in the cabin. Despite this, the outside airflow requirements are dictated largely the temperature control unit. The automatic controls for the air-conditioning packs constantly monitor airplane flight parameters including temperatures at various zones throughout the aircraft. As a result the controls automatically adjust the various valves for a comfortable environment under all normal conditions.
Mix manifold. The mix manifold performs the simple task of taking up the air expelled by the air-conditioning pack into a mixing chamber where it is then combined with an equal quantity of filtered recirculated air from the cabin.

Recirculation system. The recirculation system processes the cabin air that is to go into the mix manifold by filtering out any impurities and harmful airborne particles. Once processed via the use of high-efficiency particulate air type filters, the recirculated air entering the mix manifold is essentially sterile removing 99.9%+ of the bacteria and viruses of the passengers.

The filters cannot be bypassed thus ensuring the greatest air quality possible for the aircraft, and become more efficient with increased service life. However they do require replacement at periodic maintenance intervals.

Cabin Ventilation System. The cabin ventilation system involves the distribution of air from the mix manifold into the cabin and the intake of recirculated air for processing and expulsion. The air supplied from the mix manifold is separated into ducting “risers” which take the air from below the floor to the overhead cabin ventilation system, from which it is then supplied to each seating zone in the airplane.

Temperature control of this air is done by the increase or decrease in the amount of trim air (hot bleed air from the pneumatic manifold) added into the risers, to match the required supply air temperature for each seating zone.

The overhead air distribution network runs the length of the cabin, distributing dust free and sterile air with a relative humidity of 10% to 20%. The temperature ranges from 65ºF to 85ºF depending upon the seating zone the air is being supplied to, and has a carbon dioxide concentration of about 1,050 ppm. The increase in carbon dioxide as compared to that from the air conditioning packs is due to the mixing of recirculated air and passenger respiration.

Precise control of the airflow patterns is required for aircraft systems as to prevent passenger discomfort, and can be attributed to the large quantity of air entering the relatively small volume of the cabin. Air enters the passenger cabin from over head, and runs the entire length of the cabin.These outlets are designed to create carefully controlled circular airflow patterns in the cabin.

Air leaves the outlets at a velocity of more than 500 feet per minute mixing with cabin air, yet maintaining sufficient momentum to sweep the cabin walls and floor and wash out any cold pockets of air within the cabin for a comfortable environment. Any volume of cabin air may circulate for 2 or 3 minutes before it is exhausted through the return air grilles located in the sidewalls near the floor, also running the entire length of the cabin along both sides. For the time that the air was in the cabin, only about 0.33% of the oxygen it contained was consumed by human metabolism, and was replaced by an equal quantity of carbon dioxide from passenger respiration. In addition, the return air may contain various microorganisms or other contaminants from passengers and/or the cabin itself. From this return air approximately half will be exhausted overboard and the other half reprocessed to sterile conditions by the recirculation system filters. During flight the exhaust air is continuously being extracted from beneath the cabin floor. With the latter section being extracted by the cabin pressure outflow valve and exhausted overboard, whilst the forward section is continuously extracted by the recirculation fans for reprocessing by the recirculation filters.

Cabin pressure control system. The cabin pressure regulator controls cabin pressure to a selected value in the isobaric range and limits cabin pressure to a preset differential value in the differential range (fig. 2.30).
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Fig. 2.30. Cabin pressure regulation as a function of altitude

The cabin pressure control system continuously monitors the airplane ground and flight modes, altitude, climb, cruise, or descent modes as well as the holding patterns at various altitudes. The system uses this information to regulate pressure by controlling the outflow of cabin air by opening or closing the pressure regulation valves located on the exterior of the fuselage. Controls and panel for the cabin pressure control system is located in the pilot’s overhead panel near the other air-conditioning controls. Like the air-conditioning system, the cabin pressure control system is fully automatic, thus requiring no attention from the pilots unless the cabin pressure system fails. If failure occurs it is also possible to release cabin pressure manually from the cockpit.

The difference between cabin pressure and atmospheric pressure is known as differential pressure. The maximum differential pressure for most aircraft is approximately 55-62kPa (8-9psi). By operating within this range the structural integrity and thus life cycle of the plane is optimized. The main outflow valve, located on the underside of the plane regulates pressure by controlling the outflow of cabin air. The overboard exhaust valve is located farther forward and is open on the ground and when differential pressure is less than 2psi to facilitate cooling of the electronic systems bay and provide an exhaust for smoke clearance. There are secondary valves in place to regulate excess pressure should the main outflow valve fails. The two safety pressure release valves are set to open at approximately 8.5 psi differential pressure.

At a 39000-foot cruise altitude, the cabin pressure is equivalent to 6900 feet or a pressure of 11.5psi. Due to the various sensors and hence feedback systems, as the airplane changes altitude, the outflow valve repositions itself to allow more or less air to escape. However the rate at which the cabin pressure is increased or decreased is constrained to keep pressure changes comfortable for passengers. Normal pressure change rates, that are sufficiently comfortable, are 0.26 psi per minute ascending and 0.16psi per minute descending.

Pressurization when Grounded. When the aircraft is at terminal and the engines are not engaged an alternative method for powering the aircrafts electrical systems is required.

