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Preface to the Fifth Edition

This book aims to give students of engineering a thorough grounding in the
subject of thermodynamics and the design of thermal plant. The book is
comprehensive in its coverage without sacrificing the necessary theoretical
rigour; the emphasis throughout is on the applications of the theory to real
processes and plant. The objectives have remained unaltered through four
previous editions and continuing interest in the book not only in the UK but
also in most other countries in the English-speaking world has confirmed these
objectives as suitable for students on a wide range of courses.

The book is designed as a complete course text for degree courses in
mechanical, aeronautical, chemical, environmental, and energy engineering,
engineering science, and combined studies courses in which thermodynamics
and related topics are an important part of the curriculum. Students on
technician diploma and certificate courses in engineering will also find the book
suitable although the coverage is more extensive than they might require.

A number of lecturers in universities and polytechnies in the UK were asked
for comments on the book before the fifth edition was prepared; the consensus
was that the balance of the book was broadly correct with only minor changes
needed, but a more modern format was thought to be desirable.

The fifth edition has therefore been completely recast in a new style which
will make it more attractive, and easier to use. The opportunity has also been
taken to rearrange the chapters in what seems to be a more logical order.
Throughout the book the emphasis is now on the effective use of energy resources
and the need to protect the environment. The chapter on energy sources,
use and management (Ch. 17), has been improved and extended; it now includes
a more extensive coverage of combined heat and power and a new section on
energy recovery, including a briel mention of pinch technology. The material
on gas turbines, steam turbines, nozzles, and propulsion (Chs 8-10) has been
rewritten in a more logical format giving a more general treatment of blade
design while still stressing the differences in design procedures for steam and
gas turbines. In the chapter on refrigeration (Ch. 14) more emphasis is given
to the heat pump and to vapour-absorption plant. A new section on refrigerants
discusses the vitally important question of the thinning of the ozone layer due
to CFCs; examples and problems in this chapter now use refrigerant 134a
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instead of refrigerant 12, and tables and a reduced scale chart for R134a are
included by permission of ICL. Analysis of exhaust gases, emission control for
IC engines, and the greenhouse effect are also included.

A new sign convention for energy transfer across a system boundary has
come into general use in recent years and has therefore been introduced in this
book. The convention is to treat both work and heat crossing a boundary as
positive when it is transferred from the surroundings to the system. Also, there
has been an international agreement to standardize symbols used for heat and
mass transfer and the symbols in this text have been chosen accordingly. For
example, the symbol for heat transfer coefficient is =z, that for thermal
conductivity 4, that for dynamic viscosity », and that for thermal diffusivity .
Molar gquantities are now distinguished by the overscript, *. Thanks are due to
Dr Y.R. Mayhew for many helpful discussions on the use of physical quantities,
units, and nomenclature. In the chapter on combustion (Ch. 7) the section on
dissociation has been rewritten to conform with the use of a standard thermal
equilibrium constant as tabulated in the latest edition of Rogers and Mayhew’s
Thermodynamic and Transport Properties of Fluids.

While preparing this new edition [ have been ever conscious of the loss of
my co-author and colleague for so many years, Allan McConkey, who died
just after the publication of the previous edition in 1986. I would like to dedicate
this edition 1o Allan with deep affection and gratitude for a long and fruitful
collaboration.

TDE 1992
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enthalpy; fundamental dimension of heat
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specific enthalpy of reaction

molar enthalpy

molar enthalpy of reaction

specific enthalpy of a saturated liquid
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heat

rate of heat transfer
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specific gas constant; thermal resistance; radius; ratio of
thermal capacities

molar gas constant

reheat factor

Reynolds number

radius; expansion ratio

pressure ratio

compression ratio

entropy; steam consumption

spark ignition

Stanton number

specific entropy

specific fuel consumption

ahenl I ture; t « find 1 47 ion of
time

top dead centre

temperature; fundamental dimension of temperature; blade
thickness

temperature difference

true mean temperature difference

arithmetic mean temperature difference
logarithmic mean temperature difference
internal energy; overall heat transfer coefficient
internal energy of reaction

specific internal energy

specific internal energy of reaction

molar internal energy

molar internal energy of reaction

volume

rate of volume flow

specific volume

work; brake load

rate of work transfer, power

temperature on any arbitrary scale

dryness fraction; nozzle pressure ratio; length
height above a datum level

number of stages

Greek symbols

angle of absolute velocity; heat transfer coefficient;
absorptivity for radiation

blade angle; coefficient of cubical expansion

ratio of specific heats, ¢, /c,

film thickness

degree of reaction

emissivity; effectiveness of a heat exchanger
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n efficiency; dynamic viscosity

K thermal diffusivity

A thermal conductivity; wavelength

v kinematic viscosity .

] density; reflectivity

3 Stefan~Boltzmann constant

t time; shear stress in a fluid; transmissivity

@ relative humidity; angle

w specific humidity; solid angle

W percentage saturation

Subscripts

AS air standard

a dry air; atmospheric; aircraft; absolute velocity

ai absolute velocity at inlet

ac absolute velocity at exit

B black body

BT brake thermal

b blade velocity

C cold fluid; compressor

c condensate; convective; critical value; clearance
dew point; diagram

DB dry bulb

e exit; exhaust

F fin; fluid

r saturated liquid; fuel; film; flow velocity

i change of phase at constant pressure

g saturated vapour; gases

gr gross

H hot fluid; high-pressure stage

hp heat pump

I intercooler

IT indicated thermal

i inlet; a constituent in a mixture; inside surface; intermediate;
indicated; mesh point; injector

j mesh point; jet

L low-pressure stage

M mechanical

m mean

max maximum

min minimum

N normal

net net

0 stagnation condition; overall; outside; zero or reference
condition
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1

Introduction and the First Law of
Thermodynamics

All living things depend on energy for survival, and modern civilizations will
continue to thrive only il existing sources of energy can be developed to meet
the growing demands. Energy exists in many forms, from the =nergy locked in
the atoms of marter itself 1o the i diant energy emitted by the sun.
Many sources of energy exist; many are known, some perhaps unknown; but
when an energy source exists means must first be found to transform the energy
into a form convenient to our purpose.

The chemical energy of combustion of fossil luels (oil, coal, gas), and waste
{agricultural, industrial, domestic], is used 1o produce heat which in turn is used
to provide mechanical energy in turbines or reciprocating engines; uranium
atoms are bombarded asunder and the nuclear energy released is used as heat;
the potential energy of large masses of water is converted into electrical energy
as it passes through water turbines on its way from the mountains to the sea;
the kinetic energy of the wind is harnessed by windmills to produce electricity;
the energy of the waves of the sea is converted into electrical power in floating
turbines; the tides produced by the rotation of the moon produce electrical
energy by flowing through turbines in large river estuaries; hot rocks and
trapped liquids in the depths of the earth are made to release their energy to
be converted to electricity; the immense radiant energy of the sun is tapped to
heat water or by suitable device is converted directly into electricity. Figure 1.1
shows the various energy sources and the possible conversion paths with the
more important transfers shown as bold lines; more information can be found
in Chapter 4 of ref. 1.1 and the bibliography therein.

Applied thermodynamics is the science of the relationship between heat, work,
and the properties of systems. It is concerned with the means necessary to
convert heat energy from available sources such as fossil fuels into mechanical
work. A heat engine is the name given to a system which by operating in a
cyclic manner produces net work from a supply of heat. The laws of
thermodynamics are natural hypotheses based on observations of the world in
which we live. It is observed that heat and work are two mutually convertible
forms of energy, and this is the basis of the First Law of Thermodynamics, It
is also observed that heat never flows unaided from an object at a low
temperature to one at a high temperature, in the same way that a river never
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flows unaided uphill. This observation is the basis of the Second Law of
Thermodynamics, which can be used to show that a heat engine cannot convert
all the heat supplied to it into mechanical work but must always reject some
heat at a lower temperature. These ideas will be discussed and developed in
due course, but first some fundamental definitions must be made.

Heat, work, and the system

In order to deal with the subject of applied thermodynamics rigorously it is
necessary to define the concepts used.

Heat is a form of energy which is transferred from one body to another body
at a lower temperature, by virtue of the temperature difference between the
bodies.

For example, when a body A at a certain temperature, say 20 °C, is brought
into contact with a body B at a higher temperature, say 21 °C, then there will
be a transfer of heat from B to A until the temperatures of A and B are equal
(Fig. 1.2). When the temperature of A is the same as the temperature of B no
heat transfer takes place between the bodies, and they are said to be in thermal
equilibrium. Heat is apparent during the process only and is therefore transitory
energy. Since heat energy flows from B to A there is a reduction in the intrinsic
energy possessed by B and an increase in the intrinsic energy possessed by A.
This intrinsic energy of a body, which is a function of temperature at least,
must not be confused with heat. Heat can never be contained in a body or
possessed by a body.

A system may be defined as a collection of matter within prescribed and
identifiable boundaries (Fig. 1.3). The boundaries are not necessarily inflexible;
for instance the fluid in the cylinder of a reciprocating engine during the
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1.1 Heat, work, and the system

expansion stroke may be defined as a system whose boundaries are the cylinder
walls and the piston crown. As the piston moves so do the boundaries move
(Fig. 1.4). This type of system is known as a closed system.

An open system is one in which there is a transfer of mass across the
boundaries; for instance, the fluid in a turbine at any instant may be defined
as an open system whose boundaries are as shown in Fig. 1.5.
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The pressure of a system is the force exerted by the system on unit area
of its boundaries. Units of pressure are, for example, pascal, Pa (where
1 Pa = | N/m?), or bar; the symbol p will be used for pressure. Pressure as
defined here is called absolute pressure. A gauge for measuring pressure (e.g. as
shown in Fig. 1.6(a) and 1.6(b)), records the pressure above atmospheric. This
is called gauge pressure, ie. absolute pressure equals gauge pressure plus
atmospheric pressure.

The gauge shown in Fig. 1.6(b) is called a Bourdon gauge. The absolute
pressure of the system in a closed elliptical section tube forces the tube out of
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Fig. 1.7 Vacuum
pressure and barometric
pressure
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position against the pressure of the atmosphere. The tube's displacement is
recorded by a pointer on a circular scale, which can be calibrated directly in bars.
When the pressure of a system is below atmospheric, it is called vacuum
pressure (Fig. 1.7(a)).
When one side of a U-tube is completely evacuated and then sealed,
the gauge will act as a barometer and the atmospheric pressure can be measured
(Fig. L7(b)).

Surroundings Surroundings
Perfect
vacuum -]
System Vacuum Atmospheric
pressure pressure
a) ib)

The gauges shown in Figs 1.6(a) and 1.7(a) measure gauge pressure in mm
of a liquid of known relative density, and are called manometers.
For example, when water is the liquid, then

1 mm of water = % % 9806.65 N/m? = 981 N/m? = 9,81 Pa
where 1 m? of water weighs 9810 N, say.
Mercury (Hg) is very often used in gauges. Taking the relative density of

mercury as 13.6, then

| mm Hg = 1:]—3 % 13.6 x 9810 N/m? = 133.4 N/m* = 1334 Pa

Fora simple introduction to ma tersand p ement, see ref. 1.2,

The specific volume of a system is the volume occupied by unit mass of the
system. The symbol used is v and the units are, for example, m?/kg. The symbol
¥ will be used for volume. (Note that the specific volume is the reciprocal of
density.)

Work is defined as the product of a force and the distance moved in the
direction of the force. When a boundary of a closed system moves in the direction
of the force acting on it, then the surroundings do work on the system. When
the boundary is moved outwards the work is done by the system on its
surroundings. The units of work are, for example, N m. If work is done on unit
mass of a fluid, then the work done per kilogram of fluid has units of N m/kg.

Work is observed 1o be energy in transition. It is never contained in a body
or possessed by a body.

Heat and work are both transitory energies and must not be confused with
the intrinsic energy possessed by a system. For example, when a gas contained
in a well-lagged cylinder (Fig. 1.8(a)}) is compressed by moving the piston to
the left, the pressure and temperature of the gas are observed to increase, and
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hence the intrinsic energy of the gas increases. Since the cylinder is well lagged,
no heat can flow into or out of the gas. The increase in intrinsic energy of the
gas has therefore been caused by the work done by the piston on the gas.

As another example, consider a gas contained in a rigid container and heated
(Fig. 1.8(b)). Since the boundaries of the system are rigidly fixed then no work
is done on or by the system. The pressure and temperature of the gas are
observed to increase, and hence the intrinsic energy of the gas will increase.
The increase in intrinsic energy has been caused by the heat flow to the system.

In the example of Fig. 1.8(a) the work done on the system is energy which
is apparent only during the actual process of compression. There is an intrinsic
energy of the system initially and an intrinsic energy finally, but the work done
appears only in transition from the initial to the final condition. Similarly, in
the example of Fig. 1.8(b), the heat supplied appears only in transition from
one state of the gas to another.

Another way in which work may be transferred to a system is illustrated in
Fig. 1.9. The paddle wheel imparts a change of momentum to the fluid and a
work input is required to turn the shaft. The kinetic energy attained by the
fluid is dissipated by internal fluid friction, and friction between the fluid and
the container. When the container is well lagged, all the work input goes to
increasing the intrinsic energy of the system.

Convention

The sign convention used in this book assumes that all external inputs to a
system are positive. That is

Heat supplied to a system, Q, is positive.
Work input to a system, W, is positive.

When a system boundary is drawn to define the system then it follows that
heat supplied, @, and work input, W, will always be shown by arrows pointing
into the system. In algebraic equations it will be quite clear when numbers are
substituted whether the value of ¢ and/or W is positive or negative; a negative
value for @ will indicate that heat is rejected from the system; a negative value
for W will indicate that work is done by the system on its surroundings.

In many cases it would cause unnecessary confusion by referring throughout
to negative quantities; for example, it is clear that for a device designed to

25
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1.2

produce power, such as an internal combustion engine or turbine, the work
input to the system is always negative. Although the above sign convention
will be used for all algebraic equations it will be made clear in the wording
that the system is producing a work output. For example

Work done by the system = — W

Similarly, for the case of a system designed specifically 1o cool a fluid, such as
a condenser for cxample, it is clear that the heat supplied to the system is always
negative. Hence we can write

Heat rejected by the system = —Q

Units

Throughout this book SI units will be used. The International System of Units
(Systéme International d’ Unités, abbreviation SI) was adopted by the General
Conference of Weights and Measures in 1960 and subsequently endorsed by
the International Organization for Standardization. It is a coherent system. In
a coherent system all derived unit quantities are formed by the product or
quotient of other unit quantities. In SI units six physical quantities are arbitrarily
assigned unit value and hence all other physical quantities are derived from
these. The six quantities chosen and their units are as follows: length (metre, m);
mass (kilogram, kg); time (second, 5); electric current (ampere, A ); thermodynamic
temperature (degree kelvin, K); lumi i ity dela, cd).

Thus, for example, velocity = length /time has units of m/s; acceleration =
velocity/time has units of m/s?; volume = length x length x length has units
of m?; specific volume = volume/mass has units of m®/kg.

Force, energy. and power

Newton's second law may be wrilten as force o«c mass x acceleration for a body
of constant mass, i.e.

F = kma (L1)

where m is the mass of a body accelerated with an acceleration g, by a force F;
k is a constant,
In a coherent system of units such as SI, k = 1, hence

F=ma

The SI unit of force is therefore kg m/s?. This composite unit is called the
newton, N, i.e. 1 N is the force required to give a mass of 1 kg an acceleration
of 1 m/s?

1t follows that the SI unit of work (= force x distance) is the newton metre,
N m. As stated earlier heat and work are both forms of energy, and hence both
can have the units of kg m?/s? or N m. A general unit for energy is introduced
by giving the newton metre the name joule, J,



1.2 Units

ie. | joule, ] = | newton x | metre
or 1I=1Nm

The use of additional names for composite units is extended further by
introducing the watt, W, as the unit of power,

ie. l watt, W=1J/s=1Nm/s

Pressure

The unit of pressure (force per unit area) is N/m? and this unit is sometimes
called the pascal, Pa. For most cases occurring in thermodynamics the pressure
expressed in pascals would be a very small number; a new unit is defined as
follows:

I bar = 10° N/m? = 10° Pa

The advantage of using a unit such as the bar is that it is approximately equal
to atmospheric pressure. In fact the standard atmospheric pressure is exactly
1.013 25 bar.

As indicated in section 1.1, it is often convenient to express a pressure as a
head of a liquid. We have:

Standard atmospheric pressure = 1.01325 bar = 0.76 m Hg

Temperature

The variation of an easily measurable property of a substance with temperature
can be used to provide a temperature-measuring instrument. For example, the
length of a column of mercury will vary with temperature due to the expansion
and contraction of the mercury. The instrument can be calibrated by marking
the length of the column when it is brought into thermal equilibrium with the
vapour of boiling water at atmospheric pressure and again when it is in thermal
equilibrium with ice at atmospheric pressure. On the Celsius (or Centigrade)
scale 100 divisions are made between the two fixed points and the zero is taken
at the ice point.

The change in volume at constant pressure, or the change in pressure at
constant volume, of a fixed mass of gas which is not easily liquefied (e.g. oxygen,
nitrogen, helium, etc.} can be used as a measure of temperature. Such an
instrument is called a gas thermometer. It is found for all gases used in
such thermometers that if the graph of temperature against volume in the
constant pressure gas thermometer is extrapolated beyond the ice point to the
point at which the volume of the gas would become zero, then the temperature
at this point is —273°C approximately (Fig. 1.10). Similarly if the graph of
tempemnre against pressure in the constant volume gas thermometer is

lated to zero p e, then the same zero of temperature is found. An
absolutc zero of lcmperamrc has therefore been fixed, and an absolute scale of
temperature can be defined. Temperature on the absolute Celsius scale can be
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Fig. .10 Graph of
temperature againsi
volume for a gas
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obtained by adding 273 to all temperatures on the Celsius scale; this scale is
called the Kelvin scale. The unit of temperature is the degree kelvin and is given
the symbol K, but since the Celsius scale which is used in practice has a different
zero the temperature in degrees Celsius is given the symbol C (e.g. 20°C = 293 K
approximately; also, 30°C — 20°C = 10 K). In this text capital T is used for
absolute temperature and small 1 for other temperatures.

In Chapter 5 an absolute scale of temperature will be introduced as a direct
consequence of the Second Law of Thermodynamics. It is found that the gas
thermometer absolute scales approach the ideal scale as a limit. Also, with
regard to the practical absolute temperature scale, there is an internationally
agreed working scale which gives temperatures in terms ol more practicable
and more accurate instruments than the gas thermometer (see rel. 1.3).

