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Axial and radial flow turbines
As  with  the  compressor,  there  are  two  basic  types  of  turbine—radial  flow  and  axial  flow.  The vast majority of gas
turbines employ the axial flow turbine.The radial turbine  can handle low mass flows more efficiently than the  axial flow
machine and has  been  widely  used  in  the  cryogenic  industry  as  a  turbo-expander,  and  in  turbochargers  for
reciprocating engines. Although for all but the lowest powers the axial flow turbine is normally the more efficient, when
mounted back-to-back with a centrifugal compressor the radial turbine offers the benefit of a very short and rigid rotor. This
configuration is eminently suitable for gas turbines where compactness is more important than low fuel consumption.
Auxiliary power units for  aircraft  (APUs),  generating  sets  of  up  to  3  MW,  and  mobile  power  plants  are  typical
applications.



Impulse and Reaction Turbine

Work can be extracted from a gas at a higher inlet pressure to the lower back pressure by allowing it to flow through a
turbine. In a turbine as the gas passes through, it expands. The work done by the gas is equivalent to the change of its
enthalpy.  It is a well known fact that the turbines operate on the momentum principle. Part of the energy of the  gas  during
expansion  is  converted  into  kinetic  energy  in  the  flow  nozzles.  The gas  leaves these stationary nozzles at a relatively
higher velocity. Then  it is made to impinge on the blades over the turbine rotor or wheel. Momentum imparted to the blades
turns the wheel. Thus, the two primary parts of the turbine are,
(i) The stator nozzles, and
(ii) the turbine rotor blades.
Normally a turbine stage is classified as
(i) an impulsion stage, and
(ii) a reaction stage

An impulse stage is characterized by the expansion of the gas which occurs only in the stator nozzles.    The  rotor
blades  act  as  directional  vanes  to  deflect  the  direction  of  the  flow.  Further, they convert the kinetic energy of the gas
into work by changing the momentum of the gas more or less at constant pressure. A reaction stage is one in which
expansion of the gas takes place both in the stator and in the
rotor.
The function of the stator is the same as that in the impulse stage, but the function in the rotor is two fold. (i) the rotor
converts the kinetic energy of the gas into work, and
(ii) contributes a reaction force on the rotor blades.
The  reaction  force  is  due  to  the  increase  in  the  velocity  of  the  gas  relative  to  the  blades.  This
results from the expansion of the gas during its passage through the rotor.
A Single Impulse Stage
Impulse machines are those in which there is no change of static or pressure head of the fluid in the rotor. The rotor blades
cause only energy transfer and there is no energy transformation. The energy transformation from pressure or static head to
kinetic energy or vice versa takes place in fixed blades  only.  As  can  be  seen  from  the  below  figure  that  in  the  rotor
blade  passage  of  an impulse  turbine  there  is  no  acceleration  of  the  fluid,  i.e.,  there  is  no  energy  transformation.
Hence, the chances are greater for separation due to boundary layer growth on the blade surface.
Due  to  this,  the  rotor  blade  passages  of  the  impulse  machine  suffer  greater  losses  giving  lower
stage efficiencies.
The  paddle  wheel,  Pelton  wheel  and  Curtis  stem  turbine  are  some  examples  of  impulse
machines.



A Single Reaction Stage
The reaction stages are those, in which, changes in static or pressure head occur both in the rotor and stator  blade
passages.  Here,  the  energy  transformation  occurs  both  in  fixed  as  well  as moving  blades.  The  rotor  experiences
both  energy  transfer  as  well  as  energy  transformation. Therefore, reaction turbines are considered to be more efficient.
This is mainly due to continuous acceleration of flow with lower losses.

The  degree of reaction   of  a  turbomachine  stage  may  be  defined  as  the  ratio  of  the  static  or
pressure head change occurring in the rotor to the total change across the stage.



Velocity Triangles of a Single Stage Machine
The  flow  geometry  at  the  entry  and  exit  of  a  turbomachine  stage  is  described  by  the  velocity triangles at these
stations. The velocity triangles for a turbomachine contain the following three components.
1.   The peripheral / whirl / tangential velocity (u) of a rotor blades
2.   The absolute velocity (c ) of the fluid and
3.   The relative velocity (w or v) of the fluid
These velocities are related by the following well-known vector equation

This simple relation is frequently used and is very useful in drawing the velocity triangles for turbomachines.
The  notation  used  here  to  draw  velocity  triangles  correspond  to  the  x-y  coordinates;  the suffix  (a  or  α )  identifies
components  in  the  axial  direction  and  suffix  (t)  refers  to tangential direction. Air angles in the absolute system are
denoted by alpha ( α ), where as those in the relative system are represented by beta ( β ).

Since  the  stage  is  axial,  the  change  in  the  mean  diameter  between  its  entry  and  exit  can  be neglected.
Therefore,  the  peripheral  or  tangential  velocity  (u)  remains  constant  in  the  velocity triangles.
It can be proved from the geometry that

ct2 + ct3  =  wt2 + wt3



It  is  often  assumed  that  the  axial  velocity  component  remains  constant  through  the  stage.  For such condition,
ca = ca1 = ca2 = ca3

For constant axial velocity yields a useful relation, tan  α2 + tan  α3 =  tan  β2 + tan  β3
Expression for Work Output
Though force and torque are exerted on both stationary and moving blades alike, work can only be  done  on  the  moving
rotor  blades.  Thus  the  rotor  blades  transfer  energy  from  the  fluid  to  the shaft.
The stage work in an axial turbine (u3 = u2 = u) can be written as, W = u2 ct2 – u3ct3 = u{ct2- (-ct3)} = u(ct2-ct3)
This equation can also be expressed in another form,































