INTRODUCTION TO AEROSPACE PROPULSION
LECTURE – 3

In this lecture today we shall see about the Development of Jet Engines over the past 60 years which have been powering the various aircrafts around the world. This is known as Jet Propulsion.  A Propulsive Device is necessary to Power the aircrafts. A Working Fluid mainly Air in our case is used as the Working Fluid. So this type of Propulsive Device is called as Air Breathing Engines and this type of Jet Propulsion is known as Air Breathing Propulsion as air from the atmosphere is taken as the working Fluid. 

WORKING OF THE SIMPLE JET ENGINE:

The Working Fluid goes into the Propulsive Device and gets accelerated through the device. This acceleration makes the air to exit out of the device with a High Exit Velocity than the Inlet Velocity. This change in Velocity produces the Change in Momentum. The Rate of change of Momentum is the Force produced from Newton’s 2nd Law of Motion. Thus this action of Exhaust Jet which is the Change in Momentum Produces a Reaction which is the Propulsive Force, also known as the “Thrust”.  Therefore Thrust is nothing but the Reaction to the Change of Momentum across the Propulsive Device. This is the basic working principle of the Jet Engines. 

Air has some Properties like Pressure, Temperature, and Velocity when it goes into the Propulsive Device and exhausts out of the Propulsive Device. The Change of Properties of the Working Fluid produces the Change in Momentum i.e., the Change in Velocity at Exit produces a Momentum Change. The Inlet and Exit Velocity is in the same line of direction through the propulsive device because Velocity is a vector quantity having both magnitude and direction. Therefore the Reactive Force also known as the Thrust is produced in the same line of direction as the Exhaust Velocity. 

The Diagram of the Schematic Propulsive Device with all the forces, inlet and exit stations marked as ‘a’ and ‘e’ respectively is shown. The Working Fluid goes out with a pressure which is the Static Pressure. The Exit Pressure of the Working Fluid may or may not be equal to the Atmospheric Pressure Pa. But in this diagram, let us take the Exit Pressure Pe is equal to the Atmospheric Pressure Pa(Pe = Pa). At the exit the difference between the two pressures is Zero. Therefore the Thrust is Dependant only on the Change in Momentum. This is known as Momentum Thrust. This is an Ideal Condition. But when Pe is not equal to Pa then we have a different Thrust value.
Thrust Ideal (or) Momentum Thrust,
T = ma(Ve-Va)

Now let us see about the Real Propulsive Device. What we saw earlier was an Ideal Device. Picture 2 here shows the Real Gas Turbine Engine with a number of Components. 

Working Of Real Propulsive Device:

The Working Fluid, air is coming in from the atmosphere and goes into the Intake. The Intake is one of the common elements of all the Jet Engines. We shall discuss about the Intake and its importance later. The air goes in to the Compressor, where the Flow Compression process takes places. The air Pressure increases in the compressor. The air then enters the Combustion Chamber where the Fuel is added. The flow acquires Burning Fuel and the Resulting mixture is Fuel + air mixture which is known as the hot gas. This Hot gas enters into the Turbine. In the Turbine, some energy from the hot gas is used for work extraction and given as a Work Input to the Compressor through the Shaft connecting the Turbine and the Compressor. And the compressor uses this work to compress the incoming air. Here exists an Energy Loop in which the compressed air enters the combustion chamber and fuel is burned. This burned fuel and air mixture also known as the Hot Gas enters the Turbine and provides work to the Compressor. This is the Energy Loop. This Energy Loop is required for the sustenance of the Engine. The Balance energy from the Hot Gas is passed through various ducting systems and exhausted out to the atmosphere at high velocity. 