Multiples and sub-multiples

Multiples and sub-multiples of the basic units are formed by means of prefixes,
and the ones most commonly used are shown in the following table:

Multiplying factor Prefix  Symbol
One million million tera T

One thousand million giga G

One million, 10° mega M
One thousand, 103 kilo k

One thousandth, 1073 milli m

One millionth, 10™¢ micro

One thousand millionth nano n

One million millionth pico P

For most purposes the multiplying factors shown in the above table are sufficient.
For example, power can be expressed in either megawatts, MW, or kilowatts,
kW, or watts, W. In the measurement of length the millimetre, mm, the metre, m,
and the kilometre, km, are usually adequate. For areas, the difference in size
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Fig. .11 State of a
working fluid on a

property diagram

1.3 The state of the working fluid

between the square millimetre, mm?, and the square metre, m?, is large (a factor
of 10°), and an intermediate size is useful; the square centimetre, cm?, is
recommended for limited use only. For volumes, the difference between the
cubic millimetre, mm?, and the cubic metre, m?, is much too great (a factor of
10%), and the most ly used intermediate unit is the cubic decimetre,
dm?, which is equal to one-thousandth of a cubic metre (i.e. 1 dm® = 107 m?).
The cubic decimetre can also be called the litre, 1,

i.e. Hitre, | = 1dm?* =107 *m?

(Note, for very precise measurements, 1 litre = 1.000028 dm?.)

Certain exceptions to the general rule of multiplying factors are inevitable.
The most obvious example is in the case of the unit of time. Instead of
the centisecond, kilosecond, or megasecond, for instance, the minute, hour, day,
etc. are used. Similarly, a mass flow rate may be expressed in kilograms per
hour, kg/h, if this gives a more convenient number than when expressed in
kilograms per second, kg/s. Also the speed of road vehicles is expressed in
kilometres per hour, km/h, since this is more convenient than the norral unit
of velocity which is metres per second, m/s.

The state of the working fluid

In all problems in applied thermodynamics we are concerned with energy
transfers 1o or from a system. In practice the matter contained within the
boundaries of the system can be liquid, vapour, or gas, and is known as the
working fluid. At any instant the state of the working fluid may be defined by
certain characteristics called its properties. Many properties have no significance
in thermodynamics (e.g. electrical resistance), and will not be considered. The
thermodynamic properties introduced in this book are pressure, temperature,
specific volume, specific internal energy, specific enthalpy, and specific entropy.
It has been found that, for any pure working fluid, only two independent
properties are necessary to define completely the state of the fluid. Since any
two independent properties suffice to define the state of a system, it is possible
to represent the state of a system by a point situated on a diagram of properties.
For example, a cylinder containing a certain fluid at pressure p, and specific
volume v, is at state 1, defined by point 1 on a diagram of p against v
(Fig. 1.1t(a}). Since the state is defined, then the temperature of the fluid, T is

=
ta

el by ic)
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Fig. 112 Reversible
and irreversible processes

fixed and the state point can be located on a diag) of p against T and T
against v (Figs 1.11(b) and 1.11(c)). At any other instant the piston may be
moved in the cylinder such that the pressure and specific volume are changed
to p, and v,. State 2 can then be marked on the diagrams. Diagrams of properties
are used continually in applied thermodynamics to plot state changes. The most
important are the pressure—volume and temperature—entropy diagrams, but
enthalpy-entropy and pressure—enthalpy diagrams are also used frequently.

Reversibility

In section 1.3 it was shown that the state of a fluid can be represented by a
point located on a diagram using two properties as coordi When a
changes state in such a way that at any instant during the process the state
point can be located on the diagram, then the process is said to be reversible.
The fluid undergoing the process passes through a continuous series of
equilibrium states. A reversible process between two states can therefore be
drawn as a line on any diagram of properties (Fig. 1.12(a)). In practice, the
fluid undergoing a process cannot be kept in equilibrium in its intermediate
states and a continuous path cannot be traced on a diagram of properties. Such
real processes are called irreversible processes. An irreversible process is usually
represented by a dotted line joining the end states to indicate that the
intermediate states are indeterminate (Fig. 1.12(b)).

1a) (L]

A more rigorous definition of reversibility is as follows:

When a fluid undergoes a reversible process, both the fluid and its surroundings
can always be restored to their original state.

The criteria of reversibility are as follows:

(&) The process must be [rictionless. The fluid itself must have no internal friction
and there must be no mechanical friction (¢.g. between cylinder and piston).

(b) The difference in pressure between the fluid and its surroundings during the
process must be infinitely small. This means that the process must take place
infinitely slowly, since the force to accelerate the boundaries of the system
is infinitely small.



Fig. 1.13 Fluid in a
cylinder undergoing a
compression

1.5 Reversible work

(c) The difference in temperature between the fluid and its surroundings during
the process must be infinitely small. This means that the heat supplied or
rejected to or from the fluid must be transferred infinitely slowly.

It is obvious from the above criteria that no process in practice is truly
reversible. However, in many practical processes a very close approximation to
an internal reversibility may be obtained. In an internally reversible process,
although the surroundings can never be restored to their original state, the fluid
itself is at all times in an equilibrium state and the path of the process can be
exactly retraced to the initial state. In general, processes in cylinders with a
reciprocating piston are assumed to be internally reversible as a reasonable
approximation, but processes in rotary machinery (e.g. turbines) are known to
be irreversible due to the high degree of turbulence and scrubbing of the fluid.

Reversible work

Consider an ideal frictionless fluid contained in a cylinder bshind a piston.
Assume that the pressure and temperature of the fluid are uniform and that
there is no [riction between the piston and the cylinder walls. Let the
cross-sectional area of the piston be A, let the pressure of the fluid be p, let the
pressure of the surroundings be (p + dp) (Fig. 1.13). The force exerted by the
piston on the fluid is pA. Let the piston move under the action of the
force exerted a distance dl to the left. Then work done on the fluid by the piston
is given by force times the distance moved,

i.e. Work done, dW = —(pd) x dl = —pdV

Piston

where dV is a small increase in volume. The negative sign is necessary because
the volume is decreasing.
Or for a mass, m,

dW = —mp dr

where v is the specific volume. This is only true when criteria (a) and (b) hold
as stated in section 1.4.

When a fluid undergoes a reversible process a series of state points can be
joined up to form a line on a diagram of properties. The work done on the
fluid during any reversible process, W, is therefore given by the area under
the line of the process plotted on a p-v diagram (Fig. 1.14),

2 1
e W= —mf pdu=m[ pdr = m (shaded area on Fig. 1.14) (1.2}
1 2
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Fig. .14 Work done
in 2 compression process

Example 1.1

Solution

Fig. 1.15
Pressure-specific volume
diagram for

Example 1.1
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When p can be expressed in terms of v then the integral, m |} p dv, can be
evaluated.

Unit mass of a fluid at a pressure of 3 bar, and with a specific volume of
0.18 m*/kg, contained in a cylinder behind a piston expands reversibly to a
pressure of 0.6 bar according toa law p = ¢/v?, where ¢ is a constant. Calculate
the work done during the process.

Referring to Fig. 1.15

pressure/IN/m?)

06 x 10*

2
W= —mj pdv = —m (shaded area)
1

. " dr 1™
ie W= —~cm == —cm[—--]
n ¥ vy,

also ¢ =pv® =3 x 0.187 = 0.0972 bar (m?/kg)?

0.0972
and  p= [S= 222 o 0402m1/kg
P2 0.6
therefore
W= —00972 x ll:l’(L - ;) Nm/kg
0.18 0402
= —29840 N m/kg

ie Work done by the fluid = +29840 N m/kg




Fig. .16 Reversible
EXPANSION Process on
a p-v diagram

Fig. 117 Reversible
cycle on a p-r diagram

Example 1.2

1.5 Reversible work

i When an expansion process takes place reversibly (see Fig. 1.16), the integral,
1 p dr, is positive, i.e.

2
W= —MJ pdv = —m (shaded area on Fig 1.16)
1

A process from right to left on the p-v diagram is one in which there is a work
input to the fluid (ie. W is positive). Conversely, a process from left to right is
one in which there is a work output from the fluid (i.e. W is negative).

‘When a fluid undergoes a series of process and finally returns to its initial
state, then it is said to havc undergnne a thermodynamic cyele. A cycle which
consists only of isa ible cycle. A cycle plotted on a
diagram of properties forms a closed figure, and a reversible cycle plotted on a
p-v dingram fnrmsuclosedﬁ,gmcth:manfwhld: represents the net work
oflhecych For ple,a cycle g of four ible processes

11022103 3104, and 4 to | is shown in Fig 1.17. The net work input is
equal to the shaded area. If the cycle were described in the reverse direction
fie. 1tod, 4103 3to2 and 2 to 1), then the shaded area would represent
net work output from the system. The rule is that the enclosed area of a ibl
cycle represents net work input (i.e. net work done on the system) when the
cycle is described in an anticlockwise manner, and the enclosed area represents
work output (ie. work done by the system) when the cycle is described in a
clockwise manner.

r

Unit mass of a certain fluid is contained in a cylinder at an initial pressure
of 20 bar. The fluid is allowed to expand reversibly behind a piston according
toalaw pV'? = constant until the volume is doubled. The fluid is then cooled
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reversibly at constant pressure until the piston regains its original position;
heat is then supplied reversibly with the piston firmly locked in position until
the pressure rises to the original value of 20 bar. Calculate the net work done
by the fluid, for an initial volume of 0.05 m>.

Solution Referring to Fig. 1.18
pVi=pVi

Fig. .18 Figure for
Example 1.2

8
x

pressure/(N/m?)

therefore
By 20
P:=PL(F:) =F=5bar
F
Wy = —I pdV from equation (1.2) = —area 12BA1
1

¥
e W,= -J' %d? where ¢ = p, Vi =20 x 0,052 bar m®
¥

therefore
1 0.1
W= —10%x 20 x 0.0025[——]
4 0.05
= —10% x 20 x U.DOZS(L— L) = —~50000 Nm
005 0.1
W,y = area 32BA3 = p,(V; — V) = 10% x 5 x (0.1 — 0.05)
= 25000 Nm

Work done from 3 to | is zero since the piston is locked in position. Therefore
Net work done = W, + Wy, = —(enlclosed ‘area 1231)

~50000 + 25000 = —25000 Nm

Hence the net work done by the fluid is 425000 N m.

Tt has been stated above that work is given by — | p du for a reversible process
only. Tt can easily be shown that —j p dv is not equal to the work done il a



Fig. 1.19
Compartments with
sliding partitions

1.6

1.6 Conservation of energy and tha first law of thermodynamics

process is i ible. For pl ider a cylinder, divided into a number
of compartments by sliding partitions (Fig. 1.19). Initially, compartment A is
filled with a mass of fiuid at pressure p,. When the sliding partition 1 is removed
quickly, then the fluid expands to fill compartments A and B. When the system
settles down 1o a new equilibrium state the pressure and volume are fixed and
the state can be marked on the p-V diagram (Fig. 1.20). Sliding partition 2 is
now removed and the fluid expands to occupy compartments A, B, and C.
Again the equilibrium state can be marked on the diagram. The same procedure
can be adopted with partitions 3 and 4 until finally the fluid is at p; and occupies
a volume ¥, when filling compartments A, B, C, D, and E. The area under the
curve 1-2 on Fig. 1.20 is given by [{ pd¥, but no work has been done (zpart
from the negligible work required to move the partitions). No piston has been
moved, no turbine wheel has been revolved; in other words, no external force
has been moved through a di This is the case of an irreversible
process in which [ pdV has a value and yet the work done is zero. When a
fluid expands without a restraining force being exerted by the surroundings, as
in the example above, the process is known as free expansion. Free c:pamion
is highly irreversible by criterion (b), section 1.4. In many practical expammn
promns some work is done by the fuid which is less than [ p dv and in many
F ¥ work is done which is greater than [ pde. It is
i tor P alli ibl by dotted lines on a p-v diagram
as a reminder that the area under the dotted line does nol represent work.

Conservation of energy and the First Law of
Thermodynamics

The concept of energy lnd the hypothesis that it can neither be created nor

d were d ped by scientists in the early part of the nineteenth century,
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Example i.s

Solution

Fig. 1.21  Steam plant
for Example 1.3
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and became known as the Principle of the Conservation of Energy. The First
Law of Thermodynamics is merely one statement of this general principle with
particular reference to thermal emergy, (ie. heat), and mechanical energy,
(i.e. work).

When a system undergoes a complete thermodynamic cycle the intrinsic
energy of the system is the same at the beginning and end of the cycle. During
the various processes that make up the cycle work is done on or by the fluid
and heat is supplied or rejected; the network input can be defined as ¥’ W, and
the net heat supplied as ¥ @, where the symbol ¥ represents the sum for a
complete cycle.

Since the intrinsic energy of the sysiem is unchanged the First Law of
Thermodynamics states that:

When a system undergoes a thermodynamic cycle then the net heat supplied
to the system from its surroundings plus the net work input to the system from
its surroundings must equal zero.

That is
Ye+yEw=0 (1.3)

In a certain steam plant the turbine develops 1000 kW. The heat supplied
to the steam in the boiler is 2800 kJ/kg, the heat rejected by the steam to
the cooling water in the condenser is 2100 kJ/kg and the feed-pump work
required to pump the condensate back into the boiler is 5 kW. Calculate the
steam flow rate.
The cycle is shown diagrammatically in Fig. 1.21. A boundary is shown which
encompasses the entire plant. Strictly, this boundary should be thought of
as encompassing the working fluid only. For unit mass flow rate
¥ dQ = 2800 — 2100 = 700 k) /kg
Let the steam flow be it kg/s. Therefore
¥ dQ = 700m kW
and  FdW =5 1000 = —995kW




1.7

1.7 The non-flaw aquation

Then in equation (1.3)

Ydo+¥dw=0
ie. T00m—995=0
therefore

= 995/700 = 1.421 kg/s
ie Steam mass flow rate required = 1421 kg/s

The non-flow equation

In section 1.6 it is stated that when a system possessing a certain intrinsic
energy is made to undergo a cycle by heat and work transfer, then the net heat
supplied plus the net work input is zero.

This is true for a complete cycle when the final intrinsic energy of the system
is equal to its initial value. Consider now a process in which the intrinsic energy
of the system is finally greater than the initial intrinsic energy. The.sum of the
net heat supplied and the net work input has increased the intrinsic energy of
the system, i.c.

Gain in intrinsic energy = Net heat supplied + net work input

When the net effect is to transfer energy from the system, then there will be a
loss in the intrinsic energy of the system.

When a fluid is not in motion then its intrinsic energy per unit mass is known
as the specific internal energy of the fluid and is given the symbol u. The specific
internal energy of a fluid depends on its pressure and temperature, and is itsell
a property. The simple proof that specific internal energy is a property is given
in ref. 1.4. The internal energy of mass, m, of a fluid is written as U, i.e. mu = U,
The units of internal energy, U, are usually written as kJ.

Since internal energy is a property, then gain in internal energy in changing
from state 1 to state 2 can be written U, — U,.

Also, gain in internal energy = net heat supplied + net work input,

1 1
ie.  Up-U,=Ydo+¥dw

This equation is true for a process or series of processes between state 1 and
state 2 provided there is no flow of fluid into or out of the system. In any one
non-flow process there will be either heat supplied or heat rejected, but not
both; similarly there will be either work input or work output, but not both.
Hence,

U,—-U; =0+ W foranon-flow process
or, for unit mass

Q+Ws=u;—u, (1.4)
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Example 1.4

Solution

Example 1.5

Solution

This equation is known as the non-flow energy equation. Equation (1.4) is
very often written in differential form. For a small amount of heat supplied dQ,
a small amount of work done on the fluid dW, and a small gain in specific
internal energy du, then

dQ + dW = du (1.5)

In the compression stroke of an internal-combustion engine the heat rejected
to the cooling water is 45 kJ/kg and the work input is 90 kJ/kg. Calculate
the change in specific internal energy of the working fluid stating whether
it is a gain or a loss.

Q= —45k)/kg
{ —ve sign since heat is rejected).

W =90kJ/kg
Using equation (1.4)

Q+W=uy—uy
—45+ 90 =uy; —u,
therefore
uy—uy =45kl/kg
ie. Gain in internal energy = 45 kJ/kg

In the cylinder of an air motor the compressed air has a specific internal
energy of 420 kJ/kg at the beginning of the expansion and a specific internal
energy of 200 kJ/kg after expansion. Calculate the heat flow to or from the
cylinder when the work done by the air during the expansion is 100 kJ/kg.

From equation (1.4)

Q+W=u—u
ie Q — 100 = 200 — 420
therefore
Q= —120kl/kg
e Heat rejected by the air = +120kJ/kg

1t is important to note that equations (1.3), (1.4), and (1.5) are true whether
or not the process is reversible. These are energy equations.
For ible non-flow pr we have, from equation (1.2}

1
=—ﬂ1j pde
1

or in differential form

dW = —mpdv




Fig. 1.22 Steady-flow
open system

Boundary

Inlet 1

Fig. .23 Section at
inlet to the system

1.8 The steady-flow equation

Hence for any reversible non-flow process for unit mass, substituting in
equation (1.5)
d@ =du + pdv (1.6)

or substituting in equation (1.4)
H
Q=(u,-u.)+J. pdv (1.7)
1

Equations(1.6)and (1.7)can only be used for ideal reversible non-flow processes.

The steady-flow equation

In section 1.7, the specific internal energy of a fluid was said to be the intrinsic
energy of the fluid due to its thermodynamic properties. When unit mass of a
fluid with specific internal energy, u, is moving with velocity C and is a height
Z above a datum level, then it possesses a total energy of u +(C?/2) + Zg,
where C2/2 is the kinetic energy of unit mass of the fluid and Zg is the potential
energy of unit mass of the fluid.

In most practical problems the rate at which the fluid flows through a machine
or piece of apparatus is constant. This type of flow is called steady flow.

Consider a fluid flowing in steady flow with a mass flow rate, m, through a
piece of apparatus (Fig. 1.22). This constitutes an open system as defined in
section 1.2, The boundary is shown cutting the inlet pipe at section 1 and the
outlet pipe at section 2. This boundary is sometimes called a comrol surface,
and the system encompassed, a control volume.

Z,

Let it be assumed that a steady rate of flow of heat ¢ units is supplied, and
that W is the rate of work input on the fluid as it passes through the apparatus.
Now in order to introduce the fluid across the boundary an expenditure of
energy is required; similarly in order to push the fluid across the boundary at
exit, an expenditure of energy is required. The inlet section is shown enlarged
in Fig. 1.23. Consider an element of fluid, length ], and let the cross-sectional
arca of the inlet pipe be A,. Then we have

Energy required to push element across boundary
=(p,A,) x | = p; x (volume of fluid element)
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therefore
Energy required for unit mass flow rate of fluid = py v,

where v, is the specific volume of the fluid at section 1.
Similarly it can be shown that

Energy required at exit to push unit mass flow rate of fluid across the boundary
=Ppal:
Consider now the energy entering and leaving the system. The energy entering
the system consists of the energy of the flowing fluid at inlet

C!
ria(ul + —;- + Zlg)

the energy term rip, v, , the heat supplied 0, and the rate of work input, W, The
energy leaving the system consists of the energy of the lowing fluid at the outlet
section

Cl
m(u, + —23 + Zlg)

and the energy term rip,vy. Since there is steady flow of fluid into and out of
the system, and there are steady flows of heat and work, then the energy entering
must exactly equal the energy leaving.

