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PREFACE

4
['am happy to ceme out with this book Aircraft Propulsion. The material in
this book mainly supports the undergraduate course on Aircraft Propulsion.
1 spent a considerable amount of time in writing this book, which contains
alt the major topics of propulsion course required for an undergraduate
student and any beginner.

Chapter 1 in the book explains about the fundamental concepts
required for propulsion and various prepulsion systems. (Gas turbine
engine components are theoretically discussed in detail in Chapters 2, 3
and 4. Rocket propulsion, ramjet engine and scramjet engine are explained
in Chapters 5 and 6. The puise detonation engine is a research-oriented
topic, which is introduced at the basic level in Chapter 7.

My intention was not to write a book that was only exam-oriented, but
one that will help the readers to improve their understanding of the subject.
Hopefully, this will make it easier for the students and other beginners to
understand the basics of propulsion. I have suggested a list of books at the
end. which will give an in-denth nnderstandine nf the auhiact






CHAPTER 1
INTRODUCTION

OVERVIEW J

This chapter begins with the basic concepts and faws of thermodynamics, heat
transfer, governing equation and Newtorn’s laws of motion. In this, chapter we
will look into the thermodynamic cycle used for different types of propulsion
systems and their thrust force generation. Almost all the basic types of propulsion
systems are explained to the basic level of understanding. We will also look into
some sections like accessory section, quxiliary power unit, engine operation and
noise in this chaprer.

Aircraft propulsion or acro propulsion is a science which deals with aero
engines and its sub-components. It is also known as the branch of
aeronautics and aerospace, which deals with the aircraft and spacecraft
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perpendicular to the vertical tubes such that it can be easily rotated, as
shown in Figure 1.1. The kettle is filled with water and continuously heated
up with an external heat source, which makes the water present inside the
kettle to evaporate. The steam of water vapours is directed through the
convergent-shaped tubes in such a way that it ejects out at high velocity
and gives momentum fo the kettle to rotate. This is the first instrument,
where the heat energy or steam energy is iransformed into mechanical
energy or kinetic energy.

/

C(\(\{

Pigure 1,1 Aeolipile.

The propulsion system or engine is not a simple device which can
be designed and fabricated without the basic science theories and laws.
The working of an engine involves fluid mechanics and dynamics, heat
interactions, mechanical meotions and transmissions and other phenomena
of science, Hence, to study the force generation and its flowchart, the basie
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molecular behaviour. The internal energy of a system is the example
of microscopic approach or microscopic energy and it is also called
statistical thermodynamics. The macroscopic thermodynamic approach, is
an easler approach which does not require the knowledge of a system at
its molecular level. Kinetic energy and potential energy are the examples
of the macroscopic approach of thermodynamics or energy and it is also
called Classical thermodynamics.

As stated earlier, thermodynamics is a branch of science, which deals
with the study of heat energy interaction between Systems and its effect
on the properties of the system and the work done. In simple words,
thermodynamics is the study of heat in motion. It gives a detailed picture
of heat interactions and its effects when a hot/cold fluid or matter is in
motion. The governing laws of thermodynamics, as well as some related
terms are explained here.

Zeroth low of thermodynamics

Consider three systems, namely, object 1, object 2 and object 3, as shown
in Figure 1.2. If object 3 is in thermal equilibrim with object 2 and object 2
is in thermal equilibrium with object 1, then we can say that object 1 is
in thermal equilibrium with object 3. This law explains about the term—
‘equilibrium’. Thermal equilibrium means there is no exchange of heat
energy between two systems or between system and surrounding,

N
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of air, which results in an increase in pressure and temperature inside the
container. This means that the chemical energy of the fuel is converted into
heat energy and pressure energy of the fluid inside the container.

joo = jow 11

where, the integral of 40 is the heat supplied and integral of dW is the
work done.

j:?Q - { @W) must be a property of system called infernal energy
(LD, as shown in Eq. (1.2). w

du={faq-| aw) (12)

where, dLI is the change in internal energy of the system.

If the heat is supplied to the system, then it will result in the same
amount of work done with no loss. This is called perpetual motion mechanism,
which is an ideal condition defined in Eq. {1.1), and (1.2) describes that for
an actual condition, ie., change between the heat supplied to the system
and the work done by the system 5 the internal energy of the system. For
example, consider a vessel with water. When heat is supplied 1o boil the
water, initially, the heat is absorbed fo raise the water temperature. That
energy is the internal energy of water. Internal energy is the energy stored
by virtue of its molecular motion.

The magnitude of internal energy can be changed by heating the
system or by deing work or by exchanging the matter. Internal energy

chaneeg in anen and flneed avatem bt nat in the ianiated avgram
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for a diatomic molecule ¢ move in three dimensions is 5 K. Rotational moede
is rotary moton of one atom in all the three dimensions with reference
to ancther atom and this happens at a temperature between 5 K to
600 K. Vibrational mode is one-dimensional, i.e., the vibration begins in
the bond connecting the two atoms when they get excited beyvond 600 K.
For monoatomic substance, no vibrational mode can be seen, but there is
translation mode and rotational mode to store the igfernal energy.

Serond low of thermodynamics

It defines the entropy of the system. This law states that heat can never
travel from colder region to hoiter region without an external aid, ie,
45 = d(}/T, where dS is the change in entropy, 4 is the change in heat
and T is the temperature.

Blockof ice A% increase
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and the heat supplied is written further in terms of entropy, ie., Egs. (1.4)
and (1.5

dQ = dLi +dwW (1 3)
TdS = dU + PdV (1.4)
TdS = CpdT + PAV 1.5)

where, T is the temperature, ds is the change in entropy, P is the pressure,
dV is the change in velume and Cy is the specific heat value at constant
volume.

Third law of thermodynamics

The entropy of a pure substance in complete thermodynamic equilibrium
becomes zere at the absclute zero temperature.

Specific heat at constant pressure

It is the amount of heat added to the system to raise the temperature of
a system by a unit degree at constant pressure process. It is denoted by
Cp and its unit is §/kgK.

Specific heat at constant volume

It is the amount of heat supplied to the system to raise the temperature
of the system by a unit degree at constani volume process. It is denoted
by Cy and its unit J/kgk.

L e S S N Y T - T L eI I G N T S O £ 2
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Enthalpy of the system

{tIs the total heat content in the open system at constant pressure process.
it is denoted by H. The enthalpy of a system can also be defined as the
sum of the change in internal energy and work done at constant pressure
process, as shown in Eq. (L7) and (1.8). The enthalpy variation on heat
exchange s shown in Figure 1.5,

Enthalpy Enthaipy
increases desreases/
Heat energy in Heat energy out
Figure 1.5 Enthalpy of a system.
H=U+PV (1.7
P .
t=ut —= CT+RT =T, + Ry =T (1.8
g

where, 1 is the specific enthalpy, p is the density, u is the specific internal
energy and P is pressure. '

Enthalpy is positive for an endothermic reaction and i’ is negative
for an exothermic reaction. The power output of gas turbine components
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Newton's first law of motion

1t is also known as the law of inertia. The body will remain in a state of rest
or motion until and unless an external force is applied to it. For example,
consider you are travelling in a vehicle with certain velocity or speed and
suddenly if brakes are applied, then you will get the forward movement.
This phenomenon is called inertis, as shown in Figure 1.6.

Figure 1.6 Law of inertia.

At steady level flight condition, the aircraft remains in the state of
motion as other forces (mainly drag, etc.) are balanced using thrust, and
also, if the vector sum of all the forces acting on an object is zero, then the
velocity or momentum of the object is constant.

Newton’s second low of motion

The acceleration of a body is directly proportional to the force acting on a
body in the same direction and inversely proportional to the body mass.



Chapter 1 Introduction 9

i.3 MODES OF HEAT TRANSFER

Three modes of heat transfer are as follows:

1. Conductior: 1t is a mode of heat transfer where the heat transfer takes
place from one end to another end of the same system or different systems
without any molecular movement. For example, heating a metal rod from
one end, and after some time, heat is felt at another end of the metal rod.

2. Convection: It is a mode of heat transfer where the heat is transferved
from one end to another end of the same system orgdifferent systems with
the melecular movement, For example, when hot water is made to flow
in a metal pipe, the pipe also gets heated. If two metal pipes, one inside
another, have two different fluids at a different temperature, there will be
heat exchange between the fluids.

3. Badiation: It is a mode of heat transfer without any medium or external
aid. For example, body feels the heat of solar radiation.

1.4 THRUST

Thrust is a force generated or force produced by an aeroc engine by pushing
the gas out from the engine at high velocity and pressure, which moves
the aircraft from its rest or initial position. This is called forward thrust. The
same force can be used to stop the aircraft by directing the gas in opposite
direction, which is generally called fhrust reversal or reverse thrust.
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the product of mass flow rate of burnt gases (fuel and air mixture mass
flow rate) and the difference between the jet velocity and flight velocity.
This thrust is called momentum thrust. The other type of thrust is pressure
thrist, which is the product of exit area of engine and the difference in the
nozzle exit pressure and ambient pressure.

The mechanism of thrust creation can be explained by simple fluid
statics. When the high pressurised air is at the junclion between the
compressor and combustion chamber, then it exerts forward motion on the
compressor. The high pressure air at the junction between the combustion
chamber and turbine creates forward motion on the combustion chamber.
As in turbine and nozzles, the pressure drops, which leads to backward
motion of turbine as well as a nozzle. The thrust generated in the jet
engine has both forward thrust and backward thrust. The net thrust is a
combination of forward thrust and backward thrust,

1.5 EFFICIENCY

The ¢fficiency of a systern can be generally defined as the ratio of the cutput
of the system to the input o the system. The input and output quantity is
nothing, but the power or energy for a given interval,

Thermal efficiency, Ny, is the ratio of power output from the engine
(thrust power) to the heat supplied to the engine (fuel energy), as expressed
in Hq. (1.10). it can also be defined as the ratio of the net work done by
the turbomachines at a given interval to the fuel consumed. The heat
supplied can be written as the product of mass flow rate of the fuel and its
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Propulsive efficiency, np, is the ratio of thrust power to the sum of thrust
power and the initial kinetic energy, as expressed in Egs. (1.12) and (1.13).
Propulsive efficiency is maximum when the exit jet velocity from the engine
is equal te the inlet air velocity or vehicle velocity. The propulsive efficiency
decreases with a decrease in the vehicle velocity.

o (v, - o,)

i

Mp (1.12
(v,

i
i

0 LTJ {t? — U,:) 4 ot
2u,

20
= (1.13
v, + vu T+

1f
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where, @ is the ratic of vehicle velocity to the exit jet velocity.
Overall efficiency, 1, is the product of thermal efficiency, transmission
efficiency and propulsive/propeller efficiency, as expressed in Eq. (1.14).

Engine output  Transmission cutput » Propeller output
X

o = Hngine input Transmission inpt propeller input

Mo =Ty X Ty % lp (1.14}

1.6 BRAYTON CYCLE

Brayton cycle is %he thermodynamic cycle for all types of gas turbine engines

PRSP SRR 1 AR R i B 0 B S TL.L . L ' PR [P RUPIDRIp Nt SR I I |
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As shown in Figure 1.7, the Brayton cycle has four basic processes.
Process 1-2 is isentropic compression of air in intake, fan and compressor
sections, In this process, air pressure and temperature increases at
constant entropy. Process 2-3 is constant pressure heat addition process
in combustion chamber or burner, where the thermochemical reaction of
fuel and oxidant takes place with no change in the pressure inside the
combustion chamber. Process 3-4 is isentropic expansion of air in turbine
and nozzle sections. In this process, the pressure energy is converted info
kinetic energy and the temperature of fluid also decreases at constant
entropy. Process 4~1 is exhaust or heat removal process by exhausting the
hot fhiid fo atmosphere where the pressure and femperature reduces to
atmospheric level,

1.7 HUMPHREY CYCLE

Humphrey cycle is the thermodynamic cycle which is the reference for few
engines like pulse jet engines and pulse detonation engine. In this cycle,
heat is added to the system when the system is in constant volume process;
hence, it is also named as constant voilume heat addition cycle.,

As shown in Figure 1.8, it has four processes. Process 1-2 is isentropic
compression, which means the air or fluid is compressed with no change
i the entropy. Process 2-3 is constant volume heat addition in the
combustion chamber or heat addition process, which means the fuel and
air combustion takes place at constant volume. Process 3~4 is isentropic
expansion, and finally, process 4-1 is exhaust or heat removal process,
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1.8 GOVERNING EQUATIONS

To understand the propulsion technelogy, it is also necessary to study
the governing equations, which explain the mass, momentum and energy
available inside the system. These governing equations are used to define
and relate the parameters like thrust, internal energy, enthalpy, work done
and heat supplied to the system. These are also used to find the stagnation
condition parameters.