In this Gas Turbine Engine shown, there is an Afterburner. As the name indicates, fuel is added to the hot gas coming from the Turbine and the Temperature of the gas is increased to high values. Then it is exhausted through the nozzles. All the Civil aircrafts do not have an Afterburner component. Only the Military Aircrafts have the Afterburner set-up. This is the Real Engine Layout. There is a net increase in momentum of air, producing the Thrust thereby. The amount of mass coming in to the engine is not the same because of the addition of fuel to the air. So the amount of air exiting the Engine would be little higher which is expanded through the Nozzle. The Change of Momentum Action produces a Reaction of Thrust. This is the Real Engine Process. 
Comparing the two cases of Real and Ideal, in the Real process air enters through the intake, undergoes compression, and fuel is added in the Combustion Chamber. The hot gas goes through the turbine in which a part of the energy from hot gas is used for compressor work and the other part of the energy is used for expansion through the nozzle. Conceptually the ideal case is easy to understand where it can be seen in the 1st picture that the change in velocity brings about a change in momentum and thereby a Thrust Force is produced. The Mathematical expression is given above for the ideal case. 
But the Actual Thrust Production is different from the ideal Thrust production. Picture 3 shows the Actual case. The air enters in to the intake and goes through the compressor. The compressor compresses the air to a very high pressure. For the same mass, a very high Pressure develops at the exit face of the compressor. According to the Fluid Statics, the high pressure fluid exerts a pressure on the surrounding body. So the very high pressure of the air at compressor exit exerts a pressure on the entire Solid body of the compressor. This is shown by a Forward Force i.e., in the direction of the Thrust above the Compressor in Picture 3. The air then goes into the Combustion Chamber where the Pressure and Temperature of the air changes. At the exit of the combustion chamber, the pressure and Temperature are different from that at the inlet of the combustion chamber. Integration of this pressure over the entire surface of the Combustion Chamber volume may produce a Net Pressure in the Forward direction or also on the backward direction. Hot gas enters the Turbine and expands in the turbine. Work to the compressor is given by the Turbine through the shaft by extracting energy from the hot gas. Since the energy is extracted from the air, the Pressure and Temperature of the air reduces at the exit of the turbine. The hot gas mass exerts a force on the Turbine component. This produces a net backward force on the turbine assembly when integrated over the entire surface of the turbine. The Remaining flow of hot gas with the temperature and pressure passes through the jet pipe, nozzle and expands at an exit pressure Pe which is different from the inlet pressure to the nozzle. The difference of Pressure at this point creates a Pressure Field, a backward Pressure. The Net Effect of all these Forces due to the Pressure when added together will give a Forward thrust and a Rearward Thrust. The difference between these two thrusts gives the Net Thrust. All components participate in the thrust production.
The earlier stated Momentum difference is a concept only and is a convenient way of thrust measurement. Whereas the Real case shown in picture 3 is the accurate way of measuring the thrust. The final thrust obtained in real case is closer to the value of thrust obtained in ideal case i.e., momentum difference case. 
Real Case Thrust equation:
T = maVe – ma Va + Ae(Pe – Pa)
In the above thrust equation, the 1st part is the Momentum Thrust due to the exit velocity and the 2nd part is the intake Ram Drag which is due to the Velocity of air at the Intake Face. The difference between these two gives the Gross Momentum Thrust. The Pressure at the exit Pe in actual case is not equal to the atmospheric Pressure Pa at all times. Therefore when Pe is not equal to Pa , then the last part of the equation Ae(Pe – Pa) adds up to the Thrust equation which is known as the Pressure Thrust, which is an additional thrust. This pressure thrust appears when the exit velocity is not maximum. It means that the entire kinetic energy is not expanded. The Kinetic Energy which is unused creates a Pressure Thrust at the exit leading to this term. When the actual and ideal thrusts are compared, the Ideal Thrust has a higher value than the Actual Thrust. Because in an ideal case the Nozzle Expansion is maximum or optimum. The Entire Potential Energy of the Working fluid is converted into the Kinetic Energy. Whereas in an actual case the nozzle expansion is not maximum, so the Thrust produced is a lesser value than the ideal case.  

The engine designer and the Nozzle Designer ensures that at no operating condition of the Engine, the Pe < Pa. If this happens, then a negative Pressure Thrust is produced and a Negative Effect on the total thrust occurs which is not desired. Therefore at all conditions the Pe = Pa or Pe > Pa , so a positive thrust is produced. Often there is a small margin for the Pressure thrust to be produced. 
Propulsive Efficiency(ηp):

ηp is the other parameter that is important for an aircraft engine. Propulsive efficiency is the ratio of the useful Propulsive Energy available at the end of the Propulsive process to the sum of the used Thrust power and the unused Kinetic Energy of the jet. Unused Kinetic Energy is the energy with which the flow goes out of the engine without contributing to any work within the engine. In this the Kinetic Energy Relative to the earth is considered with the moving aircraft with reference to a Stationary Body. 
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 the simplified propulsive efficiency is obtained as,
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The Propulsive Efficiency entirely depends on the Inlet and the Exit Velocity of the Engine only. 

Let us now consider the various cases of the Propulsive Efficiency:
1. When Ve >>> Va then it signifies that a Large Acceleration is produced. This often happens with a Low mass flow rate. The Thrust produced also will be high enough. But it directly affects the Propulsive Efficiency. When Ve >>> Va, we can see from ηp that ηp Decreases. This is the typical Jet Engine, which are the compact Thrust Producers. It also affects the Fuel Efficiency.

2. When Ve = Va , the Propulsive efficiency is maximum and = 100%. But the Thrust Produced is Zero. Such an engine is of no use to us. The only solution is to combine this type and the above type, such that the thrust produced is substantially enough and the Propulsive efficiency is also moderately high. This type of engine uses a very High Mass Flow rate, low acceleration of the mass leading to low Jet Velocity. This is often called as Propeller Engines which have high mass flow, low acceleration and high Propulsive Efficiency. 

