
“Introduction to Propulsion”.

The Jet Propulsion Principle
Mechanics And Thermodynamics Of Fluid Flow
Steady One-Dimensional Flow Of A Perfect Gas

Topic Objective:

At the end of this topic student would be able to:

 The Development of Mechanical Jet Propulsion

 How Jet Propulsion Works

 Jet Engines

 Measuring Thrust

 Types of Jet Engines

Definition/Overview:

The basic principle of jet propulsion is that by releasing a jet of high-pressure gas in one

direction movement can be produced in the opposite direction. One of the major advantages of

this means of locomotion is that very high speeds (faster than the speed of sound) can be

reached: accordingly many rockets, guided missiles and aeroplanes are powered by jet

propulsion. Jet propulsion also makes flight at very high altitudes possible and is the technology

that allows spacecraft to leave the Earth's atmosphere.
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Key Points:

1. The Development of Mechanical Jet Propulsion

Hero of Alexandria was the first to build a jet engine in about 60 BC. Powered by steam

escaping from a hollow sphere through two nozzles that pointed in opposite directions, Hero's

toy operated in much the same way that jets of water spin a rotating lawn sprinkler. The first

people to exploit the principle of the rocket successfully and on a large scale were the Chinese:

after they had developed gunpowder, the Chinese used rockets both for warfare and for

entertainment from about 1200 AD.

Although few developments in jet propulsion occurred in the next 700 years the growing

tensions that led to World War II accelerated the development of jet engines to propel aircraft.

German and Italian prototype jets were built in 1939/40 although they proved impractical - a

more successful turbojet soon was developed by Frank Whittle, an RAF officer., and used to

power the Gloster E. 28/39, which made its first flight in 1941. It was during the 1950s that

turbojets and turboprops were first used to power commercial airliners and although some

aircraft still use piston engines to turn propellers, jet engines cause far less vibration, resulting in

a smoother and safer ride. In addition, while jet engines burn more fuel than piston engines to

produce the same amount of thrust, the engine body itself can be smaller and lighter.

Germany was the first country to use jet engines to power missiles, principally the V1 and V2,

although the end of the Second World War brought their production to an end at a time when

American guided missiles such as the Bomarc were still being developed. Because of its

efficiency and quietness, the turbofan came into widerspread use in the 1970s, soon after its

invention. Modern research into jet propulsion has been directed at improving the ramjet as a

missile engine.
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2. How Jet Propulsion Works

The principle of jet propulsion can be demonstrated with a garden hose connected to a tap. When

the nozzle at the end of the hose is closed, the water pushes in all directions against the inside

surface of the nozzle. It also pushes back against the water in the hose that is trying to squeeze

into the nozzle. When the nozzle is open, some of the water squirts out through the opening. This

action upsets the balance of pressure inside the nozzle. It releases the pressure pushing forward

just inside the nozzle opening. But the water that is still in the nozzle continues pressing

backward and to the sides. If you let go of the nozzle, the unbalanced, pressure will propel it

backward. The nozzle will move in the direction opposite that of the jet of water escaping from

the nozzle.

The principle of jet propulsion was implicitly described in 1687 by Sir Isaac Newton in his Third

Law of Motion, which states that for every action there is an equal and opposite reaction. In the

above example, squirting water out of the end of the nozzle is the action while the reaction is the

backward movement of the nozzle. Jet propulsion drives an aircraft engine in much the same

way: air pressure builds up inside the engine and is released in a powerful stream of jet exhaust.

The action of this exhaust escaping from the rear of the engine causes an equal and opposite

reaction that pushes the engine forward.

Consider the particle below. It will only hit the engine (solid line), which is moving to the left, if

it is also moving to the left. Particles which are moving upwards, downwards or to the right will

not interact with the engine.

____________

|

<--- | o

|____________

However, when a particle travelling at speed v to the left hits the engine (below) it will bounce

off with a speed v in the opposite direction.

____________ ___________
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| v | v

<--- | <-- o <--- | o -->

|____________ |___________

Thus if the mass of the fuel particle is m and that of the engine is M the momentum change

which has occurred is

M(δV) = 2mv

where δV is the change in velocity of the engine.

3. Jet Engines

Jet engines and rockets both use the principle of jet propulsion although they use different

sources of oxygen for combustion. While jet engines use atmospheric oxygen, meaning that they

cannot leave the earth's atmosphere, rockets carry their own supply of oxygen, often in liquid

form. Thrust is created by burning fuel in a combustion chamber and allowing the hot gases

which are the product of this combustion rush out through a nozzle creating jet thrust.

Air enters the jet engine through an inlet duct and is then compressed until to between 3 and 30

atmospheres. This highly compressed air flows into the combustion chamber and is mixed with a

fine spray of jet fuel - usually a liquid petroleum fuel similar to kerosene. The fuel-air mixture is

ignited and burns, releasing a large amount of energy in the form of heat - typically the

temperature of combustion ranges from about 1800oC to 2000oC. These extreme temperatures

could damage the jet engine so the remainder of the compressed air is mixed with the hot

combustion gases to cool the walls of the combustion chamber. The exhaust gases, which are

now even more highly pressurized, then escape through the exhaust nozzle at an extremely high

speed. While a jet-propulsion engine creates thrust by accelerating a small amount of gas to great

speeds, the exhaust of the engine contains much unused energy in the form of heat and jet

engines accordingly have a low fuel efficiency.
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4. Measuring Thrust

An engine's thrust is measured in a specially designed chamber which can create the different

conditions that the engine may encounter - providing a flow of air similar to that occurring in

flight at different speeds and altitudes. The thrust produced by an aircraft engine is usually

expressed in newtons: each of the four jet engines used on Boeing 747s produces 230,000

newtons of thrust.

5. Types of Jet Engines

There are four major types of jet engines:

 turbojet

 turboprop

 turbofan

 ramjet.

The primary difference between these species is the portion of their total thrust that they produce

directly by jet propulsion, although the different types of engine also differ in the way they

compress the air that enters the intake ducts.Turboprops and turbofans, as their names imply,

generate most of their thrust by turning propellers or propeller-like fans rather than by pure jet

propulsion.

5.1 Turbojets

The turbojet was the type of engine originally designed by Frank Whittle and used to

power aeroplanes during the Second World War - all later jet engines are variations

onm this basic design. An inlet duct scoops air into the turbojet and carries the air to

the compressor. The job of the inlet duct becomes more complicated in jet fighters
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and other aircraft that fly faster than the speed of sound since supersonic flight causes

shock waves to propagate in the air as it rushes through the inlet duct. These turbulent

shock waves may drastically limit the flow of air to the compressor, although a

turbojet can reduce the blockage caused by such shock waves by adjusting the shape

of the inside of the inlet duct. Nowadays, turbojets are primarily used to power

military aircraft

The compressor, a turbine in this case, raises the pressure of the air in the engine and

can be either an axial-flow or a centrifugal flow compressor. An axial-flow

compressor consists of several wheels with blades attached to them, which are

arranged one behind another along a shaft that runs through their centres and turns

them at high speeds. Between each pair of wheels is a set of stationary blades, and the

air flows through the compressor parallel to the shaft. Each row of blades squeezes

the air, increasing its pressure. Some axial-flow compressors can raise the air pressure

to 30 atmospheres.

A centrifugal-flow compressor squeezes the air by taking it in near the centre of a

rapidly spinning wheel and throwing the air out toward the rim. The wheels of

centrifugal-flow compressors cannot be arranged in rows like those of axial-flow

compressors. For this reason, centrifugal-flow compressors can only raise the air

pressure to about six times that of the outside air. After the air leaves the turbojet

compressor, it enters the combustion chamber where the gas behaves as described

above.

Some turbojets are equipped with devices called afterburners which are used to

greatly increase the thrust of the engine for short periods of time. The afterburner is

located between the turbine and the exhaust nozzle in a turbojet where the exiting

gases rich in oxygen. In the afterburner, additional jet fuel is mixed with these gases
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and burned, greatly raising the temperature. The energised gases then accelerate

through the nozzle, reaching extremely high speeds and generating a great deal of

thrust coupled with a correspondingly high fuel usage. For this reason, afterburners

are used only for short periods of time, such as during emergency manoeuvres, rapid

take-offs, or steep climbs.

5.2 Turboprops

The turboprop is basically a turbojet that uses nearly all its power to turn a propeller.

The arrangement of the engine is very similar to that of a turbojet although in this

case there is a second turbine just to the rear of the turbine that turns the compressor.

Combustion gases spin this 'power turbine' and the spinning motion is transferred by a

shaft and a gearbox to the propeller. The gases then exit through the exhaust nozzle,

providing a small amount of jet thrust.

The turboprop is smooth running, reliable, and economical, but it is limited to

subsonic flight speeds. Turboprops are much smaller and lighter in weight than piston

engines of an equivalent power. Large transport planes, small passenger planes and

helicopter rotors often use turboprop engines.

5.3 Turbofans

A turbofan is essentially a turbojet that uses part of its power to turn a large,

propeller-like fan which is enclosed in a pod-like cover at the front of the engine. This

fan pushes a large volume of air back toward the engine, part of which enters the

engine, where it is compressed, mixed with fuel, burned, and released to generate jet

thrust. Most of the air accelerated by the fan, however, goes around the engine and is

forced back along the outside of the engine creating thrust and simultaneously

providing a cooling effect.
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Turbojets are thus capable of combining the efficiency and low noise level of a

propeller driven aircraft with the high power of a jet engine. For these reasons, the

turbofan is the most common jet engine, used by all large airliners and most military

jets.

5.4 Ramjets

The ramjet is basically a turbojet without a compressor or a turbine: the simplest type

of jet engine. Air entering the ramjet is slowed down in the inlet duct and compressed

by the pressure of the moving air behind it. This compressed air enters the engine and

provides jet propulsion in the usual way. Due to its simplicity, the ramjet engine is

sometimes known as "the flying stovepipe".

However, a major disadvantage of the ramjet is that it cannot function at subsonic

flight speeds since it relies on its crusing speed to provide air compression. As a

result, aeroplanes which use ramjets must also have a subsidiary power source,

usually a turbojet. Although ramjets are not used to power commercial aeroplanes,

they do power the Firebrand - a remote-controlled USAF target aeroplane used to

imitate anti-shipping missiles.

At the end of this topic student would be able to:

 Fluid dynamics

 Equations of fluid dynamics
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Definition/Overview:

Fluid dynamics: Physics, fluid dynamics is the sub-discipline of fluid mechanics dealing with

fluid flow the natural science of fluids (liquids and gases) in motion. It has several subdisciplines

itself, including aerodynamics (the study of gases in motion) and hydrodynamics (the study of

liquids in motion).

Key Points:

1. Fluid dynamics

In physics, fluid dynamics is the sub-discipline of fluid mechanics dealing with fluid flow the

natural science of fluids (liquids and gases) in motion. It has several subdisciplines itself,

including aerodynamics (the study of gases in motion) and hydrodynamics (the study of liquids

in motion). Fluid dynamics has a wide range of applications, including calculating forces and

moments on aircraft, determining the mass flow rate of petroleum through pipelines, predicting

weather patterns, understanding nebulae in interstellar space and reportedly modeling fission

weapon detonation. Some of its principles are even used in traffic engineering, where traffic is

treated as a continuous fluid.

Fluid dynamics offers a systematic structure that underlies these practical disciplines and that

embraces empirical and semi-empirical laws, derived from flow measurement, used to solve

practical problems. The solution of a fluid dynamics problem typically involves calculation of

various properties of the fluid, such as velocity, pressure, density, and temperature, as functions

of space and time.

In an historical context, hydrodynamics had a different meaning than it has nowadays. Before the

twentieth century, hydrodynamics was synonymous with fluid dynamics. This is still reflected in
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the names of some fluid dynamics topics, like magnetohydrodynamics and hydrodynamic

stability both also applicable in, as well as being applied to, gases.

2. Equations of fluid dynamics

The foundational axioms of fluid dynamics are the conservation laws, specifically, conservation

of mass, conservation of linear momentum (also known as Newton's Second Law of Motion),

and conservation of energy (also known as First Law of Thermodynamics). These are based on

classical mechanics and are modified in quantum mechanics and general relativity. They are

expressed using the Reynolds Transport Theorem.

In addition to the above, fluids are assumed to obey the continuum assumption. Fluids are

composed of molecules that collide with one another and solid objects. However, the continuum

assumption considers fluids to be continuous, rather than discrete. Consequently, properties such

as density, pressure, temperature, and velocity are taken to be well-defined at infinitesimally

small points, and are assumed to vary continuously from one point to another. The fact that the

fluid is made up of discrete molecules is ignored.

For fluids which are sufficiently dense to be a continuum, do not contain ionized species, and

have velocities small in relation to the speed of light, the momentum equations for Newtonian

fluids are the Navier-Stokes equations, which is a non-linear set of differential equations that

describes the flow of a fluid whose stress depends linearly on velocity gradients and pressure.

The unsimplified equations do not have a general closed-form solution, so they are primarily of

use in Computational Fluid Dynamics. The equations can be simplified in a number of ways, all

of which make them easier to solve. Some of them allow appropriate fluid dynamics problems to

be solved in closed form.

In addition to the mass, momentum, and energy conservation equations, a thermodynamical

equation of state giving the pressure as a function of other thermodynamic variables for the fluid

is required to completely specify the problem. An example of this would be the perfect gas

equation of state:
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where p is pressure, ρ is density, Ru is the gas constant, M is the molecular mass and T is

temperature.

2.1 Compressible vs incompressible flow

All fluids are compressible to some extent, which is changes in pressure or

temperature will result in changes in density. However, in many situations the

changes in pressure and temperature are sufficiently small that the changes in density

are negligible. In this case the flow can be modeled as an incompressible flow.

Otherwise the more general compressible flow equations must be used.

Mathematically, incompressibility is expressed by saying that the density ρ of a fluid

parcel does not change as it moves in the flow field, i.e.,

where D / Dt is the substantial derivative, which is the sum of local and convective

derivatives. This additional constraint simplifies the governing equations, especially

in the case when the fluid has a uniform density.

For flow of gases, to determine whether to use compressible or incompressible fluid

dynamics, the Mach number of the flow is to be evaluated. As a rough guide,

compressible effects can be ignored at Mach numbers below approximately 0.3. For

liquids, whether the incompressible assumption is valid depends on the fluid

properties (specifically the critical pressure and temperature of the fluid) and the flow

conditions (how close to the critical pressure the actual flow pressure becomes).

Acoustic problems always require allowing compressibility, since sound waves are

compression waves involving changes in pressure and density of the medium through

which they propagate.
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2.2 Viscous vs inviscid flow

Viscous problems are those in which fluid friction has significant effects on the fluid

motion.

The Reynolds number can be used to evaluate whether viscous or inviscid equations

are appropriate to the problem.

Stokes flow is flow at very low Reynolds numbers, such that inertial forces can be

neglected compared to viscous forces.

On the contrary, high Reynolds numbers indicate that the inertial forces are more

significant than the viscous (friction) forces. Therefore, we may assume the flow to

be an inviscid flow, an approximation in which we neglect viscosity at all, compared

to inertial terms.

This idea can work fairly well when the Reynolds number is high. However, certain

problems such as those involving solid boundaries, may require that the viscosity be

included. Viscosity often cannot be neglected near solid boundaries because the no-

slip condition can generate a thin region of large strain rate (known as Boundary

layer) which enhances the effect of even a small amount of viscosity, and thus

generating vorticity. Therefore, to calculate net forces on bodies (such as wings) we

should use viscous flow equations. As illustrated by d'Alembert's paradox, a body in

an inviscid fluid will experience no drag force. The standard equations of inviscid

flow are the Euler equations. Another often used model, especially in computational

fluid dynamics, is to use the Euler equations away from the body and the boundary

layer equations, which incorporates viscosity, in a region close to the body.

The Euler equations can be integrated along a streamline to get Bernoulli's equation.

When the flow is everywhere irrotational and inviscid, Bernoulli's equation can be

used throughout the flow field. Such flows are called potential flows.
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2.3 Steady vs unsteady flow

When all the time derivatives of a flow field vanish, the flow is considered to be a

steady flow. Otherwise, it is called unsteady. Whether a particular flow is steady or

unsteady, can depend on the chosen frame of reference. For instance, laminar flow

over a sphere is steady in the frame of reference that is stationary with respect to the

sphere. In a frame of reference that is stationary than the governing equations of the

same problem without taking advantage of the steadiness of the flow field.

Although strictly unsteady flows, time-periodic problems can often be solved by the

same techniques as steady flows. For this reason, they can be considered to be

somewhere between steady and unsteady.

2.4 Laminar vs turbulent flow

Turbulence is flow dominated by recirculation, eddies, and apparent randomness.

Flow in which turbulence is not exhibited is called laminar. It should be noted,

however, that the presence of eddies or recirculation does not necessarily indicate

turbulent flow--these phenomena may be present in laminar flow as well.

Mathematically, turbulent flow is often represented via Reynolds decomposition, in

which the flow is broken down into the sum of a steady component and a perturbation

component.

It is believed that turbulent flows obey the Navier-Stokes equations. Direct numerical

simulation (DNS), based on the incompressible Navier-Stokes equations, makes it

possible to simulate turbulent flows with moderate Reynolds numbers (restrictions

depend on the power of computer and efficiency of solution algorithm). The results of

DNS agree with the experimental data.

Most flows of interest have Reynolds numbers too high for DNS to be a viable

option, given the state of computational power for the next few decades. Any flight
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vehicle large enough to carry a human (L > 3 m), moving faster than 72 km/h

(20 m/s) is well beyond the limit of DNS simulation (Re = 4 million). Transport

aircraft wings have Reynolds numbers of 40 million (based on the wing chord). In

order to solve these real life flow problems, turbulence models will be a necessity for

the foreseeable future. Reynolds-averaged Navier-Stokes equations (RANS)

combined with turbulence modeling provides a model of the effects of the turbulent

flow, mainly the additional momentum transfer provided by the Reynolds stresses,

although the turbulence also enhances the heat and mass transfer. Large eddy

simulation (LES) also holds promise as a simulation methodology, especially in the

guise of detached eddy simulation (DES), which is a combination of turbulence

modeling and large eddy simulation.

2.5 Newtonian vs non-Newtonian fluids

Sir Isaac Newton showed how stress and the rate of strain are very close to linearly

related for many familiar fluids, such as water and air. These Newtonian fluids are

modeled by a coefficient called viscosity, which depends on the specific fluid.

However, some of the other materials, such as emulsions and slurries and some visco-

elastic materials (eg. blood, some polymers), have more complicated non-Newtonian

stress-strain behaviours. These materials include sticky liquids such as latex, honey,

and lubricants which are studied in the sub-discipline of rheology.

2.6 Subsonic vs transonic, supersonic and hypersonic flows

While many terrestrial flows (e.g. flow of water through a pipe) occur at low mach

numbers, many flows of practical interest (e.g. in aerodynamics) occur at high

fractions of the Mach Number M=1 or in excess of it (supersonic flows). New

phenomena occur at these Mach number regimes (e.g. shock waves for supersonic

flow, transonic instability in a regime of flows with M nearly equal to 1, non-

equilibrium chemical behavior due to ionization in hypersonic flows) and it is

necessary to treat each of these flow regimes separately.
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2.7 Non-relativistic vs relativistic flows

Classical fluid dynamics is derived based on Newtonian mechanics, which is

adequate for most applications. However, at speeds comparable to the speed of light,

c, Newtonian mechanics is inaccurate and a relativistic framework has to be used

instead.

2.8 Magnetohydrodynamics

Magnetohydrodynamics is the multi-disciplinary study of the flow of electrically

conducting fluids in electromagnetic fields. Examples of such fluids include plasmas,

liquid metals, and salt water. The fluid flow equations are solved simultaneously with

Maxwell's equations of electromagnetism.