The governing equations alse give the difference between the actual
and ideal condition of a process. These equations can also be used for
deriving the advance mathematical relations like Mach number relations,
area Mach number relations, and many more.

fontinuity eguation

This equation describes that the mass flow is conserved inside the system.
[t means the amount of fluid flow entering the system is the same amount
of fluid flow leaving the system, as shown in Figure 1.9.

Mass flow in

Control volume
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Energy eguation

This equation describes that the energy is conserved. The energy of the
flow which is entering the system or consumed by the system is same
as the energy of the flow which is leaving the system or produced by
the system. This energy is the sum of internal energy, kinetic energy and
potential energy, as shown in Eq. {1.17). The change in energy is the sum
of the change in internal energy, change in kinetic energy and change in
potential energy as, shown in Eq. (1.18).

-4

E=U+mgl+ % mo* (1.17)

where, E is the total energy, U is internal energy, g is acceleration due to
gravity and [ is height.

dE = dU + mgdl + ”:]ﬁ v

EywEy = Uy =Ly +mgly L) + :;lm (02 - o?) (1.18)

As the thermodynamic first faw describes, the heat energy suppiied is trans-
formed into work done and some other form of energy, as shown in Eq. (1.19).

Q=W +AF (1.19)

where, Q is heat supplied and W is work done.

Q=W+ U, -U)+mgl, - 1)+ %m(v% —ul)
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2+ H +mgl + %mv% =W, + Hy +mglh, + %mvg (1.23)
1 3 1 2
g+hy +gh o+ EUI =, +h + gl + 5 o5 {1.243

where, w; is specific shaft work, and 1 is specific enthalpy.

Equation (1.23) is called steady flow energy equation, which explains
about the heat, work and other energy transaction in major gas turbine
components. The equation links the various thermodynamic properties,
work done with energy terms of a gas turbine.

Stagnotion conditions

This is a condition of the flow where the flow is adiabatically decelerated
to zero velocity, represented by subscript zero.

Stagnation enthalpy

it is the enthalpy of the flow when the flow is adiabatically decelerated to
zero velocity at zero elevation. In Eq. (1.25), Iy is the stagnation enthalpy, &
is the initial enthalpy before flow deceleration and vy is the initial velocity
before deceleration.

. i
g =l + Ev% (1.25)

Stognotion lemperature
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— ] (1.27)

{1.28)

I
-1
:n]:”ﬂtu(y )Mf}

where, yis the specific heat ratio and M is the Mach number.

Stagnotion pressure

It is the pressure of the flow when the flow is adiabatically decelerated to
zero velocity with zero elevation. In Eq. (1.29), Py is stagnation pressure
and P, is the initial pressure before stagnation.

gz3@+mgmf

(y -1 (1.29

2 J(Y"E)

1.8 CLASSIFICATION OF PROPULSION BYSTEM

Propulsion system

1

Air breathing engines
i

'
Nor-air breathing engines
|
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Aldr breathing engines are again classified into three main categories—
internal combustion engine, gas turbine engine and ramjet and pulse jet
engines. In many aircrafts, internal combustion engine is used as a rotary
engine and radial engine by having multiple internal combustion engine
blocks together in a circular arrangement to drive the propeller. Initially,
IC engines were used as multiple internal combustion engine blocks in a
series arrangement to drive the propeller, but later, these engines were
used as radial and rotary engine to reduce the engine lengih.

-

1.10 INTERNAL COMBUSTION ENGINE

The engine in which combustion takes place within the cylinder block or
in a cosed system without any momentum of the charge and the heat
energy is transformed into linear mechanical motion is called infernal
combustion engine.

This is an engine that uses one or more reciprocating pistons and
cylinder arrangement to convert pressure and heal energy into linear
motion or mechanical form of energy. The crack shaft is a mechanical
device, which converts the linear motion of piston using connecting rod
into rotary motion of the power shaft or torque {ube with or without a
flywheel. A flywheel is often used to ensure smooth rotation of the power
shaft and also to store energy. This engine can operate to have a flight
velocity of 250 mph at maximum condition. For low altitude, simple engine
can be used, but for high altitude, turbo-supercharged engines are used.
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The ignition sparking in IC engine should be at the right ime without
any delay or pre-ignition, which leads to drop in efficiency and more fuel
consumption. The ignition source should be working properly in all weather
conditions without any cold problem. In conversion or transformation from
heat energy to mechanical energy, the vibration should be very less. The
vibration leads to the structural problem and noise.

The fuel measuring device should be proper which must show the
proper fuel consumption. i the fuel metering device does not show the
correct consumption, then the prediction for fumx;;g fuel copsumption and
duration of flight will be very difficult. The reciprocating engine requires
twice the instrumentation as compared to the gas turbine engine. Any change
in power setting of I engine leads to at least five control adjustments.

The compression ratio of reciprocating engine or IC engine is the ratio
of space inside the cylinder when the piston is at bottom dead centre (BDC)
to space inside the cylinder when the piston is at top dead centre (TDC)
as shown in Figure 1.11, Engine with high compression ratio is used for
long range fuel economy and to avoid knocking due to manifold increase
in pressure as well as lemperature from the supercharger. The compression
ratio decides the power output of the engine.

Efficiency of the IC engine is the ratio of thrust horsepower to the

brake horsepower of the engine.

}
MNET combus@

W@— chambe? volume "“m
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The internal combustion engine drives the propeller, which generates
forward thrust. During take-off, the blade angle of the propeller blade is
acute angle, which gives maximum thrust, whereas during cruise, thrust
requirement will be less; so, the blade angle of the propeller is adjusted
to the higher side of the acute angle. The engine propellers are of three
types, namely, fixed pitch, reversible pitch and controtlable pitch.

In fixed pitch propellers, the blades cannot be moved or adjusted during
flight and these will give optimum efficiency at specific speeds. Reversible
pitch propellers are those where the propeller bladey” angle of attack can
be reversed for shorter landing and ground maneuvering, which means
the blade angle of the propeller goes beyond right angle or it is an obtuse
angle. Controllable pitch propellers are those where the blade angle can be
varied during flight based on the requirement of thrust.

The main components of internal combustion engine are cylinder
block, cylinder head, piston, connecting rod, piston rings, inlet and exit
poris or ports, crankshaft, crankcase and igniter. The IC engine inlet and
exhaust valves are of two types, namely, mushroom type and tulip type,
which are usually made up of chromium-nicke! steel. The cylinder head or
cylinder block is the space where the piston reciprocates, which is made
up of aluminum alloy whereas valve seats are made up of steel, tin-bronze
and aluminum-bronze. To hold the valves firmly on their position, spring
power is used and that is why it is called valve spring.

The ignition or firing order for multi-cylinder IC engine varies based
on the number of cylinders and alignment of cylinders, as shown in
Figure 1.12. Firing order for sinele row S-cviinder is 1-3-5.7-0.7.4-A.8
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2. If the spark is weak then the engine will not start and the reason
for weak spark is dirty or contaminated igniter ends.

3. Insufficient fuel supply also leads to engine problem, which may
be because of insufficient priming or defective fuel pump or
vaporization of fuel in the line or due to closing the throttle valve.

4. Excessive priming or high pressure leads to flooding.

5. Defective magneto also results in the incorrect timing of system
which leads to faulty resulis.

D00 000000

(a) Single row 9-cylinders

OO

{t} Double row 18-cylinders

OGO
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directing the exhaust gases away from turbine line and also, it slows down
the RPM (revolution per minute) of the turbine, and hence, the compressor
RPM.

Exhaust gas

L

]

Ambient air

et

Spool

Figure 1.13 Turbo-charged engine.

i.11 GAS TURBINE EHGINE

As the name indicates, the gas furbine engine is one where the working
fluid (air) is continuously taken inside the engine and expelled out at high
momentum or just high velocity. The air is used to combust the fuel with
the help of ignition source in the combustion chamber and that combusted
gas is made to impinge on the turbine, thus making the turbine to rotate,
which in turn drives the compressor, and the high-velocity jet is produced
at the exit section of the engine. To have the most efficient combustion,
the input energy (which is air and fuel) should be betier; hence, the air
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flow by transforming the remaining pressure energy into kinetic energy.
The expansion means the pressurised gas gets transformed into high-velocity

gas.

Intake Compressor

Turbine
Combustor Exhaust

Cold section Hot section

Plgure 1.14 Gas turbine engine.

The performance and efficiency of the engine depend on the engine
pressure ratio and specific fuel consumption. Engine pressure ratio is the
ratio of turbine discharge product pressure to the engine inlet air pressure.
The pressure ratio helps in producing momentum, and hence, thrust
Specific fuel consumption is the amount of fuel consumed to generate a unit
thrust or inverse of specific impulse. Specific thrust is the amount of thrust
generated using a unit mixture of fuel and air. As the fuel consumption
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2500
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1500 4 *

1000 ~ /
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0 =il ] I I ey z !
nlet LPC HPC CC HPT LPT Nozzle

Figure 1.15 Temperatuve variation in gas turbine engine.

1,12 RAMJET ENGINE

Ramjet engine is also known as flying sfove. The name ‘ramijet” is because of
the method used for air compression. In this engine, the air is compressed
by ramming the air. Ramming is done because of the aerodynamic shape of
the inlet and vehicle velocity. Ramnjet engine cannot operate from a stagnant
point or zero velocity, as the air must enter the engine without external
work like compressor work. It must have some amount of acceleration o

hioch arisad hiy athor maane nf rroaenicion Thic ancine dnoe mnnt havn ane
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Intet (M > 1) Flame holder Nozzle (M = 13
< v
<
S
Compresston (M < 1) o Omb\u stor Exhaust (M > 1)

L

Figure 1.16 Ram Jet Engine.

i.13 ROCKET ENGINE

A typical liquid propellant rocket consists of a guidance compartment,
payicad, fuel tank, oxidant tank and engine, as shown in Figure 1.17.
A gas generator operated from the main propellant or an auxiliary
propellant drives to supply fuel and oxygen at a pressure of 2040 times the
atmospheric pressure to the thrust chamber. The fuel is usually circulated
in a cooling jacket surrounding the nozzle and combustion chamber prior
to injection and burning, which is called Regenerative cooling, to maintain
the surface temperature of nozzie and combustor at a value lower than the
critical temperature limit and to inject preheated fuel into the combustion
chamber for better combustion performance.
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The fuel and oxidiser combust in the combustion chamber and hot
gases expand through the nozzle to produce forward thrust, In rockets,
impulsive thrust is produced as air or oxidiser is not faken from the
atmosphere,

1.i4 FACIORS AYFECTING THE THRUST

The following factors affect the thrust:

1. Mozzle jet velocity: The velocity of the gas comifig out from the engine
or nozzle is called nozzie jel welocity. As per the law of conservation of
momentum or MNewton’s second law, the increase in exit velocity increases
the thrust value and decreases with decrease in the exit velocity.

2. Airspeed: When aircraft is moving, the air velocity v; (vehicle velocity)
entering the engine increases. This leads to less change in the momentum
thrust. But, if the aircraft is at rest, then the change in the momentum
thrust is more. Therefore, as air speed increases, the net thrust decreases
and propulsive efficiency increases.

3. Mass air flow: The most significant variable in the thrust equation is
mass air flow. The air density has a profound effect on the thrust produced.
The volume of air flowing through the engine is relatively fixed for any
particular RPM due to the size and geometry of inlet section. Any increase
in air density increases the richness of the mass flow rate, and hence, thrust.
As temperature increases, its density decreases.
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1.15 TURBOJET ENGINE

The specifications of turbojet engine are as follows:

1. The diffuser is used initially to achieve the required pressure
energy from the kinetic energy so that the momentum effect or
lead on the compressor is reduced.

2. Part of static pressure rise of air from its kinetic energy is done
by the diffuser to reduce the compressor load.

3. The compressor can be a centrifugal typg or an axial flow type or
even combination of both the types, where the air is compressed
to a high-pressure ratio of %:1 to 13:1.

4. Continuous combustion is carried out in annular type combustion
chamber and radial type combustor can also be used if the last
stage of the compressor is the centrifugal type.