UNIT – II

COMPRESSORS

Introduction
1. Two types of compressor, the centrifugal flow and the axial flow compressors are used in gas turbine engines to
compress the ingested air prior to it being fed into the combustion system. Both centrifugal and axial compressors are
continuous flow machines which function by imparting kinetic energy to the air by means of a rotor, subsequently diffusing
the velocity into static pressure rise. In the centrifugal compressor the airflow is radial, with the flow of air from the centre of
the compressor outwards. This type of compressor was used extensively in the early days of gas turbines, the technology
being based upon piston engine superchargers. In the axial compressor the flow of air is maintained parallel to the
compressor shaft. Either type, or a combination of both, may be used in gas turbines and each has its advantages and
disadvantages. Axial / centrifugal compressor combinations are used extensively in turboshaft and turboprop engines, while
axial flow compressors are used in turbofan and turbojet engines. Centrifugal compressors are limited to the small gas
turbine ‘gas generators’ for engine air starters and missile engines. Centrifugal compressors generally need to operate at
much higher rpm than axial compressors.
2. Compressor design is a balance of the aerodynamic considerations. Some of the principle factors affecting the
performance being the aerofoil sections, pitch angles and the length / chord ratios of the blades. Another important detail is
the clearance between the blade tips and the compressor annulus.
Requirements of a Compressor
3. The efficiency of a compressor is one of the factors directly influencing the specific fuel consumption (SFC) achieved by
the engine. For maximum efficiency to be realized a compressor must satisfy a number of requirements. These are:
(a) High Mass Flow. Jet engine air mass flows are becoming much larger and, apart from any ram-compression contributed
by the intake, these must be matched by the swallowing capacity of the compressor. Thus, for a large subsonic transport
type the required air mass flow at altitude requires the use of high by-pass turbofan engines.
(b) High Pressure Ratio. The thermal efficiency and the work output of the constant pressure cycle are both proportional to
the compressor pressure ratio. In this respect the centrifugal compressor has a maximum pressure ratio of about 4.5:1 for a
single stage. This pressure ratio can be raised to approximately 6:1 by using a two stage, single-entry centrifugal
compressor. The upper limit for axial compressors is more a matter of stability and complexity, with current values of
approximately 10:1 for single-spool compressors, and in excess of 25:1 for multi-spool compressors. Although higher
pressure ratios give higher engine efficiency due to an improved SFC, as shown in Fig 3-1, a balance must be struck
between efficiency and the power needed from the turbine to drive the compressor. Sufficient power must remain to propel
the aircraft, and the turbine has a finite limit to the power which it can generate.

Fig 3-1: SFC and Pressure Ratio



(c) Stable Operation Under All Conditions. Both centrifugal and axial compressors are liable to exhibit unstable
characteristics under certain operating conditions. The centrifugal type is less likely to stall and surge than the axial but it is
not capable of the high pressure ratios now required. In high pressure ratio axial compressors anti-stall/surge devices are
often a design requirement to guard against unstable conditions. These devices are discussed more fully in para 23 et seq.
4. Compressor design in most engines is a compromise between high performance over a narrow band of rpm, and
moderate performance over a wide band of rpm. Consequently, although it is possible for the compressor to be designed so
that very high efficiency is obtained at the highest power, any deviation from the design conditions may cause significant
changes in the aerodynamic flow leading to a loss of efficiency and unstable conditions within the engine. Because flow
varies with operating conditions, it is usual to compromise by designing for a lower efficiency giving greater flexibility, thus
optimising performance over a wider range of rpm.

CENTRIFUGAL COMPRESSORS
Introduction
5. The rotating part of a centrifugal compressor, known as an impeller, can be either single or double-sided (Fig 3-2).
Although normally used singly to give a single compression stage, two impellers can be linked together in a two stage,
single-sided arrangement. The single stage compressor unit consists of three main components: the compressor casing,
which

embodies the fixed air inlet guide vanes and outlet ports, the impeller and the diffuser (Fig 3-3). The main features of the
single stage centrifugal compressor are:
(a) For a given useful capacity and pressure ratio it can be made comparatively small in size and weight.

(b) Reasonable efficiency can be maintained over a substantial range of operating conditions.
(c) Very robust.
(d) Simple and cheap to manufacture.
(e) Tolerant to foreign object damage (FOD).



Principles of Operation
6. The impeller is rotated at high speed by the turbine, and air entering the intake at atmospheric temperature and pressure
passes through the fixed intake guide vanes, which direct the air smoothly into the centre of the impeller. The impeller is
designed to admit the air without excessive velocity. The air is then picked up by the rotating guide vanes of the impeller,
and centrifugal force causes the air to flow outwards along the vanes to the impeller tip. The air leaves the impeller tip
approximately at right angles to its intake direction, and at an increased velocity. On leaving the impeller vane passages, the
air acquires a tangential velocity which represents about half the total energy acquired during its passage through the
impeller. The air then passes through the diffuser where the passages form divergent nozzles which convert most of the
velocity energy into pressure energy. Work is done by the compressor in compressing the air and since the process
involves adiabatic heating (no heat transfer), a rise in air temperature results.
7. It can be seen that the air mass flow and the pressure rise through the compressor depend on the rotational speed of the
impeller and its diameter. Impellers operate at tip speeds of up to 500 m/s to give high tangential air velocity at the impeller
tip for

Fig 3-4: Pressure and Velocity Changes through a Centrifugal Compressor
conversion to pressure. Intake air temperature also influences the pressure rise obtained in the compressor. For a given
amount of work done by the impeller, a greater pressure rise is obtained from cold than from warm air. Fig 3-4 shows the
changes in velocity and pressure through a centrifugal compressor.
8. Efficiency losses in the compressor are caused by friction, turbulence and shock, and these are proportional to the rate of
airflow through the system. Consequently the actual pressure rise is lower than the ideal value of 4.5:1 and a constant
pressure ratio for a given rpm, with varying inlet flow conditions, is not obtained. Therefore :
(a) The pressure obtained for a given impeller design is less than the ideal value and is dependent on the impeller rpm and
variations of the mass airflow.
(b) The temperature rise depends mainly on the actual work capacity of the impeller and on frictional losses.
Another source of loss is caused by leakage of air between the impeller and its casing. This is minimized by keeping their
clearances as small as possible during manufacture.
Impellers
9. Airflows through the two main types of impeller for centrifugal compressors, the single-entry and the double-entry, are
shown in Fig 3-5a and b respectively. If a double-entry impeller is used, the airflow to the rear side is reversed in direction
and a plenum chamber is required, which encircles the rear inlet region with an opening directed towards the oncoming
airflow (Fig 3-5b). The impeller consists of a forged disc with radially disposed vanes on one or both sides forming divergent
passages. At high tip speeds the velocity of the air relative to the vane at entry approaches the speed of sound, and it is
essential for maximum efficiency that there is the minimum shock wave formation at entry. Therefore on most compressors
the pick-up portions of the blades are curved and blended into the radial portions at the tip. There are consequently no
secondary bending stresses in the vanes from the effects of rotation alone and the loads that arise from imparting angular
motion to the air are negligible. The vanes may be swept back to increase the pressure rise slightly, but radial vanes are
more commonly employed because they are more easily manufactured, and are stable in their action.