2.9 Other approximations

There are a large number of other possible approximations to fluid dynamic

problems. Some of the more commonly used are listed below.

o The Boussinesq approximation neglects variations in density except to calculate buoyancy

forces. It is often used in free convection problems where density changes are small.

o Lubrication theory and Hele-Shaw flow exploits the large aspect ratio of the domain to show that

certain terms in the equations are small and so can be neglected.

o Slender-body theory is a methodology used in Stokes flow problems to estimate the force on, or

flow field around, a long slender object in a viscous fluid.

o The shallow-water equations can be used to describe a layer of relatively inviscid fluid with a

free surface, in which surface gradients are small.

o The Boussinesq equations are applicable to surface waves on thicker layers of fluid and with

steeper surface slopes.

o Darcy's law is used for flow in porous media, and works with variables averaged over several

pore-widths.

o In rotating systems, the quasi-geostrophic approximation assumes an almost perfect balance

between pressure gradients and the Coriolis force. It is useful in the study of atmospheric

dynamics.
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Topic Objective:

At the end of this topic student would be able to:

 To Define Perfect Gas

 To Learn about Types of ideal gases

 To Elaborate Three-dimensional flow

Definition/Overview:

Perfect Gas: The ideal gas model is a model of matter in which the molecules are treated as non-

interacting point particles which are engaged in a random motion that obeys conservation of

energy.

Key Points:

1. Perfect Gas

The ideal gas model is a model of matter in which the molecules are treated as non-interacting

point particles which are engaged in a random motion that obeys conservation of energy. At

standard temperature and pressure, most real gases behave qualitatively like an ideal gas: for

example, 22.4 liters of most gases at standard temperature and pressure will contain very nearly

6.022 1023 molecules (one mole).

The model tends to fall at lower temperatures or higher pressures, when the molecules come

close enough that they start interacting with each other, and not just with their surroundings. This

is usually associated with a phase transition. For example, clouds form when the gas of water

molecules in the sky drops below the dew point, which causes the water molecules to "stick
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together" into little droplets. By contrast, at high temperatures and low pressures, the vast

majority of familiar substances can be vaporised and will behave more-or-less as an ideal gas.

The ideal gas model has been explored in both the Newtonian dynamics (as "kinetic theory") and

in quantum mechanics (as a "gas in a box"). The model has also been used to model the behavior

of electrons in a metal (in the Drude model and free electron model) and is one of the most

important models in statistical mechanics.

2. Types of ideal gases

There are three basic classes of ideal gas:

 the classical or Maxwell-Boltzmann ideal gas,

 the ideal quantum Bose gas, composed of bosons, and

 the ideal quantum Fermi gas, composed of fermions.

The classical ideal gas can be separated into two types: The classical thermodynamic ideal gas

and the ideal quantum Boltzmann gas. Both are essentially the same, except that the classical

thermodynamic ideal gas is based on classical thermodynamics alone, and certain

thermodynamic parameters such as the entropy are only specified to within an undetermined

additive constant. The ideal quantum Boltzmann gas overcomes this limitation by taking the

limit of the quantum Bose gas and quantum Fermi gas in the limit of high temperature to specify

these additive constants. The behavior of a quantum Boltzmann gas is the same as that of a

classical ideal gas except for the specification of these constants. The results of the quantum

Boltzmann gas are used in a number of cases including the Sackur-Tetrode equation for the

entropy of an ideal gas and the Saha ionization equation for a weakly ionized plasma.

3. Three-dimensional flow

Although in general all fluids flow three-dimensionally, with pressures and velocities and other

flow properties varying in all directions, in many cases the greatest changes only occur in two
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directions or even only in one. In these cases changes in the other direction can be effectively

ignored making analysis much more simple.

Flow is one dimensional if the flow parameters (such as velocity, pressure, depth etc.) at a given

instant in time only vary in the direction of flow and not across the cross-section. The flow may

be unsteady, in this case the parameter vary in time but still not across the cross-section. An

example of one-dimensional flow is the flow in a pipe. Note that since flow must be zero at the

pipe wall - yet non-zero in the centre - there is a difference of parameters across the cross-

section. Should this be treated as two-dimensional flow? Possibly - but it is only necessary if

very high accuracy is required. A correction factor is then usually applied.

Flow is two-dimensional if it can be assumed that the flow parameters vary in the direction of

flow and in one direction at right angles to this direction. Streamlines in two-dimensional flow

are curved lines on a plane and are the same on all parallel planes. An example is flow over a

weir foe which typical streamlines can be seen in the figure below. Over the majority of the

length of the weir the flow is the same - only at the two ends does it change slightly. Here

correction factors may be applied.

In Section 2 of this course you will cover these topics:

Boundary Layer Mechanics And Heat Transfer

Thermodynamcis Of Aircraft Jet Engines

Aerodynamics Of Inlets, Combustors, And Nozzles

Topic Objective:

At the end of this topic student would be able to:
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 To Explain Conduction

 To Define Convection

 To Learn about Boundary layer

 To Elaborate Aerodynamics

 To Learn about Boundary layer equations

Definition/Overview:

Heat transfer: Heat transfer is the transition of thermal energy or simply heat from a hotter

object to a cooler object ("object" in this sense designating a complex collection of particles

which is capable of storing energy in many different ways). When an object or fluid is at a

different temperature than its surroundings or another object, transfer of thermal energy, also

known as heat transfer, or heat exchange, occurs in such a way that the body and the

surroundings reach thermal equilibrium. Heat transfer always occurs from a higher-temperature

object to a cooler temperature one, a result of the second law of thermodynamics. Where there is

a temperature difference between objects in proximity, heat transfer between them can never be

stopped; it can only be slowed.

Key Points:

1. Conduction

Conduction is the transfer of heat by direct contact of particles of matter. The transfer of energy

could be primarily by elastic impact as in fluids or by free electron diffusion as predominant in

metals or phonon vibration as predominant in insulators. In other words, heat is transferred by

conduction when adjacent atoms vibrate against one another, or as electrons move from atom to

atom. Conduction is greater in solids, where atoms are in constant contact. In liquids (except
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liquid metals) and gases, the molecules are usually further apart, giving a lower chance of

molecules colliding and passing on thermal energy.

Heat conduction is directly analogous to diffusion of particles into a fluid, in the situation where

there are no fluid currents. This type of heat diffusion differs from mass diffusion in behaviour,

only in as much as it can occur in solids, whereas mass diffusion is mostly limited to fluids.

Metals (eg. copper, platinum, gold, iron, etc.) are usually the best conductors of thermal energy.

This is due to the way that metals are chemically bonded: metallic bonds (as opposed to covalent

or ionic bonds) have free-moving electrons which are able to transfer of thermal energy rapidly

through the metal.

As density decreases so does conduction. Therefore, fluids (and especially gases) are less

conductive. This is due to the large distance between atoms in a gas: fewer collisions between

atoms means less conduction. Conductivity of gases increases with temperature. Conductivity

increases with increasing pressure from vacuum up to a critical point that the density of the gas is

such that that molecules of the gas may be expected to collide with each other before they

transfer heat from one surface to another. After this point in density, conductivity increases only

slightly with increasing pressure and density.

To quantify the ease with which a particular medium conducts, engineers employ the thermal

conductivity, also known as the conductivity constant or conduction coefficient, k. In thermal

conductivity k is defined as "the quantity of heat, Q, transmitted in time (t) through a thickness

(L), in a direction normal to a surface of area (A), due to a temperature difference (ΔT) [...]."

Thermal conductivity is a material property that is primarily dependent on the medium's phase,

temperature, density, and molecular bonding.
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A heat pipe is a passive device that is constructed in such a way that it acts as though it has

extremely high thermal conductivity.

Transient Conduction vs. steady state conduction. Steady state conduction is the form of

conduction which happens when the temperature difference is constant, so that an equlibration

time, the spatial distribution of temperatures in an object does not change (for example, a bar

may be cold at one end and hot at the other, but the gradient of temperatures along the bar do not

change with time). There also exist situations wherein the temperature drop or raise occurs more

drastically, such as when a hot copper ball is dropped into oil at a low temperature, and the

interest is in analysing the spatial change of temperature in the object over time. This mode of

heat conduction can be referred to as unsteady mode of conduction or transient conduction.

Analysis of these systems is more complex and (except for simple shapes) calls in for the

application of approximation theories.

Lumped System Analysis: A common approximation in transient conduction, which may be used

whenever heat conduction within an object is much faster than heat conduction across the

boundary of the object, is Lumped system analysis. This is a method of approximation that

suitably reduces one aspect of the transient conduction system (that within the object) to an

equivalent steady state system (that is, it is assumed that the temperature within the object is

completely uniform, although its value may be changing in time). In this method, a term known

as the Biot number is calculated, which is defined as the ratio of resistance to heat transfer across

the object's boundary with a uniform bath of different temperature, to the conductive heat

resistance within the object. When the thermal resistance to heat transferred into the object is less

than the resistance to heat being diffused completely within the object, the Biot number is small,

and the approximation of spacially uniform temperature within the object can be used. As this is

a mode of approximation, the Biot number must be less than 0.1 for accurate approximation and

heat transfer analysis. Even if the Biot number is not less than 0.1, analysis can be continued, but

the accuracy of the result reduces. This mode of analysis has been applied to forensic sciences to

analyse the time of death of humans. Also it can be applied to HVAC (heating, ventilating and
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air-conditioning, or building climate control), to ensure more nearly instantaneous effects of a

change in comfort level setting.

2. Convection

Convection is transfer of heat by movement of a heated fluid. Unlike the case of pure

conduction, now currents in fluids are additionally involved in convection. This movement

occurs into a fluid or within a fluid, and cannot happen in solids. In solids, molecules keep their

relative position to such an extent that bulk movement or flow is prohibited, and therefore

convection does not occur.

In natural convection (sometimes known as free convection) a fluid surrounding a heat source

receives heat, becomes less dense and rises. The surrounding, cooler fluid then moves to replace

it. This cooler fluid is then heated and the process continues, forming a convection current. The

driving force for natural convection is buoyancy, a result of differences in fluid density when

gravity or any type of acceleration is present in the system. By definition, natural convection

does not occur in systems in "zero-g," or in free-fall, or generally following inertial paths (such

as a spacecraft in orbit).

Forced convection, by contrast, occurs when pumps, fans or other means are used to propel the

fluid and create an artificially induced convection current. Forced heat convection is sometimes

referred to as heat advection, or sometimes simply advection for short. But advection is a more

general process, and in heat advection, the substance being "advected" in the fluid field is simply

heat (rather than mass, which is the other natural component in such situations, as mass transfer

and heat transfer share generally the same equations).

In some heat transfer systems, both natural and forced convection contribute significantly to the

rate of heat transfer. To calculate the rate of convection between an object and the surrounding
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fluids, engineers employ the heat transfer coefficient, h. Unlike the thermal conductivity, the heat

transfer coefficient is not a material property. The heat transfer coefficient depends upon the

geometry, fluid, temperature, velocity, and other characteristics of the system in which

convection occurs. Therefore, the heat transfer coefficient must be derived or found

experimentally for every system analyzed. Formulae and correlations are available in many

references to calculate heat transfer coefficients for typical configurations and fluids.

It should be noted that convection does not occur in a perfect vacuum due to the lack of media to

transmit heat. This mode of heat transfer does not occur in space where there is no atmosphere in

the surroundings of the system to be analyzed. It only occurs where gases are present.

3. Boundary layer

In physics and fluid mechanics, a boundary layer is that layer of fluid in the immediate vicinity

of a bounding surface. In the Earth's atmosphere, the planetary boundary layer is the air layer

near the ground affected by diurnal heat, moisture or momentum transfer to or from the surface.

On an aircraft wing the boundary layer is the part of the flow close to the wing. The boundary

layer effect occurs at the field region in which all changes occur in the flow pattern. The

boundary layer distorts surrounding nonviscous flow. It is a phenomenon of viscous forces. This

effect is related to the Reynolds number.

Laminar boundary layers come in various forms and can be loosely classified according to their

structure and the circumstances under which they are created. The thin shear layer which

develops on an oscillating body is an example of a Stokes boundary layer, whilst the Blasius

boundary layer refers to the well-known similarity solution for the steady boundary layer

attached to a flat plate held in an oncoming unidirectional flow. When a fluid rotates, viscous

forces may be balanced by the Coriolis effect, rather than convective inertia, leading to the

formation of an Ekman layer. Thermal boundary layers also exist in heat transfer. Multiple types

of boundary layers can coexist near a surface simultaneously.
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4. Aerodynamics

The aerodynamic boundary layer was first defined by Ludwig Prandtl in a paper presented on

August 12, 1904 at the third International Congress of Mathematicians in Heidelberg, Germany.

It allows aerodynamicists to simplify the equations of fluid flow by dividing the flow field into

two areas: one inside the boundary layer, where viscosity is dominant and the majority of the

drag experienced by a body immersed in a fluid is created, and one outside the boundary layer

where viscosity can be neglected without significant effects on the solution. This allows a

closed-form solution for the flow in both areas, which is a significant simplification over the

solution of the full NavierStokes equations. The majority of the heat transfer to and from a body

also takes place within the boundary layer, again allowing the equations to be simplified in the

flow field outside the boundary layer.

The thickness of the velocity boundary layer is normally defined as the distance from the solid

body at which the flow velocity is 99% of the freestream velocity, that is, the velocity that is

calculated at the surface of the body in an inviscid flow solution. An alternative definition, the

displacement thickness, recognises the fact that the boundary layer represents a deficit in mass

flow compared to an inviscid case with slip at the wall. It is the distance by which the wall would

have to be displaced in the inviscid case to give the same total mass flow as the viscous case. The

no-slip condition requires the flow velocity at the surface of a solid object be zero and the fluid

temperature be equal to the temperature of the surface. The flow velocity will then increase

rapidly within the boundary layer, governed by the boundary layer equations, below. The thermal

boundary layer thickness is similarly the distance from the body at which the temperature is 99%

of the temperature found from an inviscid solution. The ratio of the two thicknesses is governed

by the Prandtl number. If the Prandtl number is 1, the two boundary layers are the same

thickness. If the Prandtl number is greater than 1, the thermal boundary layer is thinner than the

velocity boundary layer. If the Prandtl number is less than 1, which is the case for air at standard

conditions, the thermal boundary layer is thicker than the velocity boundary layer.
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In high-performance designs, such as sailplanes and commercial transport aircraft, much

attention is paid to controlling the behavior of the boundary layer to minimize drag. Two effects

must to be considered. First, the boundary layer adds to the effective thickness of the body,

through the displacement thickness, hence increasing the pressure drag. Secondly, the shear

forces at the surface of the wing create skin friction drag.

At high Reynolds numbers, typical of full-sized aircraft, it is desirable to have a laminar

boundary layer. This results in a lower skin friction due to the characteristic velocity profile of

laminar flow. However, the boundary layer inevitably thickens and becomes less stable as the

flow develops along the body, and eventually becomes turbulent, the process known as boundary

layer transition. One way of dealing with this problem is to suck the boundary layer away

through a porous surface (see Boundary layer suction). This can result in a reduction in drag, but

is usually impractical due to the mechanical complexity involved and the power required to

move the air and dispose of it. Natural laminar flow is the name for techniques pushing the

boundary layer transition aft by shaping of an aerofoil or a fuselage so that their thickest point is

aft and less thick. This reduces the velocities in the leading part and the same Reynolds number

is achieved with a greater length.

At lower Reynolds numbers, such as those seen with model aircraft, it is relatively easy to

maintain laminar flow. This gives low skin friction, which is desirable. However, the same

velocity profile which gives the laminar boundary layer its low skin friction also causes it to be

badly affected by adverse pressure gradients. As the pressure begins to recover over the rear part

of the wing chord, a laminar boundary layer will tend to separate from the surface. Such flow

separation causes a large increase in the pressure drag, since it greatly increases the effective size

of the wing section. In these cases, it can be advantageous to deliberately trip the boundary layer

into turbulence at a point prior to the location of laminar separation, using a turbulator. The fuller

velocity profile of the turbulent boundary layer allows it to sustain the adverse pressure gradient

without separating. Thus, although the skin friction is increased, overall drag is decreased. This

is the principle behind the dimpling on golf balls, as well as vortex generators on aircraft. Special
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wing sections have also been designed which tailor the pressure recovery so laminar separation is

reduced or even eliminated. This represents an optimum compromise between the pressure drag

from flow separation and skin friction from induced turbulence.

4.1 Naval architecture

Many of the principles that apply to aircraft also apply to ships and offshore

platforms. There are a few key differences. One is the mass of the boundary layer.

Since a good portion of the boundary layer travels at or near the speed of the ship, the

energy required to accelerate and decelerate this additional mass must be taken into

account. When calculating the power required by the engine, this mass is added to the

mass of the ship. In aircraft, this additional mass is not usually taken into account

because the weight of the air is so small. However, in ship design, this mass can

easily reach 1/4 or 1/3 of the weight of the ship and therefore represents a significant

drag in addition to frictional drag.

5. Boundary layer equations

The deduction of the boundary layer equations was perhaps one of the most important advances

in fluid dynamics. Using an order of magnitude analysis, the well-known governing

NavierStokes equations of viscous fluid flow can be greatly simplified within the boundary layer.

Notably, the characteristic of the partial differential equations (PDE) becomes parabolic, rather

than the elliptical form of the full NavierStokes equations. This greatly simplifies the solution of

the equations. By making the boundary layer approximation, the flow is divided into an inviscid

portion (which is easy to solve by a number of methods) and the boundary layer, which is

governed by an easier to solve PDE. The NavierStokes equations for a two-

Dimensional steady incompressible flow in Cartesian coordinates are given by
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where u and v are the velocity components, ρ is the density, p is the pressure, and ν is the

kinematic viscosity of the fluid at a point.

The approximation states that, for a sufficiently high Reynolds number the flow over a surface

can be divided into an outer region of inviscid flow unaffected by viscosity (the majority of the

flow), and a region close to the surface where viscosity is important (the boundary layer). Let u

and v be streamwise and transverse (wall normal) velocities respectively inside the boundary

layer. Using scale analysis, it can be shown that the above equations of motion reduce within the

boundary layer to become

and if the fluid is incompressible (as liquids are under standard conditions):

The asymptotic analysis also shows that v, the wall normal velocity, is small compared with u the

streamwise velocity, and that variations in properties in the streamwise direction are generally

much lower than those in the wall normal direction.

Since the static pressure p is independent of y, then pressure at the edge of the boundary layer is

the pressure throughout the boundary layer at a given streamwise position. The external pressure

may be obtained through an application of Bernoulli's equation. Let u0 be the fluid velocity

outside the boundary layer, where u and u0 are both parallel. This gives upon substituting for p

the following result

With the boundary condition
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For a flow in which the static pressure p also does not change in the direction of the flow then

So u0 remains constant.

Therefore, the equation of motion simplifies to become

These approximations are used in a variety of practical flow problems of scientific and

engineering interest. The above analysis is for any instantaneous laminar or turbulent boundary

layer, but is used mainly in laminar flow studies since the mean flow is also the instantaneous

flow because there are no velocity fluctuations present.

Topic Objective:

At the end of this topic student would be able to:

 To Define Jet aircraft

 To Learn about the History Jet aircraft

 Jet engine

 To Define History of Jet engine
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Definition/Overview:

Jet aircraft: A jet aircraft is an aircraft propelled by jet engines. Jet aircraft fly much faster

than propeller-powered aircraft and at higher altitudes -- as high as 10,000 to 15,000 meters

(about 33,000 to 49,000 ft). At these altitudes, jet engines achieve maximum efficiency over long

distances. The engines in propeller powered aircraft achieve their maximum efficiency at much

lower altitudes.