Inlet Turbines

Compressors

1

Atmospheric
air - Mot gas
SR
rw/_

Combustor Spool

Convergent
nozzle
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12, As the bypass air is almost negligible, the noise due to the exhaust
jet is more.

i.16 TURBOPROP ENGINE

This type of engine has a propeller in front of it and a centrifugal compressor
stage, which makes it simple, lightweight and less lengthy (see Figure 1.19).
The efficiency of the propeller goes down when the flow velocity goes
beyond 0.7 Mach number. The propeller is driven uging the power turbine
or free turbine which is exclusively used to drive the propeller only. The
specifications of turboprop engine are given below:

1. Propeller efficiency decreases as aircraft gains the speed beyond
the limit as mentioned above because the high vehicle speed leads
to high-velocity air as input to the propeller and at the propelier
blade tip speed will be close to supersenic velocity, which leads
to shock and flow separation.

2. This engine has the lowest specific fuel combustion in the range
of Mach numbers from 0.3 to 0.6.

3. Thrust to shaft power ratio for turbo prop engine is given by
W/ESHP = 2.9 N/kW for a range of 500 kW power engine,
2.3 N/kW for a range of 2500 kW power engine and 1.4 N/kW
for a range of 7500 kW power engine.

where, W is the thrust, ESHFP is the engine shaft horse power.
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E.)?

5.

1t generates two types of thrust, namely, exhaust thrust and
propeller thrust. The exhaust thrust is from the nozzle and the
propeller thrust is from the propeller.

80-90% of the total thrust is from the propeller and 10-20% of
the total thrust is from the nozzle,

The engine can generate a flight velocity of 180 mph to 350 mph,
assuming ideal case with two engines,

It has got low-service ceiling, which means it has a restriction to
the altitude. As the altitude increases, the air becornes lighter or
density goes down, and hence, more work has to be done by the
propeller to push the air and produce thrust.

Propeller blade tip may reach a supersonic speed at high RPM,
which leads to shock and boundary layer separation. Hence, at
a higher altitude, to generate the same thrust, RPM can not be
increased.

Using intermediate gearbox, turbine enables the propeller to
preduce controlled thrust by varying the propeller speed.

Turbeprop engine propelier clossification

The nurboprop engine propeller is classified into the following three
categories:

1. Controllable pitch: Fropeiler blade angle can be varied while rotating
or driving the propeller assembly as per the requirement during flight.

O
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part of the engine. This happens because of the fan of very big diameter
located before compressor section. The flow at the downstream of the fan is
segregated into two parts. One enters the engine components and another
goes around the engine. The thrust produced by the fan is called far tHhrust
and the thrust produced by core jet is called core thrust. The ratio of fan
thrust to the core thrust is called thrust ratio of a turbofan engine. The ratio
of air pressure at the exit of the fan to the air pressure at the entry of the
fan is called fan pressure ratio.

The air which enters the engine components is galled primary air (core
air) and the remaining air which goes around the engine is called bypass
air as shown in Figure 1.20. For low-bypass engine, it is 1.1, for medivm-
bypass engine, it ranges from 2:1 to 3:1, and for high-bypass engine, it is
more than 5:1. The engine pressure ratio for low bypass engine is 151, and
for high-bypass engine, it is more than 30:1. At present, research is going
on furbofan engine o increase its efficiency and performance. The research
on turbofan engine is resulting into ultrahigh bypass engine propfan and
unducted fan engines. The bypass ratic in these type of engines will be
enorinous which leads to increase in thrust with less fuel consumption.
Unducted fan engine will have bypass ratio of infinity, similar to turboprop
engine. These uiilise titanium lightweight stainless steel and composite
materials to have betier conirol on fuel consumption, which is more than
15%. 40:1 bypass ratio can be produced in these engines, with a fan blade
diameter of 12-15 fi. It produces 10600-15000 horsepower that can carry
150-200 passengers at 0.8 Mach number. Propfan with conventional cowl

tyne inlet can achtove 39 Mach niymber
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The specifications of turbofan engine are as follows:

1.

2.

10,

It overcomes the limitations of twrboprop engine for high-speed
application at high altitude.

It is the combination of turboprop and turbojet engine, where
it generates the thrust from core and bypass part of the engine.
it has a large ducted fan, which generates two streams of air out
of the engine.

The fan is not as large as propeller blade; hence, an increase of
airspeed along the blade is comparatively less.

By enclosing the fan inside the cowling, the aerodynamics is
better controlled.

The overall efficlency is very high as compared to all other gas
turbine engines.

High bypass ratic twin spool engine has got much higher
propulsive efficiency with small inner core engine thrust.
Ultrahigh bypass twin spool geared turbofan engine generates a
high propulsive efficiency with greater bypass flow rate of air.
The fan KPM is controlled using gear train.

A three-spool turbofan bypass engine has got a high-pressure
spool, intermediate pressure spocl and low-pressure spool. The
low-pressure turbine drives the fan, whereas the intermediate-
and high-pressure turbines drive the compressors.

Three spools geared contra-rotating aft-fan has got the big fan at
the rear end of the engine. The complete stage of compressors
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section of an engine between turbine and exhaust nozzle. [f has mainly
a fuel manifold, an ignition source and a flame holder. It consists of an
annular ring after turbine section, which injects some amount of fuel at
the tailplane or afterburner combustor. The fuel which is injected is mixed
with the hot gases coming out from the turbine and the secondary air
which is flowing around the engine. The torchiype ignition source is used
for combustion in afterburner.

The alr and fuel mixture is combusted again to increase the
temperature of the fluid, which leads to high thrusg after nozzle section as
shown in Figure 1.21. This method increases the jet velocity and is known
as afterburning and the device is called afferburner.

Pilots can start and stop the afterburner system in flight as per
the requirement, and jet engines are referred to as operating wet when
afterburner is used, and dry when no afterburner is used. The afterburner
or augmenter is used for a few minutes mainly during take-off and sudden
climb or other maneuver missions or to escape immediately,

Compressor Turbine Afterburmner Adjustable
\’\ duct nozzle
5

.
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Water injection

It is another method of thrust augmentation. In this method, the air to
be compressed in the compressor is enriched by injecting water or water-
alcohol mixture at some location between inlet and exit of the compressor
section in a very fine spray form or atomised form. By enriching the air,
the load on the compressor becomes less for the required rise in pressure.
The combustion chamber gets high dense air for combustion, which leads
to increase in thrust.

Figure 1.22 explains the temperature and epiropy cycle of turbojet
afterburner engine. Process 0 to 5 is well-known from the previous studies
which are general turbojet engine cvele. But, after the turbine process, the
cycle is again extended. Process 5-6 is a constant pressure heat addition
process, which takes place in thrust tube of afterburner. Then, isentropic
expansion, i.e., process 67 takes place in the nozzle.

Gas turbine engine with afterburner

Afterbumer

Combustor

Turbine

3

Compressor
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1.19 DIFFUSION MASS TRANSFER

The convection-diffusion equation is a combination of diffusion and convection
heat transfer equations. The physical quantities are transferred inside a
physical system due to the following two processes:

1. Diffusion
2. Convection

The general equation is
&

L v DV -V (B0) + R
ot

where, ¢ 1s the variable, D is the diffusion coefﬁcien{, U is the average velocity
of quantity which is moving, R is the source or sink, and V is gradient.

The diffusion coefficient is a proportionality constant between molar
flax due to melecular diffusion and the gradient in the concentration of
the species.

Specific impulse

It is the amount of thrust generated by the combustion of a unit amount of
fuel. Specific impulse, I,,, can be calculated using the following equation:
T wv-u)

n'tf 1 r

Ly T

where. T i the thmigt #1 ic the mass flow rate n ie the eyvit st velnrity
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Maximum specific impulse can be found in pulse detonation engine
foliowed by a gas turbine engine and then ramjet and scramjet engines.
In gas turbine engine, again it can be classified as turbofan engine with
maximum specific impulse followed by turboprop or turboshaft and then
turbojet engine.

1.20  ACCESSORY SECTION

The engine is also linked with the accessory bse{:h{ms Near CoOmpressor
stages, which aid in driving the engine supportmg systems and aircraft
supporting systems Hke air conditioner motor, hydraulics pump, pneumatics
pump, fuel pump, an electric generator, which acts as motor also, eic. The
accessory section has an oil tank, drive shaft, inlet screen, generator and
gearbox.

In gearbox, a set of bevel gears is used to drive an accessory shaft. The
oil tank is for continuous lubrication of engine components; the driveshaft
is an exiension from the spool, which is used to drive the pump and
generators. Generators are the electromechanical devices which produce
electricity, and sometimes, act like motors in the starting condition and
Iater act as generators. While starting an engine, the generator, which acls
as motor, drives the spool taking energy from the ground utility or from
another engine. Gearbox is used to have a contrel on shaft output from the
engine BPM. This condition is more valid in turboprop engine, generator
shaft work and turbo shaft engine.
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the length of compressor section. But, the centrifugal compressor generates
the pressurised fluid in a radial direction, which should be directed to the
combustion chamber. Hence, radial-type combustion chamber is used.

Vertical fin ——-.

w APU exhaust

/

Bleed power w—-

Electric power

APU
Figure 1.23  Auxiliary power umit.

The turbine exiracts the maximum amount of energy from the hot
fluid and remaining pressure energy is maiched with the atmosphere using
the nozzle. The APU is used to generate maximum shaft power and almost

no exhaust jet power. The exhaust nozzie of the APU is designed only to
match the exhaust pressure with the ambient pressure.

1.22 NOISE
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Compressor and turbine notse come from the pressure field and
turbulent wakes. The compressor and turbine blades create considerable
wake region at varying mass flow rate, which leads to noise, and even if
the turbo machinery load increases, then also the noise will come into the
picture. At low thrust or taxing time, the noise can be heard. The noise will
be even more i afterburners are used in turbojet or in low-bypass turbofan
engines. Noise can be reduced by reducing the exhaust jet velocity or by
increasing the mixing rate or by using the sound absorbing material or by
reducing the region of mixing the exhaust with ihe atmosphere.

There are two type of noise suppressing nozzles, namely, lobe type
and corrugated type. These nozzles break up the single exhaust stream into
a number of smaller jets and increase the jet contact area. Both the types of
nozzles reduce the size of eddies formed and they cannot be used for large
diameter fan engine. Materials which suppress the noise convert acoustics
energy into heat. The acoustics lining is composed of a perforated layer of
thin steel, titanium or aluminum separated by a honeycomb of aluminum
or stainless steel.

1. Define aircraft propulsion. How is it different from aerospace
propulsion?

2. What do vou mean bv thermodynamics? State the laws of
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17.
18,

19.

. . .
What do you mean by stagnation condifion? Determine —7{]— and
B ‘

-

-~ at M = 1 {choked condition) and y= 1.

What do vou mean by compression ratio and efficiency in internal
combustion engine?

Explain the different types of propeliers.

What is the ignition order of single row 9-cylinder and two row
l4-cylinder I engine? ®

Explain the working procedure of turbo-charged internal
combustion engine,

MName the cold section and hot section components of gas turbine
engine.

Explain the factors affecting the thrust.

With a neat diagram, explain the specifications of the following:
(@) Turbojet engine

{b) Turboprop engine

{c) Turbofan engine

Define thrust augmentation. Explain the types of thrust augmentation.

Explain the working of afterburner and plot a P-V and T-5 diagram
for a gas turbine with afterburner arrangement.

Define specific impulse, specific thrust and specific fuel



CHAPTER
INLET COMPRESSOR AND DIFFUSER

In this chapter, we will lock into the leading components of a propulsion system
like inlet, compressor and diffuser used in various propulsion systems in detail.
These are known as pressurising components {static or dynamic in nature)
and also known as cold components of the propulsion systems. The theory,
classifications, working principle, design variables and working conditions of
compressors used in gas turbine engines are also discussed to the understanding

level.

e i e T e T

The inlet, compressor and diffuses are the basic cold components of gas
tusbine engine. These components increase the pressure of air flowing
through them. The efficiency of these components decides the thrust and
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fike structures which increases the flow pressure and decreases the flow
velocity, whereas the external compression means the supersonic flow is
compressed just before it enters (outside the inlet) the inlet due to very high
air velocity. These are the main compression methods seen in supersonic
inlets.

in subsonic inlet, the subscnic flow which is flowing through the
inlet duct expands, as its kinetic energy decreases and the pressure energy
increases. This phenomenon is called internal compression or just compression
i subsonic flow. The internal compression can be seen in both subsonic and
supersonic types of inlets, whereas the external compression can be seen
only in supersenic inlets.

Assuming no change in the cross-sectional area of inlet, the flow
ingide this parallel inlet duct is called Fanne flow. Fanno flow means the
fluid flows in a constant area duct with friction in the absence of heat
interaction.

