LECTURE 2.1
THEME 2.1: POWERPLANT
2.1.1. TURBINE ENGINE TERMS AND DEFINITIONS
An aircraft gas turbine engine is divided into two sections: the cold section and the hot section. The cold section includes the inlet air duct, the compressor, and the diffuser. The hot section includes the combustion section, the turbine, and the exhaust system. The air inlet duct is technically a part of the airframe, but it is so important in the development of thrust that it is included with the engine as a part of the cold section. In order to compare gas turbine engines, the industry has agreed upon certain standard abbreviations and symbols.

A gas turbine engine is divided into two sections: the cold section and the hot section.
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Numerical station designations are assigned to the various sections of gas turbine engines to enable specific locations within the engine to be easily and accurately identified. For configurations other than those shown, reference should be made to manuals published by the engine manufacturer.
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Figure : Engine stations

2.1.2. INLET
2.1.2.1. Air inlet duct
General

An engine's air inlet duct is normally considered an airframe part, and not a part of the engine. However, the duct, itself, is so important to engine performance that it must be taken into consideration in any discussion of the complete engine. The engine inlet and the inlet ducting direct the required supply of air to the face of the compressor. Any inefficiencies in the duct result in successively magnified losses through other components of the engine. The inlet duct has two engine functions and one aircraft function.

First, it must be able to recover as much of the total pressure of the free air-stream as possible and deliver this pressure to the front of the engine with minimum loss. Secondly, the duct must deliver air to the compressor inlet under all flight conditions with as little turbulence and pressure variation as possible. As far as the aircraft is concerned, the duct must hold to a minimum the drag (air resistance) effect which it, itself, creates. Pressure drop or differential through the duct is caused by the friction of the air along the surfaces of the duct and 'by the bends in the duct system. Smooth flow depends upon keeping the amount of turbulence to a minimum as the air enters the duct. The duct must have a sufficiently straight section to ensure smooth, even airflow within. The duct also usually has a diffusion section just ahead of the compressor to change the ram air velocity into higher static pressure at the face of the engine. This is called ram recovery. If all of the available ram pressure is converted to static pressure, it is known as total pressure recovery, which is the goal of every duct designer.

Ram recovery is possible because the inlet duct is built generally in the divergent shape of a subsonic diffuser. The area of the duct increases progressively from a point near the front of the duct to, the engine inlet. Diffusion occurs, decreasing the velocity and increasing the static pressure of the in-coming air just before it reaches the compressor or fan face.
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Subsonic Inlet Ducts

Most inlet ducts on subsonic airplanes are of the divergent type. Air flowing into a divergent duet expands slightly and converts some of its velocity energy into pressure. When the engine is running at a high speed on the ground, the compressor draws air in through the inlet duct, and the pressure of the air at the entrance to the compressor is slightly lower than that of the surrounding or ambient air.

When the airplane moves down the runway for takeoff, air is rammed into the duct until its pressure becomes the same as that of the ambient air. The speed at which this happens is called the ram-recovery speed. As the airplane continues to increase its forward speed, the ram effect becomes greater, and even though there is some loss due to the increased velocity of the air entering the engine, the thrust increases.
Ram-recovery speed. The speed at which the ram effect caused by the forward movement of an aircraft increases the air pressure at the compressor inlet until it  is the same as that of the ambient air.
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Figure : Divergent duct
The subsonic inlet duct for this turbo fan engine is divergent. It decreases the velocity and increases the pressure of air entering the fan.
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Figure : Divergent inlet duct used on a high-bypass-ratio turbofan engine
Part of the fan discharge air is used as the inlet air for the core engine. 
Ram Effect

As a turbine-powered aircraft begins to move forward for takeoff, air is rammed into the inlet duct, and the mass flow through the engine increases. The faster the aircraft moves, the greater the increase in thrust, this is shown in Figure, curve A.

But, as was shown in Figure, an increased in forward speed decreases the amount the air is accelerated, and the thrust decreases. This is seen in Figure, curve B.

The thrust increase caused by the ram effect is greater than the decrease caused by the increasing airspeed, and the net increase is seen in curve C. Notice that the f increase becomes greater as the airspeed increases.
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Figure : Ram effect
Turbine engines installed in most run-in stands and on some helicopters have bell mouth inlets. These inlets, provide a smooth curve for the induction air to follow when flowing into the compressor. The duct losses with a bell mouth are extremely low, and this type of inlet is used when calibrating the performance of gas turbine engines.
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Figure : Bell mouth inlet duct
A wide, smooth, convergent inlet-air duct used to direct air into the compressor of a gas turbine engine.
A bell mouth inlet has almost no duct losses and is used also when calibrating a gas turbine engine on a test stand or if the engine inlet is very long.
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Duct losses. A decrease in pressure of the air flowing into a gas turbine engine caused by friction.