Key Points:

1. Jet aircraft

A jet aircraft is an aircraft propelled by jet engines. Jet aircraft fly much faster than propeller-

powered aircraft and at higher altitudes -- as high as 10,000 to 15,000 meters (about 33,000 to

49,000 ft). At these altitudes, jet engines achieve maximum efficiency over long distances. The

engines in propeller powered aircraft achieve their maximum efficiency at much lower altitudes.

Henri Coandă, a Romanian Engineer, was the first to build a jet plane in 1910 - the Coanda-

1910. Later on, two engineers, Frank Whittle in the United Kingdom and Hans von Ohain in

Germany, developed the concept independently during the late 1930s, although credit for the

first turbojet is given to Whittle. The concept had already been discussed as early as August 1928

by Frank Whittle at Flying School, Wittering, but Hans von Ohain also wrote in February 1936

to Ernst Heinkel, telling him of the design and its possibilities. However, it can be argued that A.

A. Griffith, who published a paper in July 1926 on compressors and turbines, which he had been

studying at the RAE, also deserves priority credit, perhaps more than either Frank Whittle or

Hans von Ohain.
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2. History

The first turbine-equipped jetplane was designed on paper in late 1929 when Frank Whittle of

the British Royal Air Force sent his concept to the Air Ministry to see if it would be of any

interest to them. The first manufactured turbine jetplane was the Heinkel He 178 turbojet

prototype of the German Air Force (Luftwaffe), piloted by Erich Warsitz on August 27, 1939.

The first flight of the Italian Caproni Campini N.1 motorjet prototype was on August 27, 1940.

Test pilot Major Mario De Bernardi of the Regia Aeronautica was at the controls.

The British flew their Gloster E.28/39 prototype on May 15, 1941, powered by Sir Frank

Whittle's turbojet, and piloted by Flt Lt PG Sayer. When the United States learned of the British

work, it produced the Bell XP-59 with a version of the Whittle engine built by General Electric,

which flew on September 12, 1942, piloted by Col L. Craigie.

The first operational jet fighter was the Messerschmitt Me 262, piloted by Fritz Wendel. It was

the fastest conventional aircraft of World War II - although the rocket-powered Messerschmitt

Me 163 Komet was faster. Mass production started in 1944, too late for a decisive effect on the

outcome of the war. About the same time, the United Kingdom's Gloster Meteor was limited to

defense of the UK against the V1 flying bomb and ground-attack operations over Europe in the

last months of the war. The Imperial Japanese Navy also developed jet aircraft in 1945, including

the Nakajima J9Y Kikka, a crude copy of the Me-262

On November 8, 1950, during the Korean War, United States Air Force Lt. Russell J. Brown,

flying in an F-80, intercepted two North Korean MiG-15s near the Yalu River and shot them

down in the first jet-to-jet dogfight in history. BOAC operated the first commercial jet service,

from London to Johannesburg, in 1952 with the de Havilland Comet jetliner. The fastest military

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

30
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



jet plane was the SR-71 Blackbird at Mach 3.2. The fastest commercial jet plane was the

Tupolev Tu-144 at Mach 2.35.

2.1 Modern airliners

Modern airliners cruise at speeds of 0.75 to 0.85 Mach, or 75% to 85% of the speed

of sound (420 to 580 mph/ 680-900 km/h). The speed of sound predominantly

depends on air temperature (hardly at all on pressure), so the Mach number for the

speed of a jet also varies with atmospheric conditions. NASA and the US Federal

Aviation Administration have been promoting Very Light Jets: small general aviation

aircraft seating 4 to 8 passengers.

2.2 Other jets

Most people use the term 'jet aircraft' to denote gas turbine based airbreathing jet

engines, but rockets and scramjets are both also propelled by jets.

The fastest airbreathing jet aircraft is the unmanned X-43 scramjet at around Mach 9-

10. The fastest manned (rocket) aircraft is the X-15 at Mach 6.85.

The Space Shuttle, while far faster than the X-43 or X-15, is not regarded as a jet

aircraft during ascent, nor during reentry and landing (as it is unpowered during this

phase of operation).

3. Jet engine

A jet engine is a reaction engine that discharges a fast moving jet of fluid to generate thrust in

accordance with Newton's laws of motion. This broad definition of jet engines includes turbojets,

turbofans, rockets, ramjets, pulse jets and pump-jets. In general, most jet engines are internal

combustion engines but non-combusting forms also exist.

In some common usage, the term 'jet engine' generally refers to an internal combustion duct

engine, which typically consists of an engine with a rotary (rotating) air compressor powered by
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a turbine ("Brayton cycle"), with the leftover power providing thrust via a propelling nozzle.

These types of jet engines are primarily used by jet aircraft for long distance travel. The early jet

aircraft used turbojet engines which were relatively inefficient for subsonic flight. Modern

subsonic jet aircraft usually use high-bypass turbofan engines which help give high speeds as

well as, over long distances, giving better fuel efficiency than many other forms of transport.

About 7.2% of the oil used in 2004 was ultimately consumed by jet engines. In 2007, the cost of

jet fuel, while highly variable from one airline to another, averaged 26.5% of total operating

costs, making it the single largest operating expense for most airlines.

4. History

Jet engines can be dated back to the first century AD, when Hero of Alexandria (a Greek

mathematician) invented the aeolipile. This used steam power directed through two jet nozzles so

as to cause a sphere to spin rapidly on its axis. So far as is known, it was little used for supplying

mechanical power, and the potential practical applications of Hero's invention of the jet engine

were not recognized. It was simply considered a curiosity.

Jet propulsion only literally and figuratively took off with the invention of the rocket by the

Chinese in the 13th century. Rocket exhaust was initially used in a modest way for fireworks but

gradually progressed to propel formidable weaponry; and there the technology stalled for

hundreds of years.

Archytas the founder of mathematical mechanics, as described in the writings of Aulus Gellius

five centuries after him, he was reputed to have designed and built the first artificial, self-

propelled flying device, a bird-shaped model propelled by a jet of what was probably steam, said

to have actually flown some 200 meters.
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In Ottoman Turkey in 1633 Lagari Hasan elebi took off with what was described to be a cone

shaped rocket and then glided with wings into a successful landing winning a position in the

Ottoman army. However, this was essentially a stunt. The problem was that rockets are simply

too inefficient at low speeds to be useful for general aviation.

In 1910 Henri Coandă designed, built and piloted the first 'thermojet' powered aircraft, known as

the Coandă-1910, which he demonstrated publicly at the second International Aeronautic Salon

in Paris. The powerplant used a 4-cylinder piston engine to power a compressor, which fed two

burners for thrust, instead of using a propeller. It would be nearly 30 years until the next

thermojet powered aircraft, the Caproni Campini N.1 (sometimes referred to as C.C.2).

At the airport of Issy-les-Moulineaux near Paris, Coandă lost control of the jet plane, which went

off of the runway and caught fire. Fortunately, he escaped with just a good scare and some minor

injuries to his face and hands. Around that time, Coandă abandoned his experiments due to a lack

of interest and support on the part of the public and of scientific and engineering institutions.

In 1913 Ren Lorin came up with a form of jet engine, the subsonic pulsejet, which would have

been somewhat more efficient, but he had no way to achieve high enough speeds for it to

operate, and the concept remained theoretical for quite some time.

However, engineers were beginning to realize that the piston engine was self-limiting in terms of

the maximum performance which could be attained; the limit was essentially one of propeller

efficiency. This seemed to peak as blade tips approached the speed of sound. If engine, and thus

aircraft, performance were ever to increase beyond such a barrier, a way would have to be found

to radically improve the design of the piston engine, or a wholly new type of powerplant would

have to be developed. This was the motivation behind the development of the gas turbine engine,
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commonly called a "jet" engine, which would become almost as revolutionary to aviation as the

Wright brothers' first flight.

The earliest attempts at jet engines were hybrid designs in which an external power source first

compressed air, which was then mixed with fuel and burned for jet thrust. In one such system,

called a thermojet by Secondo Campini but more commonly, motorjet, the air was compressed

by a fan driven by a conventional piston engine. Examples of this type of design were Henri

Coandă's Coandă-1910 aircraft, and the much later Campini Caproni CC.2, and the Japanese

Tsu-11 engine intended to power Ohka kamikaze planes towards the end of World War II. None

were entirely successful and the CC.2 ended up being slower than the same design with a

traditional engine and propeller combination.

The key to a practical jet engine was the gas turbine, used to extract energy from the engine itself

to drive the compressor. The gas turbine was not an idea developed in the 1930s: the patent for a

stationary turbine was granted to John Barber in England in 1791. The first gas turbine to

successfully run self-sustaining was built in 1903 by Norwegian engineer gidius Elling.

Limitations in design and practical engineering and metallurgy prevented such engines reaching

manufacture. The main problems were safety, reliability, weight and, especially, sustained

operation.

In Hungary, Albert Fon In 1915 devised a solution for increasing the range of artillery,

comprising a gun-launched projectile which was to be united with a ramjet propulsion unit. This

was to make it possible to obtain a long range with low initial muzzle velocities, allowing heavy

shells to be fired from relatively lightweight guns. Fon submitted his invention to the Austro-

Hungarian Army but the proposal was rejected. In 1928 he applied for a German patent on

aircraft powered by supersonic ramjets, and this was awarded in 1932.

The first patent for using a gas turbine to power an aircraft was filed in 1921 by Frenchman

Maxime Guillaume. His engine was an axial-flow turbojet.
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In 1923, Edgar Buckingham of the US National Bureau of Standard published a report

expressing scepticism that jet engines would be economically competitive with prop driven

aircraft at the low altitudes and airspeeds of the period: "there does not appear to be, at present,

any prospect whatever that jet propulsion of the sort here considered will ever be of practical

value, even for military purposes."

Instead, by the 1930s, the piston engine in its many different forms (rotary and static radial,

aircooled and liquid-cooled inline) was the only type of powerplant available to aircraft

designers. This was acceptable as long as only low performance aircraft were required, and

indeed all that were available.

In 1928, RAF College Cranwell cadet Frank Whittle formally submitted his ideas for a turbo-jet

to his superiors. In October 1929 he developed his ideas further. . On 16 January 1930 in

England, Whittle submitted his first patent (granted in 1932). The patent showed a two-stage

axial compressor feeding a single-sided centrifugal compressor. Practical axial compressors were

made possible by ideas from A.A.Griffith in a seminal paper in 1926 ("An Aerodynamic Theory

of Turbine Design"). Whittle would later concentrate on the simpler centrifugal compressor only,

for a variety of practical reasons. Whittle had his first engine running in April 1937. It was

liquid-fuelled, and included a self-contained fuel pump. Whittle's team experienced near-panic

when the engine would not stop, accelerating even after the fuel was switched off. It turned out

that fuel had leaked into the engine and accumulated in pools. So the engine would not stop until

all the leaked fuel had burned off. Whittle was unable to interest the government in his invention,

and development continued at a slow pace.

In 1935 Hans von Ohain started work on a similar design in Germany, apparently unaware of

Whittle's work. His first engine was strictly experimental and could only run under external

power, but he was able to demonstrate the basic concept. Ohain was then introduced to Ernst

Heinkel, one of the larger aircraft industrialists of the day, who immediately saw the promise of
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the design. Heinkel had recently purchased the Hirth engine company, and Ohain and his master

machinist Max Hahn were set up there as a new division of the Hirth company. They had their

first HeS 1 centrifugal engine running by September 1937. Unlike Whittle's design, Ohain used

hydrogen as fuel, supplied under external pressure. Their subsequent designs culminated in the

gasoline-fuelled HeS 3 of 1,100 lbf (5 kN), which was fitted to Heinkel's simple and compact He

178 airframe and flown by Erich Warsitz in the early morning of August 27, 1939, from

Rostock-Marienehe aerodrome, an impressively short time for development. The He 178 was the

world's first jet plane.

The world's first turboprop was the Jendrassik Cs-1 designed by the Hungarian mechanical

engineer Gyrgy Jendrassik. It was produced and tested in the Ganz factory in Budapest between

1939 and 1942. It was planned to fit to the Varga RMI-1 X/H twin-engined reconnaissance

bomber designed by Lszl Varga in 1940, but the program was cancelled. Jendrassik had also

designed a small-scale 75 kW turboprop in 1937. Whittle's engine was starting to look useful,

and his Power Jets Ltd. started receiving Air Ministry money. In 1941 a flyable version of the

engine called the W.1, capable of 1000 lbf (4 kN) of thrust, was fitted to the Gloster E28/39

airframe specially built for it, and first flew on May 15, 1941 at RAF Cranwell.

A Scottish aircraft engine designer, Frank Halford, working from Whittle's ideas developed a

"straight through" version of the centrifugal jet; his design became the de Havilland Goblin.

One problem with both of these early designs, which are called centrifugal-flow engines, was

that the compressor worked by "throwing" (accelerating) air outward from the central intake to

the outer periphery of the engine, where the air was then compressed by a divergent duct setup,

converting its velocity into pressure. An advantage of this design was that it was already well

understood, having been implemented in centrifugal superchargers, then in widespread use on

piston engines. However, given the early technological limitations on the shaft speed of the

engine, the compressor needed to have a very large diameter to produce the power required. This

meant that the engines had a large frontal area, which made it less useful as an aircraft power-

plant due to drag. A further disadvantage was that the air flow had to be "bent" to flow rearwards
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through the combustion section and to the turbine and tailpipe, adding complexity and lowering

efficiency. Nevertheless, these types of engines had the major advantages of light weight,

simplicity and reliability, and development rapidly progressed to practical airworthy designs.

Austrian Anselm Franz of Junkers' engine division (Junkers Motoren or Jumo) addressed these

problems with the introduction of the axial-flow compressor. Essentially, this is a turbine in

reverse. Air coming in the front of the engine is blown towards the rear of the engine by a fan

stage (convergent ducts), where it is crushed against a set of non-rotating blades called stators

(divergent ducts). The process is nowhere near as powerful as the centrifugal compressor, so a

number of these pairs of fans and stators are placed in series to get the needed compression. Even

with all the added complexity, the resulting engine is much smaller in diameter and thus, more

aerodynamic. Jumo was assigned the next engine number in the RLM numbering sequence, 4,

and the result was the Jumo 004 engine. After many lesser technical difficulties were solved,

mass production of this engine started in 1944 as a power-plant for the world's first jet-fighter

aircraft, the Messerschmitt Me 262. A variety of reasons conspired to delay the engine's

availability, this delay caused the fighter to arrive too late to decisively impact Germany's

position in World War II. Nonetheless, it will be remembered as the first use of jet engines in

service.

In the UK, their first axial-flow engine, the Metrovick F.2, ran in 1941 and was first flown in

1943. Although more powerful than the centrifugal designs at the time, the Ministry considered

its complexity and unreliability a drawback in wartime. The work at Metrovick led to the

Armstrong Siddeley Sapphire engine which would be built in the US as the J65.

Following the end of the war the German jet aircraft and jet engines were extensively studied by

the victorious allies and contributed to work on early Soviet and US jet fighters. The legacy of

the axial-flow engine is seen in the fact that practically all jet engines on fixed wing aircraft have

had some inspiration from this design.

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

37
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Centrifugal-flow engines have improved since their introduction. With improvements in bearing

technology the shaft speed of the engine was increased, greatly reducing the diameter of the

centrifugal compressor. The short engine length remains an advantage of this design, particularly

for use in helicopters where overall size is more important than frontal area. Also as their engine

components are more robust they are less liable to foreign object damage than axial-flow

compressor engines.

Although German designs were more advanced aerodynamically, the combination of simplicity

and advanced British metallurgy meant that Whittle-derived designs were far more reliable than

their German counterparts. British engines also were licensed widely in the US (see Tizard

Mission),and were sold to the USSR who reverse engineered them with the Nene going on to

power the famous MiG-15. American and Soviet designs, independent axial-flow types for the

most part, would not come fully into their own until the 1960s, although the General Electric J47

provided excellent service in the F-86 Sabre in the 1950s.

By the 1950s the jet engine was almost universal in combat aircraft, with the exception of cargo,

liaison and other specialty types. By this point some of the British designs were already cleared

for civilian use, and had appeared on early models like the de Havilland Comet and Avro Canada

Jetliner. By the 1960s all large civilian aircraft were also jet powered, leaving the piston engine

in niche roles here as well.

Relentless improvements in the turboprop pushed the piston engine out of the mainstream

entirely, leaving it serving only the smallest general aviation designs, and some use in drone

aircraft. The ascension of the jet engine to almost universal use in aircraft took well under twenty

years.
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However, the story was not quite at an end, for the efficiency of turbojet engines was still rather

worse than piston engines, but by the 1970s with the advent of high bypass jet engines, an

innovation not foreseen by the early commentators like Edgar Buckingham, at high speeds and

high altitudes that seemed absurd to them, only then did the fuel efficiency finally exceed that of

the best piston and propeller engines, and the dream of fast, safe, economical travel around the

world finally arrived, and their dour, if well founded for the time, predictions that jet engines

would never amount to much, were killed forever.

Topic Objective:

At the end of this topic student would be able to:

 To Define Physical considerations

 To Learn about Types of combustors

 To Elaborate Nozzle

Definition/Overview:

Combustor: A combustor is a component or area of a gas turbine, ramjet or pulsejet engine

where combustion takes place. It is also known as a burner or flame can depending on the

design. In a gas turbine engine, the main combustor or combustion chamber is fed high pressure

air by the compression system and feeds the hot exhaust into the turbine components of the gas

generator.

Combustors are designed to contain and control the burning fuel-air mixture. The combustor

normally consists of three components: an outer casing that acts as a high pressure container, the

combustion chamber itself which contains the flame and the fuel injection system.
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Key Points:

1. Physical considerations

Within centrifugal compressor found in many small gas turbines for example in helicopter or

Business jets the air reaches velocities above Mach 1. Still within the compressor it is slowed

down and at the same time compressed in a first diffuser to a speed still above the flame

propagation velocity of 25 m/s (Mach~0.05) and mixed with the fuel. Liquid fuel is sprayed so

that it forms small droplets. Gaseous fuel is injected at a higher velocity to produce turbulences

on the boundary. In some engines the fuel is heated to make it flow easily through the fuel lines

and due to adiabatic compression the air has a temperature of 1000 K and the mixture has a line

of sight to the flame and is heated by radiation. Hence within the following tube the fuel droplets

evaporate and gaseous fuel diffuses into the air leading to a homogeneous mixture. A low swirl

allows the slowest possible speed in the center of the tube and higher speeds to blow of any

flames holding onto surfaces roughness or holded by surface friction. The tube blends into a

second diffuser where the cross section is smoothly (to prevent flame holding) enlarged to the

almost full combustor cross section and at the same time the velocity is further reduced below

the flame propagation velocity (and at the same time compressed a bit). In the center a face

orthogonal to the flow is left, the so called flame holder, something which was absolutely

avoided upstream.

Axial swirl vanes stabilize a circulation of exhaust gases through this center. Since the holder is

in the center of the flame, the gas there suffers the lowest radiation cooling. Due to the

centrifugal forces hot pockets in the gas and cracked molecules from intermediate steps of the

reaction diffuse preferentially to the center. These ions and radicals act as a trigger to start the

combustion in the already hot air fuel mixture and the premixed flame burns. In some engines

the mixture is very lean and the exhaust is so cold that Nickel based alloys withstand the

temperature with the help of cooling. In some engines the mixture is stoichiometric and the

exhaust needs to be mixed with air. No slightly lean mixtures are used because they would

produce the hottest exhaust and large number of NOx molecules. The exhaust is still too hot for
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the combustor walls and the guiding vanes and the turbines, so that they have to emit plenty of

cooling air through fish scale porous surface or on their leading edges respectively. Sometimes

an afterburner is used to burn more fuel in the lean exhaust (lean due to all the reasons mentioned

above). Again in the afterburner the speed of the flow has to be very low. Often the flame-front

area is enlarged by turbulence generated by air jets injected cross flow after the flame holder.