Fig 3-5a: Airflow through Single Entry Impeller

AXIAL FLOW COMPRESSORS
Introduction
13. The axial flow compressor converts kinetic energy into static pressure energy through the medium of rows of rotating
blades (rotors) which impart kinetic energy to the air and alternate rows of stationary diffusing vanes (stators) which convert
the kinetic energy to pressure energy.
Construction
14. The axial flow compressor consists of an annular passage through which the air passes, and across which are arranged
a series of small blades of aerofoil section, alternately rotating on a central shaft assembly or fixed to the outer case. Each
pair of rotor and stator rings is termed a stage, and a typical gas turbine engine may have between 10 and 15 stages on a
single spool or divided between multiple spools. Each rotating ring is mounted on either a separate disc, or on an axial drum
attached to the turbine drive shaft. Some of the rotating stages may be manufactured with integral blades and discs
(BLISKS). BLISKS are used in turboshaft and turbofan engines. An additional row of stator blades may be fitted to single
spool-engines to direct the incoming air onto the first row of rotor blades at the optimum angle. These are the inlet guide
vanes (IGVs), which may be at a fixed pitch but are more usually automatically adjusted to suit prevailing intake conditions.
The final set of stator blades situated in front of the combustion chamber are called the outlet guide vanes (OGVs), and
these straighten the airflow into the combustion stage.
15. The cross-sectional area of the annulus is progressively reduced from the front to the rear of the compressor in order to
maintain an almost constant axial velocity with increasing density. Consequently the rotors and stators vary in length
according to the pressure stage, becoming progressively smaller towards the rear of the compressor. 16. As the pressure
increases throughout the length of the compressor unit, each stage is working against an increasingly adverse pressure
gradient. Under such conditions, it becomes more difficult to ensure that each consecutive stage operates efficiently, and
this limits the flexibility of the single-spool engine (Fig 3-7). A more flexible system is achieved by dividing the compressor
into separate pressure sections operating independently and driven on coaxial shafts by separate turbines. Such
arrangements are termed multi-spool compressors and the construction and layout are shown in Figs 3-8 and 3-9.
17. Multi-spool compressors may be used in both turbojets and turbofan engines. In the turbofan engine the multi-spool
layout enables the low pressure compressor or fan to handle a large mass flow, a proportion of which is fed into the
subsequent compressors, while the remainder is ducted to the rear of the engine. The ratio of bypass to core-flow air may
vary to suit the changing conditions of the engine. Turbofan engines exhibit an improved SFC over normal turbojets.



Fig 3-7: Single-Spool Compressor

Fig 3-8: Twin-Spool Compressor
18. In the quest for improved efficiency, engines with by-pass ratios greater than existing turbofans have been designed and
are currently being developed. These engines are termed prop-fans or ultra high by-pass (UHB) ratio engines.
19. The axial compressor provides a convenient supply of air at various pressures and temperatures which can be tapped
off at the appropriate stages and used to provide engine intake and IGV anti-icing, cooling of high temperature components
(Chapter on cooling and lubrication) and, combined with the cooling, provide a system of pressure balancing to reduce the
end-loads throughout the engine. End-loads are caused by the rotor stages, consisting of numerous areofoil sections,
creating a forward thrust of several kilo-newtons on the front end bearings. Similarly, the gas stream impinging on the
turbine assembly imposes a rearwards load. Although the loads can be reduced considerably by careful design of the
turbine arrangement, this is only effective at a given power setting. Departure from design power requires the addition of
compressor bleed air to achieve adequate pressure balance.
Principles of Operation
20. Air is continuously induced into the engine intake, and is encountered by the first stage rotor or LP fan. If fitted, the IGVs
direct the flow onto the first row of rotor blades. The rotor and fan blades are rotated at high speed by the turbine, and
impart kinetic energy to the airflow. At the same time, the divergent passage between consecutive rotor blades diffuses the
flow to give a pressure rise. The airflow is then swept rearwards through a ring of stator blades, which converts the kinetic
energy of



Fig 3-9: Three Spool Compressor

the stream to pressure energy by diffusing arrangements of the blades. The stator blades also direct the airflow at the
correct angle onto the next stage rotor blades, where the sequence is repeated. Thus, at each compressor stage, the airflow
velocity is increased by the rotor, and then converted to a pressure increase through the diffusing action of both rotor and
stator. The net effect is an approximately constant mean axial velocity with a small, but smooth, pressure increase at each
stage (Fig 3-10). As mentioned previously, the cross-sectional area of the compressor annulus is progressively reduced
from front to rear of the compressor to maintain constant axial velocity with increasing pressure in accordance with the
Equation of Continuity:

M = AVρ = Constant
Where M = Air mass flow

A = Annulus (decreasing)
V = Axial velocity (constant)
ρ = Airflow density (increasing)

21. A vector analysis will help to show airflow, pressure, and velocity changes through a typical axial-flow compressor.
Starting with inlet air (Fig 3-11), notice that the length of arrows (vectors) A and B are the same. This indicates that no
change in velocity occurred at this point. The inlet guide vanes only deflect the air to a predetermined angle toward the
direction of rotation of the rotor. At points C and D the vectors are of different lengths showing that work is being done upon
the air in the form of a velocity loss and a pressure gain. The stator entrance (vector E) and the stator discharge (vector F)
show another velocity loss and pressure gain exactly like that occurring through the rotor. The discharge air (D) seems to be
at an incorrect angle to enter the first-stage stator, but due to the presence of rotary air motion caused by the turning
compressor, the resultants E and G are produced which show the true airflow through the compressor. Notice that these
vectors are exactly in line for entrance into the next stage of the compressor. One final aerodynamic point to note is that the
stator entrance (vector E) is longer than stator discharge (vector F) because of the addition of energy to the air by the rotor
rotation X. Thus, as each set of blades, rotors, and stators, causes a pressure rise to



Fig 3-10: Flow through an Axial Compressor

occur at the expense of its discharge velocity the air's rotary motion restores the velocity energy at each blade's entrance for
it in turn to convert to pressure energy. The pressure ratio across each stage of the compressor is in order of 1:1.1 or 1.2.
This small pressure rise at each stage assists in reducing the possibility of blade stalling by reducing the rate of diffusion
and blade deflection angles.
22. You will notice that both the rotor blades and stator blades are diffusing the airflow. lt is much more difficult to obtain an
efficient deceleration (diffusion or pressure increase) of airflow than it is to get efficient acceleration, because there is a
natural tendency in a diffusion process for the air to break away from the walls of the diverging passage, reverse its
direction and flow back in the direction of the pressure gradient lower pressure. It has been determined that a pressure ratio
of approximately 1:1.2 is all that can be handled by a single compressor stage since higher rates of diffusion and excessive
turning angles on the blades result in excessive air instability, hence low efficiency. A desired overall compression ratio of
the engine is achieved by simply adding more stages onto the compressor. The amount of pressure rise or compression
ratio depends on the mass of air discharged by the compressor, the restrictions to flow imposed by the parts of the engine
through which the air must pass, and the operating conditions (pressures) inside the engine compared with the ambient air
pressure at the compressor intake. The final pressure is the result of multiplying the pressure rise in each stage.