The effect of wall friction on the fluid parameters is significant in long
pipes and ducts. The wall friction makes the subsonic flow into sonic flow,
where the flow velocity increases and its pressure, density and temperature
decreases, and the supersonic flow becomes sonic flow where the flow
velocity decreases and its pressure, temperature and density increases,

The inlet is a critical part which has a significant effect on engine
efficiency and compressor efficiency. It means in the absence of inlet,
the compressor is completely exposed to the upcoming flow from all
the directions; the load on the compressor is more and hence, the power
required to drive the compressor as more, which is nothing bui less
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Figure 2.1 (a), (b) and (). The inlet is the only component of gas turbine
engine based on which the mass flow of air entering the engine can be
decided, or even we can say that based on the mass flow rate of air required,
the inlet is designed and this leads fo thrust calculations. Inlet provides
sufficient air supply o the compressor with minimum pressure loss.

T Inlet lip
s
i |, Fan -
Ay el (
i
samcer
o T
Side view Front view
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3. Inlet total pressure ratio

4. Integration of fan, propeller, and different flow paths
5. Flow field interaction between nacelle, pylon and wing
6. Diffuser wall diverging angle.

The inlet is designed based on the requirement of air mass flow rate.
The mass flow rate of air is maxinuun at low altitude and high speed. If
the mass flow is less available, it means thrust generation is less, which
is generally at cruise condition at higher altitude. Hence, the thrust value
and operating altitude decide the mass flow rate ofsair with respect to the
entry area. Inlet lips are designed to have increasing capture area, which
increases the mass flow.

The engine location also affects the inlet design, as the thrust required
ig directly proportional to the mass flow of air which is getting inside
the engine. The air should have no disturbance from any other atrcraft
component before getting inside the engine.

The wing mount engines can have different inlet sizes, but the fuselage
mount engine has got a restriction in the inlet size from structural and
aerodynamic point-of-view. If the engine is mounted in fuselage where
the inlet is very close to the nose of an aircraft, then the disturbance due
to flow separation from the nose or front part of the fuselage will affect.
If the engine is wing mounted, then the flow separation will be very
less and inlet performance will be very good along with some drawback
from aerodynamic point-of-view like less maneuvering freedom. The wing
mounted engines also get some amount of flow disturbance because of
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2.2 COMPRESSOR

The second leading major component in the gas turbine engine is compressor,
which is used to increase the pressure and reduce the velocity of the air
flow which is taken into the engine. A device which makes the water o
flow from its lower level to higher level is generally called hydraulic pump
or water pump, but if it pumps gaseous fluid like air, then depending
on the pressure rise, if can be classified mainly into three types. Up to
0.07 bar relative pressure rise at downstream, it is simply called fan, between
0.07 bar-0.3 bar relative pressure rise, it is called Flower and above 0.3 bar
relative pregsure, it is called compressor.

The key factor that affects the compressor efficiency and engine
efficiency is the compressor pressure ratio. Compressor pressure ratio is the
ratio of the air pressure at compressor discharge to the air pressure at the
compressor inlet. Higher the pressure ratio means higher the efficiency of
the compressor as well as that is of engine. The compressor pressure ratio
depends on the compressor loading parameter, the rise in temperature
in the compressor stage and the absolute velocity of the fluid across the
compressor rotor blades. The compressor blades also underge thermal
expansion, which affects the blade clearance ratio; hence, compressor disk
and drum are cooled or heated o maintain the blade clearance ratic.

2.2.1 Types of Compressor

The compressors are classified inio two main types, namely, centrifugal
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k-4

Impeller/

Front view ' Side view
Figure 2.2 {enirifugal compressorn

In the hub, only kinetic energy of the air increases, and in the impeller,
kinetic energy and static pressure of air increase. When the compressor
starts from its static position, the impeller enhances the kinetic energy only,
with 1o increase in static pressure, but at one stage, when the downstream
pressure builds up in the diffuser, then that pressure makes centripetal
force on the fluid, which leads to increase in static pressure of fluid. Hence,
impeller blades are known for kinetic energy and static pressure enhancer.
The airflow is made to flow through the diffuser section where the air
velocity is reduced, transforming the kinetic energy inte pressure energy.

A centrifugal comoressor is Hmited to apvoroximatelv 51 to &
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to the initial velocity and radius of the impeller. As the change in the radius
of the compressor is positive, then the centrifugal compressor pressurises
the fluid positively, and as the change in radius of the turbomachine is
negative, it extracts the energy, hence called radial turbine.

In a centrifugal compressor, the pressure rise is due to the angular

momentum and absolute velocity component. For centrifugal compressor,
change is absolute velocity component is zero and for axial flow compressor,
the change in the radius is zero.
Axlal Flow Compresser M
In axial flow compressor, the air enters the compressor axially and leaves
axially. With this type of compressor, multiple stage and multiple set
arrangement can be made.

Each stage of the compressor has one rotating member and one non-
rotating or stationary member, as shown in Figure 2.3. The rotating part is
called refor and nen-rotating or stationary pari is called stafor. In the axial
compressor, the impellers are not present, whose diameter varies from hub
to tip, and also, there is no centrifugal action by the compressor blade to
increase the velocity or pressure.

GV
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the kinetic energy of the fluid is transformed into pressure energy. If we
consider the cross section of a stator, any two vanes of stator together make
a divergent shape, hence, the flow pressure increases in the stator.

Hach compressor stage is having a rotor as leading component
followed by stationary component. Each vane (stator part) and blade (rotor
part) is of airfoil shape, which helps the flow to flow across the compressor
with less boundary layer separation. To achieve more pressure ratio, more
number of compressor stages can be used which rotate at the same speed.
This combination of many compressor stages together is called compressor
set. Multiple compressor sets can also be used which rotate at different
speeds to achieve more pressure ratio using less compressor stages and
occupying less length or space.

in multiple set axial flow compressors, the total pressure ratio is not
the sum of pressure rise in each stage, but it is the product of pressure rise
in each succeeding stage. To maintain the required velocity with pressure
increase, the diameter of the compressor set is gradually decreased with
each succeeding compressor stages from low- to high-pressure end, as
shown in Figure 2.4. To have efficient combustion, the discharge velocity is
maintained close to the inlet velocity of the compressor to avoid excessive
diffusion.

ey Low “Pressiure compressor

High-pressure
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types of compressor stages. One achieves low pressure, whereas another
achieves high pressure and these are called low-pressure compressor and
high-pressure compresser, respectively. Low-pressure compressor muns at
low RPM and high-pressure compressor runs at high RPM. In the high-
pressure compressor, the distance between the rotor blades or stator blades
is relatively less, and also, the distance between the blade tip and the casing
is relatively less.

The rotor blades are attached to a disc (hub) mounied on a central
shaft or spool forming a compressor rotor, and stajic vanes are fastened to
the inner surface of compressor case. As the rotor turns, the air is pushed
across rotor blades. Each stage increases the air pressure until it leaves the
compressor at sighificantly high pressure. Air becomes denser and acquires
less volume as pressure increases. To prevent the drastic velocity reduction,
the cross-sectional area is reduced.

Stator vane also helps in correcting the deflected air flow and conveys
it at a required angle to the next stage. The last row of stator makes the
airflow straight and removes the swirl from the air prior to the combustion
chamber. To avoid the discontinuous flow and blade stall phenomenon,
each stage is designed to increase small amount of pressure.

Every rotor needs to have a different design as per its flow requirement,
if there is no stator for every rotor, The first set of compressor has an inlet
guide vane prior to rotor, which guides the flow to enter the rotor at
right angle. Compressor guide vanes are thin and hollow as compared to
compressor rotor blades. If a compressor set has more than 8 stages then

after ouvsry Ath olace inlet omide vane ie neod 0 onidse the flow i the
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provided near the fip of the blade to restrict the reverse flow between
the stage and set of compressors. Based on the total temperature rise in
compressor, the number of compressor set is determined.

The pressure rise to be produced inside the compressor is decided
based on the temperature rise inside the compressor. In axial flow
compressor, the windage loss is very less as compared to centrifugal
mmpressar.

Table 2.1 shows the differences between axial flow compressor and

TABLE 2.1

centrifugal compressor.

Compressor

W

Differences between Axial Flow Compressor and Centrifugal

- Axial flow compressor -

o Centrifugal compressor

Exit flow direction is parallel to
the axis of rotation.

Exit flow direction is radial o
the axis of rotation.

Maximum pressure ratio at
each stage is 1.3 to 1.6 times.

Maximum pressure ratio at each
stage is 5 to & times.

Isentropic efficiency is 88%-90%
for a mass flow of more than
& kg/s.

Isenrtropic efficiency is 80%-82%
for a mass flow of more than
6 kg/s.

Flexibility of operation is Hmited.

Flexibility of operation is more.
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where Ty, is the stagnation temperature of the flow at the compressor inlet.
Ty 1s the stagnation temperature of the flow at the compressor exit (ideal
case) and T, is the stagnation temperature of the flow at the compressor
exit (Actual case). Py, is the fluid stagnation pressure at compressor exit

and Py is the fluid stagnation pressure at compressor inlet.
&

2.2.3 Compressor Design Pavameters

1. Number of spools

2. Spool RPM

3. Number of stages and spacing between them

4. Number of blades on each stage in axial flow compressor
5. Pressure ratio per stage

6. Ajr mass flow rate

7. Compressor efficiency

8. Flow path shape

9. Surge margin

In the compressor, the pressure can be increased in multiple steps. i
the pressure requirement is very less, then only one type of compressor set
can be used, which is driven using single spool connected to turbine, Bug,
if the nressnre rise reauirement is more. it leads to two or three different
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2.2.4 Bleed Alr Utilisation

Bleed air is the compressed air which is taken out after the compressor
section at multiple sections, depending on the required {luid pressure and
temnperature, as shown in Figure 2.5. it is used to cool the engine’s critical
hot sections, in sump pressurisation or purging of engine cavities and
preumatic systems like pressurisation, anti-icing of cowl and wing and
air conditioning,

R Breed air

Figure 2.5 Bleed air taking out after compressor section.

The air extraction varies as »er the demand The lnss in thriist ic
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ground operation, at low thrust, mild stall can be occurred resuliing in
rumble and chugging.

If the temperature of the engine gas increases or EPM fluctuates
drastically or engine pressure ratio decreases, stall will encounter. If the
loads acting on the compressor stage are high and Iower than the critical
value, then also if leads to stall. The highly loaded stages are made stall-free
by opening the bileed valve at the stage section. If the loads acting on the
compressor are bevond the critical value, then it leads to surge. Variable
bypass valves are also used to avoid stall and compressor inlet temperature,

2.2.6 Dual Compressor Theory

Dual compressor theery provides greater operating flexdibility over a wider
speed range and at higher compression ratio. It has improved stall margin.
It also called Fwin-spool compressor, e, high-pressure compressor and low-
pressure compressor together in an axial type of compressor. The energy
consumed to drive high-pressure compressor is more as compared fo
energy consumed io drive the low-pressure compressor. Dual compressors
are used where large airflow with high pressure is in demand. Bometimes,
triple-spools are also used, ie., high-pressure compressor set, intermiitent
or intermediate pressure compressor set and low-pressure compressor set.
When we look at the dual centrifugal compressor stage, two centrifugal
compressors mounted on the same shaft have same angular velocity,
but the inlet pressure is differeni. The blade shape and radius might be

Aiffarant whicrh leade tn the different amonnt nf mrecanre viae The drial
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can be overcome by this flexibility provided to the compressor stator. For
example, in the J-79 engine, the stator blades are attached to the actuator
ring to get the adjustable motion.

Compressor loading parameter, Cpp, is the amount of load taken by
each compressor stage with its highest efficiency. It means this parameter
is used to find the number of compressor stages and sets required with a
relative increase in temperature, ie., By. (2.4), where Cp is specific heat of
air at constant pressure, AT, is the change in stage temperature and U is
the peripheral velocity or blade velocity.

Cpp = 0008 2.4

Generally, the compressor loading value is fixed and with different
absolute velocity component of fluid flow, the rise in temperature value
is found using Eq. {2.4). Based on the rise in temperature, the number of
compressors is fixed,

2.3 DIFFUSER

The diffuser is an internal flow structure or duct in the aero engine, which
is used to decrease the velocity by increasing the pressure of the fluid
flowing through it. This device may be used before compressor stage
(infet) and after compressor stage also. The exit air velocity from the
compressor may reach somewhere around 500 ft/s, which is too fast for
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12.

