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Class Notes
Turbomachinery (ME 502)
Introduction
A fluid machine is a device which converts the energy stored by a fluid into mechanical energy or vice versa.
The energy stored by a fluid mass appears in the form of potential, kinetic and intermolecular energy. The
mechanical energy, on the other hand, is usually transmitted by a rotating shaft. Machines using liquid
(mainly water, for almost all practical purposes) are termed as hydraulic machines. In this chapter we shall
discuss, in general, the basic fluid mechanical principle governing the energy transfer in a fluid machine and
also a brief description of different kinds of hydraulic machines along with their performances. Discussion on
machines using air or other gases is beyond the scope of the chapter.

Classifications of Fluid Machines
The fluid machines may be classified under different categories as follows:
Classification Based on Direction of Energy Conversion:
The device in which the kinetic, potential or intermolecular energy held by the fluid is converted in the form
of mechanical energy of a rotating member is known as a turbine. The machines, on the other hand, where
the mechanical energy from moving parts is transferred to a fluid to increase its stored energy by increasing
either its pressure or velocity are known as pumps, compressors, fans or blowers.
Classification Based on Principle of Operation
The machines whose functioning depends essentially on the change of volume of a certain amount of fluid
within the machine are known as positive displacement machines. The word positive displacement comes
from the fact that there is a physical displacement of the boundary of a certain fluid mass as a closed system.
This principle is utilized in practice by the reciprocating motion of a piston within a cylinder while entrapping
a certain amount of fluid in it. Therefore, the word reciprocating is commonly used with the name of the
machines of this kind. The machine producing mechanical energy is known as reciprocating engine while the
machine developing energy of the fluid from the mechanical energy is known as reciprocating pump or
reciprocating compressor.
The machines, functioning of which depend basically on the principle of fluid dynamics, are known
as rotodynamic machines. They are distinguished from positive displacement machines in requiring relative
motion between the fluid and the moving part of the machine. The rotating element of the machine usually
consisting of a number of vanes or blades is known as rotor or impeller while the fixed part is known as stator.
Impeller is the heart of rotodynamic machines, within which a change of angular momentum of fluid occurs
imparting torque to the rotating member.
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For turbines, the work is done by the fluid on the rotor, while, in case of pump, compressor, fan or blower,
the work is done by the rotor on the fluid element. Depending upon the main direction of fluid path in the
rotor, the machine is termed as radial flow or axial flow machine. In radial flow machine, the main direction
of flow in the rotor is radial while in axial flow machine, it is axial. For radial flow turbines, the flow is towards
the centre of the rotor, while, for pumps and compressors, the flow is away from the centre. Therefore, radial
flow turbines are sometimes referred to as radially inward flow machines and radial flow pumps as radially
outward flow machines. Examples of such machines are the Francis turbines and the centrifugal pumps or
compressors. The examples of axial flow machines are Kaplan turbines and axial flow compressors. If the flow
is party radial and partly axial, the term mixed-flow machine is used. Figure 1.1 (a) (b) and (c) are the
schematic diagrams of various types of impellers based on the flow direction.

Fig. 1.1 Schematic of different types of impellers
Classification Based on Fluid Used
The fluid machines use either liquid or gas as the working fluid depending upon the purpose. The
machine transferring mechanical energy of rotor to the energy of fluid is termed as a pump when
it uses liquid, and is termed as a compressor or a fan or a blower, when it uses gas. The compressor
is a machine where the main objective is to increase the static pressure of a gas. Therefore, the
mechanical energy held by the fluid is mainly in the form of pressure energy. Fans or blowers, on
the other hand, mainly cause a high flow of gas, and hence utilize the mechanical energy of the
rotor to increase mostly the kinetic energy of the fluid. In these machines, the change in static
pressure is quite small.
For all practical purposes, liquid used by the turbines producing power is water, and therefore,
they are termed as water turbines or hydraulic turbines. Turbines handling gases in practical fields
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are usually referred to as steam turbine, gas turbine, and air turbine depending upon whether
they use steam, gas (the mixture of air and products of burnt fuel in air) or air.