¢} €
il + S Zig 4oy )+ O+ W=t w2+ Zog + vy
(1.8)

In nearly all problems in applied thermodynamics, changes in height are
negligible and the potential energy terms can be omitted from the equation.
The terms in u and pv occur on both sides of the equation and always will do
so in a flow process, since a fluid always possesses a certain internal energy,
and the term pr always occurs at inlet and outlet as seen in the above proof.
The sum of specific internal energy and the pv term is given the symbol h, and
is called specific enthalpy,

ie Specific enthalpy, h = u + pv (1.9)

The specific enthalpy of a fluid is a property of the fluid, since it consists of
the sum of a property and the product of two properties. Since specific enthalpy
is a property like specific internal energy, pressure, specific volume, and
temperature, it can be introduced into any problem whether the process is a
flow process or a non-flow process. The enthalpy of mass, m, of a fluid can be
written as H (i.e. mh = H). The units of h are the same as those of internal energy.

Substituting cquation (1.9) in equation (1.8}

ci Cc3
fh(hl+T'+Z,g)+Q+ H"=’fl(k;+?2+zzﬂ') (1.10)

Equation (1.10) is known as the sready-flow energy equation. In steady flow
the rate of mass flow of fluid at any section is the same as at any other section.



1.8 The steady-flow equation

Consider any section of cross-sectional area A, where the fluid velocity is C,
then the rate of volume flow past the section is CA. Also, since mass flow is
volume flow divided by specific volume

Mass flow mtc,n'1=(—:—€=pCA (1.11)

v

where v is the specific volume at the section and p the density at the section.
This equation is known as the continuity of mass equation.
With reference to Fig. 1.22

Cid, _ G4,

Uy vz

o=

Example 1.6 In the turbine of a gas turbine unit the gases flow through the turbine at
17T kg/s and the power developed by the turbine is 14000 kW, The specific
enthalpies of the gases at inlet and outlet are 1200 kJ/kg and 360 kJ/kg
respectively, and the velocities of the gases at inlet and outlet are 60 m/s and
150 m/s respectively. Calculate the rate at which heat is rejected from the
turbine. Find also the area of the inlet pipe given that the specific volume
of the gases at inlet is 0.5 m*/kg.

Soluti A diagr ic ation of the turbine is shown in Fig. 1.24. From
equation (1.10), ncglecung changes in height

. i . ci
m(b1+7)+é+ W=m(h;+7)

Fig. 1.24 Gas turbine Boundary
for Example 1.6

Boundary 4

For unit mass flow rate:

60 602 kg m?
Kinetic energy at inlet = —X = —m?/s? = —
& 2 -2 M T g
= Nm/kg=18kl/kg
c)
Kinetic energy at outlet = T = 2.5% x (kinetic energy at inlet)

= 11.25 kJ/kg (since C; = 2.5C,)
4
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Fig. 1.25  Air
compressor for
Example 1.7

42

Also W = —14000 kW
Substituting in equation (1.10)

17(1200 + 1.8) + @ — 14000 = 17(360 + 11.25)
thereflore

Q=—1193kW
ie Heat rejected = +119.3 kW

To find the inlet area, use equation (1.11), ie.
v

CA
M=— or A =—
v C

therefore

17 % 0.5

Inlet area, A, = =0.142 m?

Air flows steadily at the rate of 0.4 kg/s through an air comp entering
at 6 m/s with a pressure of 1 bar and a specific volume of 0.85 m*/kg, and
leaving at 4.5m/s with a pressure of 6.9 bar and a specific volume of
0.16 m?/kg. The specific internal energy of the air leaving is 88 kJ /kg greater
than that of the air entering. Cooling water in a jacket surrounding the
cylinder absorbs heat from the air at the rate of 59 kW. Calculate the power
required to drive the compressor and the inlet and outlet pipe cross-sectional
areas.

In this problem it is more convenient to write the flow equation as in equation 1.8,
omitting the Z terms,

) . ci . ci
i mu,+-2—+plvl +Q+W=m u3+?+p,u,

A diagrammatic rep: ation of the p is shown in Fig. 1.25. Note
that the heat rejected across the boundary is equivalent to the heat removed
by the cooling water from the compressor. For unit mass flow rate:

2
% =6 ; 8 5 /kg = 18.1/kg = 0,018 ki/kg

Airin 17 N\2  Airout
d

Air
compressor

I=

Bonrary



1.1

Problems

€3 45x45

2

J/kg = 10.1 J/kg = 0.0101 kJ/kg

Pty =1 x 10° x 0.85 = 85000 J /kg = 85 kJ/kg
Paty =69 x 10* x 0.16 = 110400 J /kg = 1104 kI /kg
uy —uy = 88 kJfkg

Also Q= -59kW

. . C: C!
-Now Q+Ws= rﬁ{(u; =)+ (patz — pyvy) + (-2—:—7’)}
ie. —59+ W= 0.4(88 + 110.4 — 85 + 0.0101 — 0.018)
therefore
W = 104.4 kW

(Note that the change in kinetic energy is negligibly small in comparison with
the other terms.)
ie. Power input required = 104.4 kW
From equation (1.11)
. CA
=
v

04085

4, = 0.057 m?

ie. Inlet pipe cross-sectional area = 0.057 m?

Similarly
0.4 x 0.16
= =00l4m?
: 45
ie. Qutlet pipe cross-seciional area = 0,014 m?

In Example 1.7 the steady-flow energy equation has been used, despite the
fact that the compression consists of suction of air, compression in a closed
cylinder, and discharge of air. The steady-flow equation can be used because
the cycle of processes takes place many times in a minute, and therefore the
average effect is steady flow of air through the machine.

Problems

A certain fluid at 10 bar is contained in a cylinder behind a piston, the initial volume
being 0.05 m®. Calculate the work done by the fluid when it expands reversibly:

(i) at constant pressure to a final volume of 0.2 m?

(it} according toa linear law to a final volume of 0.2 m? and a final pressure of 2 bar;

43



Introduction and the First Law of Thermodynamics

1.2
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14

1.5

1.6

1.7

1.8

(i) according to a law p} = constant 1o a final volume of 0.1 m*;
(iv) according to a law pv? = constant to a final volume of 0.06 m*;
(v) according to a law, p = (A4/V?) = (B/V}, to a final volume of 0.1 m* and a final
pressure of | bar, where 4 and B are constants.
Sketch all processes on a p-v diagram.
(150000 N m; 90000 N m; 34700 N m: 7640 N m; 19200 N m)

T kg of a fluid is p i ibly according to a law pu = 0.25, where p is in
bar and ¢ is in m*/kg. The final volume is 4 of the initial volume. Calculate the work
done on the fluid and sketch the process on a p-r diagram,

(34660 Nm)

0.05 m* of a gas at 6.9 bar expands reversibly in a cylinder behind a piston according
to the law pu'? = constant, until the volume is 0.08 m”. Calculate the work done by
the gas and sketch the process on a p- V dingram.

(15480 N-m)

1 kg of a fluid expands reversibly according to a lincar law from 4.2 bar to 1.4 bar;
the initial and final volumes are 0.004m* and 0.02m> The fluid is then cooled
reversibly at constant pressure, and finafly P I reversibly according to a law
po = constant back to the initial conditions of 4.2 bar and 0.004 m*. Calculate the
work done in each process and the net work of the cycle. Sketch the cycle on a p-v
diagram.

(~4480Nm: +1I20Nm; +1845 N m; — 1515 N m)

A fluid at 0.7 bar occupying 0.09 m? is compressed reversibly o a pressure of 3.5 bar
according 1o a law pr” = constant. The fluid is then heated reversibly at constant volume
until the pressure is 4 bar; the specific volume is then 0.5 m*/kg. A reversible expansion
according to a law pr? = constant restores the fluid to its initial state. Sketch the
cycle on a p-o diagram and calculate:
(1) the mass of fluid present;
(ii} the value of n in the first process;
(iii) the net work of the cycle.
(00753 kg; 1.847;, —640 N m)

A fluid is heated reversibly at a constant pressure of 1.05 bar until it has a specific
volume of 0.1 m*/kg. It is then p ling to a law pv = constant
to a pressure of 4.2 bar, then allowed to e:pand mmnbly according to a law
pe'7 = constant, and is finally heated at constant volume back to the initial conditions.
The work done in the constant pressure process is — 515 N'm, and the mass of fluid
present is 0.2 kg. Calculate the net work of the cycle and sketch the cycle on a p-v
diagram.

{+ 781 Nm)

In an air pressor the compression takes place at a constant internal energy and
S0k} of heat are rejected to the cooling water for every kilogram of air. Calculate
the work input for the pression stroke per kilog of air.

(50kJ/kg)

In the compression stroke of a gas engine the work done on the gas by the piston
is 70kJ/kg and the heat rejected to the cooling water is 42 kJ/kg. Calculate the
change of specific internal energy stating whether it is a gain or a loss.

{28 kJ/kg gain)
A mass of gas at an initial pressure of 28 bar, and with an internal energy of 1500 kJ,
is e d in a well-insulated cylinder of volume 0.06 m®. The gas is allowed to
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expand behind a piston until its internal energy is 1400 kJ; the law of expansion is
pe* = constant. Calculate:
(i) the work done;
(ii) the final volume:
{iii) the final pressure.
(=100 kJ; 0.148 m?; 4.59 bar)

The gases in the cylinder of an ‘internal combustion engine have a specific internal
energy of 800 kJ/kg and a specific volume of 0.06 m? /kg at the beginning of expansion.
The expansion of the gases may be assumed to take place according to a reversible
law, pr'® = constant, from 353bar to 14 bar. The specific internal energy after
expansion is 230 kJ/kg. Calculate the heat rejected to the cylinder cooling water per
kilogram of gases during the expansion stroke.

(104 kJ/kg)

A steam turbine receives a steam flow of 1.35kg/s and the power outpurt is 500 kW.

The heat loss from the casing is negligible. Calculate:

(1) the change of specific enthalpy across the turbine when the velocities at entrance
and exit and the difference in ¢levation are negligible;

(i1) the change of specific enthalpy across the turbine when the velocity at entrance is
60 m/s, the velocity at exit is 360 m/s, and the inlet pipe is 3 m above the exhaust
pipe.

(370 kJ/kg; 433 kI kg)

A steady flow of steam enters a condenser with a specific enthalpy of 2300kJ/kg

and a velocity of 350 m/s. The i leaves the d with a specific enthalpy

of 160 kJ/kg and a velocity of 70 m/s. Calculate the heat transfer to the cooling fluid
per kilogram of steam condensed,

(=2199 kI/kg)

A turbine operating under steady-flow conditions receives steam at the following
state: pressure, 13.8 bar; specific volume 0.143m>/kg. specific internal energy
2590 kJ/kg, velocity 30 m/s. The state of the steam leaving the turbine is as follows:
pressure 0.35 bar, specific volume 4.37m? kg, specific internal energy 2360 kJ/kg,
velocity 90 m/s. Heat is rejected 1o the surroundings at the rate of 0.25 kW and the
rate of steam flow through the turbine is 0.38 kg/s. Calculate the power developed
by the turbine,

(102.7 kW)

A nozzle is a device for increasing the velocity of a steadily flowing fluid. Ar the inlet

1o a certamn nozzle the specific enthalpy of the Auid is 3025 kJ/kg and the velocity

is 60 m/s. At the exit from the nozzle the specific enthalpy is 2790 k) /kg. The nozzle

is horizontal and there is a negligible heat loss from it. Calculate:

(i) the velocity of the fluid at exit;
(i} the rate of flow of fluid when the inlet area is 0.1 m? and the specific volume at
inlet is 0.19 m®/kg;

(iii} the exit area of the nozzle when the specific volume at the nozzle exit is 0.5 m*/kg.

(688 m/s; 316 kg/s; 00229 m?)
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2

The Working Fluid

In section 1.3 the matter contained within the boundaries of a system is defined
as the working fluid, and it is stated that when two independent properties of
the fluid are known then the thermodynamic state of the fluid is defined. In
thermodynamic systems the working fluid can be in the liquid, vapour, or
gaseous phase. All substances can exist in any one of these phases, but we tend
to identify all substances with the phase in which they are in equilibrium at
atmospheric pressure and temperature. For instance, substances such as oxygen
and nitrogen are thought of as gases; H,0 is thought of as liquid or vapour
(i.e. water or steam); mercury is thought of as a liquid. All these substances
can exist in different phases: oxygen and nitrogen can be liquefied; H,O can
become a gas at very high temperatures; mercury can be vaporized and will
act as a gas if the temperature is raised high enough.

Liquid, vapour, and gas

Consider a p-v diagram for any substance. The solid phase is not imporiant
in engineering thermodynamics, being more the province of the metallurgist or
physicist. When a liquid is heated at any one constant pressure there is one
fixed temperature at which bubbles of vapour form in the liquid; this
phenomenon is known as boiling. The higher the pressure of the liquid then
the higher the temperature at which boiling occurs. It is also found that the
volume occupied by 1 kg of a boiling liquid at a higher pressure is slightly
larger than the volume occupied by 1 kg of the same liquid when it is boiling
at a low pressure. A series of boiling-points plotted on a p-v diagram will
appear as a sloping line, as shown in Fig 2.1. The points P, Q, and R represent
the boiling-points of a liquid at pressure pg, po, and py respectively.

When a liquid at boiling-point is heated further at constant pressure the
additional heat supplied changes the phase of the substance from liquid to
vapour; during this change of phase the pressure and temperature remain
constant. The heat supplied is called the specific enthalpy of vaporization. It is
found that the higher the pressure then the smaller is the amount of heat
required. There is a definite value of specific volume of the vapour at any one
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Fig. 2.1 Boiling-points
plotted on a
p-v diagram

Fig. 22 Points of
complete vaporization
plotted on a

p-v diagram
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pressure, at the point at which vaporization is complete; hence a series of points
such as P’, ', R’ can be plotted and joined to form a line as shown in Fig. 2.2,

When the two curves already drawn are extended to higher pressures they
form a continuous curve, thus forming a loop (see Fig. 2.3). The pressure at
which the turning point occurs is called the critical pressure and the turning
point itsell is called the eritical point (point C on Fig. 2.3). It can be seen that
at the critical point the specific enthalpy of vaporization is zero. The substance
existing at a state point inside the loop consists of a mixture of liquid and dry
vapour and is known as a wet vapour. A saturation state is defined as a state
at which a change of phase may occur without change of pressure or temperature.
Hence the boiling-points P, Q, and R are saturation states, and a series of such
boiling-points joined up is called the saturated liguid line. Similarly the points
P, @, and R’, ut which the liquid is completely changed inte vapour, are
saturation states, and a series of such points joined up is called the saturated
vapour line, The word *saturation’ as used here refers to energy saturation. For
example, a slight addition of heat to a boiling liquid changes some of it into a
vapour, and it is no longer a liquid but is now a wet vapour. Similarly when
a substance just on the saturated vapour line is cooled slightly, droplets of
liquid will begin to form, and the saturated vapour becomes a wet vapour, A
saturated vapour is usually called dry saturated to emphasize the fact that no
liguid is present in the vapour in this state.

Lines of constant temperature, called isothermals, can be plotted on a p-v
diagram as shown in Fig. 24. The temperature lines become horizontal between
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Fig. 23 Wael loop
plotted on a
p-v diagram

Fig. 2.4 Isothermals
for a vapour plotted on
a p-v diagram

2.1 Liquid, vapour, and gas

Critical pressure

C
™ “1 "\
Po
h \Stared vapour line

Satnran:d liquid Im&,

=]

=

the saturated liquid line and the saturated vapour line (c.g. between P and P,
Q and Q', R and R’). Thus there is a corresponding saturation temperature for
each saturation pressure. At pressure p, the saturation temperature is T, at
pressure pq the saturation temperature is T, and at pressure py the saturation
temperature is Ty. The critical temperature line Te just touches the top of the
loop at the eritical point C.

When a dry saturated vapour is heated at constant pressure its temperature
rises and it becomes superheated. The difference between the actual temperature
of the superheated vapour and the saturation temp at the p of
the vapour is cailed the degree of superheat. For example, the vapour at point §
{Fig. 2.4) is superheated at py and T,, and the degree of superheat is T, — T;.

In section 1.5 it is stated that two independent properties are sufficient to
define the state of a substance. Now between P and P', Q and Q', R and R’
the temperature and pressure are not independent since they remain constant
for a range of values of v. For example, a substance at py and T; (Fig 24)
could be a saturated liguid, a wet vapour, or a dry saturated vapour. The state
cannot be defined until one other property (e.g. specific volume) is given. The
condition or quality of a wet vapour is most frequently defined by its dryness
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Sfraction, and when this is known as well as the pressure or temperature then
the state of the wet vapour is fully defined.

Dryness fraction, x = the mass of dry vapour in 1 kg of the mixture

(Sometimes a wetness fraction is defined as the mass of liquid in 1 kg of the
mixture, ie. wetness fraction =1 - x.,)

Note that for a dry saturated vapour x = |, and that for a saturated liquid
x=0

The distinction between a gas and a superheated vapour is not rigid. However,
at very high degrees of superheat an isothermal line on the p—v diagram tends
to become a hyperbola (i.e. pv = constant). For example the isothermal T, on
Fig. 2.4 is almost a hyperbola. An idealized substance called a perfect gas is
assumed to have an equation of state pr/T = constant. It can be seen that
when a line of constant temperature follows a hyperbolic law then the
equation pr/ T = constant is satisfied. All substances tend to obey the equation
pr/T = constant at very high degrees of superheat. Substances which are
thought of as gases (e.g. oxygen, nitrogen, hydrogen, etc.) are highly superheated
at normal atmospheric conditions. For example, the critical temperatures of
oxygen, nitrogen, and hydrogen are approximately — 119, — 147, and —240°C
respectively. Substances normally existing as vapours must be raised to high
temperatures before they begin to act as a perfect gas. For example, the
critical temperatures of ammonia, sulphur dioxide, and water vapour are 130,
157, and 374.15°C respectively.

The working fluid in practical engineering problems is either a substance
which is approximately a perfect gas, or a subsiance which exists mainly as
liquid and vapour, such as steam and the refrigerant vapours. For the substances
which approximate to perfect gases certain laws relating the properties can be
assumed. For the substances in the liquid and vapour phases the properties are
not related by definite laws, and values of the properties are determined
empirically and tabulated in a convenient form.

The use of vapour tables

Tables are available for a wide variety of substances which normally exist in
the vapour phase. The tables which will be used in this book are those arranged
by Rogers and Mayhew (ref. 2.1), which are suvitable for student use. For more
comprehensive tables for steam, ref 2.2 should be consulted. The tables of
Rogers and Mayhew are mainly concerned with steam, but some properties of
refrigerants are also given.