2. Types of combustors

There are two categories of combustors, annular and can. Can combustors look like cans and are

mounted around the engine. They can be easily removed for maintenance and provide convenient

plumbing for fuel. Annular combustors are more compact and embedded deep within the

engine's casing. Modern Jet engines usually have annular combustors. Double annular

combustors are being introduced to reduce emissions. At low throttle settings, one of the two

discrete volumes in the combustor is un-fuelled.

Small gas turbine engines often have a reverse flow combustor, which is a very compact design.

The gas path, from high radius entry to low radius exit, is 'S' shaped.

3. Nozzle

A nozzle is a mechanical device designed to control the characteristics of a fluid flow as it exits

(or enters) an enclosed chamber or pipe via an orifice. A nozzle is often a pipe or tube of varying

cross sectional area, and it can be used to direct or modify the flow of a fluid (liquid or gas).

Nozzles are frequently used to control the rate of flow, speed, direction, mass, shape, and/or the

pressure of the stream that emerges from them.

3.1 Types of nozzles

o Jets: A gas jet, fluid jet, or hydro jet is a nozzle intended to eject gas or fluid in a coherent stream

into a surrounding medium. Gas jets are commonly found in gas stoves, ovens, or barbecues. Gas

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

41
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



jets were commonly used for light before the development of electric light. Other types of fluid

jets are found in carburetors, where smooth calibrated orifices are used to regulate the flow of

fuel into an engine, and in Jacuzzis or spas. Another specialized jet is the laminar jet. This is a

water jet that contains devices to smooth out the flow, and gives laminar flow, as its name

suggests. This gives better results for fountains. Nozzles used for feeding hot blast into a blast

furnace or forge are called tuyeres.

o High velocity nozzles: Frequently the goal is to increase the kinetic energy of the flowing

medium at the expense of its pressure and internal energy. Nozzles can be described as

convergent (narrowing down from a wide diameter to a smaller diameter in the direction of the

flow) or divergent (expanding from a smaller diameter to a larger one). A de Laval nozzle has a

convergent section followed by a divergent section and is often called a convergent-divergent

nozzle ("con-di nozzle"). Convergent nozzles accelerate subsonic fluids. If the nozzle pressure

ratio is high enough the flow will reach sonic velocity at the narrowest point (i.e. the nozzle

throat). In this situation, the nozzle is said to be choked. Increasing the nozzle pressure ratio

further will not increase the throat Mach number beyond unity. Downstream (i.e. external to the

nozzle) the flow is free to expand to supersonic velocities. Note that the Mach 1 can be a very

high speed for a hot gas; since the speed of sound varies as the square root of absolute

temperature. Thus the speed reached at a nozzle throat can be far higher than the speed of sound

at sea level. This fact is used extensively in rocketry where hypersonic flows are required, and

where propellant mixtures are deliberately chosen to further increases the sonic speed. Divergent

nozzles slow fluids, if the flow is subsonic, but accelerate sonic or supersonic fluids.

Convergent-divergent nozzles can therefore accelerate fluids that have choked in the convergent

section to supersonic speeds. This CD process is more efficient than allowing a convergent

nozzle to expand supersonically externally. The shape of the divergent section also ensures that

the direction of the escaping gases is directly backwards, as any sideways component would not

contribute to thrust.

o Propelling nozzles: A jet exhaust produces a net thrust from the energy obtained from

combusting fuel which is added to the inducted air. This hot air is passed through a high speed

nozzle, a propelling nozzle which enormously increases its kinetic energy. For a given mass

flow, greater thrust is obtained with a higher exhaust velocity, but the best energy efficiency is

obtained when the exhaust speed is well matched with the airspeed. However, no jet aircraft can
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sustain flight while exceeding its exhaust jet speed, due to momentum considerations. Supersonic

jet engines, like those employed in fighters and SST aircraft (e.g. Concorde), need high exhaust

speeds. Therefore supersonic aircraft very typically use a CD nozzle despite weight and cost

penalties. Subsonic jet engines employ relatively low, subsonic, exhaust velocities. They thus

employ simple convergent nozzles. In addition, bypass nozzles are employed giving even lower

speeds. Rocket motors use convergent-divergent nozzles with very large area ratios so as to

maximize thrust and exhaust velocity and thus extremely high nozzle pressure ratios are

employed. Mass flow is at a premium since all the propulsive mass is carried with vehicle, and

very high exhaust speeds are desirable.

o Magnetic nozzles: Magnetic nozzles have also been proposed for some types of propulsion, such

as VASIMR, in which the flow of plasma is directed by magnetic fields instead of walls made of

solid matter.

o Spray nozzles: Many nozzles produce a very fine spray of liquids.

 Alphabetic (phonemic awareness and phonics instruction)

 Fluency

 Comprehension

 Teacher education and reading instruction

 Computer technology and reading instruction

 Atomizer nozzles are used for spray painting, perfumes, carburettors for internal

combustion engines, spray on deodorants, antiperspirants and many other uses.

 Air-Aspirating Nozzle-uses an opening in the cone shaped nozzle to inject air into a

stream of water based foam (CAFS/AFFF/FFFP) to make the concentrate "foam up".

Most commonly found on foam extinguishers and foam hand-lines.

 Swirl nozzles inject the liquid in tangentially, and it spirals into the center and then exits

through the central hole. Due to the vortexing this causes the spray to come out in a cone

shape.

o Vacuum nozzles: Vacuum cleaner nozzles come in several different shapes.

o Shaping nozzles: Some nozzles are shaped to produce a stream that is of a particular shape. For

example Extrusion molding is a way of producing lengths of metals or plastics or other materials

with a particular cross-section. These nozzles are typically referred to as a die.
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In Section 3 of this course you will cover these topics:

Axial Compressors

Axial Turbines

The Centrifugal Compressor

Topic Objective:

At the end of this topic student would be able to Learn about:

 Description

 Design

 Development

Definition/Overview:

Axial compressors: Axial compressors are rotating, aerofoil based compressors in which the

working fluid principally flows parallel to the axis of rotation. This is in contrast with other

rotating compressors such as centrifugal, axi-centrifugal and mixed-flow compressors where the

air may enter axially but will have a significant radial component on exit.

Axial flow compressors produce a continuous flow of compressed gas, and have the benefits of

high efficiencies and large mass flow capacity, particularly in relation to their cross-section.

They do, however, require several rows of aerofoil to achieve large pressure rises making them

complex and expensive relative to other designs (e.g. centrifugal compressor).
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Axial compressors are widely used in gas turbines, such as jet engines, high speed ship engines,

and small scale power stations. They are also used in industrial applications such as large volume

air separation plants, blast furnace air, fluid catalytic cracking air, and propane dehydrogenation.

Axial compressors, known as superchargers, have also been used to boost the power of

automotive reciprocating engines by compressing the intake air, though these are very rare.

Key Points:

1. Description

Axial compressors consist of rotating and stationary components. A shaft drives a central drum,

retained by bearings, which has a number of annular aerofoil rows attached. These rotate

between a similar numbers of stationary aerofoil rows attached to a stationary tubular casing.

The rows alternate between the rotating aerofoil (rotors) and stationary aerofoil (stators), with the

rotors imparting energy into the fluid, and the stators converting the increased rotational kinetic

energy into static pressure through diffusion. A pair of rotating and stationary aerofoil is called a

stage. The cross-sectional area between rotor drum and casing is reduced in the flow direction to

maintain axial velocity as the fluid is compressed.

2. Design

The increase in pressure produced by a single stage is limited by the relative velocity between

the rotor and the fluid, and the turning and diffusion capabilities of the aerofoil. A typical stage

in a commercial compressor will produce a pressure increase of between 15% and 60% (pressure

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

45
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



ratios of 1.15-1.6) at design conditions with a polytropic efficiency in the region of 90-95%. To

achieve different pressure ratios, axial compressors are designed with different numbers of stages

and rotational speeds.

Higher stage pressure ratios are also possible if the relative velocity between fluid and rotors is

supersonic, however this is achieved at the expense of efficiency and operability. Such

compressors, with stage pressure ratios of over 2, are only used where minimizing the

compressor size, weight or complexity is critical, such as in military jets.

The aerofoil profiles are optimized and matched for specific velocities and turning. Although

compressors can be run at other conditions with different flows, speeds, or pressure ratios, this

can result in an efficiency penalty or even a partial or complete breakdown in flow (known as

compressor stall and pressure surge respectively). Thus, a practical limit on the number of stages,

and the overall pressure ratio, comes from the interaction of the different stages when required to

work away from the design conditions. These off-design conditions can be mitigated to a certain

extent by providing some flexibility in the compressor. This is achieved normally through the

use of adjustable stators or with valves that can bleed fluid from the main flow between stages

(inter-stage bleed).

Modern jet engines use a series of compressors, running at different speeds; to supply air at

around 40:1 pressure ratio for combustion with sufficient flexibility for all flight conditions.

3. Development

Early axial compressors offered poor efficiency, so poor that in the early 1920s a number of

papers claimed that a practical jet engine would be impossible to construct. Things changed
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dramatically after A. A. Griffith published a seminal paper in 1926, noting that the reason for the

poor performance was that existing compressors used flat blades and were essentially "flying

stalled". He showed that the use of airfoils instead of the flat blades would dramatically increase

efficiency, to the point where a practical jet engine was a real possibility. He concluded the paper

with a basic diagram of such an engine, which included a second turbine that was used to power

a propeller.

Although Griffith was well known due to his earlier work on metal fatigue and stress

measurement, little work appears to have started as a direct result of his paper. The only obvious

effort was a test-bed compressor built by Griffith's colleague at the Royal Aircraft Establishment,

Haine Constant. Other early jet efforts, notably those of Frank Whittle and Hans von Ohain, were

based on the more robust and better understood centrifugal compressor which was widely used in

superchargers. Griffith had seen Whittle's work in 1929 and dismissed it, noting an error in the

math and going on to claim that the frontal size of the engine would make it useless on a high-

speed aircraft.

Real work on axial-flow engines started in the late 1930s, in several efforts that all started at

about the same time. In England, Haine Constant reached an agreement with the steam turbine

company Metropolitan Vickers (Metrovick) in 1937, starting their turboprop effort based on the

Griffith design in 1938. In 1940, after the successful run of Whittle's centrifugal-flow design,

their effort was re-designed as a pure jet, the Metrovick F.2. In Germany, von Ohain had

produced several working centrifugal engines, some of which had flown including the world's

first jet aircraft (He 178), but development efforts had moved on to Junkers (Jumo 004) and

BMW (BMW 003), which used axial-flow designs in the world's first jet fighter and jet bomber.

In the United States, both Lockheed and General Electric were awarded contracts in 1941 to

develop axial-flow engines, the former a pure jet, the latter a turboprop. Northrop also started

their own project to develop a turboprop, which the US Navy eventually contracted in 1943.
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Westinghouse also entered the race in 1942, their project proving to be the only successful one of

the US efforts, later becoming the J30.

By the 1950s every major engine development had moved on to the axial-flow type. As Griffith

had originally noted in 1929, the large frontal size of the centrifugal compressor caused it to have

higher drag than the narrower axial-flow type. Additionally the axial-flow design could improve

its compression ratio simply by adding additional stages and making the engine slightly longer.

In the centrifugal-flow design the compressor itself had to be larger in diameter, which was much

more difficult to "fit" properly on the aircraft. On the other hand, centrifugal-flow designs

remained much less complex (the major reason they "won" in the race to flying examples) and

therefore have a role in places where size and streamlining are not so important. For this reason

they remain a major solution for helicopter engines, where the compressor lies flat and can be

built to any needed size without upsetting the streamlining to any great degree.

In the jet engine application, the compressor faces a wide variety of operating conditions. On the

ground at takeoff the inlet pressure is high, inlet speed zero, and the compressor spun at a variety

of speeds as the power is applied. Once in flight the inlet pressure drops, but the inlet speed

increases (due to the forward motion of the aircraft) to recover some of this pressure, and the

compressor tends to run at a single speed for long periods of time.

4. Axial-flow jet engines

There is simply no "perfect" compressor for this wide range of operating conditions. Fixed

geometry compressors, like those used on early jet engines, are limited to a design pressure ratio

of about 4 or 5:1. As with any heat engine, fuel efficiency is strongly related to the compression

ratio, so there is very strong financial need to improve the compressor stages beyond these sorts

of ratios.

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

48
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Additionally the compressor may stall if the inlet conditions change abruptly, a common problem

on early engines. In some cases, if the stall occurs near the front of the engine, all of the stages

from that point on will stop compressing the air. In this situation the energy required to run the

compressor drops suddenly, and the remaining hot air in the rear of the engine allows the turbine

to speed up the whole engine dramatically. This condition, known as surging, was a major

problem on early engines and often led to the turbine or compressor breaking and shedding

blades. For all of these reasons, axial compressors on modern jet engines are considerably more

complex than those on earlier designs.

4.1 Spools

All compressors have a sweet spot relating rotational speed and pressure, with higher

compressions requiring higher speeds. Early engines were designed for simplicity,

and used a single large compressor spinning at a single speed. Later designs added a

second turbine and divided the compressor into "low pressure" and "high pressure"

sections, the latter spinning faster. This two-spool design resulted in increased

efficiency. Even more can be squeezed out by adding a third spool, but in practice

this has proven to be too complex to make it generally worthwhile as there is a

tradeoff between higher fuel efficiency and the higher maintenance involved pushing

up total cost of ownership compared to a two spool design. That said, there are

several three-spool engines in use, perhaps the most famous being the Rolls-Royce

RB.211, used on a wide variety of commercial aircraft.

4.2 Bleed air, variable stators

As an aircraft changes speed or altitude, the pressure of the air at the inlet to the

compressor will vary. In order to "tune" the compressor for these changing

conditions, designs starting in the 1950s would "bleed" air out of the middle of the

compressor in order to avoid trying to compress too much air in the final stages. This

was also used to help start the engine, allowing it to be spun up without compressing

much air by bleeding off as much as possible. Bleed systems were already commonly
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used anyway, to provide airflow into the turbine stage where it was used to cool the

turbine blades, as well as provide pressurized air for the air conditioning systems

inside the aircraft.

A more advanced design, the variable stator, used blades that can be individually

rotated around their axis, as opposed to the power axis of the engine. For startup they

are rotated to "open", reducing compression, and then are rotated back into the

airflow as the external conditions require. The General Electric J79 was the first

major example of a variable stator design, and today it is a common feature of most

military engines.

Closing the variable stators progressively, as compressor speed falls, reduces the

slope of the surge (or stall) line on the operating characteristic (or map), improving

the surge margin of the installed unit. By incorporating variable stators in the first

five stages, General Electric Aircraft Engines has developed a ten-stage axial

compressor capable of operating at a 23:1 design pressure ratio.

4.3 Bypass

For jet engine applications, the "whole idea" of the engine is to move air to provide

thrust. In most cases, the engine produces more power to move air than its mechanical

design actually allows. Namely, the inlet into the compressor is simply too small to

move the amount of air that the engine could, in theory, heat and use. A number of

engine designs had experimented with using some of the turbine power to drive a

secondary "fan" for added air flow, starting with the Metrovick F.3, which placed a

fan at the rear of a late-model F.2 engine. A much more practical solution was created

by Rolls-Royce in their early 1950s Conway engine, which enlarged the first

compressor stage to be larger than the engine itself. This allowed the compressor to

blow cold air past the interior of the engine, somewhat similar to a propeller. This
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technique allows the engine to be designed to produce the amount of energy needed,

and any air that cannot be blown through the engine due to its size is simply blown

around it. Since that air is not compressed to any large degree, it is being moved

without using up much energy from the turbine, allowing a smaller core to provide

the same mass flow, and thrust, as a much larger "pure jet" engine. This engine is

called a "turbofan."

This technique also has the added benefit of mixing the cold bypass air with the hot

engine exhaust, greatly lowering the exhaust temperature. Since the sound of a jet

engine is strongly related to the exhaust temperature, bypass also dramatically

reduces the sound of the engine. Early jetliners from the 1960s were famous for their

"screaming" sound, whereas modern engines of greatly higher power generally give

off a much less annoying "whoosh" or even buzzing.

Mitigating this savings is the fact that drags increases exponentially at high speeds, so

while the engine is able to operate far more efficiently, this typically translates into a

smaller real-world effect. For instance, the latest Boeing 737's with high-bypass

CFM56 engines operates at an overall efficiency about 30% better than the earlier

models. Military turbofans, on the other hand, especially those used on combat

aircraft, tend to have so low a bypass-ratio that they are sometimes referred to as

"leaky turbojets."

4.4 Turbine cooling

The limiting factor in jet engine design is not the compressor, but the temperature at

the turbine. It is fairly easy to build an engine that can provide enough compressed air

that when burnt will melt the turbine; this was a major cause of failure in early

German engines which were hampered by the availability of high temperature metals.

Improvements in air cooling and materials have dramatically improved the
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temperature performance of turbines, allowing the compression ratio of jet engines to

increase dramatically. Early test engines offered perhaps 3:1 and production engines

like the Jumo 004 were about 4:1, about the same as contemporary piston engines.

Improvements started immediately and have not stopped; the latest Rolls-Royce Trent

operates at about 40:1, far in excess of any piston engine.

Since compression ratio is strongly related to fuel economy, this eightfold increase in

compression ratio results in an increase in fuel economy for any given amount of

power, which is the reason there is strong pressure in the airline industry to use only

the latest designs.

Topic Objective:

At the end of this topic student would be able to Learn about:

 Axial Turbine Rotor Design

 Axial Turbine Nozzle Design

 Theory

 Axial turbine design
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Definition/Overview:

Axial turbine: An axial turbine operates in the reverse of an axial compressor. A set of static

guide vanes or nozzle vanes accelerates and adds swirl to the fluid and directs it to the next row

of turbine blades mounted on a turbine rotor.

In an Impulse turbine the pressure drop happens entirely in the nozzle vanes. In a reaction

turbine the pressure drop is split between the nozzle vanes and the turbine rotor. The proportion

of pressure drop in the turbine rotor is called the degree of reaction.

Key Points:

1. Axial Turbine Rotor Design

With the use of TURBOdesign-1, designers can control the 3-D flow field by specifying the

appropriate blade loading distribution.

By using the distribution shown in Fig.1 where the hub and shroud are aft loaded and the mid-

span is fore-loaded the rotor blade geometry shown in Fig.2 was obtained.

The performance of a stage consisting of this rotor and of a nozzle with controlled stacking was

measured in an experimental test facility. The resulting efficiency was found to be 2.5 point

higher at the design point as compared to the corresponding state-of-the-art conventional stage,
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with appreciable improvements at the off-design conditions. One important feature of the

TURBOdesign-1 stage was very good matching between the nozzle and the rotor.

2. Axial Turbine Nozzle Design

Aerodynamic features of axial turbine nozzles can be powerfully addressed by using

TURBOdesign-1. For instance, the use of blade loading and leaning allows for a direct control of

the secondary flow development.

Numerical and experimental investigations have shown that the use of blade lean, whether

straight or curved, in the conventional design practice can only redistribute the losses in the blade

and does not result in a reduction in an overall loss. This is partly because in conventional design

the blade profile is kept the same and the stacking line is changed to achieve the blade lean. This

can adversely affect the blade circulation distribution.

In TURBOdesign-1 the blade profile is computed for a specified blade loading (and therefore

circulation distribution) together with a specified thickness distribution and stacking condition.