COMPRESSOR STALL AND SURGE
23. A compressor is designed to operate between certain critical limits of rpm, pressure ratio and mass flow, and, if
operation is attempted outside these limits, the flow around the compressor blades breaks down to give violent turbulent
flow. When this occurs, the compressor will stall or surge. The greater the number of stages in the compressor, the more
complex the problem becomes because of the variety of interactions that are possible between stages. The phenomenon of
compressor stall and surge is complex one and the following paragraphs are only intended as a brief introduction to the
causes of stall and surge, and to explain how the onset of such is alleviated by careful compressor design and the
incorporation of anti-stall/surge devices within the engine.



Fig 3-11: Vector Analysis of Airflow through an Axial Flow Compressor

Compressor Performance
24. The wide ranges of rpm, altitude and flight speeds over which gas turbines engine must function satisfactorily, produce
problems which affect the design and limit the operation of the compressor. Fig 3-12 shows a schematic static test rig which
may be used to determine the compressor characteristics.
25. In the test rig shown in Fig 3-12, the compressor is driven by a variable speed motor providing independent rpm control.
The valve system on the compressor delivery allows the back pressure to be varied, thus simulating the engine demands.
Fig 3-13 shows a plot of the pressure ratios (Pt2/Pt1) and the air mass flow produced at a fixed compressor rpm.
26. Closing the valve progressively from the fully open position (A) will increase the backpressure and hence reduce the
mass flow and increase the pressure ratio. Operation on the negative slope of the curve is stable. Point B represents the
maximum pressure ratio attainable at the given rpm. Further closing of the valve will reduce the mass flow and the pressure
ratio, and the compressor enters a region of unstable operation since the valve setting is demanding a pressure ratio which
cannot be met. Operation to the left at B is possible, but with continued closing of the valve the falling flow and pressure
ratio become mutually conducive. Flow will momentarily cease, reverse, and, if the valve restriction is not removed, oscillate
between point C and some point E. Loud hammering sounds and violent vibration identify this situation and, if the valve is
not released, mechanical failure will occur. This is compressor surge. Fig 3-14 shows a set of constant rpm (N) lines with
the surge points joined to give the compressor surge line.
27. Operation to the left of this line is to be avoided. Lines of constant compressor efficiency, ηc have also been plotted on
Fig 3-14, and it can be seen that there is a point D where the efficiency is a



Fig 3-12: Static Test Rig for Compressors

Fig 3-13: Compressor Performance at Fixed RPM
maximum. This operating point is called the Design Point and the corresponding values of rpm, air mass flow and pressure
ratios are the design values. Compressor operation should be as near to this point as possible since ηc is reduced at higher
or lower rpm. For off-design conditions the operating point will be determined by the engine demands and the operating line
shown on the figure represents stable compressor operation for a given engine geometry. The engine demands, in terms of
flow resistance, depend on the combustion chamber, turbine and nozzle conditions. If there is any change in the geometry

or operating characteristics of these components a new operating line will result. In particular, if there is any increase in flow
restriction, the operating line will be moved towards the surge line.

Compressor Stall and Surge
28. Compressor rotor blades, which are small aerofoils, stall in the same way as an aircraft wing by an increase in the angle
of attack to the point where flow breakaway occurs on the upper surface. Since the pitch of the blades is fixed, this condition
is brought about by a change in direction of the relative airflow (V1). This is shown in Fig 3-15.
29. A reduction in the axial velocity Va to a value Va’ (Fig 3-15), while the rpm and hence blade speed U remains constant,
increases the angle of attack. If the fall in Va is sufficient the blade stalling angle will be reached. The fall in Va at constant
rpm is associated with a reduction in mass flow from the stable value on the operating line and is due to a variety of causes
which will be discussed shortly. Generally, when the critical condition is approached, due to velocity gradients and local
effects, a group of blades will be affected first rather than the complete blade row. Flow breakaway on the upper surfaces
will reduce the available air space between the blades. Air will be deflected to adjacent blades causing an increase in angle
of attack for those on one side and a decrease on the other. Thus the stall “cell” moves around the blade row, the
movement being about half rotor speed.



Fig 3-14: Compressor Performance Graph

Fig 3-15: Relative Airflow on Compressor Blades

There may be several “cells” which can coalesce and eventually stall the whole row, or they may die out. The “rotating” stall
is only one example of the development of the unstable operation which can result from numerous situations.
Causes of Compressor Stall and Surge
30. As already indicated, there is a departure from the stable operating line relationship between air mass flow, pressure
ratio and rpm. Many conditions can cause this, but all can be discussed on the basis of Fig 3-16. The graph is plotted in
terms of pressure ratio, and corrected rpm (N) and mass flow (m).
31. For high efficiency, the operating line will be close to the surge line and the distance between the two is a measure of
the stall / surge margin. Reduction in air mass flow at constant N will cause the operating point to move towards the surge
line. The fall in air mass flow can be caused by distorted intake conditions due to aircraft manoeuvres, ingestion of gun or
rocket gases, flying through the jet stream of another aircraft etc. Increase in flow resistance due to choking of the turbine or
nozzle will have a similar result and can occur on start-up due to the sudden ignition of fuel producing, momentarily, an
excessive gas volume. Throttle slamming can produce the same conditions if the Acceleration Control Unit (ACU) does not
adequately restrict fuel flow, as will any malfunctioning of a variable nozzle mechanism. A stall produced by down-stream
flow restriction causes a drop in rpm which the ACU will sense and attempt to correct by increasing the fuel flow, thus
making matters worse and probably producing engine surge. One common problem, particularly on high pressure ratio
engines, is to achieve stall-free acceleration. In Fig 3-16 the bend or "knee" in the surge line is typical of high pressure ratio
engines and reduces the stall margin in a region through which the operating point must pass during acceleration. Every
point on the operating line represents a stable condition where the compressor supply just balances engine demand. Thus
when the throttle is opened to accelerate the engine from A to the design point D, the compressor accelerates along a line
ABD above the operating line. The vertical separation of the two lines is proportional to the rate of acceleration and this is



very limited at the "knee". If an acceptable rate of stall-free acceleration is not possible then special measures will be
necessary. These are discussed later.
32. High altitude operation produces an increase in N for a given value of rpm thus moving the operating point upwards and
reducing the stall margin. The reduction in Reynold’s Number at high altitude increases compressor blade drag reducing ηc,
and the thickened boundary layer reduces the effective air space, tending to increase the angle of attack. Flight at high
Mach numbers produces an