There are a couple of methods available to overcome this situation. Many aircraft have an auxiliary power unit (APU) located in the tail of the aircraft. It is consists of a small gas turbine which runs a generator to supply the aircraft with electricity and a compressor which supplies unfiltered hot compressed air to the pneumatic system. It is often better to supply compressed air from the ground when the aircraft is stationary. This reduces the strain placed on the air conditioning packs and can be more efficient than running the whole pneumatic system. There are a couple of ways of doing this, i.e. supplying high pressure air or low pressure air to the plane when grounded.

High pressure air is supplied via a cart, that is essentially the same as an APU in that high pressure hot unfiltered air is supplied to the pneumatic manifold and cooled by the air conditioning packs. The low pressure system is effectively an air conditioning unit; it supplies filtered cool air into the distribution system. Nowadays many airports include this system as a fixed unit at each gate, although low pressure carts are still widely used.
Instruments. Several instruments are used in conjunction with the pressurization controller. The cabin differential pressure gauge indicates the difference between inside and outside pressure. This gauge should be monitored to assure that the cabin does not exceed the maximum allowable differential pressure.
A cabin altimeter is also provided as a check of the system performance. In some cases, these two instruments are combined into one.
A third instrument indicates the cabin rate of climb or descent. A cabin rate of climb instrument and a cabin altimeter are illustrated in fig. 2.31.
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Figure 16-15 Cabin Pressurization Instruments




Fig. 2.31. Cabin pressurization instruments

Decompression. Decompression is defined as the inability of the airplane pressurization system to maintain its designed pressure differential. This can be caused by a malfunction in the pressurization system or structural damage to the airplane. Physiologically, decompressions fall into two categories:
1. Explosive Decompression. Explosive decompression is defined as a change in cabin pressure faster than the lungs can decompress. Therefore, it is possible that lung damage may occur. Normally, the time required to release air from the lungs where no restrictions exist, such as masks, etc., is 0.2 seconds. Most authorities consider any decompression which occurs in less than 0.5 seconds as explosive and potentially dangerous.
2. Rapid Decompression. Rapid decompression is defined as a change in cabin pressure where the lungs can decompress faster than the cabin. Therefore there is no lung truoble.
During decompression there may be noise, and for a split second one may feel dazed. The cabin air will fill with fog, dust or flying debris. Fog occurs due to the rapid drop in temperature and the change of relative humidity. Normally, the ears clear automatically. Belching or passage of intestinal gas may occur. Air will rush from the mouth and nose as it escapes of air from the lungs, and may be noticed by some individuals.
The primary danger of decompression is hypoxia. Unless proper utilization of oxygen equipment is applied quickly, unconsciousness may occur in a very short time. The period of useful consciousness is considerably shortened when a person is subjected to a rapid decompression. This is due to the rapid reduction of pressure on the body. Thus, oxygen in the lungs is exhaled rapidly. This, in effect, reduces the partial pressure of oxygen in the blood and thus reduces the pilot's effective performance time by 1/3 or 1/4 its normal time. It is for this reason the oxygen mask should be worn on the face when flying at very high altitudes. It is recommended that the crewmembers select the 100% oxygen setting on the oxygen regulator at high altitude if the airplane is equipped with a demand or pressure demand oxygen system.
Another hazard is that of being tossed or blown out of the airplane if near an opening. For this reason, individuals near such openings should wear safety harnesses or seatbelts at all times when the airplane is pressurized and they are seated.
Still another potential hazard from high altitude decompressions is the possibility of evolved gas decompression sicknesses. Exposure to windblast and extremely cold temperatures are other hazards one might have to face.
PART III

AIRCRAFT ENGINES

3.1. Engines classification
An aircraft engine is the component of the propulsion system for an aircraft that generates mechanical power.

Aircraft engines are almost always either piston engines or gas turbines. These two large categories can be further subdivided into some subgroups.

Piston engines are: In-line engine, Rotary engine, V-type engine, Radial engine, Opposed engine.
In-line engine (fig. 3.1). This type of engine has cylinders lined up in one row. It typically has an even number of cylinders, but there are instances of three- and five- cylinder engines. The biggest advantage of an in-line engine is that it allows the aircraft to be designed with a narrow frontal area for low drag. If the engine crankshaft is located above the cylinders, it is called an inverted in-line engine, which allows the propeller to be mounted high for ground clearance even with short landing gear. The disadvantages of an in-line engine include a poor power-to-weight ratio, because the crankcase and crankshaft are long and thus heavy. An in-line engine may be either air cooled or liquid cooled, but liquid-cooling is more common because it is difficult to get enough air-flow to cool the rear cylinders directly. In-line engines were common in early aircraft, including the Wright Flyer, the aircraft that made the first powered flight. However, the inherent disadvantages of the design soon became apparent, and the in-line design was abandoned, becoming a rarity in modern aviation.