Saturation state properties

The saturation pr and corresponding saturation temperatures of steam
are tabulated in parallel columns in the first table, for pressures ranging from
0,006 112 bar to the eritical pressure of 221.2 bar. The specific volume, internal
energy, enthalpy, and entropy are also tabulated for the dry saturated vapour
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Table 2.1 Extract from
tables of properties of
wet steam

Fig. 25 Points
identified on a
p-t diagram for steam

2.2 The use of vapour tables

P f g eoouy he by hy S Ste i

{bar) (°C} (m*/kg) (kI'kg) (kI/kg) 1kJ/kg K)

oM T2 4.649 02 2472 302 2328 2630 0980 6745 7725

at each pressure and corresponding saturation temperature. The suffix g is used
to denote the dry saturated stage. A specimen row {rom the tables is shown in
Table 2.1. For example at 0.34 bar the saturation temperature is 72°C, the
specific volume of dry saturated vapour, v, at this pressure is 4.649 m? /kg, the
internal energy of dry saturated vapour, ug, is 2472 kJ /kg, and the enthalpy of
dry saturated vapour, k. is 2630 kJ/kg. The steam is in the state represented
by point A on Fig. 2.5. At point B dry saturated steam at a pressure of 100 bar
and saturation temperature 311 °C has a specific volume, v, of 0.01802 m?/kg,
internal energy, w,. of 2545 kJ/kg and enthalpy, h,, of 2725 kJ/kg.

o 100 B
£
£
2
£
Y (s
034 fi‘“‘---.
001802 4649

Specific volume (m” kg)

The specific internal energy, specific enthalpy, and specific entropy of
saturated liquid are also tabulated, the suffix { being used for this state. For
example at 4bar and the corresponding saturation temperature 143.6°C,
saturated water has a specific internal energy, u;, of 605 kJ/kg, and a specific
enthalpy, h, of 605 k] /kg. This state corresponds to point C on Fig. 2.5. The
specific volume of saturated water, vy, is tabulated in a separate table, but it is
usually negligibly small in comparison with the specific volume of the dry
saturated vapour, and its variation with temperature is very small; the saturated
liguid line on a p-v diagram is very nearly coincident with the pressure axis
in comparison with the width of the wet loop (see Fig. 2.5). As seen from the
table, values of v, vary from about 0.001 m?/kg a1 0.01 °C to about 0.0011 m?/kg
at 160°C; as the pressure approaches the critical value, the increase of v, is
more marked, and at the critical temperature of 374.15°C the value of v, is
000317 m*/kg.

The change in specific enthalpy from h; to h is given the symbol Ji,,. When
saturated water is changed to dry saturated vapour, from equation (1.4),

O+ W=uy—uy =u,—u
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Also — W is represented by the area under the horizontal line on the p-v
diagram,
ie. W= —(r,—vp
therefore
@ = (uy — ug) + plo, = v,)
= (ug + prg) = (ue + pry)
From equation (1.9)
h=u+pv
therefore
Q= "’: —h = 'ﬁls
The heat required to change a saturated liquid to a dry saturated vapour is
called the specific enthalpy of vaporization, h,.
In the case of steam tables, the specific internal energy of saturated liquid is

taken to be zero at the triple point (ie. at 0.01°C and 0.006 112 bar). Then
since, from equation (1.9), h = u + pv, we have

0.006 112 x 10% x 0.0010002

hat 0.01°C and 0.006 112 bar = 0 + 107

where v at 0.01°C is 0.001 0002 m*/kg,
ie. h=6112 =< 10"*kl/kg

This is negligibly small and hence the zero for enthalpy may be taken at 0.01 °C.
Note that at the other end of the pressure range tabulated in the first table

the pressure of 221.2 bar is the critical pressure, 374.15°C is the critical

temperature, and the specific enthalpy of vaporization, hy,, is zero.

Properties of wet vapour

For a wet vapour the total volume of the mixture is given by the volume of
liquid present plus the volume of dry vapour present. Therefore the specific
volume is given by

v volume ofliquid + volume of dry vapour

total mass of wet vapour

Now for | kg of wet vapour there are x kg of dry vapour and (1 — x) kg of
liquid, where x is the dryness fraction as defined earlier. Hence,

ve= il = x) +vx

The volume of the liquid is usually negligibly small compared to the volume
of dry saturated vapour, hence for most practical problems

—_— @21




Example 2.1

Solution

Example 2.2

Solution

2.2 The use of vapour tables

The enthalpy of a wet vapour is given by the sum of the enthalpy of the liquid
plus the enthalpy of the dry vapour,

ie. h={1—x)h + xh,

therefore
h=.i|,+x(hl—h,,\ .
ie h = hy + xh, (2.2)

Similarly, the internal energy of a wet vapour is given by the internal energy
of the liquid plus the internal energy of the dry vapour,

i.e. w= {1 = x)uy + xu, (2.3)
or u = vy + x(uy — ug) (24)

Equation (2.4) can be expressed in a form similar to equation (2.2), but
equations (2.3) and (2.4) are more convenient since u, and u, are tabulated and

‘the difference, u, — uy, is not tabulated in ref. 2.1.

Calculate the specific volume, specific enthalpy, and specific internal energy of
wet steam at 18 bar, dryness [raction 0.9.

From equation (2.1)

v = xu,
therefore

v=09 x 0.1104 = 0.0994 m? kg
From equation (2.2)

h=hy + xhy,
therefore

h =885 + (09 x 1912) = 26058 kJ /kg
From equation (2.3)

u= (1 x)u + xu,
therefore

u=(1—09)883 + (0.9 x 2598) = 2426.5 k) /kg

Calculate the dryness fraction, specific volume and specific internal energy of
steamn at 7 bar and specific enthalpy 2600 kJ/kg.

At7 bar, h, = 2764 kJ /kg, hence since the actual enthalpy is given as 2600 kJ /kg,
the steam must be in the wet vapour state. From equation (2.2),h = hy + xhg,,

ie. 2600 = 697 + x2067
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Table 22  Extract from
tables of properties of
superheated steam at

20 bar (saturation
lemperature 212.4°C)
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therefore
2600 — 697
2067
Then from equation (2.1)

v = xv, = 0921 x 0.2728 = 0.2515 m?/kg

= (1921

From equation (2.3)
= {1 — xju + xu,
therefore
u=(1—0921)696 + (0.921 x 2573) = 55 + 2365
ie. u = 2420kl kg

Properties of superheated vapour

For steam in the superheat region, temperature and pressure are independent
properties. When the temperature and pressure are given for superheated steam
then the state is defined and all the other properties can be found. For example,
steam at 2 bar and 200°C is superheated since the saturation temperature at
2 bar is 120.2°C, which is less than the actual temperature. The steam in this
state has a degree of superheat of 200 — 1202 = 79.8 K. The tables of properties
ol superheated steam (ref. 2.1) range in pressure from 0.006 112 bar to the critical
pressure of 221.2 bar, and there is an additional table of supercritical pressures
up to 1000 bar. At each pressure there is a range of temperatures up to high
degrees of superheat, and the values of specific volume, internal energy, enthalpy,
and entropy are tabulated at each pressure and temperature for pressures up
to and including 70 bar; above this pressure the specific internal energy is not
tabulated. For reference the saturation temperature is inserted in brackets under
each pressure in the superheat tables and values of vy, u,, h, and s, are also
given. A specimen row of values is shown in Table 2.2. For example, from
superheat tables at 20 Ear and 400°C the specific volume is 0.1511 m?*/kg and
the enthalpy is 3248 kJ/kg.

For pressures above 70 bar the internal energy can be found when required
using equation (1.9). For example, steam at 80 bar, 400 °C has an enthalpy, h,

Temperature/(*C)

250 300 350 400 450 500 600

v/(m?/kg) 01115 01255 01386 01511 0.1634 01756 0.1995
u/{kl/kg) 2681 2774 2861 2946 3030 16 3291
hi(k)/kg) 2904 3025 3138 3248 3357 Ma7 3690
s/kl/kgK)  6.547 6.768 6.957 7.126 7.283 7431 1701




Example 2.3

Solution

Fig. 2.6
Pressure-specific volume
diagram for

Example 2.3

Example 2.4

Solution

2.2 The use of vapour tables

of 3139 kJ/kg and a specific volume, v, of 3.428 x 10~? m?/kg, therefore
80 x 10% =« 0.034 28

10°
ie.  u=3139—2742 = 28648 k) /kg

u="h—pv=3139 -

Steam at 110 bar has a specific volume of 0.0196 m*/kg, calculate the
temperature, the specific enthalpy, and the specific internal energy.

First it is necessary to decide whether the steam is wet, dry saturated, or
superheated. At 110 bar, v, = 001598 m*/kg, which is less than the actual
specific volume of 0.0196 n';S kg, and hence the steam is superheated. The state
of the steam is shown as point A of Fig. 2.6.

50 C

110

350°C

Pressure /{ bar)

0.0 598

0196
Specifie volume(m” kg)

From the superheat tables at 110 bar, the specific volume is 0.0196 m* /kg
at a temperature of 350°C. Hence this is the isothermal which passes through
point A as shown. The degree of superheat in this case is 350 — 318 = 32 K.
From tables the enthalpy, k. is 2889 kJ/kg. Then using equation ( 1.9), we have
110 x 10* x 0.0196

10°
ie. u= 2889 — 2156 = 26734 kl/kg

u=nh-— pr=21889 —

Stcam at 150 bar has a specific enthalpy of 3309 kJ/kg. Calculate the
temperature, the specific volume, and the specific internal energy.

At 150 bar, h, = 2611 kJ/kg, which s less than the actual enthalpy of 3309 kJ /kg,
and hence the steam is superheated. From superheat tables at 150 bar,
h=3309%kJ/kg at a temperature of 500°C. The specific volume is
v = 0.02078 m*/kg. Using equation {1.9)
0% x 0.02078
we=h— pr=23309 '@leo:i = 2997.3 k]/kg
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Fig. 27 Interpolation
for Example 2.4
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Interpolation

For properties which are not tabulated exactly in the tables it is necessary to
interpolate between the values tabulated. For example, to find the temperature,
specific volume, internal energy, and enthalpy of dry saturated steam at 9.8 bar,
it is necessary to interpolate between the values given in the tables.

9.8 —
10—

1,at9.8 bar = (r,at9 bar) + ( :) x {(t;at 10 bar) - (r,at9 bar)}
Note that this assumes a linear variation between the two values (see Fig. 2.7),

98—9
ie. ,=1754 + x (179.9 — 175.4)
¥ 10-9

_
98
% t 110 =9)
¥ 98 -9
5
A
=
1754 4 1799
Temperature/{*C)
therefore

f,=1754 + 08 x 4.5 =179°C

Similarly,
h, at 9.8 bar = (h, at 9 bar) + 0.8 x (h, at 10 bar — h, at 9 bar)
ie hg at 9.8 bar = 2774 + 0.8 x (2778 — 2774)
=2774 + 0.8 x 4 =2777.2kl /kg

Also,  u, at 9.8 bar = 2581 + 0.8(2584 — 2581)
= 2581 + (0.8 x3) = 25834 kJ kg
As another example consider steam at 5bar and 320°C. The steam is

superheated since the saturation temperature at 5 bar is 151.8°C, but to find
the specific volume and enthalpy an interpolation is necessary,

v ={v at 5 bar and 300°C)

20
+ E)(U at 5 bar and 350°C — v at 5 bar and 300°C)
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Table 23 Table
showing a double
interpolation

Example 2.5

2.2 The use of vapour tables

therefore
v = 0.5226 + 0.4(0.5701 — 0.5226)
= 0.5226 + 0.019 = 0.5416 m*®/kg
Similarly,
h = 3065 + 0.4{3168 — 3065) = 3065 + 41.2
ie. h=31062k)/kg

In some cases a double interpolation is necessary. For example, to find the
enthalpy of superheated steam at 18.5 bar and 432°C an interpolation between
15 bar and 20 bar is necessary, and interpolation between 400°C and 450°C
is also Y. At pr ion is usually better in such cases
(Table 2.3). First find the enthalpy at 15 bar and 432°C,

ho= 3256 + 5(3364 - 3256) = 3256 + 0.64 x 108

ie. h=13325.1kJ/kg

Pressure Temperature/(*C)
(bar) 400 432 450
150 hitkd/kg) 3256 ? 3364
185 hiikl/kg) ?

200 hi{kIkg) 3248 ? 3357

Now find the enthalpy at 20 bar, 432°C,
h = 3248 + 0.64(3357 — 3248) = 3248 + 0.64 x 109
ie. h=33178 kl/kg

Now interpolate between h at 15 bar, 432°C, and h at 20 bar, 432°C in order
to find h at 18.5 bar, 432°C,

ie h= 33251 — E{3325 1 —3317.8)

(Note the negative sign in this case since k at 15 bar, 432°C is larger than h at
20 bar, 432°C.) Then

h at 18,5 bar, 432°C = 3325.1 — (0.7 x 7.3) = 3320 kJ /kg

Sketch a pressure-volume diagram for steam and mark on it the following
points, labelling clearly the pressure, specific volume and temperature of each
point.

(a) p=20bar, t = 2507
57
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(b) t = 2124°C, v = 0.09957 m’ kg
(c) p=10bar, h = 2650 k] kg
(d) p= 6bar, h = 3166 kJ/kg

Solution  Point (a): At 20 bar the saturation temperature is 212.4°C, hence the steam is

Fig. 28 Solution for
Example 2.5

superheated at 250 °C. Then from tables, v = 0.1115 m? /kg.
Point (b): At 212.4°C the saturation pressure is 20 bar and v, is 0.09957 m* /kg.
Therefore the steam is just dry saturated since v = ¢,
Point (c): At 10bar, h, is 2778 kJ/kg, therelore the steam is wet since
h = 2650k] kg Since the steam is wetl, the p is the i
temperature at 10 bar, i.e. t = 179.9°C. The dryness fraction can be found from
equation (2.2),

b= by + xhy,
therefore

1650 — 763 1887
-—— m— = 7
2015 2015 093

Then from equation (2.1)

r= SIT'

v= 0937 x 0.1944 = 0,182 m* kg

Point (d): At 6 bar, h, is 2757 kJ /kg. therefore the steam is superheated, since
it is given that h = 3166 kJ/kg. Hence from tables at 6 bar and h = 3166 kJ kg
the temperature is 350 °C, and the specific volume is 0.4743 m? /kg.

The points {a), (b), (c), and (d) can now be marked on a p-v diagram as
shown in Fig. 2.8,

Pressure/(bar)
B

1m88°C i) 0°C
. d)

Qs
009957 082 04743
Spexific volume [(m”/kg)
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2.3 The perfect gas

Example 2.6 Calculate the internal energy for each of the four states given in Example 2.5.
Selution (a) The steam is superheated at 20 bar, 250°C,
LE. u=2681kl/kg
(b) The steam is dry saturated at 20 bar,
ie. u=u, = 2600 kI kg
(c) The steam is wet at 10 bar with x = 0.937. Therefore
u=(1—x)u + xu, from equation (2.3)
ie. u={1—08937)762 + (0.937 x 2584) = 2470 kJ /kg
(d} The steam is superheated at 6 bar, 350°C,
ie. u = 2881 kJ/kg

Example 2.7 Using the properties of ammonia given in ref. 2.1, calculate:

(i) the enthalpy at 1.902 bar, dryness [raction 0.95;
(ii) the enthalpy at 8.57 bar, 60°C.

Solution (i) From equation (2.2)
h = hy + xhy,
Therefore, at 1.902 bar,
h=189.8 + 0.95(1420.0 — 89.8)
= 13535kl /kg

(ii} At 8.570 bar the saturation temperature is 20 °C so the ammonia at 60°C
is superheated by (60 — 20) = 40 K. It is therefore necessary to interpolate to
find the enthalpy,

. 40

ie. h = 14626 + 5 % (1597.2 — 1462.6)

= 1570.3 kJ/kg

2.3 The perfect gas
The characteristic equation of state
At temperatures that are considerably in excess of the critical temperature of
a fluid, and also at very low pressures, the vapour of the fluid tends to obey
the equation

Ent:onslan1'.=rk
T
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No gases in practice obey this law rigidly, but many gases tend towards it. An
imaginary ideal gas which obeys the law is called a perfect gas, and the equation,
pv/T = R, is called the characteristic equation of state of a perfect gas. The
constant, R, is called the specific gas constant. The units of R are Nm/kg K or
kJ/kg K. Each perfect gas has a different specific gas constant,

The characteristic equation is usually written

pv=RT (2.5)
or for a mass, m, occupying a volume, ¥,
pV = mRT (2.6)

Another form of the characteristic equation can be derived using the amount
of substance (sometimes called the mole). The amount of substance is defined
by the 1971 General Conference of Weights and Measures (CGPM ) as follows:

The amount of sub of a is that q ity which contains as
many elementary entities as there are atoms in 0.012 kg of carbon-12; the
elementary entities must be specified and may be atoms, molecules, ions,
electrons, or other particles, or specific groups of such particles.

The normal unit symbol used for the amount of substance is ‘mol’. In SI it
is convenient to use ‘kmol".

The mass of any sut per t of sub is known as the molar
mass, 1, i.e.
=2 (kX))
n

where m is the mass and n is the amount of substance. The normal units used
for m and n are kg and kmol, therefore the normal unil for s is kgflunol.
Relative masses of the various el are ¢ ly used, and physici
and chemists agreed in 1960 to give the value of 12 to the isotope 12 of carbon
{this led to the definition of the amount of substance as above). A scale is thus
obtained of relative atomic mass or relative molecular mass (e.g. the relative
atomic mass of the element oxygen is approximately 16; the relative molecular
mass of oxygen gas, O,, is approximately 32).
The relative molecular mass is numerically equal to the molar mass, i, but
is dimensionless.
Substituting for m from equation (2.7) in equation (2.6) gives
pV =niRT or MR = p—E
nT

Now Avogadro's hypothesis states that the volume of 1 mol of any gas is the
same as the volume of 1 mol of any other gas, when the gases are at the same
temperature and pressure. Therefore ¥ /n is the same for all gases at the same
value of p and T. That is, the quantity p¥/nT is a constant for all This
constant is called the molar gas constant, and is given the symbol,

ie. mR=R= % or pV=nRT (2.8)
n



Example 2.8

Solution

Example 2.9

2.3 The perfect gas

or since MR = R then
R
R=—-
]
The value of R has been shown to be 8314.5 N m/kmol K.
From equation (2.9) the specific gas constant for any gas can be found when

the molar mass is known, e.g. for oxygen of molar mass 32 kg/kmol, the specific
gas constant

(29)

R B3l145

n 2

=25983INm/kgK

A vessel of volume 0.2 m* contains nitrogen at 1.013 bar and 15°C. If 0.2 kg
of nitrogen is now pumped into the vessel, calculate the new pressure when
the vessel has returned to its initial temperature. The molar mass of nitrogen
is 28 kg/kmol, and it may be assumed to be a perfect gas.