The designer can change the blade stacking without any adverse effect on the blade circulation,

as this is kept fixed.

In the first instance radial stacking was used (see Fig.1). While keeping the same blade loading

and thickness distributions the stacking condition was changed at both end-walls to reduce

secondary flows. The resulting blade geometry can be seen in the Fig 2.
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This type of stacking resulted in the reduction in end-wall loss without any reduction in loss in

the middle of the blade passage.

3. Theory

Cascade analysis

The total temperature rise in any stage depends on the square of the tangential mach

number of the rotor.

 Stage temperature ratio

Euler equation rewritten with fluid angles and mass flows

v1 = u1tanβr1

v2 = u2tanβ2 = ωr2 − u2tanβr2

The blade speed dimensionless group:
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4. Axial turbine design

 Stages: An axial gas turbine engine is separated into various stages. The first stage is the

Compressor section, then the combustion chamber, then the turbine section.

 Stator

 Rotor

 Blades

 Blade attachment

 Materials

 Cooling

 Clearance control

 Shrouds

 Coatings

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Centrifugal compressor

 To Define Advantages

 To Elaborate Applications

 To Highlight Operating limits
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Definition/Overview:

Centrifugal compressor: Centrifugal compressor, (sometimes referred to as radial compressors)

are a special class of radial-flow work-absorbing turbomachinery that includes pumps, fans,

blowers and compressors.

Key Points:

1. Centrifugal compressor

Centrifugal compressor, (sometimes referred to as radial compressors) are a special class of

radial-flow work-absorbing turbomachinery that includes pumps, fans, blowers and compressors.

The earliest forms of these dynamic-turbo machines were pumps, fans and blowers. What

differentiates these early turbo machines from compressors is that the working fluid can be

considered incompressible thus permitting accurate analysis through Bernoulli's equation. In

contrast, modern centrifugal compressors are higher in speed and analysis must deal with

compressible flow.

For purposes of definition, centrifugal compressors often have density increases greater than 5

percent. Also, they often experience relative fluid velocities above Mach 0.3 when the working

fluid is air or nitrogen. In contrast, fans or blowers are often considered to have density increases

of less than 5 percent and peak relative fluid velocities below Mach 0.3-0.5
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In an idealized sense, the dynamic compressor achieves a pressure rise by adding kinetic-

energy/velocity to a continuous flow of fluid through the rotor or impeller. This kinetic energy is

then converted to an increase in static pressure by slowing the flow through a diffuser.

2. Advantages

Centrifugal compressors are used throughout the industry because they have fewer rubbing parts,

are relatively energy efficient, and give higher airflow than a similarly sized reciprocating

compressor (i.e. positive-displacement). Their primary drawback is that they cannot achieve the

high compression ratio of reciprocating compressors without multiple stages. Centrifugal

fan/blowers are more suited to continuous-duty applications such as ventilation fans, air movers,

cooling units, and other uses that require high volume with little or no pressure increase. In

contrast, multistage reciprocating compressors often achieve discharge pressures of 8,000 to

10,000 psi (59 MPa to 69MPa). One example of an application of centrifugal compressors is

their use in re-injecting natural gas back into oil fields to increase oil production.

Centrifugal compressors are often used in small gas turbine engines like APUs (auxiliary power

units) and smaller aircraft gas turbines. A significant reason for this is that with current

technology, the equivalent flow axial compressor will be less efficient due primarily to a

combination of the rotor and variable stator tip-clearance losses. There are few single stage

centrifugal compressors capable of pressure-ratios over 10:1, due to stress considerations which

severely limit the compressor's safety, durability and life expectancy.

Additionally for aircraft gas-turbines; centrifugal flow compressors offer the advantages of

simplicity of manufacture and relatively low cost. This is due to requiring fewer stages to

achieve the same pressure rise. The fundamental reason for this stems from a centrifugal

compressor's large change in radius (relative to a multistage axial compressor); it is the change in
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radius that allows the centrifugal compressor to generate large increases in fluid energy over a

short axial distance.

3. Applications

A partial list of centrifugal compressor applications include:

 in pipeline transport of the natural gas to move the gas from the production site to the consumer.

 in oil refineries, natural gas processing plants, petrochemical and chemical plants

 in air separation plants to manufacture purified end product gases.

 in refrigeration and air conditioner equipment refrigerant cycles: see Vapor-compression

refrigeration.

 in industry and manufacturing to supply compressed air for all types of pneumatic tools.

 in gas turbines and auxiliary power units

 in pressurized aircraft to provide the atmospheric pressure at high altitudes.

 in automotive engine and diesel engine turbochargers

 in oil field re-injection of high pressure natural gas to improve oil recovery

4. Operating limits

Many centrifugal compressors have one or more of the following operating limits:

 Minimum Operating Speed - the minimum speed for acceptable operation, below this value the

compressor may be controlled to stop or go into an "Idle" condition.

 Maximum Allowable Speed - the maximum operating speed for the compressor. Beyond this

value stresses may rise above prescribed limits and rotor vibrations may increase rapidly. At

speeds above this level the equipment will likely become very dangerous and be controlled to

lower speeds.

 Stonewall or Choke - occurs under one of 2 conditions. Typically for high speed equipment, as

flow increases the velocity of the gas/fluid can approach the gas/fluid's sonic speed somewhere
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within the compressor stage. This location may occur at the impeller inlet "throat" or at the vaned

diffuser inlet "throat". In most cases, it is generally not detrimental to the compressor. For low

speed equipment, as flows increase, losses increase such that the pressure ratio drops to 1:1.

 Surge - is the point at which the compressor cannot add enough energy to overcome the system

resistance. This causes a rapid flow reversal (i.e. surge). As a result, high vibration, temperature

increases, and rapid changes in axial thrust can occur. These occurrences can damage the rotor

seals, rotor bearings, the compressor driver and cycle operation. Most turbo machines are

designed to easily withstand occasional surging. However, if the turbo machine is forced to surge

repeatedly for a long period of time or if the turbo machine is poorly designed, repeated surges

can result in a catastrophic failure. Of particular interest, is that while turbo machines may be

very durable, the cycles/processes that they are used within can be far less robust.

Test Introduction to Propulsion

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Centrifugal compressor

 To Define Advantages

 To Elaborate Applications

 To Highlight Operating limits
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Definition/Overview:

Centrifugal compressor: Centrifugal compressor, (sometimes referred to as radial compressors)

are a special class of radial-flow work-absorbing turbomachinery that includes pumps, fans,

blowers and compressors.

Key Points:

1. Centrifugal compressor

Centrifugal compressor, (sometimes referred to as radial compressors) are a special class of

radial-flow work-absorbing turbomachinery that includes pumps, fans, blowers and compressors.

The earliest forms of these dynamic-turbo machines were pumps, fans and blowers. What

differentiates these early turbo machines from compressors is that the working fluid can be

considered incompressible thus permitting accurate analysis through Bernoulli's equation. In

contrast, modern centrifugal compressors are higher in speed and analysis must deal with

compressible flow.

For purposes of definition, centrifugal compressors often have density increases greater than 5

percent. Also, they often experience relative fluid velocities above Mach 0.3 when the working

fluid is air or nitrogen. In contrast, fans or blowers are often considered to have density increases

of less than 5 percent and peak relative fluid velocities below Mach 0.3-0.5
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In an idealized sense, the dynamic compressor achieves a pressure rise by adding kinetic-

energy/velocity to a continuous flow of fluid through the rotor or impeller. This kinetic energy is

then converted to an increase in static pressure by slowing the flow through a diffuser.

2. Advantages

Centrifugal compressors are used throughout the industry because they have fewer rubbing parts,

are relatively energy efficient, and give higher airflow than a similarly sized reciprocating

compressor (i.e. positive-displacement). Their primary drawback is that they cannot achieve the

high compression ratio of reciprocating compressors without multiple stages. Centrifugal

fan/blowers are more suited to continuous-duty applications such as ventilation fans, air movers,

cooling units, and other uses that require high volume with little or no pressure increase. In

contrast, multistage reciprocating compressors often achieve discharge pressures of 8,000 to

10,000 psi (59 MPa to 69MPa). One example of an application of centrifugal compressors is

their use in re-injecting natural gas back into oil fields to increase oil production.

Centrifugal compressors are often used in small gas turbine engines like APUs (auxiliary power

units) and smaller aircraft gas turbines. A significant reason for this is that with current

technology, the equivalent flow axial compressor will be less efficient due primarily to a

combination of the rotor and variable stator tip-clearance losses. There are few single stage

centrifugal compressors capable of pressure-ratios over 10:1, due to stress considerations which

severely limit the compressor's safety, durability and life expectancy.

Additionally for aircraft gas-turbines; centrifugal flow compressors offer the advantages of

simplicity of manufacture and relatively low cost. This is due to requiring fewer stages to

achieve the same pressure rise. The fundamental reason for this stems from a centrifugal

compressor's large change in radius (relative to a multistage axial compressor); it is the change in
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radius that allows the centrifugal compressor to generate large increases in fluid energy over a

short axial distance.

3. Applications

A partial list of centrifugal compressor applications include:

 in pipeline transport of the natural gas to move the gas from the production site to the consumer.

 in oil refineries, natural gas processing plants, petrochemical and chemical plants

 in air separation plants to manufacture purified end product gases.

 in refrigeration and air conditioner equipment refrigerant cycles: see Vapor-compression

refrigeration.

 in industry and manufacturing to supply compressed air for all types of pneumatic tools.

 in gas turbines and auxiliary power units

 in pressurized aircraft to provide the atmospheric pressure at high altitudes.

 in automotive engine and diesel engine turbochargers

 in oil field re-injection of high pressure natural gas to improve oil recovery

4. Operating limits

Many centrifugal compressors have one or more of the following operating limits:

 Minimum Operating Speed - the minimum speed for acceptable operation, below this value the

compressor may be controlled to stop or go into an "Idle" condition.

 Maximum Allowable Speed - the maximum operating speed for the compressor. Beyond this

value stresses may rise above prescribed limits and rotor vibrations may increase rapidly. At

speeds above this level the equipment will likely become very dangerous and be controlled to

lower speeds.

 Stonewall or Choke - occurs under one of 2 conditions. Typically for high speed equipment, as

flow increases the velocity of the gas/fluid can approach the gas/fluid's sonic speed somewhere
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within the compressor stage. This location may occur at the impeller inlet "throat" or at the vaned

diffuser inlet "throat". In most cases, it is generally not detrimental to the compressor. For low

speed equipment, as flows increase, losses increase such that the pressure ratio drops to 1:1.

 Surge - is the point at which the compressor cannot add enough energy to overcome the system

resistance. This causes a rapid flow reversal (i.e. surge). As a result, high vibration, temperature

increases, and rapid changes in axial thrust can occur. These occurrences can damage the rotor

seals, rotor bearings, the compressor driver and cycle operation. Most turbo machines are

designed to easily withstand occasional surging. However, if the turbo machine is forced to surge

repeatedly for a long period of time or if the turbo machine is poorly designed, repeated surges

can result in a catastrophic failure. Of particular interest, is that while turbo machines may be

very durable, the cycles/processes that they are used within can be far less robust.

In Section 4 of this course you will cover these topics:

Performance Of Rocket Vehicles

Chemical Rocket Thrust Chambers

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Rocket Vehicles

 To Define Vehicle Parameters

Definition/Overview:

Rocket engine: The rocket engine provides the propulsive forces to accelerate the vehicle by

ejecting hot gaseous material at very high speeds through a nozzle. The initial source of the
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ejected material is the propellant carried in the vehicle in either liquid or solid form. The

propellant may be converted to hot gas for ejection by one of a number of possible heating

processes in the engine, such as chemical combustion, nuclear fission, etc.

Key Points:

1. Rocket Vehicles

The principal elements of any rocket-powered flight vehicle are the rocket engine, to provide the

propulsive force; the propellants consumed in the rocket engine; the airframe, to contain the

propellants and to carry the structural loads; and the payload including any special equipment

such as guidance or communication devices.

The rocket engine provides the propulsive forces to accelerate the vehicle by ejecting hot

gaseous material at very high speeds through a nozzle. The initial source of the ejected material

is the propellant carried in the vehicle in either liquid or solid form. The propellant may be

converted to hot gas for ejection by one of a number of possible heating processes in the engine,

such as chemical combustion, nuclear fission, etc.

Vertical takeoff from the Earth requires a thrust force that exceeds the weight of the complete

missile by some 30 to 50 percent (a thrust-to-weight ratio of 1.3 to 1.5). For easiest engine

operation the thrust produced during the entire propulsive period is usually constant, causing the

vehicle to be accelerated at a progressively higher rate as the vehicle weight diminishes due to

propellant consumption.
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In rocket vehicles intended to reach velocities of interest in astronautics, the largest fraction of

the missile weight is devoted to the propellants, and the largest volume to the storage of these

propellants.

The propellant tanks, and the supporting structure which carries the structural loads imposed

during flight and ground handling, comprise the airframe of the flight vehicle. The material in

the airframe is considered "dead weight," since it does not contribute directly to the production

of thrust or to the useful payload. Rather, the dead weight imposes a limitation on the maximum

velocity that a given rocket can achieve-even with no payload.

Another factor contributing significantly to the total dead weight of a vehicle and restricting its

maximum performance is any unused propellant trapped in the propulsion system (rocket engine,

plumbing, and tanks) at thrust cutoff. In liquid-propellant rockets, two propellant fluids are

stored in separate tanks which should be emptied at very nearly the same instant.1 The engine

will stop when either propellant is exhausted, and the remaining portion of the other propellant

will be trapped as residual dead weight.

The flight velocities required for astronautics far exceed those obtainable with a single rocket

unit using conventional propulsion techniques regardless of the size of the rocket. The multistage

rocket can provide adequate velocities, however. On this type of vehicle, one rocket (or more) is

carried to high speed by another rocket, to be launched independently when the first rocket is

exhausted. If, for example, the first stage reaches a terminal velocity of 10,000 feet per second

and launches a second stage also capable of developing 10,000 feet per second, the net terminal

velocity of the second stage will be 20,000 feet per second.

Staging can be extended to include 3, 4, and more stages to develop higher velocities. The total

velocity that may be attained is the sum of the individual contributions of each stage. A practical
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difficulty will generally restrict the number of stages that can be profitably employed, since the

weight of structure required to connect the stages tends to increase dead weight and defeat the

purpose of staging.

Control of the flight path of a rocket-propelled vehicle is achieved by altering the direction of

engine thrust by one of a variety of methods, including swiveling the engine itself. Velocity

control is provided through termination of all rocket thrust at the exact time the desired velocity

is reached.

2. Vehicle Parameters

The performance of a rocket is determined largely by the rocket propellant combination and the

total amount of usable propellants.2 The performance of propellants is characterized by the

specific impulse, a measure of the number of pounds of thrust produced per pound of propellant

consumed per second. The unit of specific impulse is lb/lb/sec., or, more simply, seconds. The

velocity that a vehicle can attain is directly proportional to the specific impulse of its propellants,

all other things being equal. For example, if a given rocket reaches a velocity of 10,000 feet per

second with propellants giving a specific impulse of 250 seconds (a typical current value), an

increase of 10 percent in specific impulse to 275 seconds would increase the attainable velocity

to 11,000 feet per second.

The performance dependence upon the propellant fraction-the fraction of the total vehicle weight

accounted for by usable propellants-and the interdependence of specific impulse and propellant

fraction are more complex relationships. The maximum velocity increases rapidly as the

propellant fraction is made larger, as shown in figure 1, For a given velocity to be achieved, the

required propellant fraction is greatly affected by the performance of the propellant combination,

as indicated by the three values of specific impulse given in this figure, (The relationship

between the propellant fraction and the mass ratio the ratio of takeoff weight to weight at

propellant exhaustion, is given by the lower scale of figure 1.) The very high propellant fractions
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associated with high velocities can only be achieved by severely reducing to a minimum all

components that contribute to the weight at propellant exhaustion, including the payload.

The gross weight at takeoff of a rocket vehicle to propel a given payload to a given flight

velocity is determined, then, by propellant performance, the minimum practical fraction of dead

weight, the number of stages, and the size of the payload to be carried,

Improved materials, design techniques and component miniaturization have led to large

reductions in the fraction of dead weight associated with large rockets, The progressively

improving state of

Topic Objective:

At the end of this topic student would be able to:

 Rocket Thrust

 Rocket Propulsion Parameters

 Launch Vehicle Propulsion Systems

 Spacecraft Propulsion Systems

 New Technologies

Definition/Overview:

The demand for ever increasing satellite payloads has motivated the development of propulsion

systems with greater efficiency. Typical satellites of fifteen to twenty years ago had solid apogee

motors and simple monopropellant hydrazine station-keeping thrusters. Electrically heated

thrusters were designed to increase the hydrazine performance and the principle was further

advanced by the innovation of the arc-jet thruster. Bipropellant systems are now commonly used

for increased performance and versatility.
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The future will see a steady transition to ion propulsion. The improvements in fuel efficiency

permit the savings in mass to be used for increasing the revenue-generating payloads (with

attendant increase in solar arrays, batteries, and thermal control systems to power them),

extending the lifetimes in orbit, or reducing the spacecraft mass to permit a more economical

launch vehicle.

Key Points:

1. Rocket Thrust

The configuration of a chemical rocket engine consists of the combustion chamber, where the

chemical reaction takes place, and the nozzle, where the gases expand to create the exhaust. An

important characteristic of the rocket nozzle is the existence of a throat. The velocity of the gases

at the throat is equal to the local velocity of sound and beyond the throat the gas velocity is

supersonic. Thus the combustion of the gases within the rocket is independent of the surrounding

environment and a change in external atmospheric pressure cannot propagate upstream.

The thrust of the rocket is given by the theoretical equation :

F = lm(dot) ve + ( pe - pa ) Ae

This equation consists of two terms. The first term, called the momentum thrust, is equal to the

product of the propellant mass flow rate m(dot) and the exhaust velocity ve with a correction

factor l for nonaxial flow due to nozzle divergence angle. The second term is called the pressure

thrust. It is equal to the difference in pressures pe and pa of the exhaust velocity and the ambient

atmosphere, respectively, acting over the area Ae of the exit plane of the rocket nozzle. The
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combined effect of both terms is incorporated into the effective exhaust velocity c. Thus the

thrust is also written

F = m(dot) c

Where an average value of c is used, since it is not strictly constant.

The exhaust exit pressure is determined by the expansion ratio given by

e= Ae / At

Which is the ratio of the area of the nozzle exit plane Ae and the area of the throat At . As the

expansion ratio e increases, the exhaust exit pressure pe decreases.

The thrust is maximum when the exit pressure of the exhaust is equal to the ambient pressure of

the surrounding environment, that is, when pe = pa. This condition is known as optimum

expansion and is achieved by proper selection of the expansion ratio. Although optimum

expansion makes the contribution of the pressure thrust zero, it results in a higher value of

exhaust velocity ve such that the increase in momentum thrust exceeds the reduction in pressure

thrust.

A conical nozzle is easy to manufacture and simple to analyze. If the apex angle is 2a , the

correction factor for non-axial flow is

 = (1 + cos a )

The apex angle must be small to keep the loss within acceptable limits. A typical design would

be a = 15 , for which l = 0.9830. This represents a loss of 1.7 percent. However, conical nozzles

are excessively long for large expansion ratios and suffer additional losses caused by flow

separation. A bell-shaped nozzle is therefore superior because it promotes expansion while

reducing length.
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2. Rocket Propulsion Parameters

The specific impulse Isp of a rocket is the parameter that determines the overall effectiveness of

the rocket nozzle and propellant. It is defined as the ratio of the thrust and the propellant weight

flow rate, or

Isp = F / m(dot) g = c / g

Where g is a conventional value for the acceleration of

Gravity (9.80665 m/s2 exactly). Specific impulse is expressed in seconds.