Fig. 3.1. In-line or straight engine
Rotary engine. At the beginning of the World War I, when aircraft were first being used for military purposes, it became apparent that existing in-line engines were too heavy for the power needed. Aircraft designers needed an engine that was lightweight, powerful, cheap, and easy to manufacture in large quantities. The rotary engine met these goals. Rotary engines have all the cylinders in a circle around the crankcase like a radial engine (see below), but the difference is that the crankshaft is bolted to the airframe, and the propeller is bolted to the engine case. The entire engine rotates with the propeller, providing plenty of airflow for cooling regardless of the aircraft's forward speed. Some of these engines were a two-stroke design, giving them a high specific power and power-to-weight ratio. Unfortunately, the severe gyroscopic effects from the heavy rotating engine made the aircraft very difficult to fly. The engines also consumed large amounts of castor oil, spreading it all over the airframe and creating fumes which were nauseating to the pilots. Engine designers had always been aware of many drawbacks of the rotary engine. When the static style engines became more reliable, gave better specific weights and fuel consumption, the days of the rotary engine were numbered.
V-type engine. Cylinders in this engine are arranged in two in-line banks, tilted 30-60 degrees apart from each other (fig. 3.2). The vast majority of V engines are water-cooled. The V design provides a higher power-to-weight ratio than an in-line engine, while still providing a small frontal area. Perhaps the most famous example of this design is the legendary Rolls Royce Merlin engine, a 27-litre (1649 in3) 60° V12 engine used in, among others, the Spitfires that played a major role in the Battle of Britain.
Radial engine. This type of engine has one or more rows of cylinders arranged in a circle around a centrally-located crankcase. Each row must have an odd number of cylinders in order to produce smooth operation. A radial engine has only one crank throw per row and a relatively small crankcase, resulting in a favorable power to weight ratio. Because the cylinder arrangement exposes a large amount of the engine heat radiating surfaces to the air and tends to cancel reciprocating forces, radials tend to cool evenly and run smoothly.

The lower cylinders, which are under the crankcase, may collect oil when the engine has been stopped for an extended period. If this oil is not cleared from the cylinders prior to starting the engine, serious damage due to hydrostatic lock may occur.

In military aircraft designs, the large frontal area of the engine acted as an extra layer of armor for the pilot. However, the large frontal area also resulted in an aircraft with a blunt and aerodynamically inefficient profile.

Opposed engine. An opposed-type engine has two banks of cylinders on opposite sides of a centrally located crankcase. The engine is either air cooled or liquid cooled but air cooled versions predominate. Opposed engines are mounted with the crankshaft horizontally in airplanes, but may be mounted with the crankshaft vertically in helicopters. Due to the cylinder layout, reciprocating forces tend to cancel, resulting in a smooth running engine. Unlike a radial engine, an opposed engine does not experience any problems with hydrostatic lock.

Opposed, air-cooled four and six cylinder piston engines are by far the most common engines used in small general aviation aircraft requiring up to 400 horsepower (300 kW) per engine. Aircraft which require more than 400 horsepower (300 kW) per engine tend to be powered by turbine engines.
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Fig. 3.2. Three types of engine: L, V and VR6

Gas turbine engines are: turbojet engine, turbofan engine, turboprop engine, turboshaft engines.
A turbojet engine (fig.3.3) is a type of internal combustion engine often used to propel aircraft. Air is drawn into the rotating compressor via the intake and is compressed, through successive stages, to a higher pressure before entering the combustion chamber. Fuel is mixed with the compressed air and ignited by flame in the eddy of a flame holder. This combustion process significantly rises the temperature of the gas. Hot combustion products leaving the combustor are expanded through the turbine, where power is extracted to drive the compressor. Although this expansion process reduces both the gas temperature and pressure at the turbine exit, both parameters are usually still well above ambient conditions. The gas stream exiting the turbine expands to ambient pressure via the propelling nozzle, producing a high velocity jet in the exhaust plume. If the jet velocity exceeds the aircraft flight velocity, there is a net forward thrust upon the airframe.

Under normal circumstances, the pumping action of the compressor prevents any backflow, thus facilitating the continuous-flow process of the engine. Indeed, the entire process is similar to a four-stroke cycle, but with induction, compression, ignition, expansion and exhaust taking place simultaneously, but in different sections of the engine. The efficiency of a jet engine is strongly dependent upon the overall pressure ratio (combustor entry pressure/intake delivery pressure) and the turbine inlet temperature of the cycle.

Perhaps it is also instructive to compare turbojet engines with propeller engines. Turbojet engines take a relatively small mass of air and accelerate it by a large amount, whereas a propeller takes a large mass of air and accelerates it by a small amount. The high-speed exhaust of a jet engine makes it efficient at high speeds (especially supersonic speeds) and high altitudes. On slower aircraft and those required to fly short stages, a gas turbine-powered propeller engine, known as a turboprop, is more common and much more efficient. Very small aircraft generally use conventional piston engines to drive a propeller but small turboprops are getting smaller as engineering technology improves.

The turbojet is a single-spool design, in which a single shaft connects the turbine to the compressor. Higher overall pressure ratio designs often have two concentric shafts, to improve compressor stability during engine throttle movements. The outer high pressure (HP) shaft connects the HP compressor to the HP turbine. This HP spool, with the combustor, forms the core or gas generator of the engine. The inner shaft connects the low pressure (LP) compressor to the LP turbine to create the LP spool. Both spools are free to operate at their optimum shaft speed.
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Fig. 3.3. A turbojet engine
A turbofan engine (fig. 3.4) has a large fan at the front. Most of the air flows around the outside of the engine, making it quieter and giving more thrust at low speeds. Most of today's airliners are powered by turbofans. In a turbojet all the air entering the intake passes through the gas generator, which is composed of the compressor, combustion chamber, and turbine. In a turbofan engine only a portion of the incoming air goes into the combustion chamber. The remainder passes through a fan, or low-pressure compressor, and is ejected directly as a "cold" jet or mixed with the gas-generator exhaust to produce a "hot" jet. The objective of this sort of bypass system is to increase thrust without increasing fuel consumption. It achieves this by increasing the total air-mass flow and reducing the velocity within the same total energy supply.
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Fig. 3.4. A turbofan engine