Application Of First And Second Laws Of Thermodynamics To Turbo Machines

Rotodynamic Machines
In this section, we shall discuss the basic principle of rotodynamic machines and the performance
of different kinds of those machines. The important element of a rotodynamic machine, in
general, is a rotor consisting of a number of vanes or blades. There always exists a relative motion
between the rotor vanes and the fluid. The fluid has a component of velocity and hence of
momentum in a direction tangential to the rotor. While flowing through the rotor, tangential
velocity and hence the momentum changes.
The rate at which this tangential momentum changes corresponds to a tangential force on the
rotor. In a turbine, the tangential momentum of the fluid is reduced and therefore work is done
by the fluid to the moving rotor. But in case of pumps and compressors there is an increase in the
tangential momentum of the fluid and therefore work is absorbed by the fluid from the moving
rotor.
Moment Of Momentum Equation And Euler Turbine Equation
Basic Equation of Energy Transfer in Rotodynamic Machines
The basic equation of fluid dynamics relating to energy transfer is same for all rotodynamic
machines and is a simple form of “Newton’s Laws of Motion" applied to a fluid element traversing
a rotor. Here we shall make use of the momentum theorem as applicable to a fluid element while
flowing through fixed and moving vanes. Figure 1.2 represents diagrammatically a rotor of a
generalised fluid machine, with 0-0 the axis of rotation and the angular velocity. Fluid enters the
rotor at 1, passes through the rotor by any path and is discharged at 2. The points 1 and 2 are at
radii and from the centre of the rotor, and the directions of fluid velocities at 1 and 2 may be at
any arbitrary angles. For the analysis of energy transfer due to fluid flow in this situation, we
assume the following:

(a) The flow is steady, that is, the mass flow rate is constant across any section (no storage or
depletion of fluid mass in the rotor).
(b) The heat and work interactions between the rotor and its surroundings take place at a
constant rate.
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(c) Velocity is uniform over any area normal to the flow. This means that the velocity vector at
any point is representative of the total flow over a finite area. This condition also implies that
there is no leakage loss and the entire fluid is undergoing the same process.
The velocity at any point may be resolved into three mutually perpendicular components as shown
in Fig 1.2. The axial component of velocity is directed parallel to the axis of rotation , the radial
component is directed radially through the axis to rotation, while the tangential component is
directed at right angles to the radial direction and along the tangent to the rotor at that part.
The change in magnitude of the axial velocity components through the rotor causes a change in
the axial momentum. This change gives rise to an axial force, which must be taken by a thrust
bearing to the stationary rotor casing. The change in magnitude of radial velocity causes a change
in momentum in radial direction.

Fig 1.2

Components of flow velocity in a generalized fluid machine

However, for an axi-symmetric flow, this does not result in any net radial force on the rotor.
In case of a non uniform flow distribution over the periphery of the rotor in practice, a change
in momentum in radial direction may result in a net radial force which is carried as a journal
load. The tangential component only has an effect on the angular motion of the rotor. In
consideration of the entire fluid body within the rotor as a control volume, we can write from
the moment of momentum theorem
(1.1)
where T is the torque exerted by the rotor on the moving fluid, m is the mass flow rate of fluid
through the rotor. The subscripts 1 and 2 denote values at inlet and outlet of the rotor
respectively. The rate of energy transfer to the fluid is then given by
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(1.2)
where is the angular velocity of the rotor and which represents the linear velocity of the
rotor. Therefore and are the linear velocities of the rotor at points 2 (outlet ) and 1 (inlet)
respectively (Fig. 1.2). The Eq, (1.2) is known as Euler's equation in relation to fluid machines.
The Eq. (1.2) can be written in terms of head gained 'H' by the fluid as
(1.3)

In usual convention relating to fluid machines, the head delivered by the fluid to the rotor is
considered to be positive and vice-versa. Therefore, Eq. (1.3) written with a change in the sign
of the right hand side in accordance with the sign convention as
(1.4)
Components of Energy Transfer It is worth mentioning in this context that either of the Eqs.
(1.2) and (1.4) is applicable regardless of changes in density or components of velocity in other
directions. Moreover, the shape of the path taken by the fluid in moving from inlet to outlet
is of no consequence. The expression involves only the inlet and outlet conditions. A rotor, the
moving part of a fluid machine, usually consists of a number of vanes or blades mounted on a
circular disc. Figure 1.3a shows the velocity triangles at the inlet and outlet of a rotor. The inlet
and outlet portions of a rotor vane are only shown as a representative of the whole rotor.

(a)
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Fig 1.3 (a), (b)

Velocity triangles for a generalized rotor vane, Centrifugal effect in a flow of fluid
with rotation

Vector diagrams of velocities at inlet and outlet correspond to two velocity triangles,
where U1 is the velocity of fluid relative to the rotor and are the angles made by the directions
of the absolute velocities at the inlet and outlet respectively with the tangential direction,
while and are the angles made by the relative velocities with the tangential direction. The
angles α1 and α2 should match with vane or blade angles at inlet and outlet respectively for a
smooth, shock-less entry and exit of the fluid to avoid undesirable losses. Now we shall apply
a simple geometrical relation as follows:
From the inlet velocity triangle,

or,

(1.5)

Similarly from the outlet velocity triangle.

or,

(1.6)

Invoking the expressions Eq. (1.4), we get H (Work head, i.e. energy per unit weight of fluid,
transferred between the fluid and the rotor as) as