Although gravity has nothing whatever to do with the rocket propulsion chemistry, it has entered

into the definition of specific impulse because in past engineering practice mass was expressed in

terms of the corresponding weight on the surface of the earth. By inspection of the equation, it

can be seen that the specific impulse Isp is physically equivalent to the effective exhaust velocity

c, but is rescaled numerically and has a different unit because of division by g. Some

manufacturers now express specific impulse in newton seconds per kilogram, which is the same

as effective exhaust velocity in meters per second.

Two other important parameters are the thrust coefficient CF and the characteristic exhaust

velocity c*. The thrust coefficient is defined as

CF = F / At pc = m(dot) c / At pc

Where F is the thrust, At is the throat area, and pc is the chamber pressure. This parameter is the

figure of merit of the nozzle design. The characteristic exhaust velocity is defined as

c* = At pc / m(dot) = c / CF

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

71
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



This parameter is the figure of merit of the propellant. Thus the specific impulse may be written

Isp = CF c* / g

Which shows that the specific impulse is the figure of merit of the nozzle design and propellant

as a whole, since it depends on both CF and c*. However, in practice the specific impulse is

usually regarded as a measure of the efficiency of the propellant alone.

3. Launch Vehicle Propulsion Systems

In the first stage of a launch vehicle, the exit pressure of the exhaust is equal to the sea level

atmospheric pressure 101.325 kPa (14.7 psia) for optimum expansion. As the altitude of the

rocket increases along its trajectory, the surrounding atmospheric pressure decreases and the

thrust increases because of the increase in pressure thrust. However, at the higher altitude the

thrust is less than it would be for optimum expansion at that altitude. The exhaust pressure is

then greater than the external pressure and the nozzle is said to be under-expanded. The gas

expansion continues downstream and manifests itself by creating diamond-shaped shock waves

that can often be observed in the exhaust plume.

The second stage of the launch vehicle is designed for optimum expansion at the altitude where it

becomes operational. Because the atmospheric pressure is less than at sea level, the exit pressure

of the exhaust must be less and thus the expansion ratio must be greater. Consequently, the

second stage nozzle exit diameter is larger than the first stage nozzle exit diameter.

For example, the first stage of a Delta II 7925 launch vehicle has an expansion ratio of 12. The

propellant is liquid oxygen and RP-1 (a kerosene-like hydrocarbon) in a mixture ratio (O/F) of

2.25 at a chamber pressure of 4800 kPa (700 psia) with a sea level specific impulse of 255
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seconds. The second stage has a nozzle expansion ratio of 65 and burns nitrogen tetroxide and

Aerozene 50 (a mixture of hydrazine and unsymmetrical dimethyl hydrazine) in a mixture ratio

of 1.90 at a chamber pressure of

5700 kPa (830 psia), which yields a vacuum specific impulse of 320 seconds.

In space, the surrounding atmospheric pressure is zero. In principle, the expansion ratio would

have to be infinite to reduce the exit pressure to zero. Thus optimum expansion is impossible, but

it can be approximated by a very large nozzle diameter, such as can be seen on the main engines

of the space shuttle with e = 77.5. There is ultimately a tradeoff between increasing the size of

the nozzle exit for improved performance and reducing the mass of the rocket engine.

In a chemical rocket, the exhaust velocity, and hence the specific impulse, increases as the

combustion temperature increases and the molar mass of the exhaust products decreases. Thus

liquid oxygen and liquid hydrogen are nearly ideal chemical rocket propellants because they

burn energetically at high temperature (about 3200 K) and produce nontoxic exhaust products

consisting of gaseous hydrogen and water vapor with a small effective molar mass (about 11

kg/kmol). The vacuum specific impulse is about 450 seconds. These propellants are used on the

space shuttle, the Atlas Centaur upper stage, the Ariane-4 third stage, the Ariane-5 core stage, the

H-2 first and second stages, and the Long March CZ-3 third stage.

4. Spacecraft Propulsion Systems

The spacecraft has its own propulsion system that is used for orbit insertion, stationkeeping,

momentum wheel desaturation, and attitude control. The propellant required to perform a

maneuver with a specified velocity increment Dv is given by the "rocket equation"

D m = m0 [ 1 - exp(- Dv / Isp g) ]
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Where m0 is the initial spacecraft mass. This equation implies that a reduction in velocity

increment or an increase in specific impulse translates into a reduction in propellant.

In the case of a geostationary satellite, the spacecraft must perform a critical maneuver at the

apogee of the transfer orbit at the synchronous altitude of 35,786 km to simultaneously remove

the inclination and circularize the orbit. The transfer orbit has a perigee altitude of about 200 km

and an inclination roughly equal to the latitude of the launch site. To minimize the required

velocity increment, it is thus advantageous to have the launch site as close to the equator as

possible.

For example, in a Delta or Atlas launch from Cape Canaveral the transfer orbit is inclined at 28.5

and the velocity increment at apogee is 1831 m/s; for an Ariane launch from Kourou the

inclination is 7 and the velocity increment is 1502 m/s; while for a Zenit flight from the Sea

Launch platform on the equator the velocity increment is 1478 m/s. By the rocket equation,

assuming a specific impulse of 300 seconds, the fraction of the separated mass consumed by the

propellant for the apogee maneuver is 46 percent from Cape Canaveral, 40 percent from Kourou,

and 39 percent from the equator. As a rule of thumb, the mass of a geostationary satellite at the

beginning of life is on the order of one half its mass when separated from the launch vehicle.

Before performing the apogee maneuver, the spacecraft must be reoriented in the transfer orbit to

face in the proper direction for the thrust. This task is sometimes performed by the launch

vehicle at spacecraft separation or else must be carried out in a separate maneuver by the

spacecraft itself. In a launch from Cape Canaveral, the angle through which the satellite must be

reoriented is about 132 .

Once on station, the spacecraft must frequently perform a variety of station-keeping maneuvers

over its mission life to compensate for orbital perturbations. The principal perturbation is the

combined gravitational attractions of the sun and moon, which causes the orbital inclination to

increase by nearly one degree per year. This perturbation is compensated by a north-south
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station-keeping maneuver approximately once every two weeks so as to keep the satellite within

0.05 of the equatorial plane. The average annual velocity increment is about 50 m/s, which

represents 95 percent of the total station-keeping fuel budget. Also, the slightly elliptical shape of

the earth's equator causes a longitudinal drift, which is compensated by east-west station-keeping

maneuvers about once a week, with an annual velocity increment of less than

2 m/s, to keep the satellite within 0.05 of its assigned longitude.

In addition, solar radiation pressure caused by the transfer of momentum carried by light and

infrared radiation from the sun in the form of electromagnetic waves both flattens the orbit and

disturbs the orientation of the satellite. The orbit is compensated by an eccentricity control

maneuver that can sometimes be combined with east-west station-keeping. The orientation of the

satellite is maintained by momentum wheels supplemented by magnetic torquers and thrusters.

However, the wheels must occasionally be restored to their nominal rates of rotation by means of

a momentum wheel desaturation maneuver in which a thruster is fired to offset the change in

angular momentum.

Geostationary spacecraft typical of those built during the 1980s have solid propellant rocket

motors for the apogee maneuver and liquid hydrazine thrusters for station-keeping and attitude

control. The apogee kick motor uses a mixture of HTPB fuel and ammonium perchlorate

oxidizer with a specific impulse of about 285 seconds. The hydrazine station-keeping thrusters

operate by catalytic decomposition and have an initial specific impulse of about 220 seconds.

They are fed by the pressure of an inert gas, such as helium, in the propellant tanks. As

propellant is consumed, the gas expands and the pressure decreases, causing the flow rate and the

specific impulse to decrease over the mission life. The performance of the hydrazine is enhanced

in an electrothermal hydrazine thruster (EHT), which produces a hot gas mixture at about 1000 C

with a lower molar mass and higher enthalpy and results in a higher specific impulse of between

290 and 300 seconds.

For example, the Ford Aerospace (now Space Systems/Loral) INTELSAT V satellite has a

Thiokol AKM that produces an average thrust of 56 kN
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(12,500 lbf) and burns to depletion in approximately 45 seconds. On-orbit operations are carried

out by an array of four 0.44 N (0.1 lbf) thrusters for roll control, ten 2.0 N (0.45 lbf) thrusters for

pitch and yaw control and E/W station-keeping, and two 22.2 N (5.0 lbf) thrusters for

repositioning and reorientation. Four 0.3 N (0.07 lbf) EHTs are used for N/S station-keeping.

The nominal mass of the spacecraft at the beginning of life (BOL) is 1005 kg and the dry mass at

the end of life (EOL) is 830 kg. The difference of 175 kg represents the mass of the propellant

for a design life of 7 years.

Satellites launched in the late 1980s and 1990s typically have an integrated propulsion system

that use a bipropellant combination of monomethyl hydrazine as fuel and nitrogen tetroxide as

oxidizer. The specific impulse is about 300 seconds and fuel margin not used for the apogee

maneuver can be applied to station-keeping. Also, since the apogee engine is restartable, it can

be used for perigee velocity augmentation and super-synchronous transfer orbit scenarios that

optimize the combined propulsion capabilities of the launch vehicle and the spacecraft.

For example, the INTELSAT VII satellite, built by Space Systems/Loral, has a Marquardt 490 N

apogee thruster and an array of twelve 22 N station-keeping thrusters manufactured by Atlantic

Research Corporation with a 150:1 columbium nozzle expansion ratio and a specific impulse of

235 seconds. For an Ariane launch the separated mass in GTO is 3610 kg, the mass at BOL is

2100 kg, and the mass at EOL is 1450 kg. The mission life is approximately 17 years.

The Hughes HS-601 satellite has a similar thruster configuration. The mass is approximately

2970 kg at launch, 1680 kg at BOL, and 1300 kg for a nominal 14 year mission.

An interesting problem is the estimation of fuel remaining on the spacecraft at any given time

during the mission life. This information is used to predict the satellite end of life. There are no

"fuel gauges" so the fuel mass must be determined indirectly. There are three principal methods.

The first is called the "gas law" method, which is based on the equation of state of an ideal gas.

The pressure and temperature of the inert gas in the propellant tanks is measured by transducers

and the volume of the gas is computed knowing precisely the pressure and temperature at launch.
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The volume of the remaining propellant can thus be deduced and the mass determined from the

known density as a function of temperature. Corrections must be applied for the expansion of the

tanks and the propellant vapor pressure. The second method is called the "bookkeeping" method.

In this method the thruster time for each maneuver is carefully measured and recorded. The

propellant consumed is then calculated from mass flow rate expressed in terms of the pressure

using an empirical model. The third method is much more sophisticated and is based on the

measured dynamics of the spacecraft after a station-keeping maneuver to determine its total

mass. In general, these three independent methods provide redundant information that can be

applied to check one another.

5. New Technologies

Several innovative technologies have substantially improved the fuel efficiency of satellite

station-keeping thrusters. The savings in fuel can be used to increase the available payload mass,

prolong the mission life, or reduce the mass of the spacecraft.

The first of these developments is the electric rocket arc-jet technology. The arc-jet system uses

an electric arc to superheat hydrazine fuel, which nearly doubles its efficiency. An arc-jet

thruster has a specific impulse of over 500 seconds. Typical thrust levels are from 0.20 to 0.25 N.

The arc-jet concept was developed by the NASA Lewis Research Center in Cleveland and

thrusters have been manufactured commercially by Primex Technologies, a subsidiary of the

Olin Corporation.

AT&Ts Telstar 401 satellite, launched in December 1993 (and subsequently lost in 1997 due to

an electrical failure generally attributed to a solar flare) was the first satellite to use arc-jets. The

station-keeping propellant requirement was reduced by about 40 percent, which was critical to

the selection of the Atlas IIAS launch vehicle. Similar arc-jet systems are used on INTELSAT

VIII and the Lockheed Martin A2100 series of satellites. INTELSAT VIII, for example, has a

dual mode propulsion system incorporating a bipropellant liquid apogee engine that burns
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hydrazine and oxidizer for orbit insertion and four arc-jets that use monopropellant hydrazine in

the reaction control subsystem for station-keeping.

Electro-thermal hydrazine thrusters continue to have applications on various geostationary

satellites and on some small spacecraft where maneuvering time is critical. For example, EHTs

are used on the IRIDIUM satellites built by Lockheed Martin.

The most exciting development has been in the field of ion propulsion. The propellant is xenon

gas. Although the thrust is small and on the order of a few milli-newtons, the specific impulse is

from 2000 to 4000 seconds, which is about ten to twenty times the efficiency of conventional

bipropellant station-keeping thrusters. Also, the lower thrust levels have the virtue of minimizing

attitude disturbances during station-keeping maneuvers.

The xenon ion propulsion system, or XIPS (pronounced "zips"), is a gridded ion thruster

developed by Hughes. This system is available on the HS-601 HP (high power) and HS-702

satellite models and allows for a reduction in propellant mass of up to 90 percent for a 12 to 15

year mission life. A typical satellite has four XIPS thrusters, including two primary thrusters and

two redundant thrusters.

Xenon atoms, an inert monatomic gas with the highest molar mass (131 kg/kmol), are introduced

into a thruster chamber ringed by magnets. Electrons emitted by a cathode knock off electrons

from the xenon atoms and form positive xenon ions. The ions are accelerated by a pair of gridded

electrodes, one with a high positive voltage and one with a negative voltage, at the far end of the

thrust chamber and create more than 3000 tiny beams. The beams are neutralized by a flux of

electrons emitted by a device called the neutralizer to prevent the ions from being electrically

attracted back to the thruster and to prevent a space charge from building up around the satellite.

The increase in kinetic energy of the ions is equal to the work done by the electric field, so that

m v2 = q V
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where q, m, and v are the charge, mass, and velocity of the ions and V is the accelerating voltage,

equal to the algebraic difference between the positive voltage on the positive grid and the

negative voltage on the neutralizer. The charge to mass ratio of xenon ions is 7.35 105 C/kg.

The HS-601 HP satellite uses 13-centimeter diameter XIPS engines to perform north-south

station-keeping and to assist the spacecrafts gimballed momentum wheel for roll and yaw

control. The accelerating voltage is about 750 volts and the ions have a velocity of 33,600 m/s.

The specific impulse is 3400 seconds with a mass flow rate of 0.6 mg/s and

18 mN of thrust. Each ion thruster operates for approximately 5 hours per day and uses 500 W

from the available 8 kW total spacecraft power.

The HS-702 spacecraft has higher power

25-centimeter thrusters to perform all station-keeping maneuvers and to complement the four

momentum wheels arranged in a tetrahedron configuration for attitude control. The accelerating

voltage is 1200 volts, which produces an ion beam with a velocity of

42,500 m/s. The specific impulse is 4300 seconds, the mass flow rate is 4 mg/s, and the thrust is

165 mN. Each HS-702 ion thruster operates for approximately 30 minutes per day and requires

4.5 kW from the 10 to 15 kW solar arrays. The station-keeping strategy maintains a tolerance of

0.005 that allows for the collocation of several satellites at a single orbital slot.

The HS-702 satellite has a launch mass of up to 5200 kg and an available payload mass of up to

1200 kg. The spacecraft can carry up to 118 transponders, comprising 94 active amplifiers and

24 spares. A bipropellant propulsion system is used for orbit acquisition, with a fuel capacity of

1750 kg. The XIPS thrusters need only 5 kg of xenon propellant per year, a fraction of the

requirement for conventional bipropellant or arcjet systems. The HS-702 also has the option of

using XIPS thrusters for orbit raising in transfer orbit to further reduce the required propellant

mass budget.

The first commercial satellite to use ion propulsion was PAS-5, which was delivered to the

PanAmSat Corporation in August 1997. PAS-5 was the first

HS-601 HP model, whose xenon ion propulsion system, together with gallium arsenside solar

cells and advanced battery performance, permitted the satellite to accommodate a payload twice
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as powerful as earlier HS-601 models while maintaining a 15 year orbital life. Four more Hughes

satellites with XIPS technology were in orbit by the end of 1998. In addition, Hughes also

produced a 30-centimeter xenon ion engine for NASAs Deep Space 1 spacecraft, launched in

October 1998.

Another type of ion thruster is the Hall Effect ion thruster. The ions are accelerated along the

axis of the thruster by crossed electric and magnetic fields. A plasma of electrons in the thrust

chamber produces the electric field. A set of coils creates the magnetic field, whose magnitude is

the most difficult aspect of the system to adjust. The ions attain a speed of between 15,000 and

20,000 m/s and the specific impulse is about 1800 seconds. This type of thruster has been flown

on several Russian spacecraft.

In Section 5 of this course you will cover these topics:

Chemical Rocket Propellants: Combustion And Expansion

Turbomachinery For Liquid-Propellant Rockets

Electrical Rocket Propulsion

Topic Objective:

At the end of this topic student would be able to:

 To Learn about Rocket propellant

 To Define Chemical propellants
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Definition/Overview:

Rocket propellant: Rocket propellant is mass that is stored, usually in some form of propellant

tank, prior to being used as the propulsive mass that is ejected from a rocket engine in the form

of a fluid jet to produce thrust. Often the propellant is a kind of fuel which is burned with an

oxidizer to produce large volumes of very hot gas. These gases expand until they rush out of the

back of the rocket, making thrust. Sometimes the propellant is not burned, but pushed directly

out of the spacecraft, making thrust. In ion propulsion, the propellant is made of electrically

charged atoms, which are magnetically pushed out of the back of the spacecraft. For smaller

attitude control thrusters, a compressed gas is pushed out of the spacecraft.

Chemical rocket propellants are most commonly used, which undergo exothermic chemical

reactions which produce hot gas which is used by a rocket for propulsive purposes.

Key Points:

1. Rocket propellant

Rockets create thrust by expelling mass backwards in a high speed jet (see Newton's Third Law).

Chemical rockets, the subject of this article, create thrust by reacting propellants into very hot

gas, which then expands and accelerates within a nozzle out the back. The amount of the

resulting forward force, known as thrust, that is produced is the mass flow rate of the propellants

multiplied by their exhaust velocity (relative to the rocket), as specified by Newton's third law of

motion. Thrust is therefore the equal and opposite reaction that moves the rocket, and not any

interaction of the exhaust stream with air around the rocket (but see base bleed). Equivalently,

one can think of a rocket being accelerated upwards by the pressure of the combusting gases in

the combustion chamber and nozzle. This operational principle stands in contrast to the
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commonly held assumption that a rocket "pushes" against the air behind or below it. Rockets in

fact perform better in space (where there is in theory nothing behind or beneath them to push

against), because they do not need to overcome air resistance and atmospheric pressure on the

outside of the nozzle.

The maximum velocity that a rocket can attain in the absence of any external forces is primarily

a function of its mass ratio and its exhaust velocity. The relationship is described by the rocket

equation: Vf = Veln(M0 / Mf). The mass ratio is just a way to express what proportion of the

rocket is fuel when it starts accelerating. Typically, a single-stage rocket might have a mass

fraction of 90% propellant, which is a mass ratio of 1/(1-0.9) = 10. The exhaust velocity is often

reported as specific impulse.

The first stage will usually use high-density (low volume) propellants to reduce the area exposed

to atmospheric drag and because of the lighter tankage and higher thrust/weight ratios. Thus, the

Apollo-Saturn V first stage used kerosene-liquid oxygen rather than the liquid hydrogen-liquid

oxygen used on the upper stages (hydrogen is highly energetic per kilogram, but not per cubic

metre). Similarly, the Space Shuttle uses high-thrust, high-density SRBs for its lift-off with the

liquid hydrogen-liquid oxygen SSMEs used partly for lift-off but primarily for orbital insertion.