From equation (2.9)

R 14.5
Specific gas constant, R = — = 837 =29695 Nm/kg K
1t
From equation (2.6}, for the initial conditions
p ¥y =mRT,
therefore

L] )
_h ¥, _ 1013 = 10 x 0.2 ~0237kg
RT, 296.95 x 288
where T, = 15 + 273 = 288K
The mass of nitrogen added is 0.2 kg, hence m, = 0.2 + 0.237 = 0437 kg.
Then from equation (2.6), for the final conditions

m,

P2V =myRT,
but ¥, = ¥, and T, = T, therefore

_myRT, 0437 x 29695 x 288
Ty, 10* x 0.2

ie pa = 1.87 bar

P2

A certain perfect gas of mass 0.01 kg occupies a volume of 0.003m® at a
pressure of 7 bar and a temperature of 131°C. The gas is allowed to expand
until the pressure is 1 bar and the final volume is 0.02 m*. Calculate:

(i) the molar mass of the gas;
(ii) the final temperature.
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Solution

(i) From equation {2.6)
¥y =mRT,
therefore
BV _Tx 10% x 0,003
mT, 0.01 = 404

where T, = 131 + 273 = 404 K.
Then from equation (2.9)

R

i

R=

=520 Nm/kgK

R=

therefore
= E 83145 16 kg/kmol
"R &

ie Molar mass = 16 kg/kmol
{ii) From equation (2.6}

P2V =mRT,
therefore

paVa 1% 10% x 0.02
mR 0.01 x 520

ie. Final temperature = 384.5 — 273 = 111.5°C

T, = =3845K

Specific heat capacity

The specific heat capacity of a solid or liquid is usually defined as the heat
required to raise unit mass through one degree temperature rise. We have
dQ = me dT, where m is the mass, dT is the increase in temperature, and ¢ is
the specific heat capacity. For a gas there are an infinite number of ways in
which heat may be added between two temperatures, and hence a gas could
have an infinite number of specific heat capacities. However, only two specific
heat capacilies for gases are defined; the specific heat capacity at constant
volume, ¢,, and the specific heat capacity at constant pressure, c,.

The definition must be restricled to reversible non-flow processes, since
irreversibilities can cause temperature changes which are indistinguishable from
those due to reversible heat and work quantities. Specific heat capacities can
be introduced more rigorously as properties of a fluid. We have in the limit

n(2), e o=(2)

A more rigorous treatment is given in ref. 2.3.
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We can write:
dQ =me,dT for a reversible non-flow process at constant pressure
(2.10)
and
dQ = mec,dT for a reversible non-flow process at constant volume
(2.11)
For a perfect gas the values of ¢, and ¢, are constant for any one gas at all
p and peratures Hence integrating equations (2.10) and (2.11) we
have for a reversible constant pressure process
Q@ =me,(T, — Ty} (2.12)
for a reversible constant volume process
Q=me(T; - T)) (2.13)

For real gases, ¢, and c, vary with temperature, but for most practical purposes
a suitable average value may be used.

Joule's law

Joule's law states that the internal energy of a perfect gas is a function of the
absolute temperature only, i.e. u = [{T). To evaluate this function let unit mass
of a perfect gas be heated at constant volume. From the non-flow energy
equation, (1.5),

dQ + dW = du
Since the volume remains constant then no work is done, i.e. dW = 0, therefore
dQ = du
At constant volume for a perfect gas, from equation (2.11), for unit mass,
dQ = ¢, dT
Therefore, dQ = du = ¢, dT, and integrating
u=c, T+ K

where K is a constant.

Joule's law states that u = [(T), hence it follows that the internal energy
varies linearly with absolute temperature. Internal energy can be made zero at
any arbitrary reference temperature. For a perfect gas it can be assumed that
u =0 when T =0, hence the conslant K is zero,

ie. Specific internal energy, u = ¢, T for a perfect gas (2.14)
or for mass, m, of a perfect gas,
Internal energy, U = me, T (2.15)
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In any process for a perfect gas, between states 1 and 2, we have from equation
(2.15),

Gain in internal energy, U, — U, = me (T, — T}) (2.16)

The gain of internal energy for a perfect gas between two states is always given
by equation (2.16), for any process, reversible or irreversible.

Relationship between the specific heat capacities

Let a perfect gas be heated at constant pressure from 7, to T,. From the
non-flow equation (1.4), @ + W =(U, = U,). Also, for a perfect gas, from
equation (2.16), Uy — U, = me, (T — T;). Hence,

0+ Ws=me(T, - T}

In a constant pressure process the work done is given by the pressure times
the change in volume, ie. W= —p(V, — F;). Then using equation (2.6),
pVy = mRT, and pV¥, = mRT,, we have

W= -mR(T, - T;)
Therefore substituting
Q-mR(T; = T)=me (T, - T))
therefore
Q@=mlc,+ R)NT: - T))
But for a constant pressure process from equation (2.12)
Q= ""Cp(Tz -T)
Hence by equating the two expressions for the heat flow, @, we have

mic, + RUT: = T) =me(T: — T,)

therefore
o+R=¢,
or c,—¢c,=R (2.17)

Specific enthalpy of a perfect gas

From equation (1.9), specific enthalpy, h = u + pr.
For a perfect gas, from equation (2.5), pr = RT. Also for a perfect gas, from
Joule's law, equation (2.14), u = ¢, T Hence, substituting

h=eT+RT=(c,+ RIT .
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But from equation (2.17)
—c,=R or ¢,+R=g¢,

Therefore, specific enthalpy, b, for a perfect gas is given by

h=c,T (2.18)
For mass, m, of a perfect gas
H=me,T (2.19)

(Note that, since it has been assumed thatu =0at T =0,then h=0at T = 0.)

Ratio of specific heat capacities

The ratio of the specific heat capacity at constant pressure to the specific heat
capacity at conslant volume is given the symbol y (gamma),

ie. y=2 (220)
c’
Note that since ¢, — ¢, = R, from equation (2.17), it is clear that ¢, must be
greater than ¢, for any perfect gas. It follows therefore that the ratio, c,/c, = 7,
is always greater than unity. In general, y is about 1.4 for diatomic gases such
as carbon monoxide (CO), hydrogen (H,), nitrogen (N,), and oxygen (O,).
For monoatomic gases such as argon (A), and helium (He), y is about 1.6, and
for triatomic gases such as carbon dioxide (CO,), and sulphur dioxide (50,),
715 about 1.3. For some hydrocarbons the value of y is quite low (e.g. for ethane
(C3Hg), y = 1.22, and for isobutane (C,H,,). 7 = 1L.11).
Some useful relationships between c,, c,, R, and 7 can be derived. From
equation (2.17)
¢, — ¢ =R
Dividing through by ¢,
R
-1l ==
Cr Cp
Therefore using equation (2.17), y = ¢,/c,, then,
R
y—l==
€
therefore
R
tr=1
Also from equation (2.20), ¢, = yc,, hence, substituting in equation (2.21),
?R
(y—=1

(2.21)

(2.22)

Cp =0, =
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Example 2,10

Solution

Example 2.11

A certain perfect gas has specific heat capacities as follows:
c,=0846kJ/kgK and ¢, =0657kI/kgK
Calculate the gas constant and the molar mass of the gas.
From equation (2.17)
¢, —c,=R
ie. R =0.846 — 0.657 =0.189 kJ/kg K = 189 Nm/kg K
From equation (2.9)
.-
8314.5

Le. M = ——— = 44 kg/kmol
h 189 8/

A perfect gas has a molar mass of 26 kg/kmol and a value of y = 1.26.
Calculate the heat rejected:

(i) when unit mass of the gas is contained in a rigid vessel at 3 bar and
315°C, and is then cooled until the pressure falls to 1.5 bar;

(ii) when unit mass flow rate of the gas enters a pipeline at 280°C, and flows
steadily to the end of the pipe where the temperature is 20°C. Neglect
changes in velocity of the gas in the pipeline.

Solut From equation (2.9)
R=R_B1S_ L osNm/kgK
] 26
From equation (2.21)
R 3198

c,=m=m-1.mklikgli

Also from equation (2.20)
.c_? = '.ll'
€,
therefore
€p =76, = 1.26 x 1.229 = 1.548 kJ/kg K

(i) The volume remains constant for the mass of gas present, and hence the
specific volume remains constant. From equation (2.5),

pivy=RT, ard pyvy = RT,



21

22

Thereflore since v, = v; we have
P2 sgg 15— 294k
P 3

where T, = 315+ 273 = 588 K.
Then from equation (2.13)

Heat supplied per kgofgas = ¢ (T, — T;) = 1.229(294 — 588)
= —1.229 x 294 = —361 kJ/kg
ie. Heat rejected per kilogram of gas = +361 k] kg

L=T

(ii) From the steady-flow energy equation, (1.10),
. ci . ci
Tt kl+? +0+W=m h1+?

In this case we are told that changes in velocity are negligible; also there is no
work done.
Therefore we have

wih, + Q = rith,
For a perfect gas, from equation (2.18)
h=¢,T
therefore
0 =1ie,(Ty — Ty) =1 x 1.548(20 — 280) = —403 kW
ie. Heat rejected per kilogram per second = +403 kW

NMote that it is not necessary to convert t; = 280°C and t, = 20°C into degrees
Kelvin, since the temperature difference (f, — t,) is numerically the same as the
temperature difference (T, — T3).

Problems

[Note: the to these probl have been eval i using the tables of Rogers
and Mayhew (ref. 2.1). The values of R, c,, ¢,, and 7 for air may be assumed to
beasgiveninthetables(ie. R = 0.287 kJ/kg Kic, = 1.005 kI /kg K:c, = 0.TIB kI /kp K
and 7 = 1.4). For any other perfect gas the values of R, ¢,, ¢,, and y, if required, must
be calculated from the information given in the problem; the value of R is given in the
tables (ref. 2.1).]

Complete Table 2.4 (p. 48) using steam tables. Insert a dash for irrelevant items, and
interpolate where necessary.
(see Table 2.6, p. 50)

A vessel of volume 0.03m” contains dry saturated steam at 17 bar. Calculate the
mass of steam in the vessel and the enthalpy of this mass.
(0257 kg 7T18kJ)
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Table 24 Data for
Problem 2.1

68

23

2.4

25

25

r t ] h u
—_ Degree of -
(bar) (*C) (m%kg) x superheat  (kJ/kg) (ki/kg)
90 236l
20 2799
5 0.3565
188 2400
34 09
813 0.85
3 200
15 0.152
130 3335
250 1.601
382 08
97 0.95
23 300
44 420

The completed table is given on p. 50 as Table 2.6

Steam at 7 bar and 250°C enters a pipeline and flows along it at constant pressure.

If the steam rejects heat steadily to the surroundings, at what 1emp will droplets
of waler begm to form in the vapour? Using the steady-flow energy equation, and
in velocity of the steam, the heat rej d per kilog of

steamn flowing.
(165°C; 191 kJ/kg)

0.05 kg of steam at 15 bar is contained in a rigid vessel of volume 0.0076 m*. What
is the temperature of the steam? If the vessel is cooled, at what temperature will the
steam be just dry saturated? Cooling is inued until the f in the vessel is
11 bar; calculate the final dryness fraction of the steam, and the heat rejected between
the initial and the final states.

(250°C; 191.4°C; 0.857; 18.5kJ)

Using the tables for ammonia given in ref. 2.1, calculate:
(i) the specific enthalpy and specific volume of ammonia at 0.7177 bar, dryness fraction
09;
{ii) the specific enthalpy and specific volume of ia at 13°C d;
(iii) the specific enthalpy of ammonia at 7.529 bar, 30°C.
(1251 kJ/kg, 1.397 m*/kg; 1457 k) kg, 0.1866 m*/kg; 1496.5 ki /kg)

Using the property values for refrigerant HFA 134a given in Table 2.5, calculate:
(i) thespecificenthalpy and specific volume of HFA 134a at — 8 °C, dryness fraction 0.85;
(ii} the specific enthalpy of HFA 134a at 5,7024 bar, 35°C.

(259.96 kJ /kg, 00775 m?/kg; 323.25 k1 /kg)



Table 25 Data for
Problem 2.6

a7

28

29

210

nm

212

Problems

Superheat
values degree
of superheat

Saturation values 20K

Iy Pu Vs hy hy h

(°C)  (bar)  (m%/kg) (kJ/kg) (kl/kg)

-10 20051 0098 86.98 288.86 308.64

=5 24371 0081 9346 29177 31205

20 57024 0036 12692 30622 32893

The relative molecular mass of carbon dioxide, CO,, is 44, In an experiment the
value of y for CO, was found to be 1.3. Assuming that CO, is a perfect gas, calculate
the specific gas constant, R, and the specific heat capacities at p and
consiant volume, ¢, and ¢,

(0.189 kI /kg K; 0.819 k) /kg K; 0.63 kI /kg K)

Caleulate the internal energy and enthalpy of 1 kg of air occupying 0.05 m?® at 20 bar.
If the internal energy is increased by 120 kJ as the air is comp 1 to 50 bar, calcul
the new volume occupied by 1 kg of the air.

(250.1 kJ/kg; 350.1 kJ/kg; 0.0296 m*)

Oxygen, O,, at 200 bar is to be stored in a steel vessel at 20°C. The capacity of the
vessel is 0.04 m®. Assuming that O, is a perfect gas, calculate the mass of oxygen
that can be stored in the vessel. The vessel is protected against excessive pressure by
a fusible plug which will melt if the temperature rises too high. At what temperature
must the plug melt to limit the pressure in the vessel to 240 bar? The molar mass of
oxygen is 32 kg/kmol.

(10.5 kg; 78.6°C)

When a certain perfect gas is heated at constant pressure from 15°C to 95°C, the heat
required is 1136 kJ/kg. When the same gas is heated at constant volume between
the same P the heat required is 808 kJ/kg. Calculate c,, ¢, 7, R and the
molar mass of the gas.

(14.2kI/kg K, 101 kI /kg K; 1.405; 4.1 kJ/kg K; 2.028 kg/kmol)

In an air compressor the pressures at inlet and outlet are | bar and § bar respectively.
The temperature of the air at inlet is 15°C and the volume at the beginning of
compression is three times that at the end of compression. Calculate the temperature
of the air at outlet and the increase of internal energy per kg of air.

(207°C; 138 ki /kg)

A quantity of a certain perfect gas is compressed from an initial state of 0.085m?,
I bar to a final state of 0.03 m?, 3.9 bar. The specific heat at constant velume is
0.724 kI /kg K, and the specific heat at constant pressure is 1.020 kJ/kg K. The observed
temperature rise is 146 K. Calculate the specific gas constant, R, the mess of gas
present, and the increase of internal energy of the gas.

(0.296 k3 /kg K; 0.11 kg; 11.63kJ)
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Table 26 Solution 1o

2 t v h u
Problem 2.1 on p. 47 P Degree of
(bar) (*C) {rn‘,-'kg] X superheat (kJ/kg) (kI/kg)
0.70 90 2361 1 0 2660 2494
20 2124 0.09957 1 0 2799 2600
5 1518 0.3565 0.951 —_ 2646 2471
12 188 0.1461 0.895 — 2576 2400
34 2409 0.0529 0.9 — 2627 2447
0.5 813 275 085 — 2300 2165
3 200 0.7166 - 66.5 2866 2651
15 250 0.152 — 51.7 2925 2697
130 500 0.02447 - 169.2 3335 017
1.5 250 1.601 —_ 138.6 2973 2733
382 2476 0.04175 L8 — 2456 2296
B2.38 297 0.0216 095 — 2683 2505
23 300 1.184 -— 1758 3071 2808
44 420 0.0696 — 164.3 3254 2952
References

21 ROGERS G F ¢ and MAYHEW ¥ & 1987 Thermodynamic and Transport Properties of
Fluids 4th edn Blackwell

22 NATIONAL ENGINEERING LABORATORY Steam Tables 1964 HMS0O

2.3 ROGERS O F C and MAYHEW Y R 1992 Engineering Thermody ics, Work and Heat
Transfer 4th edn Longman
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3

Reversible and Irreversible
Processes

In the previous chapters the energy equations for non-flow and flow processes
are derived, the concepts of reversibility and irreversibility introduced, and the
properties of vapours and perfect gases discussed. It is the purpose of this
chapter to consider processes in practice, and to combine this with the work
of the previous chapters.

Reversible non-flow processes
Constant volume process

In a constant volume process the working substance is contained in a rigid

vessel, hence the boundaries of the system are immovable and no work can be

done on or by the system, other than paddle-wheel work input. It will be

assumed that ‘constant volume' implies zero work unless stated otherwise.
From the non-flow energy equation, (1.4), for unit mass,

Q+W=uy—u
Since no work is done, we therefore have

Q=u—u (3.1)
or for mass, m, of the working substance

g=U,-U, (32)
All the heat supplied in a constant velume process goes to increasing the internal
energy.

A constant volume process for a vapour is shown on a p-v diagram in
Fig. 3.1(a). The initial and final states have been chosen to be in the wet region
and superheat region respectively. In Fig. 3.1(b) a constant volume process is
shown on a p-v diagram for a perfect gas. For a perfect gas we have from
equation (2.13)

Q=me(T, - T)



Fig. 3.1 Constant
volume process for a
vapour and a perfect
E£as
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Constant pressure process

It can be seen from Figs 3.1(a) and 3.1(b) that when the boundary of the system
is inflexible as in a constant volume process, then the pressure rises when heat
is supplied. Hence for a constant pressure process the boundary must move
against an external resistance as heat is supplied; for instance a fluid in a cylinder
behind a piston can be made to undergo a constant pressure process. Since the
piston is pushed through a certain distance by the force exerted by the fluid,
then work is done by the fluid on its surroundings.
From equation (1.2) for unit mass

W= —J‘ ‘pdv for any reversible process
Therefore, since p is constant,

W= —pJ‘ﬁdn = =plvy —ty)
From the non-flow energy equation, (1.4),
Q+W=u;—u,
Hence for a reversible constant pressure process
Q = (u3 —uy) + pleg — vy) = (uy + poy) — (uy + pry)
Now from equation (1.9), enthalpy, h = u + pv, hence,

Q= ,'3 - 'ﬁt (33)
or for mass, m, of a fluid,
@=H;-H, (34)

A constant pressure process for a vapour is shown on a p-v diagram in
Fig. 3.2(a). The initial and final states have been chosen to be in the wet region -
and the superheat region respectively. In Fig. 3.2(b) a constant pressure process
for a perfect gas is shown on a p-v diagram. For a perfect gas we have from



Fig. 32 Constant
pressure process for a

vapour and a perfect gas

Example 3.1

Solution

mi=Mn

equation (2.12),

@=mc,(T, - T,)

Note that in Figs 3.2(a) and 3.2(b) the shaded areas represent the work done
by the fluid, p(vy — vy}

A mass of 0.05 kg of a fluid is heated at a constant pressure of 2 bar until
the volume occupied is 0.0658 m?, Calculate the heat supplied and the work
done:

(i) when the fluid is steam, initially dry saturated;
(i) when the fluid is air, initially at 130°C.

(i} Initially the steam is dry saturated at 2 bar, hence,
hy = hy at 2 bar = 2707 kJ/kg
Finally the steam is at 2 bar and the specific volume is given by
0.0658
=——=1316m*/k
P2 =05 m'/kg

Hence the steam is superheated finally. From superheat tables at 2 bar and
1.316 m3/kg the temperature of the steam is 300°C, and the enthalpy is
hy = 3072 kJ/kg.