Fig 3-16: Relationship between Pressure Ratio and Air Mass Flow FIS

increase in compressor inlet temperature and a fall in N moving the operating point downwards towards the "knee" where
the stall margin is small.
33. Compressor Stall at Low Rpm. With a reduction in mass airflow at low rpm, the angle of attack of the first low pressure
stages is greater than that of the high pressure stages, so that the low pressure stages are the first to stall, the succeeding
stages not necessarily being affected. Stalling of the initial compressor stages may be indicated by an audible rumbling
noise and a rise in turbine gas temperature (TGT). The stall of the first stage may affect the whole compressor, or confine
itself to the one stage. In the latter case, a further reduction in mass flow would cause a successive breakdown of the
remaining stages.
34. Compressor Acceleration Stall. On starting, or during rapid acceleration from low rpm, the sudden increase in
combustion pressure caused by additional fuel can cause a momentary back pressure which affects the compressor by
reducing the mass airflow thus causing the same conditions as described above.
35. Compressor Stall at High Rpm. At high compressor rpm the angle of attack of all the stages is about the same, so that
a sudden reduction in mass flow causes a simultaneous breakdown of flow through all the stages. This type of stall is
usually initiated by airflow interference at the intake during certain manoeuvres or gun firing. The compressor may be
unstalled by throttling fully back, but in some cases it may be necessary to stop the engine.
Compressor Surge
36. In an axial compressor, surging indicates a complete instability of flow through the compressor. Surging is a motion of
airflow forwards and backwards through the compressor, which is accompanied by audible indications ranging from muffled
rumblings to an abrupt explosion and vibration, depending on the degree of severity. A rapid rise in TGT and fluctuation or
fall of rpm are the instrument indications of this condition. Compressor surge causes very severe vibrations and excessive
temperatures in the engine, and should therefore be avoided or minimized.
Surge Point
37. The combinations of airflow and pressure ratio at which surge occurs is called the surge point and such a point can be
derived for each combination of mass airflow and pressure for given value of rpm. If these points are then plotted on a graph
of pressure ratio against airflow, the line joining them is known as the surge line which defines the minimum value of stable
airflow that can be obtained at various rpm (Fig 3-16). The safety margin shown is designed into the engine. In a good axial



compressor the operating line is as near to the surge line as possible to maximize the efficiency for each value of rpm,
whilst being far enough away to give a reasonable safety margin for control of the air mass flow.
Avoidance of Compressor Stall and Surge
38. In the case of a high pressure ratio engine with an inadequate stable acceleration capability there is a need for
stall/surge protection. Anti-stall/surge devices can be added retrospectively, but are normally incorporated in the original
design.
39 Variable Inlet Guide Vanes and/or Stators. To suit off-design operation such as start-up and acceleration from idling,
variable angle guide vanes and sometimes variable stator blades are fitted. The function of these is to match the air angles
to the rotor speed and avoid the stalling condition. The blade mechanism is actuated by rpm and outside air temperature
(OAT) signals. The effect is to move the operating line further from the surge line (Fig 3-16), thus increasing the stall margin
and acceleration capability. The control system is set to move the blades in response to engine speed to avoid low rpm and
acceleration difficulties. From earlier comments on the need to operate near the surge line for high efficiency and pressure
ratio, it will be evident that there is a loss of blade efficiency when the angles are not the design values.
40. Blow-off or Bleed Valves. Since the air mass flow, and hence the axial velocity, at the front of the compressor depends
on the flow resistance, relief of the resistance will prevent high angles of attack during off-design operation. Blow-off or
bleed valves at an intermediate stage are activated by an rpm or OAT signal to relieve the back-pressure. The effect will be
to reduce the angle of attack at the front and relieve the choking tendency at the back. Again, the effect is to move the
operating line away from the surge line (Fig 3-16). When the valves are in operation there is not only a fall in compressor
efficiency but also a spill of airflow, which means an increase in SFC.
41. Multi-Spool Engines. The difficulty of matching the compressor rpm to the off-design flow conditions in high pressure
ratio engines is relieved by rotating the front low pressure, intermediate, and high pressure sections at different speeds.
Multi-spool design enables the front stages to run at a lower rpm more suited to the low pressure air angles, and the higher
pressure sections to run at higher rpms to avoid choking.
42. Variable Area Nozzle. Engines having an afterburner, are fitted with variable area nozzles. Whilst afterburning is in
operation, the nozzle control system varies the nozzle area to maintain a constant pressure drop across the turbines for a
given engine rpm. This avoids undue backpressure being felt by the compressor section and subsequent surge occurring.
On some engines, a limited nozzle variation is allowed in the non-afterburning range to increase dry nozzle area for taxiing
and reduced nozzle area for emergency operation.

COMPARISON OF AXIAL FLOW AND CENTRIFUGAL FLOW ENGINES
Factors
43. Power. For a given temperature of air entering the turbine, power output is a function of the quantity of air handled. The
axial flow engine can handle a greater mass of air per unit frontal area than the centrifugal type.
44. Weight. Most axial flow engines have a better power/weight ratio, achieving a given thrust for a slightly lower structural
weight.
45. Efficiency. The centrifugal compressor may reach an efficiency of 75 to 90% up to pressure ratios of 4.5:1. Above this
ratio efficiency falls rapidly. The axial flow compressor may have an efficiency of 80 to 90% over a wide range of
compression ratios and is more economical in terms of fuel used per kN of thrust per hour.
46. Design. The power of the centrifugal compressor engine can be increased by enlarging the diameter of the impeller,
thus increasing the rotor stresses for a given rpm, and increasing the rotational speed of the rotor up to a maximum of 500
m/s. This increases the diameter and frontal area of the fuselage or nacelle. The power of the axial flow engine on the other
hand can be increased by using more stages in the compressor without a marked increase in diameter. The smaller frontal
area of the axial flow engine leads to low drag which is an important fact in engines designed for high speed aircraft.
47. Construction and Durability. The centrifugal compressor is easier and cheaper to manufacture, and has better FOD
resistance than the axial compressor.
Materials
48. Compressors rotate at high rpm, and the materials chosen must be capable of withstanding considerable stresses, both
centrifugal and aerodynamic. The aerodynamic stresses arise mainly from the buffeting imparted by the pulsating pressure
concentration between the impeller tip and the leading edge of the diffuser.
49. The centrifugal impeller is cast and drop stamped in aluminium alloy, which is then milled to the required shape, heat
treated, and polished to resist cracking and aid crack detection. Production methods using powder metallurgy techniques
and ceramic based materials are also available. The rotating intake guide vanes at the eye of the impeller are sometimes