Supersonic Inlet Ducts

The air approaching the compressor inlet must always be at a speed below the speed of sound. When the aircraft is flying at supersonic speed, the inlet air must be slowed to subsonic speed before it reaches the compressor. This is done by using a Convergent-Divergent, or CD, inlet duct. Air enters the convergent portion of the duct at a supersonic speed, and the velocity decreases until the narrowest part of the duct is reached. At this point the air velocity has been reduced to the speed of sound and a normal shock wave forms. Beyond this point, the duct be​comes larger. The air, which has passed through the shock wave, is now flowing at a subsonic speed, and it is further slowed down as it flows through the divergent portion of the duct. By the time it reaches the compressor, its speed is well below the speed of sound, and its pressure has been increased. Aircraft that fly at very high speeds normally have variable inlet ducts that change their shape as the airspeed changes. This is done either by lowering or raising a wedge, or by moving a tapered plug in or out of the duct. One or more oblique shock waves form in the duct to slow the air to near sonic, and then a normal shock wave forms to complete the transition from supersonic to subsonic.
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Figure 5: Convergent-divergent or CD duct. A duct that has a decreasing cross section in the direction of flow (convergent) until a minimum area is reached. After this point, the cross-section increases (divergent).
Supersonic inlet air is slowed to Mach 1.0 in the convergent portion of the duct and a shock wave is formed. When the air flows through the shock wave, it slows to a subsonic speed and is further slowed in the divergent portion of the duct before it enters the compressor.

Compressor stall. A condition in a turbine engine axial-flow compressor in which the angle of attack of one or more blades, becomes excessive, and the smooth airflow through the compressor is disrupted.

FOD (foreign-object damage). Damage to the parts of a gas turbine in the gas path by the ingestion of articles such as run away debris, ice. birds, mechanic's tools, and loose hardware.

Vortex. A whirling mass of air that sucks everything near it toward its center.
This movable-wedge variable inlet duct slows supersonic airflow to a subsonic speed by forcing it to flow through a series of oblique shock waves, and then finally through a normal shock wave
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Figure : Movable plug inlet

2.1.2.2. Ice protection
Icing of the engine and the leading edges of the intake duct can occur during flight through clouds containing supercooled water droplets or during ground operation in freezing fog. Protection against ice formation may be required since icing of these regions can considerably restrict the airflow through the engine, causing a loss in performance and possible malfunction of the engine. Additionally, damage may result from ice breaking away and being ingested into the engine or hitting the acoustic material lining the intake duct.

An ice protection system must effectively prevent ice formation within the operational requirements of the particular aircraft. The system must be reliable, easy to maintain, present no excessive weight penalty and cause no serious loss in engine performance when in operation.

Analyses are carried out to determine whether ice protection is required and, if so, the heat input required to limit ice build up to acceptable levels.

There are two basic systems of ice protection; turbo-jet engines generally use a hot air supply and turbo-propeller engines use electrical power or a combination of electrical power and hot air.
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Figure : Example of an inlet ice protection system
Compressor Inlet Screens, Sand and Ice Separators

The use of compressor inlet screens is usually limited to rotorcraft, turboprops. and ground turbine installations. This may appear peculiar to the casual observer who realizes the appetite of all gas turbines for debris such as nut, bolts, stones, etc. Screens have been tried in high subsonic flight engines in the past, but icing and screen fatigue failure caused so many maintenance problems that the use of inlet screens has for the most part been avoided.

When aircraft are fitted with inlet screens for protection against foreign object ingestion, they may be located internally or externally at either the inlet duct or the engine compressor inlet. Often these separators are removable at the discretion of the operator. In the sand separator, inlet suction causes particles of sand and other small debris to be directed by centrifugal loading into the sediment trap.
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Figure : Sand and ice separator
2.1.3. COMPRESSORS
2.1.3.1. Types of Compressors
As mentioned earlier, two components that caused the most problems in gas turbine engine development were the compressor and the combustion chambers. The primary function of a gas turbine engine is to add the maximum amount of energy to the air as it passes through. This energy is released by burning a mixture of fuel and air. When fuel is burned in still air, it releases energy, but the rate of release is quite low. If a stream of compressed air is blown through the burning fuel, it releases far more energy. This action can be visualized by considering the old-fashioned blacksmith forge. The smith builds a fire in a small pile of coal. This fire releases just enough heat energy to keep the coal burning. But when the smith wants a piece of steel red hot, he blows a stream of air from a bellows or compressor through the fire. The added air contains enough oxygen to allow the fuel to release more heat. The function of the compressor in a gas turbine engine is to increase the pressure of air flowing through the engine with a minimum change in its velocity.