Then from equation (3.4)

Q=H; - H, =mlh; - h;) = 0053072 — 2707)
ie. Heat supplied = 0.05 x 365 = 18.25kJ
The process is shown on a p-v diagram in Fig. 3.3,
=W = p(vy — v;) = shaded arca
Now v, = p, at 2 bar = 0.8856 m?*/kg, and v, = 1.316 m? /kg. Therefore
W= —2x 10%(1.316 — 0.8856) = ~ 86080 N m/kg
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Fig. 33 Process for a
vapour for Example 3.1
on a p—v diagram

.z_ %////%//

&

0.8856 1316
Specific volume/(m’ /kg)

ie Work done by the total mass present = 0.05 x 86080
= 4304 Nm = 4.304 kJ
(ii) Using equation (2.6),
_pl_l/,_ 2 x 10° x 0.0658
mR  0.05 x 0.287 = 10*

For a perfect gas undergoing a constant pressure process we have, from
equation (2.12),

Q=mec,(T - T)
ie. Heat supplied = 0.05 x 1.005(917 ~ 403)
where T, =130 + 273 = 403 K,
ie Heat supplied = 0.05 x 1.005 x 514 = 2583 kJ
The process is shown on a p—v diagram in Fig. 34, ie.

T =917K

—W = p(v; — v,) = shaded area
From equation (2.5), pv = RT, therefore
Work done = —R(T; — T;) = —0.287(917 — 403) kJ /kg
e Work done by the mass of gas present = 0.05 x 0.287 x 514

=T738k]

Fig. 34 Process fora
perfect gas for
Example 3.1 on a —
p-v diagram E

z 1 2

Zax10

1

.

74



Fig. 35 Isothermal
process for a vapour on
a p—o diagram

Example 3.2

Solution

a1 ibl i

Constant temperature or isothermal process

A process at constant temperature is called an isothermal process. When a fluid
in a cylinder behind a piston expands from a high pressure to a low pressure
thereis a y for the to fall. In an isothermal expansion heat
must be added continuously in order to keep the temperature at the initial
value. Similarly in an isothermal compression heat must be removed from the
fluid continuously during the process. An isothermal process for a vapour is
shown on a p-v diagram in Fig. 3.5. The initial and final states have been
chosen in the wet region and superheat region respectively. From state 1 to
state A the pressure remains at p,, since in the wet region the pressure and
temperature are the corresponding saturation values. It can be seen therefore
that an isothermal process for wet steam is also at constant pressure and
equations (3.3) and (3.4) can be used (e.g. heat supplied from state 1 to state
A per kilogram of steam = hy, — k). In the superheat region the pressure falls
to p; as shown in Fig. 3.5, and the procedure is not so simple. When states 1
and 2 are fixed then the internal energies v, and u, may be obtained from
tables. When the property entropy, s, is introduced in Chapter 4, a convenient
way of evaluating the heat supplied will be shown. When the heat flow is
calculated the work done can then be oblained using the non-flow energy
equation, (1.4), for unit mass

Q+W=u;—u,

L=T

P H

2>

Steam at 7 bar and dryness fraction 0.9 expands in a cylinder behind a piston
isothermally and reversibly to a pressure of 1.5 bar. Calculate the change of
internal energy and the change of enthalpy per kg of steam. The heat supplied
during the process is found to be 547 kJ/kg, by the method of Chapter 4.
Calculate the work done per kilogram of steam.
The process is shown in Fig. 3.6. The saturation temperature corresponding to
7 bar is 165°C, Therefore the steam is superheated at state 2. The internal
energy at state 1 is found by using equation 2.3,

ic uy = (1 = x)uy + xu, = (1 —0.9) x 696 + (0.9 x 2573)

P2

L=T
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Fig. 3.6 Isothermal
process on a

p—v diagram for
Example 3.2
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7 x 10°

Pressure /(N/m?)

1.5 % 10*

therefore
Uy = 69.6 + 23157 = 2385.3 k) kg
Interpolating from superheat tables at 1.5 bar and 165 °C, we have

uy = 2580 + %(2656 — 2580) = 2580 + 22.8

ie. u; = 26028 kJ/kg
Therefore
Gainininternalenergy = u, — u, = 2602.8 — 23853
=217.5k)/kg
hy = hy + xhy = 697 + (0.9 x 2067)
therefore
h, = 697 + 1860.3 = 2557.3 k] /kg
Interpolating from superheat tables at 1.5 bar and 165°C, we have

h,=2713 + 1—5:(2873 —2773)=2773 + 30

= 2803 kJ/kg
ie. hy — hy = 2803 — 2557.3 = 2457kl /kg
From the non-flow energy equation, (1.4),
Q+W=u; —u,
therefore
W= (u;—u)—Q=2175 - 54T = - 3295kl /kg
ie Work done by the system = 329.5 kJ /kg

(The work output is also given by the area on Fig. 3.6, [ p dv; this could onl

be evaluated graphically in this case.)




Fig. 37 lIsothermal
process for a perfect gas
on a p-v diagram

31 R ible non-flow

An isothermal process for a perfect gas is more easily dealt with than an
isothermal process for a vapour, since there are definite laws for a perfect gas
relating p. v, and T, and the internal energy u. We have, from equation (2.5),

pv=RT
Now when the temperature is constant as in an isothermal process then we have
pv = RT = constant
Therefore for an isothermal process for a perfect gas
pv = constant (3.5)
ie Paly = P2ty

In Fig. 3.7 an isothermal compression process for a perfect gas is shown on
a p-v diagram. The equation of the process is pv = constant, which is the
equation of a hyperbola. It must be stressed that an isothermal process is only
of the form pr = constant for a perfect gas, because it is only for a perfect gas
that an equation of state, pp = RT, can be applied.

From equation (1.2) we have for unit mass

. 1
W= -I pdv = (shaded area in Fig. 3.7)
1

P2

M

7
Ui

[N oy 13

In this case, pv = constant, or p = ¢/v, where ¢ = constant. Therefore

W= - J.: c% = —c[inv]} = cln(;:-)

The constant ¢ can either be written as p,v, or as p,v;, since pyv, =
P2V, = constant, c,

ie. W =p,n, ln( )per unit mass of gas (3.6)
U2

or W = pyu, ln( ) per unit mass of gas
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For mass, m, of the gas

W=pV, ln("—‘) (37
L]
Also, since p,v, = p,v,, then

n_b
vy M

Hence, substituting in equation (3.6)
W=pu ln?pcr unit mass of gas (3.8)
1
or for mass, m, of the gas
W=pV, m(;_:) (39)

Using equation (2.5)

ity =RT
Hence, substituting in equation (3.8)
W= er(gi) per unit mass of gas (3.10)
1
or for mass, m, of the gas
W= mRTln(i—z) (3.11)
1 .

There are clearly a large number of equations for the work done, and no attempt
should be made 1o memorize these since they can all be derived very simply
from first principles.

For a perfect gas from Joule's law, equation (2.14), we have

U= U, =me(T; - T))
Hence for an isothermal process for a perfect gas, since T = Ty, then
U,-U; =0

i.e. the internal energy remains constant in an isothermal process for a perfect gas.
From the non-flow energy equation (1.4) for unit mass

O+ W=u;—u,
Therefore, since u; = u,, then
o+W=0 (3.12)

for an isothermal process for a perfect gas.
Note that the heat flow plus the work input is zero in an isothermal process
for a perfect gas only. From Example 3.2 for steam it is seen that, although the



Example 3.3

32 R ible adiabatic non-flow pi

process is isothermal, the change in internal energy is 217.5 kJ/kg, and therefore
the heat supplied plus the work done is not zero.

1 kg of nitrogen (molar mass 28 kg/kmol) is compressed reversibly and
isothermally from 1.01 bar, 20°C to 4.2 bar. Calculate the work done and
the heat flow during the process. Assume nitrogen to be a perfect gas.

Solution From equation (2.9), for nitrogen,

Fig. 38 Isothermal

process on a
p-v diagram for
Example 1.3

3.2

R=}—E=w=0.29?klfkgl(
] 28

The process is shown on a p-v diagram in Fig. 3.8,

i
D
101 %///ﬁ'f%ﬁh_ 1
V2277
From equation (3.10)

W= RTln(?) =0.297 x 293 x ln(%) = 124 kI/kg

1
where T =20+ 273 = 293 K.

ie Work input = 124 kJ/kg

From equation (3.12), for an isothermal process for a perfect gas,

0+W=0
therefore
Q= —124ki/kg

ie. Heat rejected = 124 kJ kg

Reversible adiabatic non-flow processes

An adiabatic process is one in which no heat is transferred to or from the fluid
during the process. Such a process can be reversible or irreversible. The reversible
adiabatic non-flow process will be idered in this
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From the non-flow equation (1.4),

Q+W=u,—u,
and for an adiabatic process
Q=0

Therefore we have

W =u; —u, for any adiabatic non-flow process (3.13)

Equation (3.13) is true for an adiabatic non-flow process whether or not the
process is reversible. In an adiabatic compression process all the work done on
the fluid goes to increasing the internal energy of the fluid. Similarly in an
adiabatic expansion process, the work done by the fluid is at the expense of a
reduction in the internal energy of the fluid. For an adiabatic process to take
place, perfect thermal insulation for the system must be available.

For a vapour undergoing a reversible adiabatic process the work done can
be found from equation (3.13) by evaluating u, and u, from tibles. In order
to fix state 2, use must be made of the fact that the process is reversible and
adiabatic. When the property entropy, s, is introduced in Chapter 4 it will be
shown that a reversible adiabatic process takes place at constant entropy, and
this fact can be used to fix state 2.

For a perfect gas, a law relating p and v may be obtained for a reversible
adiabatic process, by considering the non-flow energy equation in differential

form. From equation (1.4) for unit mass

dQ + dW = du

Also for a reversible process dW = —pdv, hence for a reversible adiabatic
process

d@ =du+pde =0 (3.14)
Since h=u+pv
then dh=du+pdv+odp
ie. du + pdv=dh —vdp

and hence, using equation (3.14),

dh—vdp=10
ie. dh=uvdp (3.15)
Also, using equations (2.5) and (3.14), we have
du+ RTdr _ 0
v

From equation (2.14)

u=¢,T or du=c,dT
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therefore
RTdv

e, dT + =0

Dividing through by T to give a form that can be integrated, ie.

Integrating
¢, In T + R In v = constant

Using equation (2.5) we have T = (pv)/R, therefore substituting
[ ln(R) + RInv = constant

Dividing through by ¢,

fn(%n) + R In v = constant

Cl?
Also, from equation (2.21),
= L or 5 =y—1
[T - 1] Co
Hence substituting

ln(‘;) +(y — 1} In v = constant

or ) + In(p*~!) = constant

therefore

In

G
()
g

R
) constant

therefore

T
NT = gleomunt — copstant

or pv’ = constant

(3.16)

We therefore have a simple relationship between p and v for any perfect gas
undergoing a reversible adiabatic process, each perfect gas having its own value

of y.
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Using equation (2.5), pv = RT, relationships between T and v, and T and p,
may be derived,

ie. pv=RT
therefore
RT
p B —
v

Substituting in equation (3.16)

RT
T!.r’ = constant

ie. Tv""! = constant 317
Also, v = (RT)/p; hence substituting in equation (3.16)

(%)

pl — | = constant

P

therefore

T!

F = constant
or p“"—“‘“ = constant (3.18)
Therefore for a ible adiabatic p for a perfect gas between states 1
and 2 we can write as follows. From equation (3.16)

v r
ol =pyvy or Bia (—’) (3.19)
P2 by
From equation (3.17)
=1
Tol = To1! or D= (”_’) (3.20)
T; o
From equation (3.18)
T T 1‘ P {y=1ur
s o« 2= (%) a2

From equation (3.13) the work done in an adiabatic process per unit mass of
gas is given by W = (u; — u,). The gain in internal energy of a perfect gas is
given by equation (2.16),

ie for unit mass wy; —wy =c (T - T))
therefore
W=c(T: - T))



Fig. 3.9 Reversible
adiabatic process for a
perfect gas on a

p—v diagram

3.2 Raeversible sdisbatic non-flow processes

Also, from equation (2.21),
R
TG-n
Hence substituting
R{ T: - T:}
"D
Using equation (2.5), pv = RT,

€y
(3.22)

WEPzUz_'Plul (3.23)
y=1
A reversible adiabatic process for a perfect gas is shown on a p-v diagram
in Fig. 3.9. We have

—W:_['pdv=shadcdam

P

pré = constant

P

72
i

N

Therefore, since pr” = constant, ¢, then

W=~ | ol
Py v’
. . =r+1 e
ie W=—c| S= —r.[ z ]
n, v ~1+1 0y

_ —c(r;”l _ ul—r+l) _ ‘c(ul-:-ﬂ - 93-”1)
-7 7=1

The constant in this equation can be written as p, v} or as pyv}. Hence

1= 1-
vivs”! = pyviv; ’_ P2ty — Py 0y

y—1 =1

W_P:

This is the same expression obtained before as equation (3.23).
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Example 3.4

Solution

Fig. 110 Reversible
adiabatic process for
steam on a p-v diagram
for Example 3.4

1kg of steam at 100 bar and 375°C expands reversibly in a perfectly
thermally insulated cylinder behind a piston until the pressure is 38 bar and
the steam is then dry saturated. Calculate the work done.

From superheat tables at 100 bar and 375°C,
hy=3017Tkl/kg and v, =0.02453m*/kg

Using equation (1.9)
u=h-pv

therefore

100 x 10* x 0.02453
10°

Also, ;= u, at 38 bar = 2602 kJ/kg

Since the cylinder is perfectly thermally insulated then no heat flows to or from
the steam during the expansion; the process is therefore adiabatic. Using
equation (3.13),

W= u, — uy = 2602 — 27717

uy = 3017 - =27T1.7kJ/kg

therefore
W= —169.7kl/kg
ie Work done by the steam = +169.7 k] /kg

The process is shown on a p-v diagram in Fig. 3.10, the shaded area representing
the work done by the steam.

100 x 10*

Pressure,/{N/m?)

38 x 10*




Example 3.5

Solution

3.2 Reversible adiabatic non-flow processes

Air at 1.02 bar, 22°C, initially occupying a cylinder volume of 0.015 m?, is
compressed reversibly and adiabatically by a piston to a pressure of 6.8 bar.
Calculate the final temperature, the final volume, and the work done on the
mass of air in the cylinder.

From equation (3.21)

=Ny (7= 1hy
ﬂg(ﬂ) or Tz=T) x(&)
T P2 4

(1.4-1)1.4
ie. T, =295 x% ﬁ)
1.02

=295 x 1.7195 = 5073 K
where T, = 22 + 273 = 295 K; v for air = 1.4,
ie. Final temperature = 507.3 — 273 = 234.3°C
From equation (3.19)

&-(E)’ or ﬂ-(ﬂ_z)”’
Pz L4 v 01

therefore

0015 [ 68\14
= = 3877
v, (1.02)

therefore

0.015
38m

ie. Final volume = 0.00387 m*
From equation (3.13), for an adiabatic process

V, = — = 0003 87 m?

W=u;—u,
and for a perfect gas, from equation (2.14), u = ¢, T per kg of gas, therefore
W =c,(T; — T;) = 0.718(507.3 — 295)
= 1524 kl/kg
ie Work input = 1524 kJ /kg
The mass of air can be found using equation (2.6), p¥ = mRT. Therefore

_ vy _ 102 x 10° x 0.015
T RT, 0287 x 10% x 295

ie. Total work done = 0.0181 x 1524 = 2.76 k)

The process is shown on a p—v diagram in Fig. 3.11, the shaded area representing
the work input per unit mass of air.

= 0.0181 kg
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Fig. 111 Reversible
adiabatic process for air
on a p-v diagram for
Example 3.5

Example 3.8

68 x 10*

.E pe’ = constant
102 % 10° ,// 7%
' 177777

Polytropic processes

It is found that many processes in practice approximate to a reversible law of
the form pv" = constant, where n is a constant. Both vapours and perfect gases
obey this type of law closely in many non-flow processes. Such processes are
internally reversible.

From equation (1.2) for any reversible process,

W-—deu

For a process in which pv" = constant, we have p = ¢/v", where ¢ is a constant.
Therefore

v, =a+l =atl _ o =at+l
W= —¢ ‘2=—c Y =—.':(‘ll3 o1
o " —-n+1 -n+1

i Wec v37 = o™\ _ pavioi Tt — oo}t
n-1 n—1
since the constant, ¢, can be written as p, v} or as pyvl,
ie.  Work input = w (3.24)
" —

Equation (3.24) is true for any working substance undergoing a reversible
polytropic process. It follows also that for any polytropic process we can write

Pr_ ("_3)- (325)
P L

At the commencement of compression in the reciprocating compressor of a
refrigeration plant the refrigerant is dry saturated at 1 bar. The compression
process follows the law po'-! = constant until the pressure is 10 bar. Using



3.3 Polytropic processes
Table 3.1 Properties of

m;?r Saturation values f:l lﬂ:r“ alues
L t._ o he h, v h
(bar) (°C) (m*/kg) (ki/kg) (m*/kg)  (kJ/kg)
1 =30 0160 89 1742
10 42 0018 763 2038 0.020 2240

the properties of refrigerant given in Table 3.1, interpolating where necessary,
calculate:

(i) the wotk done on the refrigerant during the process;
{ii) the heat transferred to or from the cylinder walls during the process.

Solution (i) From Table 3.1, v, = ¢,, = 0.16 m?/kg. We then have

ia 0.909
1’3=(ﬂ) -_-(l) =0.1233
by APy 10
therefore '
vy = 0.1233 x 0.16 = 0.01973 m*/kg
From equation (3.24)
W= Paly — Pilhy
n—1
- {(10 x 001973) - (1 x 0.!6}} X 10°
11-1
=37300Nm =373k
ie. Work done on the refrigerant = 37.3 kJ

(ii) To find the heat transferred it is first necessary to evaluate the internal
energies at the end states. Using equation (1.9), h = u + pv, we have,

Uy =y = hy — vy

1x 10° x 0.16
10°

Interpolating from superheat tables at 10 bar, v, = 001973 m®/kg we have

{0.01973 — 0.018)
hy=2038 + ——o — !
: (002 — 0.018)

=221.3kJ/kg

=1742 - ( ) = 158.2kJ/kg

x (224 — 201.8)
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Then using equation (1.9)

3
y = 2213 — (W) = 201.6 kJ/kg
From equation {1.4)
O+ W=(u;—u)
therefore

0 = —373 + (2016 — 1582) = 6.1 k/kg

i.e. the heat transferred from the cylinder walls to the refrigerant during the
compression process is 6.1 kJ/kg.

Consider now the polytropic process for a perfect gas. From equation (2.5)
po=RT or p= E
v
Hence, substituting in the equation pt" = constant, we have
51:,,- =constant or Tv""' = constant (3.26)
v

Also, writing v = RT/p, we have

RTH" T
p(T) = constant or T = constant (3.27)

It can be seen that these equations are similar to the equations (3.17)
and (3.18) for a reversible adiabatic process for a perfect gas. In fact the reversible
adiabatic process for a perfect gas is a particular case of a polytropic process
with the index, n, equal to 7.