What do vou mean by inlet? Write the functions of inlet.
What is the difference between subsonic inlet and supersonic inlet?

Explain internal compression and external compression in
supersonic inlet.

Define Fanno flow. -

Explain the inlet design variables.

Define compressor pressure ratio. How does compressor pressure
ratio affect the engine efficiency and compressor efficiency?

Explain the working of centrifugal compressor.
With a neat diagram, explain the centrifugal compressor components.

Is multi-staging of centrifugal compressor possible? Justify your
ANBWET.

What are the different parts of axial flow compressor? Explain
each of them.

Explain the working of low-pressure compressor and high-
pressure cCompressor.

Define and explain compressor stall and compressor surge.

Write the difference between axial flow compresser and centrifugal



CHAPTER 3
COMBUSTION CHAMBER AND NOZZLE

P
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e OVERVIEW ]

In this chapter, we will look into the hottest part of all the types of propulsion
system, i.e., combustion chamber. We will look info the design, operation and
performarce aspects of combustion chamber used in mainly gas turbine engines.
Classifications and instabilities of the combustion chamber are also discussed in
this chapfer. In this chapier, after combustion chamber, we will discuss nozzle,
its classification and its operation in detail.

.

NN NN NN

Combustion chamber is the hottest part of every engine. The chemical
energy of fuel is converted into heat energy, which in turn increases the
enthalpy of the working fluid. Nozzle is the thrust generating component
of engine. MNozzle can have cold flow and hot {low across it. The high-
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stoichiometric principle fo initiate the combustion with a calculated ignition
source.

The fuel injector must inject the fuel as very fine droplets or in mist
form in the combustion chamber, where the primary air entering the
combustion chamber mixes with it, rather than distracting it from the
ignition source point. The fluid flow in the combustor is known as Rayleigh
floww. It is the flow in a constant area duct with heat transfer without friction.
The heat can be added to or removed from the duct.

The energy required for the ignition source is measured in terms
of joules, and selection of the location of ignitich source or the distance
between the premixed fuel-air and ignition source inside the combustion
chamber is very crucial. Based on the fuel injecting direction, the angle
of fuel injection cone and the air supplied (which creates turbulence), the
ignition source location is decided.

A typical ignition source for a gas turbine engine is the high-energy
capacitor discharge system, which provides 60~100 sparks per minute with
several inches spark length. The draining system accomplishes the draining
of unburnt fuel after shutting down. The combustor consists of an outer
casing with a perforated inner finer, which protects the casing and cowling
from the heat produced in the combustion chamber,

The compressed air from compressor stage is sub-classified in the
combustion zone as combustion initiating air (primary air), combustion
propagating air {(secondary air) and the combustion flame cooling air
(tertiary air supply). The combustion chamber has airports or passages at
its circumferential area.
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the actual air-fuel ratio is known as equivalence ratio. If the amount of air
i5 less than the amount of fuel towards the combustion equivalence or in
a complete combustion process, if there is excess amount of fuel, then if is
called rich mixture, which leads to incomplete combustion (equivalence ratio
more than 1). If the amount of fuel is less than amount of air towards the
combustion equivalence or in a complete combustion process, if there is
excess amount of air, then it is called lean mixture, which leads to complete
combustion with less combustion temperature (eguivalence ratio less
than 1). If the amount of fuel is same as amount of air towards combustion
equivalence, then it is called Stoichiometric mixture, which leads to complets
combustion with high combustion temperature {equivalence ratio equal to 1).
Eguivalence ratio is the measure of richness or leanness of the air-fuel mixture,

When the chemical reaction is balanced, then the equivalence ratio
is unity. We know that by substituting the molecular weights, in the
chemical equation, the mole fractions get converted inio mass fractions.
At equivalence ratio 1 or ai the stoichiometric ratio, the mass fraction
of oxidiser to fuel is in the range of 15-60 depending on the type of
hydrocarbon fuel and oxidiser. If oxygen is used as oxidizer, then the fuel-
air ratio is close to 15 and if air is used, then the oxidiser io fuel ratio is
close to 60.

The combustion reaction of liquid fuel generally takes place at gaseous
and liguid phase {two phase}. In the premixed condition where the liquid
fuel is mixed with the gaseous oxidiser and injected through the injector
as a fine spray, it has small liquid fuel droplets mixed with gaseous siate
fuel. Such a mixture is called two-phase mixvture. In a two-phase mixture, if
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directed radiaily into the combustion chamber. So, the flame stabilisation
can be enhanced by creating toroidal vortex recirculation.

What would happen if we place a combustor before compressor? In
the discussion of gas turbine engine, combustion chamber cannot be placed
before compressor because it is difficult to pressurise the hot combusted
gas, as there is a limitation to compressor and requirement of energy for
compressor is more. The compressor material selection must be advanced,
and also, the combustion chamber efficiency will come down # the input

charge is not pressurised. N

3.2 FACTORS AFFECTING THE COMBUSTION CHAMBER DESIGN

Following factors affect the design of the combustion chamber:

1. The temperature of the combustion chamber products must be
comparatively low.

2. The exit temperature must be known or within calculated range
to keep turbine and its blade safe from thermal effect.

3. Maximum air velocity must be 30-60 m/s at the entry of
combustion chamber.

3.3 FACTORS AFFECTING THE COMBUSTION PROCESS AND
PERFORMANCE

The following factors affect the combustion process and its performance:
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where, AP, is drop in stagnation pressure, 17 is the mass fow rate of fuel,
07 1s the density and A,, is the combustion chamber area.

(T !
PLE=K;, + K| -2 - 1] (3.3)
Vim )/
The pressure loss factor is the sum of cold loss and hot loss as shown

in the above equations.

2. Combustion intensity: The size of the comgpusti(m chamber is
determined by the requirement of the rate of heat release. The nominal
heat release rate, {2, is expressed in Eq. (3.3}

0= mfAH, 3.3

where # is the mass flow rate of air, f is the fuel to air ratio and H_is the
lower calorific value of fuel.

Combustion intensity = J3/{(Combustion volume x Pressure)  {3.4)

The quantity ‘combustion intensity’ has been introduced to take an
account of foregoing effects. In aircraft, the combustion infensity is in
the range of 75 x 10° kJ/m’hr to 150 x 10° kj/m’hr, where the industrial
engines may be ten times of this value, and for rockets, it is in the range of
260 x 10° KJ/m’hr to 260 x 10° kJ/m’hr. The increase in the combustion
intensity means an increase in the heat release rate, which leads to increase
in the efficiency. The heat release rate varies from fuel to fuel and it is
maximum for hydrozen fuel.
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5.

6.

Controlled temperature and velocities must be there at the turbine
inlet.
Volume and weight must be within the Iimits.

3.5 COMBUSTION PROCESS

G
10.

MR G0 D

Fuel infection

Proper mixing of fuel droplets and air

Atomisation, evaporation of fuel dropletg

Ignition

Breaking the fuel molecules into lighter fractions

Mixing of combusted gases with the secondary and tertiary air
supply

Having a controlled chemical reaction between fuel and air, which
leads to the generation of heat and byproducts

15%~20% primary air entering the combustion chamber for rapid
combuston

Introduction of 40% of air secondary air through the ports
Mixing the remaining amount of air with the products of
combustion to cool the products before turbine

With the change in altitude, the density and mass flow of air decrease
compared to sea level condition, but the air-fuel ratio is maintained
constant to have less variation in turbine entry temperature throughout
the flight envelope. Gas turbine engines may also be designed for dual fuel
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zone for diluting the combusted gas so that the combustion output to the
turbine has a reduced temperature ranging from 1100°C to 1200°C and also,
for cocling the combustion chamber internally to aveid thermal effects.
The combustion chamber cans are nol connected to each other internally,
as shown in Figure 3.1. The volume or space available for combustion is
comparatively less, hence, the loss due to wall friction and wall conduction
will be more. It also leads to rapid increase in combustion casing or flame
tube temperature.

Combustion ®
cans b
&
Space for
Fuel spool
infector g

I. ‘

Figure 3.1 Can type combustion chamber.
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Flame tube [
fner casing

Space for spoot

Fuel injector

Outer casing

Figore 3.2 Annolar type combustion chamber.

3.6.3 {an-Annuolar Type Combustion Chamber

The can-annular type combustion chamber is a combination of can type
and annular type of combustion chamber. The can tvpe and cannular
tvpe combustion chambers look alike. hut not same. as thers is an
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Combustion can

Space for spool

Cuter casing Fuel injector

Flame tube — Interconpector

Figure 3.3 Can-snnular type combustion chamber.

3,7 COMBUSTION (HAMBER GEOMEIRY

With reference to the structure, the leading part of the combustion chamber
is snout, which helps the flow to bifurcate or split into primary and

secondary supply in a designed ratio. The secondary air flows around the
[PUPNURIIG. USyUUSNT A UNESP O, PSSR 1 SRR ORI NGUPIU Y SO i DU i Sy Lot mmomedeea b A Li o
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Swid vane  Hlame tube Sewndar/gf air holes  1yijtion air holes
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Fuel supply

Air M ] e o
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Scout = = s & sl

Primary zone Secondary zone Dilution zone

Figure 3.4 Combustion chamber geometry.

3.8 COMBUSTION STABILITY AMD INSTABILITY

Combustion stability means smooth burning. It can also be defined as the
ability of a combustor to remain alight over a wide range of operation.
But, there are some factors which make the combustion unstable, which
are as follows:
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Flame holder

The flame holder is a component in a combustion chamber located around
the fuel injector which helps in deceleration of the high-velocity air entering
the combustion chamber so that the combustion flame is stabilised. Flame
holder is a dead body in the flow field, which matches the high-velocity
air and fuel mixture with the flame velocity. Mesh screens or perforated
plates and solid or hollow bodies are used as flame holders.

Flame tube cooling .
The flame tube receives energy by convective heat fransfer from the hot
gases and flame. A common practice is to have small annular gaps between
overlapping sections of the flame tube. A fibm of cool air insulates the
surface from hot gases.

3.9 FUEL INJECTION SYSTEM

Fuel injection systern is a very important component of a combustor, which
plays a major role in the combustion process. The fuel injector injects the
fuel at proper velocity, angle and as a fine spray.

The fuel injector exit area decides the velecity and cone angle of
injection. Surrounding the injector there is an air supplying injector, which
mixes with the fuel and also atomises. The fuel atomisation or presence of
two-phase mixture is decided by the injector design and the downstream
pressure.

L O T I o I T T T S |
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of the fuel is supplied from the periphery or from the intermediate injector.
Alr is supplied at the outermost injector casing, as shown in Figure 3.5,

Secondary

spray w\&

Primary
spray e

¥

Figure 3.5 Duplex type fuel injector

While takeoff time, both the fuel injecting elements (primary and
secondary} are used, whereas in cruise condition, the main part of the
fuel supply is switched off. The fuel injecting nozzle creates concentric jets
of conical shapes. High pressure turbulent and vertical flow zones create
droplets. The conical injection shape increases the surface area which aids
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Functions of nozzle

Nozzle performs the following functions:

1.
2.

7.
8

It accelerates the hot {low.

It matches the flow pressure to the atmosphere pressure as close
as possible, which increases the specific thrust.

It permits afterburner operation located in between turbine and
nezzie without affecting the main engine process.

It allows the inner wall cooling by using bypass air.

It mixes the bypass stream with the cor® stream of engine to
decrease the noise and flow eddies.

It allows thrust reversing by adopting the clamshell type thrust
reversal without affecting the internal flow.

It allows the noise and infrared radiation suppressing techniques.
Thrust vectoring system can also be integrated with the nozzle.

Al the above functions should be attained at a mintmuin cost, weight
factor and bow tail drag. The exhaust nozzle has mainly three parts,
namely, exhaust cone, tail pipe and exhaust nozzie. The exhaust cone
has an outer duct, inner cone and struts. Nickel alloy, titanitum alloy and
ceramics are used as material for making nozzles.

The nozzle is used to direct the turbine discharge aft gases to the
atrnosphere at maximum velocity to produce the required thrust by
expanding the gases. The gases must expand completely and discharge
vortex-free and axdal flow. Heat and pressure energy are converted into
velocitv. and hence. into thrust. i the gas reaches sonic sveed. the flow
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3.11 TYPES OF NOZZLE

There are mainly two types of nozzle, namely, convergent and convergent
divergent, which are used in almost all the types of air-breathing propulsion
systems.