edged with steel to resist against erosion and FOD. The diffuser for centrifugal compressors is usually cast in aluminium or
magnesium alloy. Because of the limited pressure ratio of the centrifugal compressor, the temperature rise across the
impeller and through the diffuser is within the 200°C limit for aluminium alloy.
50. The stator and rotor blades of the axial compressor are made from variety of materials depending on the pressure,
temperature and centrifugal force encountered at the various stages. Aluminium alloy can be used for the low pressure
stages, although titanium is often used for the first stage of the LP compressor, because of its superior strength and FOD
resistance. Steel, titanium, carbon fibre composites and advanced ceramics may be used on the higher pressure stages
where the temperature due to compression exceeds 200°C. Indeed, ceramic blades have been tested successfully to
1300°C. Modern blades are usually manufactured hollow with, or without, a honeycomb core (Fig 3-17). One method of
manufacture uses rolled titanium side panels assembled in dies, hot twisted in a furnace and hot pressure formed to
achieve the precise required configuration. The centre is milled to accommodate the honeycomb. Both panels and the
honeycomb are finally joined using automated furnaces for diffusion bonding. In another method, the two machined and
contoured halves of the blades are diffusion bonded under high heat and pressure. The resulting homogeneous piece of
defect-free material is then given its aerodynamic shape by superplastic forming. In a vacuum furnace, the flat, bonded
piece is placed over a special fixture which is shaped like the finished blade. The blade is heated to a superplastic state and
then, by the force of gravity, settles on the curved fixture. This process gives the blade about 90% of its twist. The final
shape is created in a heat die where argon gas pressure is applied to the blade. The drums or discs which support the rotor
blades are often made from steel forgoings. However, powder metallurgy is sometimes used. As with the centrifugal
compressor, the compressor casing for axial compressors is usually manufactured from aluminium or magnesium alloys.

Fig 3-17: Axial Compressor Blade Construction



UNIT III

RAMJET
Basic Principle
Ramjet is simply a duct of a special shape, which faces the airflow caused by the forward motion and relies on the ram
effect to collect the air, add heat to it by combusting suitable fuel and then exit through a nozzle at higher velocity and
mass to create ever increasing thrust. There are no

Fig 13-5: Engines Rockets,
moving parts, no need for lubrication, and no energy losses in trying to run something. To put it simply, it is an
‘Aerodynamic engine’ or to make it sound more complicated we can call it Athodyd short for ‘Aero- thermo-dynamic duct’.
In Fig 13-6 a type of ramjet engine is shown in which the injectors spray the mist of fuel into the ram compressed air
stream and a spark ignites the mixture. The grill-type flame holder provides a type of barrier to the burning mixture while
allowing, expanding hot gases to escape through the exhaust nozzle. The high-pressure air coming into the combustion
chamber keeps the burning mixture from effectively reacting toward the intake end of the engine. It is important to note
that ramjets will not function until enough air is coming through the intake to create a high-pressure flow. Otherwise, the
expanding gases of the burning fuel-air mixture would be expelled from both ends of the engine.

Fig 13-6: Ramjet Engine

RAM EFFECT

Ram Effect. By a suitable design of intake the additional compression and therefore pressure rise can be achieved at the
air intake which is called as ram effect. The ram effect increases with the increase in forward speed. At 1.0M the external
compression caused by the ram effect in the engine intake is approximately equal to that of the engine. At higher Mach
No the contribution of ram effect increases markedly as compared to the turbojet engine. Thus now we can dispense off
the compressor and achieve the necessary compression by pure ram effect. The above three components viz. Ram
effect, compressing the air, Engine, converting the chemical energy into heat and pressure energy and finally the jet
converting heat and pressure energy into forward push make what is called as ram jets.
Increase in the Compression
Fig 13-7 shows the compression ratio due to ram pressure at various Mach numbers. From around Mach 1 there is
sufficient compression to operate a ram jet, but until Mach 2 is reached the operation is not really efficient. From the graph
it can be seen that, at Mach 2, the compression ratio due to ram effect is about 7:1 increasing at Mach 3 to 28:1 and



Fig 13-7: Compression Ratio Due to Ram Pressure
at Mach 4 to 70:1. (The values quoted are those attainable in practice.)
16. Because of the absence of severe centrifugal stresses in the ram jet, the ram temperature rise does not begin to
become a limiting factor until about Mach 5. At speeds beyond Mach 5 however, techniques and materials are severely
tested.
Increase in the Thrust
17. If we now compare the thrust obtained by the reaction engines, against the speed of the aircraft (TAS), as shown in
Fig 13-8, it can be clearly seen that the trust without intake ram effect would be a straight line and will show a steady drop
as the TAS increases and tends to equal the exhaust jet velocity. The ram effect however starts to increase as speed
goes past 300 kts (500 kmph) and continues to increase the thrust till about 3.0M for the Turbojets. The subsequent drop
in Turbojet thrust in this graph is again due to TAS approaching jet exhaust velocities (V

e
) and the difference V

e
–V

0
reduces drastically (V

0
being the TAS). This can be increased slightly by using Reheat augmentation engines, however

the turbojets have to now make way for ramjets to take over from here onwards.
Thrust of a Ramjet
18. The thrust equation for a ramjet contains three terms: gross thrust, ram drag, and a pressure correction. If the free
stream conditions are denoted by a "o" subscript and the exit conditions by an "e" subscript, the thrust (F) is equal to the
mass flow rate (Me) times the velocity at the exit (Ve) minus the free stream mass flow rate (Mo) times the velocity (Vo)
plus the pressure difference (Pe - Po) times the nozzle exit area (Ae)
F = Me Ve – Mo Vo + (Pe – Po) Ae (13.1)
The term Me Ve (exit mass flow rate times exit velocity) is often referred to as the gross thrust, since this term is largely
associated with conditions in the nozzle.
The second term Mo Vo (free stream mass flow rate times free stream velocity) is called the ram drag. This is the
resistance felt to the exhaust as it leaves the nozzle.
19. In the ramjet, the exit velocity is supersonic, and the exit pressure depends on the area ratio between the throat of the
nozzle (minimum area) and the exit of the nozzle. Only for a unique design