Equations (3.26) and (3.27) can be written as

LI (5’3)'_1 (3.28)

T vy
= 1)n
and ;i = (:—') (3.29)
2 2

Nole that equations (3.26), (3.27), (3.28) and (3.29) do not apply to a vapour
undergoing a polytropic process, since the characteristic equation of state,
pv = RT, which was used in the derivation of the equations, applies only to a
perfect gas.

For a perfect gas expanding polytropically it is sometimes more convenient
to express the work input in terms of the temperatures at the end states. From
equation (3.24)

W= (pyv; — pyvy)/(n — 1)



3.3 Polytropic processes

then, from equation (2.5), p,v, = RT, and p,v; = RT,. Hence,

wRGL-T) (3.30)
n—1
or for mass, m,
wn"‘_”u (3.31)
n—=1

Using the non-flow energy equation, (1.4), the heat Alow during the process
can be found,

ie. O+ W=uy—u=¢iT, - T))
R(T - Ty)

ie Q+ =1

=c(T - T)

-From equation (2.21)
R
Cy=
(r=1
Hence substituting

R R
Q-m[ﬁ‘“]—ml‘rz—ﬂ)

1 1\ RL-T)n—1-y+1)

ie. Q=R‘Tl‘“’(ﬁ‘m)‘ r=Dn—1)

therefore
n=3y\R(T; - T,)
2 (}‘—1) (n=1)

Now [rom equation (3.30), W = R(T, — T;)/(n — 1) per unit mass of gas,
therefore

Q-(" "?’)w (3.32)

=1

Equation (3.32) is a convenient and concise expression relating the heat
supplied and the work input in a polytropic process. In a compression process
work is done on the gas, and hence the term W is positive. Therefore it can be
seen from equation (3.32) that when the polytropic index n is greater than y,
in @ compression process, then the right-hand side of the equation is positive
{i.e. heat is supplied during the process). Conversely, when n is less than y in
a compression process, then heat is rejected by the gas. Similarly, the work
input in an expansion process is negative, therefore when n is greater than y,
in an expansion process, heat is rejected: and when n is less than 3, in an
expansion process, heat must be supplied to the gas during the process. It was
shown in section 2.3 that 7 for all perfect gases has a value greater than unity.

a9
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Example 3.7 1kg of a perfect gas is compressed from 1.1 bar, 27°C according to a
law pv'-* = constant, until the pressure is 6.6 bar. Calculate the heat flow to
or from the cylinder walls:

(i) When the gas is cthane (molar mass 30kg/kmol), which has
¢, =210kJ/kg K.

{ii) When the gas is argon (molar mass 40 kg/kmol), which has
¢, =0.520kJ/kg K.

Solution From equation (3.29), for both ethane and argon,
n=1)n fn=1)n
=) o nen(?)
6.6
11
where T, = 27 + 273 = 300 K.
(i) From equation (2.9), R = R/, therefore, for ethane

R -ES-:—)E-O.Z??U&;K

13-1j1.3
ie L= 300( ) =300 x 6%23! = 300 x 1.512 = 4536 K

Then from equation (2.17), ¢, — ¢, = R, therefore
€, =210-0277= 1L.B23kI/kg K
where ¢, = 1.75 kJ /kg K [or ethane. Then from equation (2.20)

& _ 210 _
Uy 7T
From equation (3.30)
W R(T, - T,)’O.z'ﬁ x (453.6 — 300) = 1418 K)/kg
n—1 1.3-1
Then from equation (3.32)
n—y 13~ 1.152)
= W= — 141.8 = 138.1 kJ/k
e (?—l) (1.152—1 x /kg

ie Heat supplied = 138.1 kJ/kg
(ii) Using the same method for argon we have
R= % =0208kI/kg K
Also ¢, =0520-0208 =0312k)/kg K
therefore
0.520

y = = |.667
0.312



Fig. 3.12 General
polytropic processes
plotted on a

p-v diagram

3.3 Polytropic processes

Then the work input is given by
w o RO = Ty) _ 0208 x (453.6 — 300)
n—1 13-1
n—y 1.3 — 1.667
- We| —— 3 = =08,
Then, Q (T—l) ( Léﬁ?—l)x 106.5 58.6 kJ kg
ie. Heat rejected = 58.6 kJ /kg

= 106.5kJ/kg

In a polytropic process the index n depends only on the heat and work
quantities during the process. The various processes considered in sections 3.1
and 3.2 are special cases of the polytropic process for a perfect gas.

When n=10

pv° = constant, i.e. p = constant
When n = a0,

pv™ = constant or pY®y = constant, i.e. v = constant
When n =1

pv = constant, i.e. T = constant

since pv/T = constant for a perfect gas.
When n =y

pv' = constant, i.e. reversible adiabatic
This is illustrated on a p-v diagram in Fig. 3.12. Thus,
state 1 to state A is constant pressure cooling (n = 0)
state | to state B is isothermal compression (n = 1)
state | to state C is reversible adiabatic compression (n = y)

state 1 to state D is constant volume heating (n = =)

=7

a
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Example 3.8

P

Similarly, 1 to A’ is constant pressure heating; 1 to B’ is isothermal expansion;
1 to C' is reversible adiabatic expansion; | to D’ is constant volume cooling.
Note that, since y is always greater than unity, then process 1 to C must lie
between processes 1 to B and 1 to D; similarly, process I to C" must lie between
processes | to B"and 1 to D",

For a vapour a generalization such as the above is not possible. A vapour
may undergo a process according to a law pv = constant. In this case, since the
characteristic equation of state, pv = RT, does not apply to a vapour, then the
process is not isothermal. Tables must be used to find the properties at the end
states, making use of the fact that p,v, = p,v,. Expansion of steam in a
reciprocating engine is found to approximate to a hyperbolic expansion
(pr = constant); such engines are rarely used nowadays.

Reversible flow processes

Although flow processes in practice are usually highly irreversible, it is sometimes
convenient to assume that a flow process is reversible in order to provide an
ideal comparison. An observer travelling with the flowing fluid would appear
to see a change in thermodynamic properties as in a non-flow process. For
example, in a reversible adiabatic process for a perfect gas, an observer travelling
with the gas would appear to see a process pr' = constant taking place, but
the work input would not be given by —f pdv, or by the change in internal
energy as given by equation (3.13). Some work is done by virtue of the forces
acting between the moving gas and its surroundings. For example, for a reversible
adiabatic flow process for a perfect gas, from the flow equation (1.10), for unit
mass flow rate

ci c3
(ﬁ,+7‘)+Q+W=(h,+?’)

Then since Q0 =0
[} Ci)
W=(h,—h o
(hy 1]"'(2 2

Also, since the process is assumed to be reversible, then for a perfect gas,
pv’ = constant. This equation can be used to fix the end states. Note that even
if the kinetic energy terms are negligibly small the work input in a reversible
adiabatic flow process between two states is not equal to the work input in a
reversible adiabatic non-flow process between the same states (given by
equation (3.13) as W= u; —u,).

A gas turbine reccives gases from the combustion chamber at 7 bar and
650°C, with a velocity of 9 m/s. The gases leave the turbine at | bar with a
velocity of 45 m/s. Assuming that the expansion is adiabatic and reversible
in the ideal case, calculate the power output per unit mass flow rate, For
the gases take y = 1.333 and ¢, = 111 kJ/kg K.
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3.5 Irreversible processes
Using the flow equation for an adiabatic process
1_ 2
W= rﬁ{[h, —hy)+ (%)}

For a perfect gas from equation (2.18), h = ¢, T, therefore,

resfon -+ (%5

To find T, use equation (3.21),

T1 (Pl)u-u.lr
T a P2

11,333 - 1)1.333
ie Ll (E) = 1.626

FAN
therefore
T, 923
;= —— = =5617K
1626  1.626

where T, = 650 + 273 = 923 K.
Hence substituting lor unit mass flow rate
45% — 92
W=1x L11(567.7 — 923) + (—)
2x 103
therefore
W= —3944 + 097 = — 3934 kW

ie Power output per kilogram per second = 393.4 kW

Mote that in Example 3.8 the kinetic energy change is small compared with the
enthalpy change. This is often the case in problems on flow processes, and the
change in kinetic energy can sometimes be taken to be negligible,

For a vapour undergoing a reversible adiabatic flow process the end state
is fixed by equating the initial and final entropies (see Ch. 4).

Irreversible processes

The criteria of reversibility are stated in section 1.4. The eguations of
sections 3.1, 3.2, and 3.3 can only be used when the process obeys the criteria
of reversibility to a close approximation. In processes in which a fluid is enclosed
in a cylinder behind a piston, friction effects can be assumed to be negligible.
However, in order to satisfy criterion (c) in section 1.4 heat must never be
transferred to or from the system through a finite temperature difference. Only
in an isothermal process is this conceivable, since in all other processes the
temperature of the system is continually changing during the process; in order
to satisfy criterion (c) the temperature of the cooling or heating medium external
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Fig. 3.13 Two perfectly
insulated interconnected
vessels

to the system would be required to change correspondingly. Ideally a way of
achieving reversibility can be imagined, but in practice it cannot even be
approached as an approximation. MNevertheless, if we accept inevitable
irreversibilities in the surroundings, we can still have processes which are
internally reversible. That is, the system undergoes a process which can be
reversed, but the surroundings undergo an irreversible change. Most processes
occurring in a cylinder behind a piston can be assumed to be internally reversible
to a close approximation, and the equations of sections 3.1, 3.2, and 3.3 can be
used where applicable. Certain pr be d to be internally
reversible, and the important cases will now be considered.

Unresisted, or free, expansion

This process was mentioned in section 1.5 in order to show that in an irreversible
process the work done is not given by —j p dv. Consider two vessels A and B,
interconnected by a short pipe with a valve, and perfectly thermally insulated
(see Fig. 3.13). Initially let the vessel A be filled with a fluid at a certain pressure,
and let B be completely evacuated. When the valve is opened the fluid in A
will expand rapidly to fill both vessels A and B. The pressure finally will be
lower than the initial pressure in vessel A. This is known as an unresisted
expansion or a free expansion. The process is not reversible, since external work
would have to be done to restore the fluid to its initial condition. The non-flow
energy equation, (1.4), can be applied between the initial and final states,

ie 0+ W=u;—u

Ba

Now in this process no work is done on or by the fluid, since the boundary of
the system does not move. No heat flows to or from the fluid since the system
is well lagged. The process is therefore adiabatic, but irreversible,

ie uy—t; =0 or uy=u,

In a free expansion therefore the internal energy initially equals the internal
energy finally.
For a perfect gas, we have, from equation (2.14),

u=¢,T
Therefore for a free expansion of a perfect gas
¢h=¢Ty

ie. T,=T,
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Solution

Fig. 3.14 Irreversible
process on a

p-v diagram for
Example 3.9

3.5 Irreversible processes

That is, for a perfect gas undergoing a [ree expansion, the initial temperature
is equal to the final temperature.

Air at 20 bar is initially contained in vessel A of Fig. 3.13, the volume of
which can be assumed to be 1 m> The valve is opened and the air expands
to fill vessels A and B. Assuming that the vessels are of equal volume, calculate
the final pressure of the air.

For a perfect gas for a free expansion, T) = T;. Also from equation (2.6),
pV = mRT, hence p, ¥, = p; V5.
MNow ¥ is the combined volumes of vessels A and B,

e V=V +Kh=1+1=2m* and V,=1m’
Therefore we have

¥,
P1=P1XF'=20>=§=10har
2

ie. Final pressure = 10 bar

The process is shown on a p—v diagram in Fig. 3.14. State 1 is fixed at 20 bar
and 1 m?® when the mass of gas is known; state 2 is fixed at 10 bar and 2 m?
for the same mass of gas. The process between these states is irreversible and
must be drawn dotted. The points 1 and 2 lie on an isothermal line, but the
process between | and 2 cannot be called isothermal, since the intermediate
temperatures are not the same throughout the process. There is no work done
during the process, and the area under the dotted line does not represent work
done.

[
=3

]

Pressure /{ bar}
=
[

" 2z, v

Throttling

A flow of fluid is said to be throttled when there is some restriction to the flow,
when the velocities before and after the restriction are either equal or neglibly
small, and when there is a negligible heat loss to the surroundings. The restriction
to flow can be a partly open valve, an orifice, or any other sudden reduction
in the cross-section of the flow.
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Fig. 315 Throttling

process

Example 3.10

An example of throttling is shown in Fig. 3.15. The fluid, Aowing steadily
along a well-lagged pipe, passes through an orifice at section X -X. Since the pipe
is well lagged it can be assumed that no heat flows to or from the fluid. The
flow equation (1.10) can be applied between any two sections of the flow,

ie. (k. 2)+Q+ W:m(k, c;)

Now since ¢ =0, and W= 0, then

ci ci
hy +?=-‘|1+?

?

When the velocities C,; and C, are small, or when C, is approximately equal
to C,, then the kinetic energy terms may be neglected. (Note that sections 1-1
and 2-2 can be chosen well upstream and well downstream of the disturbance
to the flow, so that this latter assumption is justified.) Then h; = h,. Therefore
for a throttling process, the enthalpy initially is equal to the enthalpy finally.

The process is adiabatic, but is highly irreversible because of the eddying of
the fluid round the orifice at X-X. Between sections 1-1 and X-X the enthalpy
decreases and the kinetic energy increases as the fluid accelerates through the
orifice. Between sections X-X and 2-2 the enthalpy increases as the kinetic
energy is destroyed by fluid eddies.

For a perfect gas, from equation (2.18), h = ¢, T, therefore,

Ti=c¢,T; or 1=T,

For throttling of a perfect gas, therefore, the temperature initially equals the
temperature finally.

The process of throttling can be used to find the dryness fraction of steam.
A sample of steam is drawn off the steam main, passed through a mechanical
separator, then through a throttle valve, and finally through a condenser; the
water separated from the mechanical separator and the water from the condenser
are weighed and the dryness fraction calculated as shown in the following
example.

The dryness fraction of wet steam in a main is determined using a separating
and throttling calorimeter. The pressure in the main is 5 bar; after throttling,
the steam pressure and temperature are 1.013 25 bar and 120°C; the water
collected from the separator is at the rate of 0.5 kg/h, and that from the
condenser at the rate of 9 kg/h. Making suitable assumptions, calculate the
dryness fraction of the steam in the main.
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Fig. 3.16 Processes on
a p-v diagram for
Example 3.10

The ptions made are as follows: negligible pressure drop of steam in the
separator; no change of kinetic energy across the throttle valve; negligible
heat loss in the separator and in the throttling process.

The processes are shown on a p—vdiagram in Fig. 3.16; process 1 -2 represents
the separating process, process 2-3 the throttling process, and process 3—4 the
condensing process. Process 2-3 is shown dotted since the process is irreversible;
no work is done during the process and the area under line 2-3 is not equal
to work done.

= Pressure/(bar)
b

3

1

325

The enthalpy after throttling is obtained by interpolating from steam tables,

120 =1
hy = 2676 + 20 =100 0939 _ 2676)
N (150 — 100)
= 27164 k! /kg

For an adiabatic throuling process neglecting kinetic energy changes, hy = h;,,
therefore using equation (2.2)

hy = hy = by + Xahigys
therefore
2716.4 — 640
Xg = ————
2109

where hy; = 640 kJ/kg, and h,; = 2109 kJ/kg, are read from saturation tables
at 5 bar.

The mass flow rate of water in the steam at state 2 is therefore given by

= 0985

i, = (1 — x,;) x (mass flow rate of condensate)
=(1—-0985) x 9=0135kg/h

Therefore the total mass flow rate of water in the steam sample from the main
is given by the mass flow rate after separation, m,, plus the mass of water
separated, given as 0.5 kg/h,

ie. i, =035+ 0.5 =0635kg/h
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The mass flow rate of dry vapour in the sample is therefore the total mass flow
rate of (0.5 + 9) kg/h minus i, (= 0.635 kg/h)

i.e. Mass flow rate of dry vapour in sample
=05+9—0635=8865kg/h

Then the dryness fraction in the main is the mass flow rate of dry vapour divided
by the total mass flow rate,

8.865
ie. = e = (.9
ie Xy 579 33
Adiabatic mixing

The mixing of two streams of fluid is quite common in engineering practice,
and can usually be assumed to occur adiabatically. Consider two streams of a
fluid mixing as shown in Fig. 3.17. Let the streams have mass flow rates i,
and ity and temperatures T, and T;. Let the resulting mixed stream have a
temperature Ty. There is no heat flow to or from the fluid, and no work is
done, hence from the flow equation, we have, neglecting changes in kinetic
energy,

thyhy + rghy = ghy (3.33)

T

For a perfect gas, from equation (2.18), h = ¢, T, hence,
e, Ty + tigc,, Th= (Mycy, + 1iney ) Ty
Or, a.ssuming. that the two streams 1 and 2 are of the same fluid with the same
specific heat capacity,
rity Ty + tity Ty = (rity + ving) Ty (3.34)
The mixing process is highly irreversible due to the large amount of eddying

and churning of the fluid that takes place.
Nonsteady-flow processes

There are many cases in practice when the rate of mass flow crossing the
boundary of a system at inlet is not the same as the rate of mass flow crossing
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the boundary of the system at outlet. Also, the rate at which work is done on
or by the fluid, and the rate at which heat is transferred to or from the system
is not necessarily constant with time. In a case of this kind the total energy of
the system within the boundary is no longer constant, as it is in a steady-flow
process, but varies with time.

Let the total energy of the system within the boundary at any instant be E.
During a small time interval let the mass entering the system be dm,, and let
the mass leaving the system be dmj; let the heat supplied and the work input
during the same time be 4@ and §W respectively. Consider a similar system to
the one shown in Fig. 1.22. Now, as shown in section 1.8 (p. 19), work is done
at inlet and outlet in introducing and expelling mass across the system
boundaries, i.e. at inlet

Energy required = ém, p, v,
and at outlet
Energy required = ém;p,v;

Also, as before, the energy of unit mass of the flowing fluid is given by
(u; + C}/2 + Z,g) at inlet, and by (u, + C3/2 + Z,g) at outlet. Hence
Energy entering system
=8Q + éW + dm,(u, + C}/2 + Z,g) + dm,p,
and
Energy leaving system = dmy(u; + C3/2 + Z,9) + dmyp,yv,
Then, applying the first law,
Energy entering — energy leaving = increase of energy of the system, 6E
therefore
30 + W + dmy(u, + C1/2+ Z,9 + pyvy)
— my(uy + C3/2 + Zyg + pyv;) = 6E
During a finite time the total heat transferred is given by ZJQ =@, and the
total work done is given by ¥, 0W = W.
Let the initial mass within the system boundaries be m’, at a height, Z', and
the initial internal energy be u'; let the final mass within the boundaries at the

end of the time interval be m”, at a height, Z°, and the final internal cocrgy
be u". Therefore

YEE=m"(u"+ Z°g) — m'(v' + Z'g)
Therefore we have
Q0+ W+ Y [8my(u, + pyv, + CH2+ Z,9)]
=¥ [8maluy + pavy + C3/2 + Z29)]
+m"u"+Z'g)—m'w + Z'g) (3.35)
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Fig. 3.18 Filling a
bottle or reservoir from
a pipeline

100

or
Q+ W+ Y dm(h +C}2+Z,g)
=L omy(h; + C3/2 + Z,g) + (m"u" — m'u’)
+(m"Z"g —m'Z'g) (3.36)
Also, from continuity of mass,

Mass entering — mass leaving
= increase of mass within system boundary

ie Yém ~Ydmy=m"—m' (3.37)

One of the most commonly occurring problems involving the nonsteady-flow
equation is the filling of a bottle or reservoir from a source which is large in
comparison with the bottle or reservoir. Figure 3.18 shows a typical example. .
It is assumed that the condition of the fluid in the pipeline is unchanged during
the filling process. In this case there is no work done on the system boundary;
also, no mass leaves the system during the process, hence dmy = 0.