2. Chemical propellants

There are three main types of propellants: solid, liquid, and hybrid.

2.1 Solid propellants

o History: The earliest rockets were created hundreds of years ago by the Chinese, and were used

primarily for fireworks displays and as weapons. They were fueled with black powder, a type of

gunpowder consisting of a mixture of charcoal, sulfur and potassium nitrate (saltpeter). Rocket

propellant technology did not advance until the end of the 19th century, by which time smokeless

powder had been developed, originally for use in firearms and artillery pieces. Smokeless

powders and related compounds have seen use as double-base propellants.

o Description: Solid propellants (and almost all rocket propellants) consist of an oxidizer and a

fuel. In the case of gunpowder, the fuel is charcoal, the oxidizer is potassium nitrate, and sulfur
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serves as a catalyst. (Note: sulfur is not a true catalyst in gunpowder as it is consumed to a great

extent into a variety of reaction products such as K2S. The sulfur acts mainly as a sensitizer

lowering threshold of ignition.) During the 1950s and 60s researchers in the United States

developed what is now the standard high-energy solid rocket fuel, Ammonium Perchlorate

Composite Propellant (APCP). This mixture is primarily ammonium perchlorate powder (an

oxidizer), combined with fine aluminum powder (a fuel), held together in a base of PBAN or

HTPB (rubber-like fuels). The mixture is formed as a liquid, and then cast into the correct shape

and cured into a rubbery solid.

o Advantages: Solid fueled rockets are much easier to store and handle than liquid fueled rockets,

which makes them ideal for military applications. In the 1970s and 1980s the U.S. switched

entirely to solid-fuelled ICBMs: the LGM-30 Minuteman and LG-118A Peacekeeper (MX). In

the 1980s and 1990s, the USSR/Russia also deployed solid-fuelled ICBMs (RT-23, RT-2PM,

and RT-2UTTH), but retains two liquid-fuelled ICBMs (R-36 and UR-100N). All solid-fuelled

ICBMs on both sides have three initial solid stages and a precision maneuverable liquid-fuelled

bus used to fine tune the trajectory of the reentry vehicle. Their simplicity also makes solid

rockets a good choice whenever large amounts of thrust are needed and cost is an issue. The

Space Shuttle and many other orbital launch vehicles use solid fuelled rockets in their first stages

(solid rocket boosters) for this reason.

o Disadvantages: However, solid rockets have a number of disadvantages relative to liquid fuel

rockets. Solid rockets have a lower specific impulse than liquid fueled rockets. It is also difficult

to build a large mass ratio solid rocket because almost the entire rocket is the combustion

chamber, and must be built to withstand the high combustion pressures. If a solid rocket is used

to go all the way to orbit, the payload fraction is very small. (For example, the Orbital Sciences

Pegasus rocket is an air-launched three-stage solid rocket orbital booster. Launch mass is 23,130

kg, low earth orbit payload is 443 kg, for a payload fraction of 1.9%. Compare to a Delta IV

Medium, 249,500 kg, payload 8600 kg, payload fraction 3.4% without air-launch assistance.) A

drawback to solid rockets is that they cannot be throttled in real time, although a predesigned

thrust schedule can be created by altering the interior propellant geometry. Solid rockets can

often be shut down before they run out of fuel. Essentially, the rocket is vented or an

extinguishant injected so as to terminate the combustion process. In some cases termination

destroys the rocket, and then this is typically only done by a Range Safety Officer if the rocket
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goes awry. The third stages of the Minuteman and MX rockets have precision shutdown ports

which, when opened, reduce the chamber pressure so abruptly that the interior flame is blown

out. This allows a more precise trajectory which improves targeting accuracy. Finally, casting

very large single-grain rocket motors has proved to be a very tricky business. Defects in the grain

can cause explosions during the burn, and these explosions can increase the burning propellant

surface enough to cause a runaway pressure increase, until the case fails.

2.2 Liquid propellants

o Advantages: Liquid fueled rockets have better specific impulse than solid rockets and are

capable of being throttled, shut down, and restarted. Only the combustion chamber of a liquid

fueled rocket needs to withstand combustion pressures and temperatures. On vehicles employing

turbo-pumps, the fuel tanks carry very much less pressure and thus can be built far more lightly,

permitting a larger mass ratio. For these reasons, most orbital launch vehicles and all first- and

second-generation ICBMs use liquid fuels for most of their velocity gain. The primary

performance advantage of liquid propellants is the oxidizer. Several practical liquid oxidizers

(liquid oxygen, nitrogen tetroxide, and hydrogen peroxide) are available which have much better

specific impulse than ammonium perchlorate when paired with comparable fuels. Most liquid

propellants are also cheaper than solid propellants. For orbital launchers, the cost savings do not,

and historically have not mattered; the cost of fuel is a very small portion of the overall cost of

the rocket, even in the case of solid fuel.

o Disadvantages: The main difficulties with liquid propellants are also with the oxidizers. These

are generally at least moderately difficult to store and handle due to their high reactivity with

common materials, may have extreme toxicity (nitric acids), moderately cryogenic (liquid

oxygen), or both (liquid fluorine, FLOX- a fluorine/LOX mix). Several exotic oxidizers have

been proposed: liquid ozone (O3), ClF3, and ClF5, all of which are unstable, energetic, and

toxic. Liquid fuelled rockets also require potentially troublesome valves and seals and thermally

stressed combustion chambers, which increase the cost of the rocket. Many employ specially

designed turbo-pumps which raise the cost enormously due to difficult fluid flow patterns that

exist within the casings.

o History: Though all the early rocket theorists proposed liquid hydrogen and liquid oxygen as

propellants, the first liquid-fuelled rocket, launched by Robert Goddard on March 16, 1926, used

gasoline and liquid oxygen. Liquid hydrogen was first used by the engines designed by Pratt and
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Whitney for the Lockheed CL-400 Suntan reconnaissance aircraft in the mid-1950s. In the mid-

1960s, the Centaur and Saturn upper stages were both using liquid hydrogen and liquid oxygen.

The highest specific impulse chemistry ever test-fired in a rocket engine was lithium and

fluorine, with hydrogen added to improve the exhaust thermodynamics (making this a

tripropellant). The combination delivered 542 seconds (5.32 kNs/kg, 5320 m/s) specific impulse

in a vacuum. The impracticality of this chemistry highlights why exotic propellants are not

actually used: to make all three components liquids, the hydrogen must be kept below -252 C

(just 21 K) and the lithium must be kept above 180 C (453 K). Lithium and fluorine are both

extremely corrosive, lithium ignites on contact with air, fluorine ignites on contact with most

fuels, and hydrogen, while not hypergolic, is an explosive hazard. Fluorine and the hydrogen

fluoride (HF) in the exhaust are very toxic, which damages the environment, makes work around

the launch pad difficult, and makes getting a launch license that much more difficult. The rocket

exhaust is also ionized, which would interfere with radio communication with the rocket.

Current Types: The common liquid propellant combinations in use today:

 LOX and kerosene (RP-1). Used for the lower stages of most Russian and Chinese

boosters, the first stages of the Saturn V and Atlas V, and all stages of the developmental

Falcon 1 and Falcon 9. Very similar to Robert Goddard's first rocket. This combination is

widely regarded as the most practical for civilian orbital launchers.

 LOX and liquid hydrogen, used in the Space Shuttle, the Centaur upper stage, Saturn V

upper stages, the newer Delta IV rocket, the H-IIA rocket, and most stages of the

European Ariane rockets.

 Nitrogen tetroxide (N2O4) and hydrazine (N2H4), MMH, or UDMH. Used in military,

orbital and deep space rockets, because both liquids are storable for long periods at

reasonable temperatures and pressures. This combination is hypergolic, making for

attractively simple ignition sequences. The major inconvenience is that these propellants

are highly toxic, hence they require careful handling. Hydrazine also decomposes

energetically to nitrogen, hydrogen, and ammonia, making it a fairly good

monopropellant.
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Gas propellants: A gas propellant usually involves some sort of

compressed gas. However, due to the low density and high weight of the

pressure vessel, gases see little current use.

o Hybrid propellants: A hybrid rocket usually has a solid fuel and a liquid or gas oxidizer. The

fluid oxidizer can make it possible to throttle and restart the motor just like a liquid fuelled

rocket. Hybrid rockets are also cleaner than solid rockets because practical high-performance

solid-phase oxidizers all contain chlorine, versus the more benign liquid oxygen or nitrous oxide

used in hybrids. Because just one propellant is a fluid, hybrids are simpler than liquid rockets.

Hybrid motors suffer two major drawbacks. The first, shared with solid rocket motors, is that the

casing around the fuel grain must be built to withstand full combustion pressure and often

extreme temperatures as well. However, modern composite structures handle this problem well,

and when used with nitrous oxide or hydrogen peroxide relatively small percentage of fuel is

needed anyway, so the combustion chamber is not especially large. The primary remaining

difficulty with hybrids is with mixing the propellants during the combustion process. In solid

propellants, the oxidizer and fuel are mixed in a factory in carefully controlled conditions. Liquid

propellants are generally mixed by the injector at the top of the combustion chamber, which

directs many small swift-moving streams of fuel and oxidizer into one another. Liquid fuelled

rocket injector design has been studied at great length and still resists reliable performance

prediction. In a hybrid motor, the mixing happens at the melting or evaporating surface of the

fuel. The mixing is not a well-controlled process and generally quite a lot of propellant is left

unburned, which limits the efficiency and thus the exhaust velocity of the motor. Additionally, as

the burn continues, the hole down the center of the grain (the 'port') widens and the mixture ratio

tends to become more oxidiser rich. There has been much less development of hybrid motors

than solid and liquid motors. For military use, ease of handling and maintenance have driven the

use of solid rockets. For orbital work, liquid fuels are more efficient than hybrids and most

development has concentrated there. There has recently been an increase in hybrid motor

development for nonmilitary suborbital work:
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 The Reaction Research Society, although known primarily for their work with liquid

rocket propulsion, has a long history of research and development with hybrid rocket

propulsion.

 Several universities have recently experimented with hybrid rockets. Brigham Young

University, the University of Utah and Utah State University launched a student-designed

rocket called Unity IV in 1995 which burned the solid fuel hydroxy-terminated

polybutadiene (HTPB) with an oxidizer of gaseous oxygen, and in 2003 launched a larger

version which burned HTPB with nitrous oxide. Stanford University researches nitrous-

oxide/paraffin hybrid motors.

 The Rochester Institute of Technology is currently creating a HTPB hybrid rocket to

launch small payloads into space and to several near Earth objects. Its first launch is

scheduled for Summer 2007. http://meteor.rit.edu

 Scaled Composites SpaceShipOne, the first private manned spacecraft, is powered by a

hybrid rocket burning HTPB with nitrous oxide. The hybrid rocket engine was

manufactured by SpaceDev. SpaceDev partially based its motors on experimental data

collected from the testing of AMROC's (American Rocket Company) motors at NASA's

Stennis Space Center's E1 test stand. Motors ranging from as small as 1000 lbf (4.4 kN)

to as large as 250,000 lbf (1.1 MN) thrust were successfully tested. SpaceDev purchased

AMROCs assets after the company was shut down for lack of funding.

Topic Objective:

At the end of this topic student would be able to:

 To Define Current use

 TO Elaborate Propellant table

 To Learn about How a Liquid Propellant Functions
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Definition/Overview:

Liquid rocket propellants: The highest specific impulse chemical rockets use liquid propellants.

This type of propellent has a long history going back to the first rockets and is still in use in for

example the Space Shuttle and Ariane 5.

Key Points:

1. History

1.1 Early development

]

On March 16, 1926, Robert H. Goddard used liquid oxygen and gasoline as

propellants for his first successful liquid rocket launch. Both are readily available,

cheap, highly energetic, and dense. Oxygen is a moderate cryogen air will not liquefy

against a liquid oxygen tank, so it is possible to store LOX briefly in a rocket without

excessive insulation. Gasoline has since been replaced by RP-1, a highly refined

grade of kerosene. This combination is quite practical for rockets that need not be

stored, and to this day, it is used in the first stages of most orbital launchers, as well

as the long-range offensive missiles of China and North Korea.

1.2 1950s

During the 1950s there was a great burst of activity by propellant chemists to find

high-energy liquid propellants better suited to the military. Military rockets need to sit

in silos for many years, able to launch at a moment's notice. Propellants requiring

continuous refrigeration, and which cause their rockets to grow ever-thicker blankets

of ice, are not practical. As the military is willing to handle and use hazardous
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materials, a great number of dangerous chemicals were brewed up in large batches,

virtually all of which were dead ends.

For instance, in the case of nitric acid, the acid itself (HNO3) is unstable, and gives

off NO2 fumes (hence the name white fuming nitric acid). Unlike nitrous oxide

(N2O), these nitrogen dioxide fumes are extremely toxic. The addition of large

amounts of dinitrogen tetroxide (N2O4) makes the mixture red, but keeps it from

changing composition, leaving the problem that nitric acid will eat any container it is

placed in, releasing gases that can build up pressure in the process. The breakthrough

was the addition of a little hydrofluoric acid (HF), which forms a self-healing metal

fluoride on the interior of tank walls and makes Inhibited Red Fuming Nitric Acid

storable. Although the development of military propellants was treated with the

greatest secrecy, the trick to inhibiting nitric acid was published shortly after its

discovery in 1954 and Russian rockets with the same fuel appeared shortly

afterwards, the first being the SS-1B ("Scud"). Eventually the chemists gave up

stabilizing HNO3 with N2O4, and just used straight N2O4, which is a slightly better

oxidizer anyway. (In the propellant table below, note that N2O4 is always in

equilibrium with NO2, and so mixtures are sometimes quoted with the latter.)

1.3 Hydrogen

Many early rocket theorists believed that hydrogen would be a marvelous propellant,

since it gives the highest specific impulse. As hydrogen in any state is very bulky, for

flight-weight vehicles it is typically stored as a deeply cryogenic liquid. This storage

technique was mastered in the 1960s as part of the Saturn and Centaur upper-stage

programs. Even as a liquid, hydrogen has low density, requiring large, heavy tanks

and pumps, and the extreme cold requires heavy and potentially dangerous tank

insulation. This extra weight reduces the mass fraction of the vehicle and offsets the

specific impulse advantage. Most rockets that use hydrogen fuel use it in upper stages

only, where a low thrust-to-empty-mass ratio can be tolerated and where a hydrogen

stage's low total mass reduces the size of the lower stages. Those rockets that use

hydrogen fuel in their lower stages, like the Space Shuttle, Delta IV, and Ariane 5,
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often use powerful and dense solid rocket motors at liftoff to improve their

acceleration off the pad and thus reduce gravity losses early in flight.

1.4 Lithium/fluorine

The highest specific impulse chemistry ever test-fired in a rocket engine was lithium

and fluorine, with hydrogen added to improve the exhaust thermodynamics (all

propellants had to be kept in their own tanks, making this a tripropellant). The

combination delivered 542 s specific impulse in a vacuum, equivalent to an exhaust

velocity of 5320 m/s. The impracticality of this chemistry highlights why exotic

propellants are not actually used: to make all three components liquids, the hydrogen

must be kept below -252C (just 21 K) and the lithium must be kept above 180C (453

K). Lithium and fluorine are both extremely corrosive, lithium ignites on contact with

air, fluorine ignites on contact with most fuels, and hydrogen, while not hypergolic, is

an explosive hazard. Fluorine and the hydrogen fluoride (HF) in the exhaust are very

toxic, which makes working around the launch pad difficult, damages the

environment and makes getting a launch license that much more difficult. The rocket

exhaust is also ionized, which would interfere with radio communication with the

rocket. Finally, both lithium and fluorine are expensive and rare, enough to actually

matter. This combination has therefore never flown.

1.5 Monopropellants

o Hydrogen peroxide decomposes to steam and oxygen

o Hydrazine decomposes energetically to nitrogen and hydrogen, making it a fairly good

monopropellant all by itself.

o Nitrous oxide decomposes to nitrogen and oxygen

o Steam when externally heated gives a reasonably modest Isp of up to 190 seconds, depending on

material corrosion and thermal limits
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2. Current use

Here are some common liquid fuel combinations in use today:

 LOX and kerosene (RP-1). Used for the lower stages of most Russian and Chinese boosters and

the first stage of the U.S. Saturn V and Atlas boosters. Very similar to Robert Goddard's first

rocket.

 LOX and liquid hydrogen, used in the Space Shuttle, Ariane 5, Delta IV and the Centaur upper

stage.

 Nitrogen tetroxide (N2O4) and hydrazine (N2H4). Used in military, orbital and deep space

rockets, because both liquids are storable for long periods at reasonable temperatures and

pressures.

3. Propellant table

JANAF thermo-chemical data used throughout. Calculations performed by Rocketdyne, results

appear in "Modern Engineering for Design of Liquid-Propellant Rocket Engines", Huzel and

Huang. Some of the units have been converted to metric, but pressures have not. These are best-

possible specific impulse calculations.

Assumptions:

 adiabatic combustion

 isentropic expansion

 one-dimensional expansion

 shifting equilibrium Definitions

r Mixture ratio: mass oxidizer / mass fuel

Ve

Average exhaust velocity, m/s. The same measure as specific impulse in different units,

numerically equal to specific impulse in Ns/kg.
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C*
Characteristic velocity, m/s. Equal to chamber pressure multiplied by throat area, divided by

mass flow rate. Used to check experimental rocket's combustion efficiency.

Tc Chamber temperature, C

d Bulk density of fuel and oxidizer, g/cm

[Table 1]

4. How a Liquid Propellant Functions

As with conventional solid fuels rockets, liquid fueled rockets burn a fuel and an oxidizer,

however, both in a liquid state. Two metal tanks hold the fuel and oxidizer respectively. Due to

properties of these two liquids, they are typically loaded into their tanks just prior to launch. The

separate tanks are necessary, for many liquid fuels burn upon contact. Upon a set launching

sequence two valves open, allowing the liquid to flow down the pipe-work. If these valves

simply opened allowing the liquid propellants to flow into the combustion chamber, a weak and

unstable thrust rate would occur, so either a pressurized gas feed or a turbo-pump feed is used.

The simpler of the two, the pressurized gas feed, adds a tank of high pressure gas to the

propulsion system. The gas, a nonreactive, inert, and light gas (such as helium), is held and

regulated, under intense pressure, by a valve/regulator. The second, and often preferred, solution

to the fuel transfer problem is a turbo-pump. A turbo-pump is the same as regular pump in

function and bypasses a gas-pressurized system by sucking out the propellants and accelerating

them into the combustion chamber. The oxidizer and fuel are mixed and ignited inside the

combustion chamber and thrust is created.

4.1 Oxidizers & Fuels

Liquid Oxygen is the most common oxidizer used. Other oxidizers used in liquid

propellant rockets including: hydrogen peroxide (95%, H2O2), nitric acid (HNO3),
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and liquid fluorine. Of these choices liquid fluorine, given a control fuel, produces the

highest specific impulse (amount of thrust per unit propellant). But due to difficulties

in handling this corrosive element, and due to the high temperatures it burns at, liquid

fluorine is rarely used in modern liquid fueled rockets. The liquid fuels often used

include: liquid hydrogen, liquid ammonia (NH3), hydrazine (N2H4), and kerosene

(hydrocarbon).

4.2 Advantages/Disadvantages

Liquid propellant rockets are the most powerful (in terms gross thrust) propulsion

systems available. They are also among the most variable, that is to say, adjustable

given a large array of valves and regulators to control and augment rocket

performance.