Fig 13-8: Ram Effect on Thrust of Jet Engine Rockets
condition will give the exit pressure equal the free stream static pressure. For all other conditions, we must include the
third term of the thrust equation (Pe – Po) Ae (exit pressure minus free stream pressure times the exit area). This
pressure correction is usually small compared to the first term of the thrust equation. But for completeness, this term is
usually included in the gross thrust. The flow characteristics through a ram jet are as follows:



(a) Static Pressure. The dynamic pressure of the free stream is progressively converted to static pressure through a set
of Oblique Shock Wave (critical operation) at the intake to a value close to1.0 M at the intake lip. At the intake lip the flow
becomes subsonic through a weak NSW. The divergent nature of the intake further decelerates the subsonic flow and
increases the static pressure. The static pressure at the end of the intake is at its maximum value and the flow now enters
the combustion chamber. This process of compressing the airflow without any mechanical means is called Ram
compression. During the ignition and combustion process the flow is accelerated again and the pressure drops further. At
the beginning of con-divergent exhaust the pressure stabilizes in the later half of the jet pipe again and drops further at the
exhaust owing to the higher velocity of the flow as compared to intake.
(b) Velocity. The velocity is dropped to 1.0 M through the critical operation of the intake by placing series of oblique shock
waves and normal shock waves at the intake lip. The flow decelerates further through the intake to subsonic speeds and
the velocity is minimum at the end of intake section. The combustion imparts high velocity to the flow again and through a
con-di duct the gases leave the duct at much higher velocity than the intake, thereby producing all the necessary thrust to
propel the aircraft forward.

Fig 13-9: Ramjet Lay Out and Operation

(c) Temperature. As discussed earlier the temperature at the intake (T
1
) is a function of ambient temperature (T), square

of mach no. (M) and a ratio of specific heat (σ) of the medium at constant pressure and volume. σ is 1.4 for air
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This is a stagnation temperature at the intake lip if the flow is suddenly stopped from high Mach number to subsonic
speed and is called Ram temperature rise. However, through a system of oblique shock wave when a flow is decelerated
the temperature rise becomes the function of mach no. of the flow just entering the engine.
The temperature thus suddenly rises at the lip due to presence of normal shock wave and ensuing deceleration. The
subsequent rise in temperature through intake and ignition up to the pilot zone is gradual owing to the steady drop in the
velocity. After combustion begins the temperature rapidly rises and achieves its maximum value towards the end of the jet
pipe. Subsequent fall of the temperature is due to acceleration of the flow through the con-di exhaust nozzle. The
temperature thereafter drops due to dissipation to ambient air. The ramjets, because of the ram temperature rise, are
limited to a maximum speed of about 4.5M. Beyond that they now have to make way for the Scramjets or supersonic
ramjets. Thus temperature rise like turbine limits on turbojets has forced us to change the engine again. We will study
about it later when we look into Scramjets.



PERFORMANCE OF RAMJET
Compression Ratio. Compression ratio in the ramjets is the ratio of volume of air received at the intake to the volume of
air after the intake. Diesel engines have a compression ratio of about 20:1, most car engines operate at compression
ratios as high as 11:1, a pulse jet runs at a compression ratio of less than 2:1 and ramjets are about the same at their low
speeds regime. Very high compression ratio is therefore required to produce thrust for better fuel efficiently. As the
compression is totally dependent on ram effect the efficiency is high only at high speeds. Even though sufficient
compression is available at 1.0M, till about 2.0M the required ram effect is not obtained for satisfactory operation
(Compression ratio between 5 to 7). But beyond 4.5M the rise in temperature due to ram compression causes
disassociation in the molecules and combustion process suffers.
Thrust vs. Altitude. The sea level thrust varies from 40kN for 2.0M to 200kN for 4.5M ramjet engine. But 4.5M ram jet
thrust drops to 17kN at 60,000ft. The maximum altitude is governed by the amount of minimum pressure at which
combustion can be sustained. This altitude increases with increase in mach no (for e.g., for 2M, ramjet maximum altitude
is 285,000ft.)
Specific Fuel Consumption (SFC). The graph shows max thrust and min self-sustaining obtained at various M no. and
corresponding SFC. Following deductions can be arrived from the graph:

(a) At max thrust condition the SFC steadily drops along with increase in mach no. till 4M and thereafter flattens
out to increase at 4.5M. This is the limiting speed for ramjet.

(b) At min self-sustaining thrust the SFC progressively increases from 2.5M to 4.5M and attains the max value of SFC
equal to that of max thrust condition.
(c) Thus at 4.5M the ramjet has to fly at max thrust condition to self-sustain the operation. This happens due to high
temperature rise associated with increase in mach no. The hypersonic speed can be negotiated therefore by supersonic
ramjets.
Ram Jet Applications
24. The ram jet has potential applications for both missiles and aircraft operating in the Earth’s atmosphere. The pure ram
jet is used for missile application, using a booster system, such as a solid rocket, to accelerate the ram jet to self
sustaining speed. For aircraft applications the turbo-ram jet can be employed. The turbo-ram jet engine combines the
turbo-jet for low speed flight, whilst the ram jet takes over for flight conditions up to about Mach 3.
25. The choice of a ram jet power unit over other available power units for certain applications may be influenced by the
following considerations:
(a) A superior thrust/weight ratio and specific fuel consumption at speeds in excess of Mach 2.5, within the atmosphere.

(b) Simple and relatively cheap construction.
(c) Light weight.
(d) Simplicity of fuel systems giving a greater measure of reliability.
(e) Its thrust is controllable over a wide range.
(f) The fuel used (Kerosene) is non-corrosive and readily available.

Fig 13-10: Ramjet SFC
(g) It is simple to service and maintain.

SUPERSONIC RAMJETS (SCRAMJETS)

Many of the low-orbit reusable space vehicles are now considering the use of scramjets for their power plant while still in
the earth’s atmosphere but even scramjets remains largely the domain of the drawing board.
Scramjet is an acronym for Supersonic Combustion Ramjet. The scramjet differs from the ramjet in that combustion takes
place at supersonic air velocities through the engine. It is mechanically simple (Fig 13-11), but vastly more complex
aerodynamically than a jet engine. Hydrogen is normally the fuel used.