A turboprop engine (fig. 3.5) is a jet engine attached to a propeller. The turbine at the back is turned by the hot gases, and this turns a shaft that drives the propeller. Some small airliners and transport aircraft are powered by turboprops.
Like the turbojet, the turboprop engine consists of a compressor, combustion chamber, and turbine. The air and gas pressure is used to run the turbine, which then creates power to drive the compressor. Compared with a turbojet engine, the turboprop has better propulsion efficiency at flight speeds below about 500 miles per hour. Modern turboprop engines are equipped with propellers that have a smaller diameter but a larger number of blades for efficient operation at much higher flight speeds. To develop higher flight speeds, the blades are scimitar-shaped with swept-back leading edges at the blade tips.
Engines that feature such propellers are called propfans.
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Fig. 3.5. A turboprop engine
Turboshaft Engines.This is another form of gas-turbine engine that operates much like a turboprop system. It does not drive a propeller. Instead, it provides power for a helicopter rotor. The turboshaft engine is designed so that the speed of the helicopter rotor is independent of the rotating speed of the gas generator. This permits the rotor speed to be kept constant even when the speed of the generator is varied to modulate the amount of power produced.
Engine Starting System. Usually, an auxiliary power unit (APU) is used to start the engines. It has a starter motor which has a high torque transmitted to the compressor unit. When the optimum speed is reached, i.e. the flow of gas through the turbine is sufficient, the turbines take over. There are a number of different starting methods such as electric, hydraulic, pneumatic, etc.

These also provide enough power to keep the cabin lights, pressure and other systems on while the engines are off.

Specific Fuel Consumption. The engine performance may be described in several ways. One of the useful parameters is specific fuel consumption, or s.f.c. For turbojets and fans, the s.f.c. is usually expressed as the thrust specific fuel consumption or t.s.f.c.. It is defined as the weight of the fuel burned per unit time, per unit thrust. In English units, t.s.f.c. is usually quoted in lbs of fuel per hour per lb of thrust or just lb/hr/lb or 1/hr. (In SI units the t.s.f.c. is sometime expressed in kg/hr/kN.)
For turboprop or piston engines, the s.f.c. is often expressed as a power specific fuel consumption, i.e. weight of fuel per unit time per unit power delivered to the propeller. This quantity is often denoted b.s.f.c. (for brake-power s.f.c.) and has units of 1/length. It is expressed in the unwieldy, but familiar English units as lb / hr / h.p.
3.2. Princeples of engines work

Piston engines. There are two main parts to engine operation: the mechanical operation of the engine parts, and the thermodynamics through which the engine produces work and power. First we will discuss the basic thermodynamic principles.

In thermodynamics, an adiabatic process or an isocaloric process is a thermodynamic process in which no heat is transferred to or from the working fluid. The term "adiabatic" literally means impassable, coming from the Greek roots ἀ- ("not"), διὰ- ("through"), and βαῖνειν ("to pass"); this etymology corresponds here to the absence of heat transfer. Conversely, a process that involves heat transfer (addition or loss of heat to the surroundings) is generally called diabatic. Although the two terms can often be interchanged, adiabatic processes may be considered a subset of isocaloric processes; the remaining complement subset of isocaloric processes being processes where net heat transfer does not diverge regionally such as in an idealized case with mediums of infinite thermal conductivity or non-existent thermal capacity.

For example, an adiabatic boundary is a boundary that is impermeable to heat transfer and the system is said to be adiabatically (or thermally) insulated; an insulated wall approximates an adiabatic boundary. Another example is the adiabatic flame temperature, which is the temperature that would be achieved by a flame in the absence of heat loss to the surroundings. An adiabatic process that is reversible is also called an isentropic process. Additionally, an adiabatic process that is irreversible and produce no work is in an isenthalpic process, such as viscous drag, progressing towards a nonnegative change in entropy.

One opposite extreme—allowing heat transfer with the surroundings, causing the temperature to remain constant—is known as an isothermal process. Since temperature is thermodynamically conjugate to entropy, the isothermal process is conjugate to the adiabatic process for reversible transformations.

A transformation of a thermodynamic system can be considered adiabatic when it is quick enough and no significant heat is transferred between the system and the outside. At the opposite extreme, a transformation of a thermodynamic system can be considered isothermal if it is slow enough so that the system temperature remains constant by heat exchange with the outside.

An isobaric process is a thermodynamic process in which the pressure stays constant: Δp = 0 The term derives from the Greek isos, meaning "equal," and barus, "heavy."
An isochoric process, also called a constant-volume process, an isovolumetric process, or an isometric process, is a thermodynamic process during which the volume of the closed system undergoing such process remains constant. In nontechnical terms, an isochoric process is exemplified by the heating or the cooling of the contents of a sealed non-deformable container. The thermodynamic process is the addition or removal of heat; the isolation of the contents of the container establishes the closed system; and the inability of the container to deform imposes the constant-volume condition.
An isothermal process is a change of a system in which the temperature remains constant: ΔT = 0. This typically occurs when a system is in contact with an outside thermal reservoir (heat bath), and the change occurs slowly enough to allow the system to continually adjust to the temperature of the reservoir through heat exchange. An alternative special case in which a system exchanges no heat with its surroundings (Q = 0) is called an adiabatic process. In other words, in an isothermal process, the value ΔT = 0 but Q ≠ 0, while in an adiabatic process, ΔT ≠ 0 but Q = 0.
A polytropic process is a thermodynamic process that obeys the relation:

PVn = C,
where P is pressure, V is volume, n is any real number (the polytropic index), and C is a constant. This equation can be used to accurately characterize processes of certain systems, notably the compression or expansion of a gas, but in some cases, possibly liquids and solids.