(1.7)
The Eq (1.7) is an important form of the Euler's equation relating to fluid machines since it
gives the three distinct components of energy transfer as shown by the pair of terms in the
round brackets. These components throw light on the nature of the energy transfer. The first
term of Eq. (1.7) is readily seen to be the change in absolute kinetic energy or dynamic head
of the fluid while flowing through the rotor. The second term of Eq. (1.7) represents a change
in fluid energy due to the movement of the rotating fluid from one radius of rotation to
another.
More About Energy Transfer in Turbo-machines
Equation (1.7) can be better explained by demonstrating a steady flow through a container having
uniform angular velocity ω as shown in Fig.1.3b. The centrifugal force on an infinitesimal body of
a fluid of mass dm at radius r gives rise to a pressure differential dp across the thickness dr of the
body in a manner that a differential force of dpdA acts on the body radially inward. This force, in
fact, is the centripetal force responsible for the rotation of the fluid element and thus becomes
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equal to the centrifugal force under equilibrium conditions in the radial direction. Therefore, we
can write

with dm = dA dr ρ where ρ is the density of the fluid, it becomes

For a reversible flow (flow without friction) between two points, say, 1 and 2, the work done per
unit mass of the fluid (i.e., the flow work) can be written as

The work is, therefore, done on or by the fluid element due to its displacement from radius r1 to
radius r2 and hence becomes equal to the energy held or lost by it. Since the centrifugal force field
is responsible for this energy transfer, the corresponding head (energy per unit weight) is termed
as centrifugal head. The transfer of energy due to a change in centrifugal head causes a change in
the static head of the fluid.
The third term represents a change in the static head due to a change in fluid velocity relative to
the rotor. This is similar to what happens in case of a flow through a fixed duct of variable crosssectional area. Regarding the effect of flow area on fluid velocity relative to the rotor, a converging
passage in the direction of flow through the rotor increases the relative velocity and hence
decreases the static pressure. This usually happens in case of turbines. Similarly, a diverging
passage in the direction of flow through the rotor decreases the relative velocity and increases
the static pressure as occurs in case of pumps and compressors.
The fact that the second and third terms of Eq. (1.7) correspond to a change in static head can be
demonstrated analytically by deriving Bernoulli's equation in the frame of the rotor.
In a rotating frame, the momentum equation for the flow of a fluid, assumed "in viscid" can be
written as

We assume that the flow is steady in the rotating frame so that . We choose a cylindrical
coordinate system with z-axis along the axis of rotation. Then the momentum equation reduces
to
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Then we can write

More About Energy Transfer in Turbomachines
Taking scalar product with ρ it becomes

With a little rearrangement, we have

Since v is the velocity relative to the rotating frame we can replace it by U. Further Vr is the
linear velocity of the rotor. Integrating the momentum equation from inlet to outlet along a
streamline we have

or,

(1.8)

Therefore, we can say, with the help of Eq. (1.8), that last two terms of Eq. (1.7) represent a
change in the static head of fluid.
Energy Transfer in Axial Flow Machines
For an axial flow machine, the main direction of flow is parallel to the axis of the rotor, and
hence the inlet and outlet points of the flow do not vary in their radial locations from the axis
of rotation. Therefore, the equation of energy transfer Eq. (1.7) can be written, under this
situation, as
(1.9)
Hence, change in the static head in the rotor of an axial flow machine is only due to the flow of
fluid through the variable area passage in the rotor.
Radially Outward and Inward Flow Machines
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For radially outward flow machine Vr and hence the fluid gains in static head. While, for a
radially inward flow machine, V2 and the fluid losses its static head. Therefore, in radial flow
pumps or compressors the flow is always directed radially outward, and in a radial flow turbine
it is directed radially inward.