3.11.1 EConvergent Nozzie

The convergent nozzle is a simple convergent duct or gradually decreasing
area duct, which accelerates the flow by expandirftg the high-pressure gas,
as shown in Figure 3.6. It is also called subsonic nozzle. When nozzle exit
pressure raiio is low {less than 1.86), the convergent type of nozzle is used.
Exit pressure ratio is the ratio of flow pressure at the exit of the nozzle to
the atmosphere pressure. The convergent shape of the nozzle increases
the velocity of the gas as the cross section of the duct or nozzile reduces
gradually. 1t is generally used for subsonic aircraft engines where the
momentum thrust is more with less or almost no pressure thrust,

Turbine Exhaust duct
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used, but the weight and length of the engine increases which is like dead

weight of no use.
Convergent-divergent nozzle and convergent nozzle incorporate

variable geomeiry system, thrust vectoring, as shown in Figure 3.8, and
other aerodynamics features.

Divergent
section

l

Convergent
section

Turbine

Exhaust jet

\%\

Throat

Spike

Flgure 3.7 Convergent-divergent nozzie.
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subcritical condition. If the shock is exactly in the throat section, then it
is called critical comdition, and i the shock is at divergent section, then i
is called supercriticnl condition. The main drive to adopt the convergent-
divergent nozzle is to match the exii pressure with the ambient so that the
pressure thrust term can be eliminated and thrust value with its efficiency
can be increased.

3.12 THROAY CONDITIONS FOR SUPERSORIC NOZZLE

1. The nozzle should choke at the throat (the mass flow at a given

temperature through the nozzie is sufficient to reach sonic speeds

at the smaller cross-sectional area).

By the time the flow come to the exit area of the convergent

section, the flow should be transformed from subsonic speed to

sonic speed.

3. The entry pressure to the nozzle has to be significantly much
above the ambient condition at all times.

4. The pressure at the exit of the nozzle should be equal to or more
than an ambient condition to avoid reverse flow.

2

As the gas enters the nozzle from the turbine at high pressure and
ternperature, which is at subsonic velocity it Is forced {0 aceelerate in the
convergent section. The flow reaches a sonic velocity at the throat. This
leads to shock at the throat which separates the flow into the subsonic
region and supersonic region. From the throat section, the nozzle diverges

T - kS 1 1 . I 1.t *
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where v, is velocity coefficient, it is enthalpy, I is peripheral velocity, /i,
is the stagnation enthalpy, h.,; is the actual enthalpy at the exit of nozzle,
Hern 15 the ideal enthalpy at the exit of nozzle.

To calculate the exit jet velocity using the pressure ratio and
temperature, Eq. (3.9} can be used.

A
Tet velocity v T gt (1 L \1 ! 3.9)
Ly I ¥ [ . — .
S PR 7y
-
where, ¥ is specific heat ratio, R is gas constant, T, is nozzle exit temperature,

P, is nozzle exit pressure, and P, is atmosphere pressure.

3.14 UNDEREXPANDING ARD OVEREXPANDIRG NOZZLES

These are the nozzles which are classified based on the flow expansion
process or based on the exit pressure of the nozzle. The underexpansion type
of nozzle has high pressure at the exit section of the nozzle as compared to
the ambient pressure, as shown in Figure 3.9. The underexpansion nozzle
means the flow inside the nozzle does not expand completely to match
with the ambient condition. This type of nozzle leads to expansion fan at
the nozzle exit surface with high-temperature shock at the boundary laver.

y Y
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separation before the flow exits from the nozzle, which in turn lead
side force on inside wall of the nozzle. This produces oblique shock »
reflections at the exit, which reduces the efficiency with its high-pres
region.

Interaction of nozzle flow with adiocent surfoce

1. If the exit pressure is same as the ambient pressure, then the .
coming out will be laminar with less load on the nozzle wa

2. If the exit pressure is greatgr than the ambient pressure, the
will produce expansion fan and affect the nozzle exit tip.

3. If the exit pressure is smaller than the ambient pressure, the
will lead to oblique shock wave and flow separation near the
of the nozzle.

4. The flow separation and shock wave lead to high pressur
upstream, and hence, side force on the nozzle.

3.15 VARIABLE AREA NOZIZLE

A complete expansion of gas or almost no pressure thrust and impr¢
fuel consumption can be achieved by varying the exit area of the nozzl
change in nozzle exit area at takeoff and approach can increase or rec
the jet velocity followed by some amount of noise variation.

In variable area nozzle, the nozzle petals have got some degre
freedom, whereas in normal nozzle, it looks like a duct with no petal

atriirture and mavement Thess naz7ie natals are hronoht into mofion 1
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In variable area nozzle, there must be precise synchronisation betwe
the reheat actuation switch and variable area nozzle deploying system
there is a significant delay in the process, then it leads to surging in a
set of the compressor, normally in high-pressure compressor set.

3.16 THRUST REVERSAL

Thrust reversal is a mechanism to reverse the direction of thrust fo
generated by the engine. By changigg the thrust force direction, i
momenturn of an aircraft can be demolished or drag can be increased
in simple words, we can apply brakes. This mechanism is actuated mai
after aircraft touchdown.

The major classifications of thrust reversal mechanism are casca
type and clamshell type. The cascade type thrust reversal is one whe
the compressed air from the compressor is blocked by getting inside ¢
combustion chamber using internal block door and pushed out from §
passage provided in between the compressor and the combustion chamt
stage externally. While deing this process the cowling near that secti
opens by sliding pneumatically. This is also called cold flow thrust revers

The clamshell is another type of thrust reversal, where the two buck
like structures are provided in the aft portion of the nozzle. These structu
are attached to the nozzle externally in the initial condition and deploy
on the requirement. Clamshell thrust reversal is pneumatically operat
using the engine bleed air after the compressor, which is discussed in t

nreviniis rhantera It i alen eallod hurkel fime fhruct vonsvenl o hat otes



92  Aircroft Propulsion

10

11.

12,

13.

i4.

15

i6.

List the factors which affect the following: (8) Combustion
chamber design, (b} Combustion chamber performance.

Explain the combustion process in detail.

Write the differences between can type, armular type and can-
annular type combustion chambers.

Explain the two different types of fuel injectors.
Define nozzle. Write functions of nozzle.

Define convergent nozzle. Explain its wditking. What will be the
nozzie exit condifion when it is operating at design condition?
Discuss.

Can convergent nozzle be used in supersonic aircraft? fustify
VOUr answer.

Write the difference between convergent nozzle and convergent-
divergent nozzle.

Explain the three different working conditions of convergent-
divergent nozzle.

What do you understand by underexpanding nozzle and over-
expanding noezzle?

Bxplain variable area nozzle and thrust reversal. Which type of
thrust reversal has better performance? Discuss.



 CHAPTERS

TURBINES

OVERVIEW RPN

In this chapter, we will study about the turbine, its classification, working
principle, efficiency, and so on. We will alse look inte some concepis like
velocity triangle, blade shape and some performance parameters. By the end
of this chapter, we will find answers to same questions related to the working
of turbines, selection of g turbine for a particulur engine and the working of
multi-stage turbines.

L P NP AP

o

Turbine is the main rotating part of a gas tuxrbine engine, which converts
the pressure and heat energy into kinetic and mechanical energy. Turbines
transform heat energy into mechanical energy, ie., high-temperature high-
pressure flow into high-velocity turbine rotation bv making the fluid to
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Counter-rotating turbine is ome where the turbulence created by the
stream turbine is eliminated by a downsiream turbine which rotates
opposite direction to the upsiream turbine and also leads o maximum
lisation of energy.

The two primary parts of furbine are:

1. Stator nozzie
7. Rotor blade

As discussed in the compressor component section 2.5, the turbine has
0 major components, as mentioned above. One is stationary%omponent
rich guides and accelerates the flow whereas another is rotary component
uch extracts the energy from the gas flow. The rotating disk with blades
racts the energy when the flow impinges on the blades and gives a
ymentumm effect. The stator vanes on the casing disk are in a convergent
ipe which increases the flow velocity and directs the flow so that it
pinges the rotor blades at right angle and velocity.

The turbines are classified as:

1. Impulse type turbine
2. Reaction type turbine

An impulse type turbine stage is characterised by the expansion of
5, which takes place only in the stator nozzles. It means the energy
nsformation is in the stator, which is usually convergent in shape. The
rrease in pressure energy can be seen only in stator part. The rotor blades
- just energy absorber where ne energy transformation takes place, as
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A reaction type turbine is one in which expansion of the high-pressuze
into high velocity takes place both in the stator and the rotor stages,
ich is nothing but the energy transformation in both rotor and stator
res. The main functions of the rotor are same as that in the impulse
e turbine, which are described as follows:

1. The rotor converts the kinetic energy of the gas into mechanical

work.
2. Energy transforms from pressure energy to kinetic energy of the gas.
3. Contributes a reaction force on the rotor blade. s

The reaction force generated is due to the increase in the velocity of
gas relatively to the blade velocity. This resulis from the expansion of
gas during its flow through the rotor, as shown in Figure 4.2.
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Moving
baides

(a) (b)

Figure 4.3 Pressure and velocity distribution for (a) impulse and (b} Reaction
type turbine.
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velocity triangle. The velocity triangle gives the magnitude and direction of
each flow component and the angle between them. This helps in studying
and improving the performance parameters like work done, efficiency
and many other parameters of the flow. The vector describes the velocity
of the flow which is used to find the remaining parameters of each flow
component.

The components of velocity Iiangle are:

1. Peripheral velocity denoted by w or U
2. Relative velecity denoted by w or V, w
3. Absolute velocity denoted by c or v

Peripheral velocity is the velocity of the turbomachine measured at the
tangential section or peripheral section. The reference point for the velocity
component is the initial velocity of the turbomachine or 18 rest position.
Mathematically, the peripheral velocity is the product of the angular
momentum of the turbomachine and the radius of the turbomachine.
Relative velocity is the velocity that relates the fluid velocity with the
turbomaching rotor velocity. The relative velocity is the velocity where
within the frame, the blade appears to be stationary. The absolute velocity
is the velocity of the fluid which is flowing across the ivrbomachine as
shown in Figure 4.4. The reference point for this velocity component is
the stator part of the turbomachine or the velocity of the fluid when it
is at rest, which is nothing but zero. The peripheral velocity and relative
velocity components are derived from the absolute velocity component. In
designing the turbomachines, these velocity components and triangle are
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Stator

v {axial) 4
w

o {tangential}

H

v (tangential}

o {axial)
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The relation between loading coefficient and flow coefficient is given
3 4.

@ = P(tan &, + tan o) = ¢ltan f, + tan By) (4.1;
» efficiency or utilisation factor is given by Eq (4.2).

_ Rotorblade work =~ W @

Ty = =
I Energy supplied  E,

e the work done [Eq. (4.3)] and the energy [Eq. (4.4}] suppligd to the
ne are written in terms of flow velocity components

(e, o2 L2 L2 2 2
w = ?é‘l ! (v} ’02} " (”} ?42) n (sz L{)l } (4‘3)
L2 2 2
) 7z 2
£, =1 @ + G —up) . (wj - wp) (4.4)
2 2 2

@ 1 is the mass flow rate of fluid.

The isentropic efficiency of the radial turbine is less than the isentropic
ency of the axial turbine. in the calculation of rotor specification, the
ve velocity is considered and in the calculation of stator specifications,
ute velocity is considered. The polytrophic efficiency of each stage is
‘han the isentropic efficiency or complete turbine stage.

The work done and efficiency can also be expressed in Eqs. (4.5) and (4.6).

RN soa ey
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4.4 BLADES

[n order to understand the actual energy transfer process and flow through
the blades, we use velocity iriangle. Based on the relative angle, or in
general, blade angle §, the blade shapes are classified as forward curved,
backward curved and radial curved in radial or centrifugal type turbine. If
this relative angle or blade angle is acute {8 < 90°), then such blade is called
backward curved blade. If the relative velocity component is perpendicular to
the axial component of absolute velocity (8 = 90°), then it is called radial
curved blade, and if the relative angle is obtuse (8 > 50°), then it is called
forward curved blade, as shown in Figure 4.5. The radial curved blade gives
a good performance, backward curved blade gives maximum efficiency
and stability and the forward curved blade gives maximum pressure ratio
for a given tip speed.

Turbine blades are exposed to very high temperature and pressure,
which leads to thermal expansion and thermal wear. To overcome this
problem, the turbine blades are cooled continucusly using relative cooler
air. The cooling air is taken from the last stage of compressor which is
at comparatively lower temperature. If the air is taken from the first few
stages to cool the turbine blades, then the reduction in mass flow will affect
the compressor stage.