Under standard conditions, most gases can be accurately characterized by the ideal gas law. This construct allows the pressure-volume relationship to be defined for essentially all ideal thermodynamic cycles, such as the well-known Carnot cycle. (Note however that there may be instances where a polytropic process occurs in a non-ideal gas.)

For certain indices n, the process will be synonymous with other processes:

- if n = 0, then PV0 = P = const and it is an isobaric process (constant pressure)

- if n = 1, then for an ideal gas PV = NkT = const and it is an isothermal process (constant temperature)

- if n = γ = cp/cV, then for an ideal gas it is an adiabatic process (no heat transferred).
Note that 
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 if n =∞, then it is an isochoric process (constant volume).
When the index n occurs between any two of the former values (0, 1, gamma, or infinity), it means that the polytropic curve will lie between the curves of the two corresponding indices.

Today, internal combustion engines in cars, trucks, motorcycles, aircraft, construction machinery and many others, most commonly use a four-stroke cycle. The four strokes refer to intake, compression, combustion (power), and exhaust strokes that occur during two crankshaft rotations per working cycle of the gasoline engine and diesel engine.

The Otto Thermodynamic Cycle is used in all internal combustion engines. Figures 3.6, 3.7 show a p-V diagram of the Otto cycle. Using the engine stage numbering system, we begin at the lower left with Stage 1 being the beginning of the intake stroke of the engine. The pressure is near atmospheric pressure and the gas volume is at a minimum. Between Stage 1 and Stage 2 the piston is pulled out of the cylinder with the intake valve open. The pressure remains constant, and the gas volume increases as fuel/air mixture is drawn into the cylinder through the intake valve. Stage 2 begins the compression stroke of the engine with the closing of the intake valve. Between Stage 2 and Stage 3, the piston moves back into the cylinder, the gas volume decreases, and the pressure increases because work is done on the gas by the piston. Stage 3 is the beginning of the combustion of the fuel/air mixture. The combustion occurs very quickly and the volume remains constant. Heat is released during combustion which increases both the temperature and the pressure, according to the equation of state. Stage 4 begins the power stroke of the engine. Between Stage 4 and Stage 5, the piston is driven towards the crankshaft, the volume in increased, and the pressure falls as work is done by the gas on the piston. At Stage 5 the exhaust valve is opened and the residual heat in the gas is exchanged with the surroundings. The volume remains constant and the pressure adjusts back to atmospheric conditions. Stage 6 begins the exhaust stroke of the engine during which the piston moves back into the cylinder, the volume decreases and the pressure remains constant. At the end of the exhaust stroke, conditions have returned to Stage 1 and the process repeats itself.
During the cycle, work is done on the gas by the piston between stages 3,4 and 5. The difference between the work done by the gas and the work done on the gas is the area enclosed by the cycle curve and is the work produced by the cycle. The work times the rate of the cycle (cycles per second) is equal to the power produced by the engine.

The area enclosed by the cycle on a p-V diagram is proportional to the work produced by the cycle. On the next pages we have shown an ideal Otto cycle in which there is no heat entering (or leaving) the gas during the compression and power strokes, no friction losses, and instantaneous burning occurring at constant volume. In reality, the ideal cycle does not occur and there are many losses associated with each process. These losses are normally accounted for by efficiency factors which multiply and modify the ideal result. For a real cycle, the shape of the p-V diagram is similar to the ideal, but the area (work) is always less than the ideal value.
The four-stroke engine was first patented by Eugenio Barsanti and Felice Matteucci in 1854, followed by a first prototype in 1860.

However, the German engineer Nicolaus Otto was the first to develop a functioning four-stroke engine, that is why the four-stroke principle today is commonly known as the Otto cycle and four-stroke engines using spark plugs often are called Otto engines. The Otto Cycle consists of adiabatic compression, heat addition at constant volume, adiabatic expansion and rejection of heat at constant volume.
Gas turbine engines. Thrust is a mechanical force which is generated through the reaction of accelerating a mass of gas, as states Newton's third law of motion. A gas or working fluid is accelerated to the rear and the engine and aircraft are accelerated in the opposite direction. To accelerate the gas, we need some kind of propulsion system. Let us just think of the propulsion system as some machine which accelerates a gas.
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Fig. 3.6. Schematic version of the four-stroke engine cycle: a) stage 1;
 b) stage 2
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Fig. 3.7. Schematic version of the four-stroke engine cycle: a) stage 3; b) stage 4; c) stage 5

From Newton's second law of motion, we can define a force F to be the change in momentum of an object with a change in time. Momentum is the object mass m times the velocity V. So, between two times t1 and t2, the force is given by:
F = [(m V)2 - (mV)1] / (t2 - t1)
If we keep the mass constant and just change the velocity with time we obtain the simple force equation - force equals mass time acceleration a:

F = ma.
For a moving fluid, the important parameter is the mass flow rate. Mass flow rate is the amount of mass moving through a given plane over some period of time. Its dimensions are mass/time (kg/sec) and it is equal to the density r times the velocity V times the area A. We can denote this parameter as mdot (m with a little dot over the top).
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An approximate equation for calculating the net thrust of a jet engine, a turbojet or a mixed turbofan, is:
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The components of a jet engine are standard across different types of engines, although not all engine types have all components. The parts include:

Air Intake (Inlet). For subsonic aircraft, the air intake to a jet engine presents no special difficulties, and consists essentially of an opening which is designed to minimise drag, as with any other aircraft component. However, the air reaching the compressor of a normal jet engine must be travelling below the speed of sound, even for supersonic aircraft, to sustain the flow mechanics of the compressor and turbine blades. At supersonic flight speeds, shockwaves are formed in the intake system and reduce the recovered pressure at inlet to the compressor. So some supersonic intakes use devices, such as a cone or ramp, to increase pressure recovery, by making more efficient use of the shock wave system.
Compressor or Fan. The compressor is made up of stages. Each stage consists of vanes which rotate, and stators which remain stationary. As air is drawn deeper through the compressor, its heat and pressure increases. Energy is derived from the turbine, passes along the shaft.
Shaft. This carries power from the turbine to the compressor, and runs most of the length of the engine. There may be as many as three concentric shafts, rotating at independent speeds, with many sets of turbines and compressors. Other services, like a bleed of cool air, may also run down the shaft.
Combustor or Can or Flameholders or Combustion Chamber
This is a chamber where fuel is continuously burned in the compressed air.
Turbine. The turbine acts like a windmill, extracting energy from the hot gases leaving the combustor. This energy is used to drive the compressor through the shaft, or bypass fans, or props, or even (for a gas turbine-powered helicopter) converted entirely to rotational energy for use elsewhere. Relatively cool air, bled from the compressor, may be used to cool the turbine blades and vanes, to prevent them from melting.
Afterburner or reheat (chiefly UK) (mainly military). Produces extra thrust by burning extra fuel, usually inefficiently, to significantly raise Nozzle Entry Temperature at the exhaust. Owing to a larger volume flow (i.e. lower density) at exit from the afterburner, an increased nozzle flow area is required, to maintain satisfactory engine matching, when the afterburner is alight.
Exhaust or Nozzle. Hot gases leaving the engine exhaust to atmospheric pressure via a nozzle, the objective being to produce a high velocity jet. In most cases, the nozzle is convergent and of fixed flow area. The nozzle may be preceded by a mixer, which combines the high temperature air coming from the engine core with the lower temperature air that was bypassed in the fan. This results in a quieter engine than if the mixer was not present.
Supersonic Nozzle. If the Nozzle Pressure Ratio (Nozzle Entry Pressure/Ambient Pressure) is very high them, to maximize thrust it may be worthwhile, despite the additional weight, to fit a convergent-divergent (de Laval) nozzle. As the name suggests, initially this type of nozzle is convergent, but beyond the throat (smallest flow area), the flow area starts to increase to form the divergent portion. The expansion to atmospheric pressure and supersonic gas velocity continues downstream of the throat, whereas in a convergent nozzle the expansion beyond sonic velocity occurs externally, in the exhaust plume. The former process is more efficient than the latter.
The Brayton cycle (or Joule cycle) represents the operation of a gas turbine engine. The cycle consists of four processes, as shown in figure 3.8:
- (a – b) - Adiabatic, quasi-static (or reversible) compression in the inlet and compressor;
- (b – c) - Constant pressure fuel combustion (idealized as constant pressure heat addition);

- (c – d) - Adiabatic, quasi-static (or reversible) expansion in the turbine and exhaust nozzle, with which we: take some work out of the air and use it to drive the compressor, and take the remaining work out and use it to accelerate fluid for jet propulsion, or to turn a generator for electrical power generation;

- (d – a) - Cool the air at constant pressure back to its initial condition.
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Fig. 3.8. Sketch of the jet engine components and corresponding thermodynamic states

In practice, real Brayton cycles take one of two forms. Figure 3.9 shows an “open” cycle, where the working fluid enters and then leave the device. This is the way a jet propulsion cycle works. Next Figure 3.10 shows the alternative, a closed cycle, which recirculates the working fluid. Closed cycles are used, for example, in space power generation.
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Fig. 3.9. Open cycle operation (a) and closed cycle operation (b).
PART IV
HELICOPTERS
4.1. Helicopters Design
The word helicopter is derived from the Greek words helix (spiral) and pteron (wing).
Compared to conventional fixed-wing aircraft, helicopters are much more complex, more expensive to buy and operate, relatively slow, have shorter range and restricted payload. The compensating advantage is maneuverability; helicopters can hover in place, reverse, and above all take off and land vertically. Subject only to refueling facilities and load/altitude limitations, a helicopter can travel to any location, and land anywhere with enough space (approximately twice the area of the rotor disk).