The basic principle of all compressors used in gas turbine engines is the same. The compressor converts mechanical energy from the turbine into kinetic energy in the air. The compressor accelerates the air, which then flows through a diffuser, slowing it down and converting most of the kinetic energy (velocity) into potential energy (pressure) and some into heat. The majority of air flows from the compressor into the combustion section, but some of it, called compressor bleed air. is used for anti-icing the inlet ducts and for cooling parts of the hot section. Other bleed air is used for cabin pressurization, air conditioning, fuel system anti-icing, and pneumatic engine starting. Bleed air used for purposes other than engine operation is called customer bleed air.

There are two basic types of compressors used on gas turbine engines: centrifugal and axial-flow. Some engines use both types.

Centrifugal Compressors

Centrifugal compressors were used on many of the earliest gas turbine engines because of their ruggedness, light weight, ease of construction, and high pressure ratio for each stage of compression. A typical centrifugal compressor consists of three components: the impeller, the diffuser, and the manifold.

Operation

Air enters the eye. or the center, of the fast-rotating impeller and is accelerated to a high velocity as it is slung to the outer edge by centrifugal force. The high-velocity air then flows into the diffuser, which fits closely around the periphery of the impeller. There it flows through divergent ducts where some of the velocity energy is changed into pressure energy. The air, which has slowed down and has had its pressure increased, flows into the manifold through a series of turning vanes From the manifold, the air flows into the combustion section of the engine. The compression pressure ratio of a single-stage centrifugal compressor is normally in the range of 6:1 to 7:1.
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Figure : Centrifugal compressor
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Figure: Centrfugal Compressor airflow            Figure: A double-entry centrifugal compressor
Air is accelerated as it is slung outward through the vanes of the impeller. In the diffuser, part of the velocity energy is changed into pressure. The air then flows through the manifold into the combustion section of the engine.

When a large volume of air is needed, a double-entry compressor can be used.

This is the type of compressor that was used in the first Whittle flight engine in England and in the first turbojet engine built in the United States. The pressure rise per stage is high for centrifugal compressors, but the number of stages is limited.
Plenum chamber. An enclosed chamber in which air can be held at a pressure slightly higher than that of the surrounding air.

Compression ratio. The ratio of the pressure of the air at the discharge of a turbine engine compressor to the pressure of the air at its inlet.
Axial-Flow Compressors

Axial-flow compressors are, as their name implies, compressors in which the air passes axially or straight through the compressor. They are heavier than a centrifugal compressor and are much more costly to manufacture, but they are capable of a much higher overall compression ratio, and they have a smaller cross-sectional area, which makes them easier to streamline. Axial-flow compressors have therefore become the standard for large gas turbine engines and are also used on many small engines.

An axial-flow compressor may have as few as two stages, when it is used in conjunction with a centrifugal compressor, or as many as 18 stages in some of the largest dual-spool turbofan engines.

Operation

Axial-flow compressors are made up of a number of stages of rotor blades that are driven by the turbine, and that rotate between stages of fixed stator vanes. Both the rotor blades and stator vanes have airfoil shapes and are mounted so that they form a series of divergent ducts through which the air flows.

Figure shows the way an axial-flow compressor changes the pressure and velocity of the air flowing through it. The incoming air passes through a set of inlet guide vanes that change its direction of flow so that it enters the first stage of rotor blades at the correct angle. These vanes cause a very slight increase in air velocity and a corresponding small decrease in air pressure.
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Figure: Airflow through the inlet guide vanes and one stage of axial-flow compression

After leaving the guide vanes, the air enters the first stage of compression. The rotor blades, turned at a high speed by the turbine, pick up the air and force it back across their airfoil shape. Energy taken from the turbine is added to the air as it passes through the rotor, and the air is accelerated. The air leaves the trailing edges of the rotor blades and flows between the stator vanes. These vanes form a series of divergent ducts, and as the air flows through them, its pressure increases and its velocity drops back to its original value. The air passes through all stages of compression and then leaves the compressor through a set of exit guide vanes. As it moves through the compressor, it flows in a more or less straight line, usually swirling less than 180". The exit guide vanes remove this swirl and direct the air into the diffuser, where it is prepared for the combustion section.
2.1.3.2. Guide Vanes and Stator Vanes

Air entering the first stage of the compressor is turned by the inlet guide vanes so that it flows in the correct direction to be picked up by the rotor blades. Inlet guide vanes are similar to the stator vanes, but they are designed to have a minimum effect on the velocity or pressure of the incoming air. The inlet guide vanes on most engines are fixed, but on some they are variable and are controlled hydraulically with fuel from the fuel control. Stator vanes are airfoils similar to rotor blades, but are mounted so they form a series of divergent ducts to decrease the velocity and increase the pressure of air flowing through them.