Principles of impulse and reaction machines
Impulse and Reaction Machines The relative proportion of energy transfer obtained by the
change in static head and by the change in dynamic head is one of the important factors for
classifying fluid machines. The machine for which the change in static head in the rotor is zero
is known as impulse machine. In these machines, the energy transfer in the rotor takes place
only by the change in dynamic head of the fluid. The parameter characterizing the proportions
of changes in the dynamic and static head in the rotor of a fluid machine is known as degree of
reaction and is defined as the ratio of energy transfer by the change in static head to the total
energy transfer in the rotor.
Impulse and Reaction Machines
For an impulse machine R = 0, because there is no change in static pressure in the rotor. It is
difficult to obtain a radial flow impulse machine, since the change in centrifugal head is obvious
there. Nevertheless, an impulse machine of radial flow type can be conceived by having a
change in static head in one direction contributed by the centrifugal effect and an equal change
in the other direction contributed by the change in relative velocity. However, this has not been
established in practice. Thus for an axial flow impulse machine R=0. For an impulse machine,
the rotor can be made open, that is, the velocity V1 can represent an open jet of fluid flowing
through the rotor, which needs no casing. A very simple example of an impulse machine is a
paddle wheel rotated by the impingement of water from a stationary nozzle as shown in Fig.1.4.
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Fig 1.4 (a) Paddle wheel as an example of impulse turbine
(b) Lawn sprinkler as an example of reaction turbine
A machine with any degree of reaction must have an enclosed rotor so that the fluid cannot
expand freely in all direction. A simple example of a reaction machine can be shown by the
familiar lawn sprinkler, in which water comes out (Fig. 1.4b) at a high velocity from the rotor in
a tangential direction. The essential feature of the rotor is that water enters at high pressure
and this pressure energy is transformed into kinetic energy by a nozzle which is a part of the
rotor itself.
In the earlier example of impulse machine (Fig. 1.4a), the nozzle is stationary and its function
is only to transform pressure energy to kinetic energy and finally this kinetic energy is
transferred to the rotor by pure impulse action. The change in momentum of the fluid in the
nozzle gives rise to a reaction force but as the nozzle is held stationary, no energy is transferred
by it. In the case of lawn sprinkler (Fig. 1.4b), the nozzle, being a part of the rotor, is free to
move and, in fact, rotates due to the reaction force caused by the change in momentum of the
fluid and hence the word reaction machine follows.

Degree of reaction
Efficiencies
The concept of efficiency of any machine comes from the consideration of energy transfer and
is defined, in general, as the ratio of useful energy delivered to the energy supplied. Two
efficiencies are usually considered for fluid machines-- the hydraulic efficiency concerning the
energy transfer between the fluid and the rotor, and the overall efficiency concerning the
energy transfer between the fluid and the shaft. The difference between the two represents
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the energy absorbed by bearings, glands, couplings, etc. or, in general, by pure mechanical
effects which occur between the rotor itself and the point of actual power input or output.
Therefore, for a pump or compressor,

(1.10a)

(1.10b)

For a turbine,

(1.11a)

(1.11b)

The ratio of rotor and shaft energy is represented by mechanical efficiency

.

Therefore
(1.12)

Steam Turbine
Introduction
A steam turbine converts the energy of high-pressure, high temperature steam produced by a
steam generator into shaft work. The energy conversion is brought about in the following ways:
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1. The high-pressure, high-temperature steam first expands in the nozzles emanates as a high
velocity fluid stream.
2. The high velocity steam coming out of the nozzles impinges on the blades mounted on a
wheel. The fluid stream suffers a loss of momentum while flowing past the blades that is
absorbed by the rotating wheel entailing production of torque.
3. The moving blades move as a result of the impulse of steam (caused by the change of
momentum) and also as a result of expansion and acceleration of the steam relative to them.
In other words they also act as the nozzles.
A steam turbine is basically an assembly of nozzles fixed to a stationary casing and rotating blades
mounted on the wheels attached on a shaft in a row-wise manner. In 1878, a Swedish engineer,
Carl G. P. de Laval developed a simple impulse turbine, using a convergent-divergent (supersonic)
nozzle which ran the turbine to a maximum speed of 100,000 rpm. In 1897 he constructed a
velocity-compounded impulse turbine (a two-row axial turbine with a row of guide vane stators
between them.
Auguste Rateau in France started experiments with a de Laval turbine in 1894, and developed the
pressure compounded impulse turbine in the year 1900.
In the USA, Charles G. Curtis patented the velocity compounded de Lavel turbine in 1896 and
transferred his rights to General Electric in 1901.
In England, Charles A. Parsons developed a multi-stage axial flow reaction turbine in 1884.
Steam turbines are employed as the prime movers together with the electric generators in
thermal and nuclear power plants to produce electricity. They are also used to propel large ships,
ocean liners, submarines and to drive power absorbing machines like large compressors, blowers,
fans and pumps.
Turbines can be condensing or non-condensing types depending on whether the back pressure is
below or equal to the atmosphere pressure.
Flow Through Nozzles
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A nozzle is a duct that increases the velocity of the flowing fluid at the expense of pressure drop.
A duct which decreases the velocity of a fluid and causes a corresponding increase in pressure is
a diffuser. The same duct may be either a nozzle or a diffuser depending upon the end conditions
across it. If the cross-section of a duct decreases gradually from inlet to exit, the duct is said to be
convergent. Conversely if the cross section increases gradually from the inlet to exit, the duct is
said to be divergent. If the cross-section initially decreases and then increases, the duct is called a
convergent-divergent nozzle. The minimum cross-section of such ducts is known as throat. A fluid
is said to be compressible if its density changes with the change in pressure brought about by the
flow. If the density does not changes or changes very little, the fluid is said to be incompressible.
Usually the gases and vapors are compressible, whereas liquids are incompressible.
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