History. The first semi-practical idea of a human carrying helicopter was first conceived by Leonardo da Vinci around 1490, but it was not until the invention of the powered airplane in the 20th century that actual helicopters were produced.
A flight of the first fully controllable helicopter was demonstrated by Raúl Pateras de Pescara 1916 in Buenos Aires, Argentina. In 1931, Soviet aeronautical engineers Boris Yuriev and Alexei Cheremukhin began experiments with the TsAGI 1-EA helicopter, the earliest known single lifting rotor helicopter (which had forward and aft anti-torque rotors). It reached an altitude of 605 meters on August 14, 1932 with Cheremukhin at the controls.
Reliable helicopters capable of stable hover flight were developed decades after fixed wing aircraft. This is largely due to higher engine power density requirements when compared with fixed wing aircraft. Igor Sikorsky is reported to have delayed his own helicopter research until suitable engines were commercially available. Improvements in fuels and engines during the first half of the 20th century were a critical factor in helicopter development.

Generating lift. A helicopter makes use of the same principle, as aircraft does, except that instead of moving the entire aircraft, only the wings themselves are moved in a circular motion.
Conventional layout (fig.4.1 -.4.3). There are several possible layouts for arranging a helicopter's rotors. The most common design is the Sikorsky-layout, which is used by approximately 95% of all helicopters manufactured. Turning rotor generates lift but it also applies a reverse torque to the vehicle, which would spin the helicopter fuselage in the opposite direction to the rotor if no counter-acting force was applied. At low speeds, the most common way to counteract this torque is to have a smaller vertical propeller mounted at the rear of the aircraft called a tail rotor. This rotor creates thrust which acts opposite direction from the torque generated by the main rotor. When the thrust from the tail rotor is sufficient to cancel out the torque from the main rotor, the helicopter will not rotate around the main rotor shaft.
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Fig. 4.1. MD500N (G-SMAC, built 1992) at Kemble Airfield, Gloucestershire, England.
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Fig. 4.2. Movable components of helicopter
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Fig. 4.3. Parts of helicopter
Almost all civilian helicopters have the main rotor and tail rotor system. If the tail rotor is shrouded (i.e., a fan embedded in the vertical tail) it is called a fenestron. It is less efficient but the advantages are that less noise is generated, it is safer for people that may walk near it and there is less chance of the blades being damaged by objects because it is shrouded, unlike the traditional tail rotor.

The amount of power required to prevent a helicopter from spinning is significant. A tail rotor typically uses about 5 to 6% of the engine power, and this power does not help the helicopter produce lift or forward motion. To reduce this waste during cruise, the vertical stabilizer is often angled to produce a force which helps counteract the main rotor torque. At high speeds, it is possible for the vertical stabilizer to counteract the entire torque, leaving more power available for forward flight. This is commonly known as slip-streaming and can make hovering turns difficult on windy days. Another reason for the angled vertical stabilizer is to make it possible to stage a successful high-speed, run-on landing, in case of the tail rotor failure or damage.

Many military helicopters, especially attack types, have short wings called stub wings to add lift during forward motion. They are also used as external mounts for weapons. Depending on the design, wings can often degrade hovering performance as they partially obstruct the airflow created by the main rotor.

Alternative layouts. There are alternatives to Sikorsky's layout, which save the weight of a tail boom and rotor. Such designs use two main rotors which turn in opposite directions, or contra-rotate, so that the torques from each rotor cancel each other out.
The co-axial design, where rotors are mounted on top of each other at the top of the fuselage and share a common main axle complex, was first built by Theodore von Karman and Asbóth Oszkár in 1918 and later became the hallmark of soviet Kamov design bureau (see for example the Kamov Ka-50 "Hokum"). Co-axial helicopters in flight are highly resistant to side-winds, which makes them suitable for shipboard use, even without a rope-pulley landing system. Another example is the Kamov Ka-26, a successful crop duster aircraft (fig.4.4).
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Fig.4.4. Layout of the Co-axial helicopter KA-26
The slightly different system of intermeshing rotors, also called a synchropter, which was developed in Nazi Germany for a small anti-submarine warfare helicopter, the Flettner Fl 282 Kolibri, features two main rotors on separate, obliquely mounted axles. The counter-rotating rotors are on top of the fuselage, close to each other. During the Cold War the American Kaman company started to produce similar helicopters for USAF firefighting purposes. Kamans have high stability and powerful lifting capability. The latest Kaman K-Max model is a dedicated sky crane design, used for construction works.
In the flying-wagon or tandem rotor system (sometimes called "flying banana" for the peculiar shape of early U.S. examples), the two main rotors are located at the front and rear extremity of a long, boxy fuselage that resembles a railway wagon. Wagon helicopters are practical for military logistical purposes, because entry and unloading is easy via the unobstructed front and rear ramps. The rotors and turbines are located very high on top of the fuselage, making them less sensitive to damage and dirt. The main drawback of a tandem rotor is limited agility in air and the need for a highly trained crew, as the large main rotors have long outreach beyond the fuselage and may easily hit nearby obstacles. In 2001, South Korean Army CH-47 Chinook (fig.4.5) crashed into a bridge for that reason while being shown on TV.
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Fig.4.5. A CH-47C Chinook helicopter cutaway drawing
A helicopter built by Juan de la Cierva had three main rotors. These were placed at the corners of an equilateral triangle and all turned the same direction.

In the cross system, the rotary wing aircraft resembles a traditional fixed-wing airplane, with the two main rotors mounted at the extremities of its wings. Such helicopters are rare, because structural integrity of the wings is difficult to maintain against the amplified resonance of far off-board rotor-turbine units.
The world's largest ever helicopter, the Soviet Mil-V-12 prototype, was a cross of two Mil Mi-6 (fig 4.6) turbine-rotor units built onto a modified Antonov cargo plane.