Unfortunately the last point makes liquid propellant rockets intricate and complex. A

real modern liquid bipropellant engine has thousands of piping connections carrying

various cooling, fueling, or lubricating fluids. Also the various sub-parts such as the

turbo-pump or regulator consist of a separate vertigo of pipes, wires, control valves,

temperature gauges and support struts. Given the many parts, the chance of one

integral function failing is large.

As noted before, liquid oxygen is the most commonly used oxidizer, but it too has its

drawbacks. To achieve the liquid state of this element, a temperature of -183 degrees

Celsius must be obtained conditions under which oxygen readily evaporates, losing a

large sum of oxidizer just while loading. Nitric acid, another powerful oxidizer,

contains 76% oxygen, is in its liquid state at STP, and has a high specific gravity--all

great advantages. The latter point is a measurement similar to density and as it rises

higher so to does the propellant's performance. But, nitric acid is hazardous in

handling (mixture with water produces a strong acid) and produces harmful by-

products in combustion with a fuel, thus its use is limited.
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Topic Objective:

At the end of this topic student would be able to:

 To Define Electric rocket engine basics

 To Learn about Electro-thermal Rocket Engines

 To Elaborate Electrostatic Rocket Engines

Definition/Overview:

Electrical Rocket Propulsion: Electric Ion rockets use [w:Xenon|xenon] atoms charged with

[w:|radio waves] to create thrust. When thinking about rockets already in space, it is easy to

forget that moving them around is not all about playing with fire. Although electric ion thruster

technology is currently unable to launch a space craft directly off the Earth's surface, it can

produce a small amount of thrust that would help it navigate in space.

To understand how this works you have to think of how charged objects are attracted to or

repulsed by other charged objects. Electrically charged gases are called [w:Ionization

ions|ionization ions]. Xenon is a [w: Noble_gas|noble gas] with a complete electronic outer shell.

Its outer shell can be ionized with radio waves stripping outer layer electrons and leaving behind

a positively charged ion. The ion can then be moved by introducing an electric field. This is

typically done with two oppositely charged metal plates, at least one of which is perforated to

allow the accelerated ions to pass through and exit the nozzle of the rocket. This does not create

much thrust, but it is very efficient and can produce incredibly high speeds over great distances.
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Key Points:

1. Electric rocket engine basics:

Chemical rocket engines, like those on the space shuttle, work by burning two gases to create

heat, which causes the gases to expand and exit the engine through a nozzle. In so doing they

create the thrust that lifts the shuttle into orbit. Smaller chemical engines are used to change

orbits or to keep satellites in a particular orbit.

For getting to very distant parts of the solar system chemical engines have the drawback in that it

takes an enormous amount of fuel to deliver the payload. Consider the Saturn V rocket that put

men on the moon: 5,000,000 pounds of its total takeoff weight of 6,000,000 pounds were fuel.

Electric rocket engines use less fuel than chemical engines and therefore, hold the potential for

accomplishing missions that are impossible for chemical systems. To understand how, we have

to understand a number called specific impulse.

Take one pound of the hydrogen/oxygen propellants used by the shuttle's main engines and burn

it in one second and you'd generate 370 pounds of thrust. That "370" is a measure for the

combined efficiency of the engines and the propellants burned in them. If we could discover a

different chemical combination that produced twice as much thrust for the same amount of fuel,

it would have a specific impulse of 740. The units of specific impulse are "seconds." The

advantage of having a higher specific impulse engine is that you need considerably less fuel to

accomplish the mission. Take the Saturn V rocket, if it had a specific impulse of 700 seconds and

could still produce the same level of thrust it would only need 2,500,000 pounds of propellant.

Take that much weight off it and the structure could be made lighter, which would mean that it

would need even less fuel, and so on. Reducing the weight of the fuel by increasing the specific

impulse is one of the most powerful ways of reducing the overall weight of a spaceship.
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The problem is that all the energy for chemical engines comes from the energy stored in the

propellants. There is a limit to this and we've already pretty much reached it with the shuttle

engines. The way around this problem is simple: we cheat.

Instead of relying only on the energy stored in the propellants, we can add energy using

electricity. In the simplest concept, an electric heater is used to increase the temperature of the

propellant above what it could get through combustion. The higher the temperature the greater

the expansion and the more thrust per pound of propellant is obtained. Because the energy no

longer comes from the propellants, we also now have a much wider range of propellant options

since they no longer have to be able to combust.

Sounds great but there are three problems. First, you need a power supply to provide the

electricity and this adds weight to the rocket ship. (If the specific impulse is high enough the

propellant needed is reduced so much that even with the power supply weight added to the total

ship weight is reduced.) Second, because space power systems only put out small amounts of

power compared to chemical engines, the amount of thrust electric rocket engines produce is

very small: on the order of pounds or even fractions of a pound instead of the tens of thousands

to millions of pounds of thrust chemical engines produce. (Electric engines make up for this by

running for months or years instead of minutes like chemical engines. In so doing the total

impulse (amount of thrust multiplied by the time the engine burns) can actually be greater.)

Third, electric rocket engines only work in the vacuum of space because atmospheric pressures

hinder the physical processes by which they create thrust.

In spite of these problems, millions of dollars are being invested every year to develop electric

rocket engines because in the long run they are destined to play a major roll in humankind's

conquest of space. In fact, dozens of small electric thruster are already in space performing many

low-thrust missions much better than their chemical counterparts.
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As the specific impulse, provided by an engine increases, the mass of propellant needed

decreases for a specific mission. Going hand in hand with this is the fact that as specific impulse

increases so does the amount of electrical power needed to run the engines (at the same thrust) so

the mass of the power supply increases, offsetting the savings realized from reducing the

propellant. Plotting the combined propellant and power supply mass results in a graph that looks

like a "U," where the bottom-most part of the "U" is the optimal point where total spacecraft

weight is at a minimum. Spacecraft designers use this graph to determine the optimum specific

impulse and power for the mission in question. While the number varies with thruster efficiency,

power supply density and so on, as a general rule of thumb you want specific impulses on the

order of 300-1,000 sec for orbit maintenance missions, 1,000-2,000 sec for orbit transfers, and

2,000-6,000 sec for interplanetary missions.

So, what do these electric rocket engines look like and how do they work? The following simple

diagrams and explanations will help introduce you to this interesting field:

2. Electro-thermal Rocket Engines:

This class of electric rocket engine works by heating a propellant.

2.1 Resistojets

A resistojet simply uses electricity passing through a resistive conductor, something

like the wires in your toaster, to heat a gas as it passes over the conductor. As the

conductor heats up the gas is heated, expands, exits through a nozzle and creates

thrust.

In real resistojets, the conductor is a coiled tube through which the propellant flows.

This is done to get maximum heat transfer from the conductor to the propellant.

Almost any gas and even some liquids can be used as fuel, the most common being

hydrazine (N2H4). Hydrogen, nitrogen, ammonia and many other fuels have also

been used. For a given engine and power level, the lighter the propellant the higher
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the specific impulse and the lower the thrust. Hydrogen produces very high specific

impulses (as high as 400 sec.) This may not sound very high but resistojets are

designed for small-thrust missions like orbital station keeping and the best chemical

engines in this range only have specific impulses of 200 sec or less. They use so little

power, 350 watts or less and then only intermittently, that they can operate using

residual electrical power already available on the satellite. Because of their increased

specific impulse they need hundreds of pounds of fuel less than the next best

chemical engine. That's weight that can be used for more propellant, so the satellite

can remain on orbit years longer, or for extra payload. Resistojets produce thrusts on

the order of small fractions of a pound.

As with any electrical device, resistojets are not perfectly efficient. Typically they

convert 50 percent of the electric energy passed through them into thrust energy.

(Don't sneer at this... the engine in your car is at best only 25 percent efficient.)

Resistojets can be scaled down to very small sizes, anywhere from ones that fit in

shoe boxes to others as small as a thimble, making it easy to tailor them to any low

thrust mission. Dozens of them are currently in orbit helping satellites maintain their

orbits. Next time you're watching the Super-bowl you can probably than a resistojet

for keeping the satellite transmitting the signal to be where it should be for you to

pick it up.

The problem with resistojets is that the physical limitations of the conductor means

that the maximum temperature they can achieve is 1800 degrees C. Run them hotter

than this and they start to melt. (Mission directors hate it when that happens.)

Fortunately, there's a solution: the arc-jet.

2.2 Arc-jets:

An arc-jet is simply a resistojet where instead of passing the gas through a heating

coil it's passed through an electric arc.
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Because arcs can achieve temperatures of 15,00 degrees C. this means the propellant

gets heated to much a higher temperatures (typically 3,000 degrees C.) than in

resistojets and in so doing achieve higher specific impulses, anywhere from 800 sec

for ammonia to 2,000 seconds for hydrogen. Arc-jets tend to be higher power devices,

typically 1 to 2 kilowatts, and used for higher thrust applications, like station keeping

of large satellites. Several are currently in orbit.

The largest arc-jet used in space was a 26 kilowatt engine operating on ammonia with

a specific impulse of 800 sec. It was part of the USAF's ESEX space experiment

program. Arc-jets can run at up to 35 percent efficiency.

Two problems hounds arc-jets: the electrodes run glowing hot causing erosion and

this heat can get conducted to the spacecraft heating it to unacceptable levels. For

station keeping missions, they aren't on long enough for the heating to be a serious

problem but it could be for large engines designed to operate for long periods of time.

Arc-jets don't scale down as easily as resistojets and the smallest are small shoe-box

affairs.

2.3 Electrode-less Electro-thermal Engines:

There are several variants of the resistojet or arc-jet engine that use microwaves or

some sort of inductive coupling to heat the propellant. They have some advantage in

that power can be coupled directly to the propellant without having to heat part of the

engine. They suffer the disadvantage that this power coupling may be inefficient and

the microwave or inductive power itself may be inefficient to produce. There are

working a model of these in laboratories but none has been used to support and actual

mission.
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3. Electrostatic Rocket Engines

3.1 Ion engines

Rub a balloon against your hair or shirt and then hold it near your arm, the hairs on

your arm will feel tingling and be attracted to the balloon. Bring the balloon near the

carpet and bits of lint will be pulled to it. What's happening is that electrons have

been deposited onto or removed from the balloon depending on what it was rubbed

against, giving it an electrostatic charge, which creates an electrostatic field. A similar

field can be used to produce thrust in a rocket engine called an ion thruster.

3.2 Ion engine diagram

As propellant enters the ionization chamber (the small ns on the left), electrons (small

-s in the middle) emitted from the central hot cathode and attracted to the outer anode

collide with them knocking an electron off and causing the atoms of the propellant to

become ionized (+s on the right). This means that they have an electric field around

them like the balloon. As these ions drift between two screens at the right hand side

of the ionization chamber, the strong electric field of the "+" side repels them and the

"-" side attracts them, accelerating them to very high velocities. The ions leave the

engine and since the engine pushes on them to accelerate them, they in turn push back

against the engine creating thrust. Ion thrusters typically use Xenon (A very heavy,

inert gas) for propellant, have specific impulses in the 3,000 to 6,000 range and

efficiencies up to 60 percent. An average thruster is one to two feet in diameter,

produces thrust on the order of small fractions of a pound and weighs some tens of

pounds.

Downstream of the exhaust is a hot cathode emitter that injects electrons into the

exhaust stream. Without this, the exiting ions would slowly cause a charge to build up

in the spacecraft that could interfere with its operation and create a pull on the ions
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that would reduce the thrust. You can see the small electron emitter in the upper right

corner of the picture above.

Ion thrusters are well developed and have been used on a few space missions, such as

a comet encounter. With their high specific impulses they are well suited to deep

space types of missions.

3.3 Colloid Thruster

A colloid is a microdroplet like inkjet printers uses to spray their ink on paper. Given

an electrical charge, these microdroplets, or colloids, can be accelerated in a thruster

similar to an ion thruster. The advantage of a colloid thruster is that because the

individual particles being accelerated are so much larger and heavier than the atoms

in a regular ion engine, the specific impulse can be lowered and thrust increased to

make a better fit for a particular mission. Also, the variety of propellants that can be

used is much greater. Although colloid thrusters have been around almost as long as

ion engines they have not been developed to flight status. In the laboratory they

typically have specific impulses around 1,000 sec.

3.4 Electromagnetic Rocket Engines:

This is by far the largest group of electric thrusters with many different techniques

used to create thrust. As widely divergent as these thrusters may seem they all use the

same principle: the Lorentz force.

If you have an electric current flowing perpendicular to a magnetic field, the magnetic

field will push against the current. If the current is flowing through a solid conductor

or even a gas the gas will be pushed out as well. This is the Lorentz force. Mount

such a device on a space ship and you have an electric rocket engine.
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3.5 Rail guns

Drive enough current down one side of two parallel conducting rails, across a

conductor that can slide down the rails while maintaining contact, and up the other

side and you have a rail gun. The current flowing in the rails create a strong magnetic

field between them. The same current flowing across the sliding conductor is the

current the magnetic field wants to push away.

Pump enough power into the thing and the sliding conductor will be accelerated to

thousands of feet per second. Mount the beast on a tank and you have an electric

cannon. Put it on a spacecraft and you have a rocket engine. You'll need to added

something like a machine gun feeder to supply it with a constant source of sliding

projectiles (which we should now call "propellant" since we're using it as a rocket

engine) but that's a simple mechanical engineering problem.

While such a propulsion system would work in principle, the length of the rails makes

a practical application of this concept difficult to imagine. Also, as the sliding

conductor accelerates down the rails contact friction and erosion from arcing between

the contacts erodes the rails. For an engine such a device would have to fire

repeatedly over a long period of time and this erosion could be a problem.

3.6 Magnetoplasmadynamic (MPD) Thrusters

Crank the power up on the rail gun high enough and the sliding conductor would

vaporize. The engine would still work because the plasma would continue conducting

current and be blown out the end of the gun. Flatten and bend one of the rails around

in a tube surrounding the other rail and you have an MPD thruster. (For further details

about MPD thrusters please check out the MY ELECTRIC ROCKET ENGINE page

on this site.)

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

102
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



MPD thrusters are unique among the electric rocket engine fraternity because they are

capable of producing thrusts as high as 50 pounds in an engine small enough to fix in

a large shoe box. The problem with them is the electrodes wear out from handling all

the current and they eat up enormous amounts of power: on the order of megawatts.

There is currently no space power system that comes even close to this level. Typical

performances numbers are 30 percent efficiency at 2,500 sec specific impulse. In

laboratories they usually run on argon, but anything that can be pumped into them can

be used. (When I was working in the lab, I always wanted to run one of vaporized

sodium metal.) Using hydrogen would push the specific impulse into the 15,000 sec

or higher range.

Because of their compact size and potential for high thrust MPD thrusters are one of

the few viable options for primary propulsion on high-mass, deep space missions. I

like to think of them as being the progenitors of the impulse engines of Star Trek

fame.

3.7 Hall Thrusters

These engines are popular with the Russians and over 100 have been used on their

space missions.

Electromagnets around the outside cylinder and inside core create a magnetic field

pointing radially inward. The interplay of this magnetic field and the electric field

between the anode propellant injectors and the electron cloud created outside of the

thruster causes a current (called the Hall current) to be induced to flow azimuthally

around the open annulus in the thruster. The magnetic field pushes on the current and

accelerates it, and the gas it's traveling through, out of the thruster to create thrust.

Typical thrusters in US laboratories are a foot or so across, use 1 to 5 kilowatts of

power, operate at 2,200 sec specific impulse, produce less than one pound of thrust,

and are 50 to 60 percent efficient. They are noted for their durability.
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New designs using vaporized bismuth can have efficiencies as high as 70 percent

making them the efficiency rulers in the electric propulsion world.

Hall thrusters come in two main variants: the Stationary Plasma Thruster (SPT) and

the Thruster with Anode Layer (TAL). The SPT has insulating walls on the

acceleration chamber and is longer, the TAL has conducted material lining the walls

and is shorter.

3.8 Pulsed Inductive Thrusters

Imagine an electromagnet sitting on its end on a table. Now place a metal ring on top

of it. Pulse current through the coil and a second current will be induced to flow

through the ring. This induced current will flow around the ring in the direction

opposite to the coil. We now have another case of a current (flowing in the ring)

moving perpendicular to a magnetic field (created by the coil and directed along the

coil's axis) so the Lorentz law tells us there will be a force on the ring wanting to push

it away. If enough current is forced through the coil the ring will shoot straight up

into the air. If the current in the coil is high enough and increases fast enough, the

ring will be vaporized and ionized. Even in the gaseous state it'll still conduct the

current and be accelerated away from the coil. That's what a pulsed inductive thruster

is.

The only difference between actual PIT thrusters and the coil analogy is that a special

valve and nozzle unit mounted in the center of the coil directs a short pulse of gas

down to cover the face of the coil. The current pulse through the coil is synchronized

with the gas pulse so that the gas is ionized and accelerated away, creating thrust,

before it can dissipate into the vacuum of space.

Pulsed inductive thrusters are big, beautiful, sexy looking thrusters up to a meter in

diameter. They operate in a pulsed mode at up to 1,000 pulses per second with
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specific impulses between 2,000 and 5,000 sec and thrusts of fractions of a pound to

tens of pounds. Efficiencies can be as high as 50 percent.

Although the inductive coupling, between the engine and plasma should imply that

there is no erosion as there is in the MPD thruster, at high pulse rates the large surface

area of the engine will be exposed to the thermal loading of having a virtually

constant plasma mere centimeters from it. The coils could heat to the point where

increased electrical resistance could cause problems or even melting. These engines

are also power gluttons, eating up tens of kilowatts to megawatts of electricity.

3.9 Pulsed Plasma Thrusters:

These small electric thrusters have been around for decades and have flown on many

space missions performing station keeping functions.

In the pulsed plasma thruster, a bar of solid propellant (could be anything but Teflon

is the usual fuel of choice) is spring loaded against two stops near the exit of the

thruster. When it's desired to fire it, an energy storage unit discharges an arc across

the face of the propellant, ablating a small amount of the Teflon bar. Just like the rail

gun and magnetoplasmadynamic thruster, the current flowing through the vaporized

propellant ionizes it and reacts with the magnetic field created by the current to

accelerate the propellant out of the engine, creating thrust. As the propellant bar is

eroded, the spring pushes it forward for the next pulse.

These engines are extremely simple, reliable, and robust. They have to be operated in

the pulsed mode but can be pulsed rapidly to provide almost continuous thrust. They

typically use 30 watts or less power, have efficiencies around 30 percent, specific

impulses of 1,000 seconds, and thrust levels measured in micropounds to millipounds.
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3.10 Field Emission Electric Propulsion (FEEP) Thrusters

These are extremely small thrusters that operate somewhat like a colloid thruster in

that they have sharp propellant emitters. The difference is that in the FEEP the emitter

is so small that individual ions are pulled from the emitter instead of droplets. Also,

ionization occurs as a side effect of the emission process so an ionization chamber

isn't required.

Because the emitter hole or slit is so small, only 0.001 millimeters across, capillary

action both draws the liquid propellant into it and prevents it from exhausting into

space; therefore a valve is not required.

FEEPs typically have specific impulses from 6,000 to 12,000 seconds and use melted

indium as a propellant.

3.11 Mass Drivers

A mass driver is similar to a rail gun in that it accelerates a solid projectile down a

long runway. The difference is that a mass driver uses pulsed electromagnets lined up

down the length of the runway to pull on the projectile, accelerating it to high speeds

and thereby generating thrust.

Mass drivers are attractive because they can be extremely efficient (as high as 95

percent) run cool and can be designed so there is no guide rail wear. The problem is

that they are so long, hundreds to thousands of feet, and heavy that it's doubtful they

could ever be used for propulsion but, if someone could develop a lightweight, high

temperature superconductor they may yet have a place in the electric propulsion

pantheon.
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