In the hypersonic regime (> 5 M) the ram temperature rise is sufficient to cause breakdown of O
2
, N

2
and CO

2
molecules

into individual atoms, the phenomenon called as dissociation. This leads to the decrease in engine efficiency.
29. To keep the temperature of Ram Air below dissociation values at hypersonic speeds the flow at the intake is not
decelerated to subsonic speeds. Thus keeping the flow supersonic through the intake compromises a maximum pressure
recovery. The combustion is achieved by burning the fuel at supersonic speeds The scram jet remains a viable power unit
till the escape velocity is of 24M.









UNIT IV

ROCKET MOTORS
INTRODUCTION
1. The rocket is the oldest practical heat engine, dating back over seven centuries. It differs from all other types of engine in
that it is entirely self-contained and can operate under water, in the atmosphere, or in space, because it does not rely on an
outside source for oxygen.
2. As the weight of an oxidizer may be over six times the weight of fuel for combustion, it can be appreciated that the total
weight of the propellant load is greatly in excess of that for other types of heat engine. In addition, the rocket consumes its
propellant at a rate very much higher than the turbojet or ram jet. It is unlikely, therefore, that the rocket will ever take the
place of the turbojet as a propulsive unit for "conventional" aircraft. It has its own range of applications - those requiring a
high thrust/weight ratio for small frontal areas, flights at high supersonic speeds, and flights at extremely high altitudes or in
space.
Solid Propellant Rocket Motors
3. Motor Body. The layout of a solid propellant rocket motor is shown in Fig 13-1. The propellant is housed in the
combustion chamber which must be as light as possible but capable of withstanding very high temperatures and pressures.
Thin walled tubes of steel or reinforced plastics,sometimes coated internally with a refractory material, are commonly used.
The nozzle is attached directly to the combustion chamber and there are no pumps, valves, or other moving parts to
complicate an essentially simple maintenance requirement.
4. Propellant Charge. Fuel and an oxidizer are combined to form the solid propellant, which is contained in the combustion
chamber. It is physically and chemically stable at ambient temperatures, but burns smoothly when ignited, giving off hot
gases continuously without depending on an atmosphere.

Fig 13-1: Typical Solid Propellant Rocket Rockets,

5. Burning Rate and Grain Geometry. Burning rate is the rate at which propellant is consumed, and is dependent on the
chemistry of the propellant and the chamber pressure. The higher the chamber pressure, the faster the propellant burns.
However, at any instant, rocket thrust is proportional to the burning surface area of the propellant. Thus the thrust can be
pre-arranged to a large extent by a suitable choice of the charge shape. In most cases, the ideal is to obtain a constant
thrust throughout the burning period, and when burning takes place over a constant area of charge, the configuration of the
charge is said to be neutral. When an increase in burning area occurs, the configuration is termed progressive. Similarly, a
decrease in burning area is termed regressive. Two basic configurations are end burning and radial burning:
(a) End-burning or "Cigarette". In the end-burning grain (Fig 13-2), burning is initiated at one end, and the surface area of
burning remains constant until all the propellant is consumed. Thus a "cigarette" configuration is perfectly neutral. Because
the burning area is small, thrust levels are low, although long burning times are possible. Since burning propellant is always
in contact with the casing it can cause rapid over-heating, and the centre of gravity of the motor shifts during burning.
Because of these problems, end burning grains are rarely used nowadays.
(b) Radial or Internal Burning. With a radial grain (Fig 13-3), burning is initiated along the whole surface of an internal
hollow port. Because the burning area is large, high thrusts



Fig 13-2: End-Burning or Cigarette

Fig 13-3: Radial or Internal Burning

can be obtained with short burning times. Case overheating does not occur because the case is insulated by the propellant
itself, and the centre of gravity remains static throughout burning. A simple radial burning grain is strongly progressive, i.e.
the burning area and therefore the thrust increases with time.
6. Propellant Characteristics. The desirable characteristics of a solid propellant are:
(a) High density (more propellant for a given volume).
(b) High release rate of chemical energy.
(c) Ease of handling.
(d) No deterioration in storage.
(e) High physical strength.
(f) Predictable burning rate.
(g) Safe - the propellant must be insensitive to impact and not subject to accidental ignition.
(h) Easily produced from cheap and available raw materials.
(j) Exhaust products should be smokeless, non-luminous, non-toxic, and undetectable.
Liquid Propellant Rocket Motors
7. Whilst the solid rocket is in general use for most kinds of tactical and strategic military missile, the liquid propellant rocket
(Fig 13-4) has many advantages. The most important of these are the ability to stop, restart and throttle the rocket, higher
energy levels, and the ability to cool the nozzle simply and easily. Consequently, the liquid propellant rocket is in general
use as a space propulsion motor, and it is attractive for some military applications, providing that the storage and handling
problems of the liquid propellants can be overcome.
8. Liquid Propellants. The constituents of liquid propellants are similar to solid propellants in that they contain a fuel and an
oxidizer. In addition they may also contain a catalyst to aid chemical reaction, and an inert additive, such as water, for
cooling purposes. They usually differ from solid propellants in that these constituents are commonly carried in separate
tanks and are only brought together in the combustion chamber for the burning process. There are however, several types
of propellant available:
(a) Monopropellant. A monopropellant is a propellant containing oxidant and fuel in a single substance. It may be a mixture
of several compounds such as hydrogen peroxide and alcohol, or a homogeneous propellant such as nitromethane.

(b) Bipropellant. A bipropellant is a propellant in which an oxidant and fuel are carried separately from each other, and only
mixed in the combustion chamber. Because more tanks are involved, this is a more complicated system than the
monopropellant, but the majority of liquid propelled rockets use bipropellant systems because they are more energetic.
(c) Cryogenic Propellant. Liquid oxygen (at –1720 C) and liquid hydrogen (at –2520C) offer very high performance as
rocket fuels, but storage is a problem.
(d) Storable Propellants. Storable propellants are in a liquid state at ambient temperature, and can be kept for long periods
in sealed containers. Kerosene and nitric acid are examples.
9. Combustion Chamber. The combustion chamber and its associated convergent-divergent nozzle form the rocket motor
itself, in which the propellants are burnt and exhausted to atmosphere. Usually the thrust chamber and nozzle are cooled by
pumping the liquid propellants themselves through a jacket around the chamber and nozzle before they are burnt. Some
small rockets may use ablative cooling, or may not be cooled at all.



10. Nozzle Shape. The simplest form of nozzle is of conical shape. This is still used on small nozzles, but there is a
tendency for separation to occur with over or under expansion. With the bell nozzle (Fig 13-4) losses are kept to a minimum
and an almost uniform velocity profile is obtained at the exit plane, but it is more expensive to manufacture.

Fig 13-4: Typical Liquid Propellant Motor































UNIT V
CHEMICAL ROCKETS




