Kadial

{\ Backward Nm’d
| /\
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single stage only, then this will lead to either a large diameter turbine or
a very high rotating speed turbine.

A single stage turbine will transform a large amount of pressure
energy into kinetic energy, which leads to high {(supersonic) peripheral
velocity of rotor. This is not acceptable as the efficiency will be very
less. In a multi-stage expansion of impulse, turbine has to generate high
velocity of the fluid or utilise the pressure energy to the maximwn. This
can be accomplished by expanding the large-pressure gas in a nozzle row.
The expansion leads to rise in flow velocity after stator nozzle. The high-
velocity flow is made to flow across the stator and impinge on the rotor
blades. This decreases the absolute velocity due to energy transfer to the
moving blades. Since the turbines are of impulse type, the pressure of fluid
remains almost constant after expansion in rotor blade row. This cycle is
repeated to utilise the high velocity for driving the rotor. Such stage is
called velocity stage.

4.6 PRESSURE COMPOUNDING IN MULTISTAGE IMPULSE TURBIRE

Consider the upstream pressure to the turbine is large and to use the
pressure energy, the turbine nozzle should be of convergent-divergent type
for high velocity, assuming the maximum expansion of gas. This leads to
more expensive and complicated design. At the stator nozzle exit, there
can be losses and shocks also. For avoiding all these problems, the total
pressure at upstream of the turbine is expanded in multiple stages. This
is called pressure compounding of impulse turbine, This method is generally
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4.8 DEGREE OF REACTION

The degree of reaction can be defined as the ratio of isentropic chan
enthalpy in the rotor to the isentropic change of enthalpy in the sta
can also be expressed in terms of pressure or velocity or enthalpy or
geometry of a stage,

Zers degree of reaction

In a single stage impulse hurbine, expansion of the gas occurs i
nozzle blade rows and its thermodyn#mic state remains unchanged bet
the stations. Therefore, the How angles, static pressure and enthal
the entry and exit of the rotor in the stage are the same. Performar
represented in terms of loading coefficients and flow coefficients, i.e., ¢

50% reaction turbine

The flow and cascade geometries in the fixed and moving blade row
such that they provide equal enthalpy drops. This does not imply the
pressure drops in the two rows are also same. Performance is represe
in terms of loading coefficient and flow coefficient, i.e., ¢ = 2(1 — R).

1. How does twrbine transform the energy from its one for
another form? Explain the process,
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FUNDAMENTALS OF ROCKET PROPULSIDI
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This chapter starts with the meaning of rocket followed by rockel engine workiz
principle, thrust and efficiency of a rocket engine, classification of recket engin
with their applications, types of fuel used in the rocket engine, rocket nozzle ar
types, rocket staging, and so on. By the end of this chapter, we will be able

answer a few questions like how rocket engine is different from other type of engir
when and which type of rocket engine has to be used, efc.

B

Rocket is a space vehicle, which is used to travel or convey cbjects beyor
the atmosphere region. In simple words, rocket is a vehicle to travel in spac
The word ‘rocket” sounds like vehicle used to travel in space, but it is n
only meant for space. Rockets can be used within the atmosphere and &
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2. Nuclear rocket engine
{a) Fusion reacton
{b} Fission reaction
3. Electrodynamic rocket engine
{a) Iont and plasma rocket
(b) Non-ion or Photonic rocket

Chemical rocket engine is one where the fuel (propellant) and oxidiser
undergo thermochemical process and produce heat energy, which is used
to generate thrust by transforming it into kinetic energy. Based on the
physical state of the propellant, it is sub-classified into three types—solid
fuel motor, liquid fuel motor and hybrid motor. Fuel cell rocket engine
is also another type of chemical rocket engine, which converts chemical
energy into eleckric energy, and hence, produces thrust.

in nuclear vocket engine, the fission and fusion process of nuclei
generates energy, which is used as thrust. The nuclear rocket engine is
a very complex system, which will have many challenges like having a
control over the chemical reaction and the heat produced. This type of
engine is still conceptual and it is expected in the near future.

In clectrodynamic rocket engine, electric power is used to excite the
ions from the plasma source and those ions are directed using magnetic
nozzle to generate thrust. Thrust can also be generated using stimulated
laser, which generates photons at very high momentum, which is called
photonic rocket. The complexity of this system is more and the thrust
value is comparatively less. The pollution level can be controlled using

- S L - . - -
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5.3 PRINCIPLE OF ROCKET PRUPULSION

The basic principle of rocket propulsion includes Newton's laws of motion.
Newton’s third law explains very well about rocket propulsion, which is
“every action has equal and opposite reaction”. In rocket, high-velocity
jet comes out from the engine, which is the action, and forward (opposite
io jet) force is produced, which is the reaction. The magnitude of thrust
can be determined using the equation of Newton’s second law of motion,
which is the law of momentum.

Rocket engine in its simplest form consists of & combustion chamber
and an expanding nozzle with some accessory sections. The oxidiser and
fuel (propellant) are stored separately in the tanks. Pumps are used to
convey the fuel and oxidiser from the tank to the combustion chamber
at the required rate through the non-return shutoff valves. The fuel and
oxidants are combusted in the combustion chamber, and exhaust gases are
expelled out from the nozzle to produce the required pr.opulsive force or
thrust. The thrust force is given by Eq. (5.1).

F=mC, 5.1

where F is the thrust force, C; is the exhaust jet velocity and # is the mass
flow rate of oxidizer and propellant mixiure.

The amount of thrust generated is directly proportional to the charge
available {or the oxidiser and propellant mixture available) and the exhaust
jet velocity. In Eq. (5.1), if is assumed that the combusted gas is expanded
in the nozzle completely. The duration of this thrust force is directly
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Negiecting gravity, F = AP, - Pyl

du, dm
Bt LS U S
PRI
m 4% =7, dm + AP - By
dt dt
F=mmuv, + AP ~F,) (5.3)

=3
where F is thrust force, P, is exit pressure, Py is ambient pressure, #1 is mass
of charge, v, is velocity, 7, is the vehicle velocify and A, is exit cross-sectional
area. Equation (5.3) gives the thrust force generated by the rocket engine.

Specific impulse

Specific impulse, Iy, can be defined as the ratio of thrust force generated by
the engine to the unit amount of fuel consumed by the engine. It is used
to find the impuisive power of a rocket based on the fuel energy intensity.
As discussed in Chapter 1, the specific impulse of a rocket is very less as
compared to all other types of propulsion systems. The specific impulse of
a rocket is constant for varying or increasing Mach number and compared
to other propulsion systems, the specific impulse of a rocket engine is very
small. Specific impulse is given by Eq. (5.4).

c 5.4

mg ur

I, =
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where 7, i3 the exhaust velocity, v, is the vehicle velocity, « is the velocity
ratio. Using Eq. (5.5) and (5.6), the efficiency of the rocket engine can be
calculated.

5.5 B50LID PROPELLANT ROCKET ENGINE

As the name indicates, solid propellant rocket engine or motor uses
propellant which is in the solid state. The solid rocket motor consists of a
combustion chamber and an expansion nozzle. The combustion chamber
consists of only propellant and an ignition source, as shown in Figure 5.1.
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combustion intensity and higher combustion rate. In this type of rocket
engine, the propellant shape is called grain.

The igniter is triggered electrically and the propellant burns in steady
state; thus, the name ‘cigarette burning’ is given to this combustion process.
The combustion produces gases at very high temperature and pressure.
The burning heat is conducted back to the propellant; thus, it is self-
sustaining. This process is also called deflagration. The combustion products
are expanded through the nozzle and the exhaust jet velocity is increased.

The characteristics of solid propellant are asJfollows:

1.

4.

The area of propellant grain determines the magnitude of exhaust
gas generation.

Thickness or diameter of grain determines the burning rate or
tme. _

Propellant grain also acts as insulation for the rocket structure
or frame.

This cannot be shut down or throttied once combustion starts.

The solid propellant can be aligned inside the combustor in different
shape or grain. The grain shape or solid propeliant shape inside the
combustor depends on the combustion rate and the combustion intensity
required. The grain shapes are classified as tubular type, rod and tube type,
double anchor type, star type, multi-fin type and double composition type,
and so on.
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In all types of grains, as shown in Figure 5.2, the combustion begins
from the core hollow area {except rod and tube type) and the combustion
area increases gradually, maintaining the pressure constant. Only in the
initial condition of the combustion process, the combustion pressure is less,
with less combustion rate in the star, double anchor and mulii-fin types of
grain. The combustion rate and combustion pressure keep on increasing
until there is no change in shape (constant combustion area).

Solid propellant and oxidants

1. WNitrocellulose and nitroglycerine M

2. Asphalt and perchlorate

3. Charcoal, sulphur and potassium nitrate

4. Zinc and sulphur

5. Potasstum nitrate and sorbitol or sucrose

6. Ammonium nitrate composite (magnesium and aluminum) or
ammonium perchlorate

7. CL-20 nitroamine

§. Plastisol

5.6 LIOQUID PROPELLANT ROCKET ENGINE

In liguid propellant rocket engine, the propellant is in liquid state. This
engine consists of an oxidiser tank, fuel tank, combustion chamber, nozzle,
various control vaives and motors, as shown in Figure 5.3. The rocket
motor or combustion chamber consists of an injection system, wiich directs
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The propellant used must be dense, less corrosive, toxic-fres,
chemically stable and must have high calorific value and smooth ignition.
The liquid propellants are classified as monopropellant and bipropellant.
Monopropellants are those which do not require an oxidiser separately for
combustion, for example, hydrazine, nitromethane, and hydrogen peroxide.
Bipropellants are the Hquid fuels which require oxidiser separately for
combustion, for example, hydrogen and liquid hydrocarbons.

5.7 HYBRID ROCKET ENGINE

k-4

A hybrid rocket engine is a combination of both solid propellant and liquid
propellant engine to overcome the drawback of each individual engine. In
this system, the propeflant is in solid state and oxidiser is in liquid state;
hence, it is called liybrid engine or hybrid rocket engine. The solid propellant
which is used in this engine has no oxidiser with it like a solid oropellant
engine. The hybrid engine can be operated intermittently and throttled to
a degree of varying the oxidiser flow, as shown in Figure 5.4,

N

Solid fuel

Onidiser
fank
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Functions of rockef nozzle

1. To expand the product gases with less total pressure loss
2. To guide the flow with fewer eddies
3. To preheat the fuel before combustion

Nozzle losses

1. Frictional loss: It is due to the viscous force by the hot gases, which
is less than 1% of the total loss.

2. Heat transfer loss: Nozzle cools down the hot gases while cooling the
walls of nozzle using liquid propellant.

3. Aerodynamic loss: Nozzle exit area is maintained as equal as body
area to avoid base drag.

4. Divergence loss: If exhaust gas flow direction is not parallel to the
nozzle direction, then such type of loss occurs.

Based on the grain shape or fuel oxidant configuration, different types of
convergent divergent nozzles are used in solid and liquid propeliant rockets.

An easy-to-manufacture conical nozzie having a simple design
(Figure 5.5), is used in most of the small capacity engines. The nozzle has
a divergence angle of 10°-20° after throat section. This divergence angle
helps in producing a higher amount of thrust with high specific impulse.
This leads to the lengthier nozzle to expand the gases, which leads to an
increase in weight.
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Figure 5.6 Contoured type nozzle.

Figure 5.7 Aero-spike type nozzle.

casing of the nozrie. Assiiming feentranic svmanginm e ran a1 na armonro
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can be detached from rocket and the subsequent next stage will be used to
generate thrust. It is also called series stage rockef, as shown in Figure 5.8.

Before staging After staging

Upper stage
continues

Lower stage is
digcarded

U

Figure 5.8 Tandem rocket stage.

Parallel rocket stnge means the main rocket engine has multiple sub-
engines called slages or boosters around the main engine, as shown in
Figure 5.9. The sub-engines {secondary engines) or booster are the solid
propellant rocket engines. The sub-engines and main engine together start
to generate a huge amount of thrust. Once the rocket booster or sub-engine

T + - 1 K
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Piggyback rocket stage is another and more interesting type where the
space shuttle is mounted on the main rocket like a piggyback, as shown
in Figure 5.10. The main rocket engine is used to carry the space shuttle
fo a certain altitude, and then, the space shuttle detaches from the rocket
and proceeds further using its own engine or thrust generator.

/ Rocket engine

B

Space shuttle

\ i
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H
11

Explain the different grain structures used in solid rocket engine.

With a neat diagram, explain the solid rocket booster. Give two
examples of solid propellants.