Like the inlet guide vanes, most stator vanes are fixed, but in some engines the vanes in the first few stages of the stators may have their angle varied by the fuel control. Variable vanes and interstage bleed air are used to prevent compressor stall and surge.
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Figure: Pressure and velocity changes in the air flowing through an axial-flow compressor
2.1.3.3. Compression Ratio

As mentioned earlier, the compression ratio of an axial-flow compressor is high. The pressure ratio for each stage is low, but by using a large number of stages, the overall ratio can be very high. If the pressure ratio across each stage is only about 1.2:1, the pressure of the air at the discharge of each stage is 1.2 times the pressure of the air at its inlet. The total pressure ratio may be determined by finding the pressure rise in each stage and then dividing the final pressure by the inlet pressure. For example, if there are nine stages, and each stage has a pressure ratio of 1.2, the total pressure ratio is 5.16.
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Figure: Compression ratio

Finding the total compression ratio for a nine-stage axial-flow compressor with a compression pressure rise of 1.2 for each stage
2.1.3.4. Types of Axial-Flow Compressors

Up to this point, the axial-flow compressors discussed have been single-spool compressors. This means there is only one rotating element. Additional efficiency is gained in the larger engines by using two compressors. This type of engine is called a split-spool, or dual-spool, engine. Additional propulsive efficiency is gained by the turbofan engine, which is essentially a third stage of axial-flow compression.
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Figure: Dual-spool gas-turbine engine
An axial flow turbine engine that has two compressors, each driven by its own stage or stages of turbines

High-pressure compressor. The second-stage compressor in a dual-spool gas turbine engine.

N1. A symbol representing the rotational speed of the low-pressure compressor in a dual-spool gas turbine engine.

N2. A symbol representing the rotational speed of the high-pressure compressor in a dual-spool gas turbine engine.

Low-pressure compressor. Tlie first-stage compressor in a dual-spool gas turbine engine.
2.1.3.5. Surges and Stalls

Compressor surge. A stall that affects the entire compressor.

The rotor blades in an axial-flow compressor are airfoils similar to those used on an airplane wing or a helicopter rotor. The "lift" they produce is the aerodynamic force that moves air through the various stages of the compressor. As airfoils, they are subject to stalls when their angle of attack becomes excessive.
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Figure : Determination of the angle of attack                             Figure: Angle of attack
              of an axial-flow compressor blade 
2.1.3.6. Airflow control and Anti stall system
Some engines have variable inlet guide vanes, and others also have variable-angle stators in the first few stages. The angle of these vanes is changed by the engine fuel control, and it is continuously adjusted so that the air leaving the vanes strikes the rotor blades of the following stage in a direction that produces a low angle of attack. The other way of decreasing the angle of attack is to bleed some air from the last stages of compression. This decreases the pressure buildup and allows a freer flow of air through the compressor. On larger engines, one or more bleed valves fitted to the compressor's outer case are used to dump unwanted air either into the fan duct or directly overboard. On larger engines, a combination of bleed valves and variable vanes may be used.
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Figure: Variable stator vanes
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Figure: Variable bleed valves
Balancing

The balancing of a compressor rotor or impeller is an extremely important operation in its manufacture. In view of the high rotational speeds and the mass of materials any unbalance would affect the rotating assembly bearings and engine operation. Balancing on these parts is effected on a special balancing machine.

Diffuser Section

The diffuser section is normally bolted to the rear of the compressor and furnishes a diverging area into which the air leaving the compressor spreads out and decreases its velocity while increasing its pressure. The diffuser, or compressor-discharge, pressure is the highest pressure of any location within the engine. This high pressure gives the expanding gases in the combustion section a force to push against to accelerate the gases out the rear of the engine.
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Figure: Diffuser section
A typical diffuser section used with an axial-flow compressor. The air is at its high​est pressure in the diffuser. Much of the compressor bleed air is taken from the diffuser
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