[image: image126.png]



Fig. 4.6. The world's largest ever helicopter, the Soviet Mil-V-12
A recent development in helicopter technology is the NOTAR  (fig. 4.7) system, which stands for NO TAil Rotor. The NOTAR eliminates the tail rotor by conducting high-velocity air through the tail boom, using the Coandă effect to produce forces to the torque. NOTARs adjust thrust by opening and closing a sliding circular cover near the end of the tail boom. The NOTAR system was developed in the United States and is used exclusively by McDonnell Douglas Helicopters.
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Fig. 4.7. NOTAR helicopter
The most unusual design is the roto-rocket principle, where the single main rotor draws power not from the shaft, but from its own wingtip jet nozzles, which are either pressurized from a fuselage-mounted gas turbine or have their own pulsejet combustion chambers. Although this method is simple and eliminates precession, development of such helicopters ceased because their extreme noise levels preclude both military and civilian use.

In identifying helicopters during flight it is helpful to know that when viewed from below, the rotor of French, Russian, or Soviet designed helicopter rotates counter-clockwise, whilst that of a helicopter built in Italy, the UK or the USA rotates clockwise.

4.2. Helicopter Controlling
For pitch (tilting forward and back) or roll (tilting sideways) the angle of attack of the main rotor blades is altered or cycled during the rotation creating a differential of lift at different points of the rotary wing. More lift at the rear of the rotary wing will cause the aircraft to pitch forward, an increase on the left will cause a roll to the right i.e. it depends on helicopter manouvering. For rotation about the vertical axis (yaw) the anti-torque system is used. Varying the pitch of the tail rotor alters the sideways thrust produced. Yaw controls are usually operated with anti-torque pedals on the floor in the same place as a fixed-wing aircraft's rudder pedals.

Helicopters maneuver with three flight controls besides the pedals. The collective pitch control lever controls the collective pitch or angle of attack of the helicopter blades altogether, that is, equally throughout the 360 degree plane-of-rotation of the main rotor system. When the angle of attack is increased, the blade produces more lift. The collective control is usually a lever at the pilot's left side. Simultaneous increase of the collective and adding power with the throttle causes a helicopter to rise.

The throttle controls the absolute power produced by the engine that is connected to the rotor by a transmission. The throttle control is a twist grip on the collective control. RPM control is critical to proper operation for several reasons. Helicopter rotors are designed to operate at a specific RPM. However, for each weight and speed there would be an ideal RPM (design-rpm). In practice, a single (higher) RPM is used in order to minimize resonance design requirements and add a safety margin to rotor stall RPM. Usually only in autorotation different RPMs are used to increase rotor efficiency, which can be crucial in the case of an emergency without engine power.

If the RPM becomes too low, the rotor blades stall. This suddenly increases drag and slows the rotor down further. The centrifugal forces are then not able to straighten the rotor blades any more, excessive coning ("tuliping") develops and a catastrophic accident is inevitable.

If the RPM is too high, damage to the main rotor hub, power transmission and engine from excessive forces could result. In general, RPM must be maintained within a tight tolerance, usually a few percent. In many piston-powered helicopters, the pilot must manage the engine and rotor RPM. The pilot manipulates the throttle to maintain rotor RPM and therefore regulates the effect of drag on the rotor system. Turbine engined helicopters, and some piston helicopters, use servo-feedback loop in their engine controls to maintain rotor RPM and relieves the pilot from routine responsibility for that task.

The cyclic (pitch control lever) changes the pitch of the blades cyclically, causing the lift to vary across the plane of the rotor disk. This variation in lift causes the rotor disk to tilt and the helicopter to move during hover flight or change attitude in forward flight. The cyclic is similar to a joystick and is usually positioned in front of the pilot. The cyclic controls the angle of the stationary section of the swashplate (fig. 4.8), which in turn controls the angle of the rotating section of the swashplate. The rotating section rotates with the rotor and is connected to blade pitch horns through pitch links, one link for each blade. When the swashplate is not tilted, the blades are all at the collective angle. When it is tilted, the links give a pitch-up at some azimuthal angle and a pitch-down at the opposite angle, hence creating a sinusoidal variation in blade angle of attack. This causes the helicopter to tilt in the same direction as the cyclic. If the pilot pushes the cyclic forward, then the rotor disc tilts forward, and the rotor produces a thrust in the forward direction.
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Fig.4.8. Swash plate components

As a helicopter moves forward, the rotor blades on one side move at rotor tip speed plus the aircraft speed and is called the advancing blade. As the blade swings to the other side of the helicopter, it moves at rotor tip speed minus aircraft speed and is called the retreating blade. To compensate for the added lift on the advancing blade and the decreased lift on the retreating blade, the angle of attack of the blades is regulated as the blade spins around the helicopter. The angle of attack is increased on the retreating blade to produce more lift, compensating for the slower airspeed over the blade. And the angle of attack is decreased on the advancing blade to produce less lift, compensating for the faster airspeed over the blade.
Helicopters are powered aircraft but they can still fly without power by using the momentum in the rotors and using downward motion to force air through the rotors. The main rotor acts like a "windmill" and turns. This technique is known as autorotation. A transmission connects the main rotor to the tail rotor so that all flight controls are available after engine failure. Autorotation can allow a pilot to make an emergency landing if the engine failure occurs while the helicopter is traveling high enough or fast enough.
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