With a neat sketch, explain liquid rocket engine. Write the
advantages of liquid rocket engine over solid rocket booster.

Explain the types of rocket nozzles.
Write the functions of rocket nozzle. Explain the nozzle losses.

Explain the major types of rocket staging used.
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JET AND SCRAMJET ENGINE
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The chapter throws light upon the meaning of ramjet and scramjet engines and
how the compression s done without anv rotating component in these engines.
It explains about the working principles and operating conditions of ramjet and
scramjet engines. The chapter also discusses integral ram-rocket engine,

o T T e W
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Thrust force can be produced without having any rotational component in
the engine, utilising the atmospheric air at higher Mach values. Combustion
process can be carried out when the oxidiser flow velocity is supersonic
which does not happen in gas turbine engines. All these statements describe
the characters of ramjet and scramjet engine, which is discussed in detail here.

Ramjet engine is an air-breathing engine with no rotating components
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pressure. In Ramjet engine, the shape of combustion chamber is convergent
and sometimes it is just a paralle] duct where the combustion takes place
at constant pressure. As the flow comes continuously from the inlet section
to the combustion chamber, there should be some obstacle in iis path to
hold the combustion flame from extinguishing. Such an obstacie is called
flame holder or flame stabilizer, as shown in Figure 6.1. The nozzle used in
this type of propulsion system is convergent-divergent type nozzle as the
nozzle pressure ratio is more than 5. A ramjet can be integrated with rocket
engine as solid fuel ramjet engine or liquid fuel ramjet engine.

6.1 RAMIET ENGINE

Ramjet propulsion system (Figure 6.1) can be used efficiently at supersonic
speed. The engine uses external thrust force {another propulsion system) {o
gain the initial momentum (supersonic speed} so that the atmospheric air
can enter the intake section at supersonic velocity. The air is compressed
at the intake section or at the inlet as internal compression and external
compression because of inlet shape. Internal compression is nothing, but
the air compression inside the engine or intake, and external compression
means compression of air outside the intake section.

Inlet air {M>1) Flame holder Nazzle
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The high-pressure air is supplied to the combustion chamber where
the velocity is comparatively greater than the required, which leads to
incomplete combustion with less combustor cooling and also friction because
of the flow inside the combustion chamber. All these lead to pressure loss
inside the combustion chamber. Compression is initially achieved by shock
wave followed by subsonic diffusion. The uninstalled thrust equation for a
ramjet engine is same as that for a gas turbine engine, ie., Eq. (6.1).

F=ma = (i, ) + A,F, ~ B) 6.1
k-4
where, F is the thrust, m is the mass of fuel, 1 is the acceleration, #z, is the
exit mass flow rate, v is the exit jet velocity, th is the inlet mass flow rate,
u is the vehicle velocity, A, is the exit area of nozzle, P, is exit pressure of
jet and Py is the ambient pressure.

For these conditions, the convergent-divergent nozzles are designed so
that it will be choked at the throat which is a critical condition of the nozzle.
For optimal case and fully expanded nozzle, we have thrust [Eq. (6.2)] as follows:

FN = met}e w mnv = (mair + m:‘uei) U, = My
Ey =g o [(AFR + v, — (AFR) vy} (6.2)
where Fy is the net thrusi, 715, is the mass flow rate of fuel, AFR is the

air-fuel ratic, v, is the exit velocity and vg is the vehicle velocity.
Specific impulse is given by Eq. {6.3).

I = ..FN - [(AFR + Do, -~ (AFR)u,] (6.3)

ap
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slowing down the air as in ramjet engine. In scramjet engine (Figure 6.2),
the requirement of the combustion process is comparatively lower because
of the type of fuel used (hydrogen).

The initial momentum of the engine is provided by some exiernal
propulsion source to reach the required velocity. The atmospheric air enters
the intake section and gets compressed by the internal compression and
the external compression. This compression can alse be called ramiming.
The flow after intake sechion remains supersonic, with more pressure and
temperature values compared to the intake entry cgndition.

The initial flow conditions from the intake section to the combustor are
sufficient to have complete combustion of hydrogen-air mixiure efficiently
without slowing the air speed to subsonic. The combustion chamber is
divergent in shape, which prevents the excessive pressure increase and
accelerates the combusted gas, as shown in Figure 6.2, The combustion can
be made more effective by adding oxygen as the oxidiser, The addition of
oxygen is 1.5 times more effective than adding hydrogen in this engine. The
performance of a combustor can be improved by either a hot combuster
inlet temperature or by incorporating an advanced ignition system into the
scramjet that effectively eliminates the ignition delay. The combusted high-
velocity gases are expelled out from the nozzle at much higher velocity.
Because of all these individual processes, the scramjet engine can travel at
a higher value of supersonic speed and beyond it as weil.

Inlet body Fuel injection Nozzie

2\ / e
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in scramjets. An increase in entropy occurs at intake due to total pressure
losses associated with this diffuser,

6.3 INTEGRAL BAM-ROCKET ENGINE

The rocket which is designed to use atmospheric air as oxidant and
compressed by internal and external ramming is called integral ram-
rocket engine. This can be solid fuel or liquid fuel ram-rocket engine. This
system can be used when the rocket is within the, atmosphere with initial
propulsion by some propulsion systems.

In solid fuel ramr-rocket engine, the air is sucked from the atmosphere
and it is rammed to a certain pressure and directed to the combustion
chamber where it comes in contact with the solid fuel and ignition energy.
A continuous supply of air helps in maintaining continuous combustion
inside the chamber. This avoids the usage of bipropellant. The free air helps
in achieving complete combustion of the fuel.

In liguid ram-rocket engine, the liquid fuel is stored in a separate
tank and the oxidiser required for combustion process is taken from
the atmosphere. The atmosphere pressure is not enough to carry the
combustion; hence, it is rammed before taking it inside the combustion
chamber. The liquid fuel is sprayed using fuel injector. The air is directed
in such a way that it mixes with fuel and further helps in maintaining the
combustion by creating the turbulent effect.

The ramjet engine integrated with the gas turbine engine also exists

and is called turhn ramiet pnoine In thic tune of enoine the inlet nart te like



CHAPTER ?
PULSE DETONATION ENGINE

_OVERVIEW

The chapter begins with the meaning of puise detonation engine and its
thermodynamic cycle. It explains about the major components of pulse detonation
engine, working principle of the engine, classification and some engine aspects
like detonation, deflagration, ceil size, shock, flame interaction, and so on. This
chapter is useful for understanding the combustion in constant volume heat
addition process with a shock wave.

N

Pulse detonation engine is an unsteady propulsive device with highest specific
impulse and specific thrust among all other steady and unsteady chemical
propulsion systems. It works on Humphrey cycle (constant volume heat
addition process). This propulsion technology involves detonation after
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at the closed end. Shehelkin spiral is a dead component inside the detonation
tube, which aids in deflagration to detonation transition. Ignition source
provides an electric spark of a certain length for combustion. In a few pulse
detonation engines, Pre-heaters are also used, which preheat the oxidiser
or propellant or both based on the requirement and design conditions, as
shown in Figure 7.1.

Fuei Spiral

1 -

i ] L
S IENAVAVAVAYA =

T . fgnition Detonation tube
Oixidiser 8

Figure 7.1 Pulse detonation engine.

7.1 CLASSIFICATION OF PULSE DETONATION ENGINE

1. Based on the type of fuel used
(a} Gaseous fuel pulse detonation engine
(b} Liquid fuel pulse detonation engine

kS w o
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scramijet. Fybrid pulse detonation engine is a combination of pulse detonation
engine with furbofan or turbojet engine.

In pulse detonation engine, the oxidiser and propellant both can be
gaseous, for example, H; and O,. For such a combination, the deflagration
to detonation transition length is very small; hence, the efficiency is more.
if liquid oxidiser and propellant are used in pulse detonation engine, then
the storage, throttling and frequency matching with the detonation and
ignition system will be difficult. To overcome these drawbacks, hybrid
fuel pulse detonation can be used where the propellant can be liquid, ie,
hydrocarbon and oxidiser can be gaseous, i.e., pressurised air or oxygen.

In the hybrid fuel pulse detonation engine, the storage, throttling and
achieving detonation in small length is adaptable. In liquid and hybrid fuel
pulse detonation engine, there is one mote problem in combustion, Le., two-
phase problem. The two-phase problem affects detonation performance,
ignition performance, delay and rapid variation in combustion temperature.

As mentioned in the definition, pulse detonation engine is an unsteady
detonation engine. This detonation can be achieved by varying the inside
cross section of the combustion section. To vary the cross-sectional area,
Shchelkin spiral or orifice plate or perforated plate (mesh plate) is used.
For gaseous fuel pulse detonation engine, perforated or orifice plate is
enough to achieve the detonation, whereas in liquid and hybrid type,
combination of Shchelkin spiral and an orifice or perforated plate is used.
The Shchelkin spiral or orifice or perforated plate creates blockage inside
the detonating tube, thus increasing the flow velocity by making it flow
throtieh the convereent duct. This enhances the efficiency and outout.
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Some of the commonly used fuels to study the pulse detonation
engine are LPG, hvdrogen, propane, gasoline, aviation kerosene, etc. The
performance level of pulse detonation engine is high when oxidiser is
oxyger as compared to air. For oxygen, the transition from deflagration
to detonation can be with or without blocking object with less transition
distance. The current combustion and system models predict very high
propulsion efficiencies for pulse detonation engine and good thrust
characteristics from low subsonic to high supersonic flight regimes.

7.2 CHAPMAN-JOUGUET {{-1) CONDITION

The C-] condition states that the detonation propagates at a velocity at
which the reacting gases just reach sonic velocity. Chapman stated that
there exists a minimum velocity at which detonation can occur and it
is thermodynamically tied to the properties of the burning gas. Jouguet
established the relation that the detonation wave velocity is equal to
sound velocity or the combusted gas in which it propagates. It holds
approximately in detonation wave of high explosives.

In Figure 7.2, the deflagrations to detonation transition poinis are
shown in two different locations. When oxygen is used as oxidant, then
strong detonation region is achieved. The strong detonation point, which
has got a high amount of pressure, is converted into velocity shown in
strong deflagration region, and weak detonation point, which has got less
pressure, 1s converted into low-velocity shown in weak deflagration region.
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The shock in the pulse detonation engine rises the pressure to ZND
points, commeonly called won Neumann spike. In the C-J model, the detonation
wave or shock wave is closely coupled to a thin flame or combustion wave,
front or combustion region. If the shock wave is followed by a combustion
wave, then it is known as stable detonation, and if the shock wave follows
the combuston wave, then it is called unstable detonation. The conservation
condition requires that the final state Hes on both the reactive Hugoniot
curve. The tangent points are called the upper and lower C- points.

B

7.3 COMBUSTION WAVE THEORY

For a liquid fuel pulse detonation engine, stable detonation occurs only
at the upper C-] point. The gaseous wave speed of the upper (-] point
is the primary metric used in pulse detonation engine research to confirm
the existence of detonation wave. The upper C-] wave speed is used to
determine deflagration to detonation transition time, detonation distance
and the percentage of ignition resulting in detonations duzing this effort.

7.4 DEFLAGRATION TO DETONATION TRANSITION

When the air-fuel mixture is ignited, the deflagration or subsonic
combustion of the mixture takes place. When these combusted gases are
blocked partially using Shchelkin spiral and osifice plate or perforated
plate, the deflagration to detonation transition takes place, which is at
sumersonic speed. The detonation energyv release rate is much higher than
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2. Constant volume heat addifion: In this process, heat is added while
the gas is at constant volume. In most cases, Humphrey cycle engines
consider open cycle, which means the specific volume remains constant
throughout the heat addition process. In pulse detonation engine, froim
the ignition time to detonation, the transition time is referred to as heat
addition process.

Figure 7.3 Brayton and Humphrey cycle.

3. isentropic expansion of the gas: In this process, the stagnation
temperature and pressure decrease because of the work extracted from
the gas by the flow expanding the device. In this process, the pressure
decreases maintaining constant entropy. In pulse detonation engine, the
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energy, as shown in Figure 7.4, The divect defonation initiation energy is the
experimentally determined energy required by a combustion system to
initiate the detonation directly.

Mach stem Triple point

trajectory

Transverse wave

Figure 7.4 Cell size of the propellant.

In pulse detonation engine, the overall weight of the engine is less,
fuel consumption is less and the detonation shock is used to generate thrust.
All these together make this engine more efficient. The major disadvantages
of pulse detonation engine are vibration and noise.
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