3. Turbofan Engines are normally used nowadays combining the above two cases to produce substantially enough thrust. In this engine the small part of the thrust only occurs from the Jet Effect whereas the remaining part comes from the large mass flow. The Propulsive efficiency is quite good and the fuel efficiency is also quite good. 

Let us now the look at the graph (picture 4) of the Flight Mach Number vs the Propulsive Efficiency (ηp). 

1. Turbo Prop Engines (TPE): the TPE is a High mass flow, Low acceleration Propulsive Device and has a high Propulsive Efficiency for entire range of low speed subsonic Mach numbers. But as the Mach number increases the Propulsive Efficiency decreases because of the Propeller blade effects to Supersonic and transonic Mach Numbers. 

2. Turbo Fan Engine (TFE): the TFE is a mix between the TPE and the Turbo Jet Engines (TJE). The fan in the TFE is between the propeller and the compressor. It has a high Propulsive Efficiency at High Mach numbers. This is because high mass flow goes through the fans which give high propulsive thrust and a low mass flow goes through the compressor giving a low jet thrust. TFE’s are suitable for high subsonic Mach numbers in which the propulsive efficiency is higher. 
3. Turbo Jet Engines (TJE): They are also called as Pure Jets. TJE's are used when the engine size has to be compact enough. Compact engines are required by the high speed supersonic aircrafts where Mach number is greater than 1. It produces substantial amount of thrust though the Propulsive Efficiency is low. It can be seen that the TJE's have the lowest Propulsive efficiency out of the 3 aircraft engines. Whereas the TPE’s and the TFE’s produces a reasonably good propulsive efficiency at low Mach numbers. 

Various Jet Engines Operational in Various Aircrafts:

1. Single Spool Bypass TJE :

This type of engine is shown in the picture 5. The operating principle of this engine was discussed earlier. This type of engine consists of a Large Compressor and a Small Compressor on a single shaft. From the Large Compressor, some amount of air gets compressed a little and bypasses through the entire inner region of the engine and comes to the rear. And some amount of air enters the Small Compressor and gets compressed to a maximum possible amount. The compressed air enters the Combustion Chamber and the Turbines. The Work is extracted by the Turbine from this hot gas. Then it also reaches the Turbine exit. The Hot gas mixes with the cold compressed air from the bypass at the Turbine exit. This mixture is given a certain amount of length to expand to the optimum value at the nozzle exit. This produces a net change in Momentum and a Net Thrust is produced. 

This was the simplest of the Bypass Configuration. When the hot gas and the bypass air mixes in the nozzle, then the propulsive efficiency obtained for the resulting gas mixture is high compared to the Lower ηp of the hot gas alone of the Turbo Jet Engine. The Kinetic Energy is low in the Turbo Fan Engine. Therefore low magnitude of Kinetic Energy is wasted in bypass engines. So the Unused Kinetic Energy is low in bypass engines. Thus the propulsive efficiency obtained is higher than the other engines. 
2. Twin Spool Turbo Prop Engine:
This type of engine is shown in Picture 6. In this type of engine, the Propeller is driven through a Gas Turbine Engine. The propeller type of engines have been used for the past 107 years. This is because the Propulsive Efficiency of the Propeller engines are higher for a certain range of Mach number. The same process of compression, combustion chamber takes place in this type of engine. This engine has only one compressor, which is the High Pressure(HP) Compressor. The hot gas from the Combustion Chamber enters the Turbine. The Turbine now consists of two Turbine Configurations. One is the High Pressure (HP) Turbine and the Low Pressure (LP) Turbine. The HP Turbine extracts some energy from the hot gas and is used to drive the HP compressor. Whereas the LP turbine extracts the energy from the air to drive a bigger shaft which is connected to the Propeller through the Gear Box assembly. About 85% to 90% of the thrust obtained in a TPE is from the Propeller. And the Hot Jet Thrust is only about 10% to 15%. The TPE is designed in such a way that the low propulsive efficiency hot jet thrust and the high propulsive efficiency propeller thrust mixes and produces the Total Thrust. 
3. Bypass Twin Spool Gas Turbine Engine:
This engine is shown in picture 7. This type of engine consists of twin spool which is nothing but the Twin Shafts. The Inner Shaft runs through the entire engine and is placed concentrically to the outer shaft. The outer shaft runs through the Core engine connecting the HP Turbine and the HP compressor. This is known as High Pressure Spool. Inner concentric shaft connects the LP Turbine and the Fan. This is known as the Low Pressure Spool. There are two mechanical arrangements here. The HP and LP arrangements. This allows to run the spools at two different RPM’s. Generally the HP spool RPM is greater than the Low Pressure Spool RPM. This makes the design more flexible because both the spools can independently operate on the best possible efficient RPM. 
There are other components which are equally important. The Intake is such part which is very important. The intake depicted here is the type of intake that is present in all Jet Engines. The Intake design is complex. This shape is known as Cowling. The Cowling shape is very important for the Aerodynamic Efficiency for operation of the engine. In high speed aircraft, the cowling design is critical. The entire outer surface is to be designed properly because the entire outer surface of the engine is open to the air flow and the air flow should be proper around the shape of the engine such that the drag produced by the engine outer surface is less. This drag should be overcome by the Thrust that the Engine produces. The outer shape at the Rear part of the Engine is a Boat-Tail shape. This surface shape ensures that the drag produced by the engine is minimum. 

Towards the exit of the Jet Engine, the cold Bypass air mixes with the hot jet that comes out through the core of the Engine. The mixing of these two streams should be done at uniform temperature and pressure at the exit face of the Jet Engine. Therefore, the Nozzle design and shape are very important factors that determine the temperature and Pressure Uniformity of the mixing of the flow. If the mixing is non-uniform, then the Thrust will not be linear in the direction of the jet. The thrust will be produced in a sideways component also thereby affecting the aircraft movement in various directions leading to pitching, yawing. Therefore a non-uniform thrust produces a directional instability due to the multi-dimensional thrust production. Design of the nozzle is of great importance.
4. High Bypass Twin Spool Turbo Fan Engine:
This engine is shown in picture 8. We know that High bypass engines have a high mass activation inside the engine which means the Propulsive Efficiency is high. Bypass flow acts in a way that the propulsive efficiency is high and the core hot jet thrust has low Propulsive efficiency. More aircrafts nowadays uses high bypass engines. The fan size is huge and it is becoming bigger at every development. 
5. Ultra High By-Pass Twin Spool Geared Turbo Fan Engine :

This engine is shown in picture 9. The fan has gone bigger than the high bypass engine and the size is bigger than the core engine. Therefore a gearbox is used to run the fan at a lower RPM so that mechanically and aerodynamically the entire engine is efficient. The thrust produced will be very high. 
6. Three Spool Turbo Fan Engine:

This engine is shown in picture 10. The engine consists of three spools. The inner spool runs through the engine running only the fan. The intermediate pressure spool is connected to the intermediate pressure turbine. This is known as Intermediate Pressure Spool. The HP spool connecting the HP Turbine and the HP compressor is the outer spool. These 3 spools run at three different RPM’s and some modern aircrafts use this type of engine.
7. Two Spool Turbo Shaft Engine:

This engine is shown in picture 11. This type of engine is used in flying the Helicopters. It consists of two spools. These 2 spools are used to run the propeller or rotors of a helicopter.
8. Twin Spool Powerplant with Intercooler:

This engine is shown in picture 12. This engine is a variant of the gas turbine engine used in land based turbine. The intercooling is used between 2 sets of compressors. The intercooler is used to increase the Overall Efficiency of the Engine that is used in land based powerplants.

9. Three Spool Geared Contra Rotating Aft Prop Fans:

This engine is shown in picture 13. This type of engine is a modern engine which is likely to fly soon. It consists of a three spool combination. The main engine consists of 2 spools the HP and LP spool. The 3rd spool is taken after the LP turbine to the prop fans which consist of 2 gearboxes. These gearboxes are separate because the 2 prop fans are made to rotate in the opposite direction. Thus they are known as Contra Rotating. These fans are placed behind the Engines, so they are known as Aft Fans. 

10. Two Spool High Bypass Aft Fan Turbofan:

This engine is shown in picture 14. The fan is mounted at the rear of the engine on the Turbines. Therefore the Turbines directly drive the Fan and no shaft is required. So the Transmission efficiency is 100% here. It consists of a two spool with the 3rd spool being the Turbine-Fan arrangement. 
A frontal view of the two spool geared high bypass turbo fan engine is shown in picture 15. The fan sizes are huge. Each blade is the size of a full grown human being.

Contra Rotating Twin Rotor aft fan prop fan test:

The aft fan engine is shown in the test bed at ground in picture 15. For flight testing it is mounted on the aircraft, which is shown in picture 16.  

We can say that the various developments of the gas turbine engines have led to the more fuel efficient engines with the propulsive efficiency increasing. The compactness of the engine has also increased and various mechanical designs have also come up. The important parameter of Thrust to Weight Ratio has also become higher and higher. 

Research field looks on the new issues of Energy Audit and new fuels, reducing the pollution, reducing the noise levels and the Infra-Red Signature devices development for military aircrafts.