R .
Pipeline System boundary u:bel":?'l:l' o
Y

‘
System boundary

Applying equation (3.36), making the additional assumption that changes
in potential energy are zero, and that the kinetic energy, C3/2, is small compared
with the enthalpy, ki, we have

Q + T(dmyhy) = m"v" —m'u’
Or, since, h, is constant during the process,
Q+h, Y (5my)=m"u" —m'u
In this case equation (3.37) becomes
Yom =m"—m
Hence substituting
Q+h(m" —m)=m"u" —m'u (3.38)
It is often possible to assume that the process is adiabatic, and in that case we have
hy(m™ —m') = m"w —m'u’
Or in words:

Enthalpy of mass which enters the bottle
= increase of internal energy of the system
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3.6 Nonsteady-flow processes

A rigid vessel of volume 10m?® containing steam at 2.1 bar and dryness
fraction 0.9 is connected to a pipeline, and steam is allowed to flow from
the pipeline into the vessel until the pressure and temperature in the vessel
are 6 bar and 200 °C respectively. The steam in the pipeline is at 10 bar and
250°C throughout the process. Calculate the heat transfer to or from the
vessel during the process.

Solution  Using the notation previously introduced we have

Fig. 3.19 Flud
escaping from a vessel

' =up(1 — 0.9) + (u, x 0.9) =511 x 0.1 + 2531 x 0.9
ie u' = 2329 k) kg
Also, m'=V/v' = 10/09v, = 10/(0.9 x 0.8461) = 13.13 kg
The steam is superheated finally at 6 bar and 200°C, therefore
u" = 2640 kJ [kg
and  ¢" =0352m?kg
ie. m" = V/v"=10/0.3522 = 284 kg
The steam in the pipeline is superheated at 10 bar and 250°C, hence
h, = 2944 kI /kg
Then using equation (3.38)
Q+ 2944(284 — 13.13) = (28.4 x 2640) — (13.13 x 2329)
therefore
Q = 74980 — 30590 — 44940 = 550 kJ
ie. Heat rejected from vessel = 550 kJ

Another ly occurring example of the dy-flow process is the
case in which a vessel is opened to a large space and fluid is allowed to escape
(Fig. 3.19). There is no work done and in this case dm, = 0 since no mass enters
the system. Neglecting changes in potential energy and applying equation (3.36):

Q=Y [dmy(h; + C3/2)] + (m"u" — m'u’)

PR - ~._ System boundary
-

~
RS
v
i

-
1
! .

e Fluid
: Vessel ® K <3 escaping
1
H

#

The difficulty arising in this analysis is that the state 2 of the mass leaving the
vessel is continually changing, and hence it is impossible to evaluate the term
¥ [ém,(h; + €3/2)]. An approximation can be made in order to find the mass -
of fluid which leaves the vessel as the pressure drops to a given value, It can
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Example 3.12

Solution

Example 3.13

be assumed that the fluid remaining in the vessel undergoes a reversible adiabatic
expansion. This is a good approximation i the vessel is well lagged, or if the
duration of the process is short. Using this assumption the end state of the fluid
in the vessel can be found, and hence the mass remaining in the vessel, m”, can
be calculated.

An air receiver of volume 6 m® contains air at 15 bar and 40.5°C. A valve
is opened and some air is allowed to blow out to atmosphere. The pressure
of the air in the receiver drops rapidly to 12 bar when the valve is then closed.
Calculate the mass of air which has left the receiver.
Initially
15x10°x6
0.287 x 10° x 3135

Assuming that the mass in the receiver undergoes a reversible adiabatic process,
then using equation (3.21)

r_ (L’)"m - (15)0"”" = 125028 = 1,066

m =p'V/RT = =100 kg

T \p 12
therefore
T" =313.5/1.066 = 294.1 K
Hence m" =p"V/RT" = M = 853kg

7 0.287 x 10° x 294.1
Therefore
Mass of air which Jeft receiver = 100 — 853 = 14.7kg

In the case of a vapour undergoing a reversible adiabatic expansion no
equation such as (3.21), as used above, holds true. It is necessary to make use
of the property entropy, s, which can be shown to remain constant during a
reversible adiabatic process, i.e. s = s”. Then using tables the value of ¢" can
be calculated and hence m" found (see Problem 4.22).

At the beginning of the induction stroke of a petrol engine of compression
ratio 8/1, the clearance volume is occupied by residual gas at a temperature
of 840°C and pressure 1.034 bar. The volume of mixture induced during the
stroke, measured at atmospheric conditions of 1.013 bar and 15°C, is 0.75
of the cylinder swept volume. The mean pressure and temperature in the
induction ifold during induction is 0.965 bar and 27 °C respectively, and
the mean pressure in the cylinder during the induction stroke is 0.828 bar.
Calculate the temperature and pressure of the mixture at the end of the
induction stroke assuming the process to be adiabatic. For the induced
mixture and final mixture take ¢, = 0.718 kJ/kg K and R = 0.287 kJ/kg K;
for the residual gas take ¢, = 0.840 kJ/kg K and R = 0.296 kJ /kg K.
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Solution Let swept volume be ¥, and clearance volume be ¥,. Then

Compressi ratio-?‘:y‘-S(mp‘llS)

ie. V=TV,

Initially the residual gas pies the volume, V. = ¥,/7, therefore

A 1.034 x 10° x ¥,
RT' 0296 x 1113 x 7 x 10°

where T' = 8B40 + 273 = 1113 K.
Also using equation (3.37)

m'—m' =Y ém, — 3 dm,

= 0.0448¥, kg

and noting that in this example ¥ ém, = 0, we have
1.013 = 10* x 0.75¥,
"_m' = — T~ P ) 1A
w10 ke
therefore
m” = 09192V, + 0.0448V, = 0.964¥, kg

Changes in kinetic and potential encrgy can be neglected, and the process is
adiabatic (i.e. ¢ = 0), hence applying equation (3.36) we have

mhy + W=m"u"—m'v'
Also, the temperature of the mixture in the induction manifold is constant
throughout the stroke, ie. k; = ¢, T, = constant. Therefore

me, Ty + W=m"eT" —meT [1]
The work input is given by

— W = (mean pressure in cylinder during induction x swept volume)

=0.828 x 10° x ¥, = 82800¥, Nm = 82.8), kJ

therefore

W= —828V,kJ
For the mixture induced, ¢, = ¢, + R = 0.718 + 0287 = 1.005kJ/kg K.
Then substituting values in equation [1]

(09192 x ¥, x 1.005 x 300) — 82.8¥,

= (0.964F, x 0,718 x T") — (0.0448¥, x 0.84 x 1113)

therefore

T"=3413K =683°C
ie. Final temperature = 68.3°C
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Then
" " - 3
= m"RT _ 09641, = 0287 = 341.3 = 10 — 82623 N/m?
N+ V) 8K/
ie. Final pressure = 0.826 bar
Problems

I kg of air enclosed in a rigid container is initially at 4.8 bar and 150°C. The container
is heated until the temperature is 200°C. Calculate the pressure of the air finally and
the heat supplied during the process.

(5.37 bar; 35.9 kJ/kg)

A rigid vessel of volume I m® contains steam at 20 bar and 400°C. The vessel is
cooled until the steam is just dry saturated. Calculate the mass of steam in the vessel,
the final pressure of the steam, and the heat rejected during the process.

(6,62 kg; 13.01 bar: 2355 kJ)

Oxygen (molar mass 32 kg/kmol) expands reversibly in a cylinder behind a piston
at a constant pressure of 3 bar. The volume initially is 0.01 m* and finally is 0.03 m?®;

the initial temp is 17°C. Calculate the work input and the heat supplied during
the expansion. Assume oxygen to be a perfect gas and take ¢, = 0.917 k) /kg K.
: (—6kJ; 21.18Kk])

Steam at 7 bar, dryness fraction 0.9, expands reversibly at constant pressure until the
temperature is 200°C. Calculate the work input and heat supplied per unit mass of

steam during the process.
(=382 kJ/kg: 288.7 k] /kg)

005m? of a perfect gas at 6.3 bar undergoes a reversible isothermal process to a
pressure of 1.05 bar. Calculate the heat supplied.
(564 kJ)

Dry saturated steam at 7 bar expands reversibly in a cylinder behind a piston until
the pressure is 0.1 bar. If heat is supplied continuously during the process in order
1o keep the temperature constant. calculate the change of internal energy per unit mass
of steam.

(37.2kJ/kg)

1 kg of air is compressed isothermally and reversibly from 1 bar and 30°C to 5 bar.
Calculate the work input and the heat supplied.
(140 kI kg, — 140 kI /kg)

I kg of air at 1 bar, 15°C is compressed reversibly and adiabatically to a pressure
of 4 bar. Calculate the final temperature and the work input.
(155°C; 100.5 k) /kg)

Nitrogen (molar mass 28 kg/kmol) expands reversibly in a perfectly thermally
insulated cylinder from 3.5 bar, 200°C to a volume of 0.09 m™. If the initial volume
occupied was 0,03 m*, calculate the work input. Assume nitrogen to be a perfect gas
and take ¢, = 0.741 k) /kg K.

(=931 kJ)

vw.EngineeringEB
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Table 32 Properties of

refrigerant for
Problem 3.14

315

Problems

A certain perfect gas is compressed reversibly from | bar, 17°C to a pressure of 5 bar
in a perfectly thermally insulated cylinder, the final temperature being 77°C. The
work done on the gas during the compression is 45 kJ/kg. Calculate ¥, ¢,, R, and
the molar mass of the gas.

(1.132; 0.75 kJ/kg K; 0.099 kJ/kg K; 84 kg/kmol)

Lkg of air at 1.02bar, 20°C is compressed reversibly according to a law
pv'? = constant, to a pressure of 5.5 bar. Calculate the work done on the air and
the heat supplied during the compression.

(13346 kI /kg; —-333kJ/kg)

Oxygen (molar mass 32 kg/kmol) is compressed reversibly and polytropically in a
cylinder from 1.05bar, 15°C to 42 bar in such a way that one-third of the work
input is rejected as heat to the cylinder walls. Calculate the final P of the
oxygen. Assume oxygen to be a perfect gas and take ¢, = 0.649 kJ/kg K.

(113°C)

A mass of 0.05 kg of carbon dioxide (molar mass 44 kg/kmol), occupying a volume of
0.03 m* at 1.025 bar, is compressed reversibly until the pressure is 6.15 bar. Calculate
the final temperature, the work done on the CQ,, and the heat supplied:

(i} when the process is according to a law pp'* = constant;

(ii) when the process is isothermal;
(1ii) when the process takes place in a perfectly thermally insulated cylinder.

Assume carbon dioxide to be a perfect gas, and take y = 1.3.

(270°C; 5.135kJ; 1.712kJ; 52.5°C; 5.51 kJ; =551 kJ; 219°C; 5.25kJ; 0 kJ)

A refrigerant is compressed reversibly in a cylinder according to a polytropic law
from 2.62 bar, dry saturated, to 820 bar when the temperature is then 40°C. Using
the refrigerant properties given as Table 3.2, calculate:
(i) the polytropic index;
(it) the work input during the compression process;
(iit) the heat transferred to or from the cylinder walls during the process.
(1.073; 21.93 k) /kg; 6.16 kI /kg)

Superheat values at

Saturation values 8.2 bar, 40°C

Pe r, h, v h

(bar)  (m*/kg)  (kI/kg) (m*/kg)  (kJ/kg)

262 0.0757 2929 0.02615 inze

A refrigerant is dry sawrated at 2 bar and is P | ibly in a cylind

according to a law pr = constant to a pressure of 10 bar. Using the properties of
refrigerant given as Table 3.3, calculate:
(i) the final specific volume and temperature of the refrigerant:
{ii) the final specific volume and temperature when the working substance is air,
compressed between the same pressures and from the same initial temperature.
(0.024 m*/kg, 24°C; 0071 m*/kg, —25°C)

105



R and | ikl

Table 3.3 Properties of
refrigerant for
Problem 3.15
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Table 34 Properties of
refrigerant for
Problem 3.16
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I P Ys
°C) (bar)  (m*/kg)
-25 2 0.120
24 10 0.024
A refri leaves a | as a d liquid at a temperature of 25°C, and

is lhmttlﬂd to a pressure of 1.83 bar where it enters the evaporator. Using the properties
of refrigerant given as Table 3.4, calculate the dryness fraction of the refrigerant
vapour entering the evaporator.

{0.236)

ty P y hy

(°Cy (bar) (kI/kg)

25 6.52 59.7 1977
—15 183 23 181.0

The pressure in a steam main is 12 bar. A sample of steam is drawn off and passed
through a throttling calorimeter, the pressure and temperature at exil from the
calorimeter being 1 bar and 140°C respectively. Calculate the dryness fraction of the
steam in the main, stating any assumptions made in the throtiling process.

(0 .966)

Air at 6.9 bar, 260°C is throttled to 5.5 bar before expanding through a nozzle 10 a
pressure of 1.1 bar. Assuming that the air flows reversibly in steady flow through the
nozzle, and that no heat is rejected, caleulate the velocity of the air at exit from
the nozzle when the inlet velocity is 100 m/s.

(636 m/s)

Air at 40°C enters a mixing chamber at a rate of 225 kg/s where it mixes with air at

15°C entering at a rate of 540 kg/s. Calculate the temperature of the air leaving the

chamber, assuming steady-flow conditions. Assume that the heat loss is negligible.
(224°C)

Steam from a superheater at 7 bar, 300°C is mixed in steady adiabatic flow with wet
steam at 7 bar, dryness fraction 0.9. Calculate the mass of wet steam required per
kilogram of superheated stcam to produce steam at 7 bar, dry saturated.

(143 kg)

A rigid cylinder contains helium (molar mass 4 kg/kmol) at a pressure of 5 bar and
a temperature of 15°C. The cylinder is now connected to a large source of helium
at 10 bar and 15°C, and the valve connecting the cylinder is closed when the cylinder
pressure has risen to 8 bar. Calculate the final P e of the helium in the
cylinder assuming that the heat transfer during the process is negligibly small. Take
¢, for helium as 3.12 kJ/kg K.

(65.8°C)



Problems

322 A welldagged vessel of volume | m®, containing 1.25kg of siecam ai a pressure of

22 bar, is connected via a valve to a large source of steam at 20 bar. The valve is
opened and the pressure in the vessel is allowed 1o rise until the steam in the vessel
is just dry saturated at 4 bar and the valve 15 then closed. Caleulate the dryness
fraction of the steam supplied.

(0.504)

An air receiver contains 10kg of air at 7bar. A blow-off valve is opened in error
and closed again within seconds, but the pressure is observed to drop 1o 6 bar.
Calculate the mass of air which has escaped from the receiver, stating clearly any
assumptions made.
Calculate also the pressure of the air in the recciver some time afier the valve has
been closed such that the air iemperature has atiained s original value.
(1,04 kg; 6.27 bar)

A vertical cylinder of cross-sectional area 6450 mm* is open to the atmosphere at one
end and connected 1o a large storage vessel at the other end by means of a pipeline and
valve. A frictionless piston, of weight 100 N, is fitted into the cylinder and the initial
cylinder volume is negligible. The valve is then opened and air is slowly admitted from
the large storage vessel into the cylinder until the piston has moved very slowly a distance
of 0.6 m, when the valve is shut. If the temperature of the air in the cylinder is 30°C at the
end of the operation and the temperature of the air in the large storage vessel is constant
at 90°C, calculate:
(i) the pressure of the air in the cylinder during the process;
the work done on the air during the process;
) the work done on the piston;
(iv) the heat supplied to the air in the cylinder during the process.
Take the atmospheric pressure as 1013 bar.

(1168 bar; =452 N m; 60 N m; —0.31kJ)
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The Second Law

In Chapter 1 it is stated that, according to the First Law of Thermodynamics,
when a system undergoes a complete cycle the net heat supplied plus the net
work input is zero. This is based on the conservation of energy principle which
follows from observation of natural events. The Second Law of Thermodynamics,
which is also a natural law, indicates that in any complete cycle the gross heat
supplied plus the net work input must be greater than zero. Thus for any cycle
in which there is a net work output (i.e. W —ve), heat must always be rejected.
For any cycle in which heat is supplied at a low temperature and rejected at
a higher temperature there must always be a positive work input.

To enable the second law to be discussed more fully the heat engine must
be defined and discussed.

The heat engine

A heat engine is a system which operates continuously and across whose
boundaries flow only heat and work.

A diagrammatic representation of a heat engine is given in Fig. 4.1; a forward
heat engine is shown in Fig. 4.1(a) and a reversed heat engine in Fig. 4.1(b).
(Mote: the term ‘reservoir’ is taken to mean an energy source at a uniform
temperature.) In both cases the first law applies as given by equation (1.3),
¥ Q@+ ¥ W =0, or referring to Fig. 4.1,

Q+0+W=0

" As shown in Fig. 4.1, for a forward heat engine cycle such as that used for

power production, @, is positive and W and @, are negative; for a reversed
cycle such as that used for a refrigerator or heat pump, @, is negative and W
and @, are positive.

An example of a forward heat engine is shown in Fig. 4.2; by the first law
the heat supplied of 100 units equates to the work output of 30 units plus the
heat rejected of 70 units. It can be demonstrated that it is impossible to construct
a forward heat engine in which 100 units of heat are supplied and 100 units of
work output are produced; some heat must always be rejected. One statement



Fig. 4.1 Forward and
reversed heat engines
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4.1 The heat engine
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of the Second Law of Thermodynamics is therefore as follows:

It is impossible for a heat engine to produce a net work output in a
complete cycle if it exchanges heat only with a single energy reservoir.

Using the chosen sign convention for heat and work and referring to Fig. 4.1,
we can write this statement of the second law in symbols as follows:
0, > -W {4.1)

The cycle efficiency of a forward heat engine can then be defined as the ratio
of the net work output to the gross heat supplied,

-W
i.e Cycle efficiency, n = Q_
1

(4.2)

The second law implies that the cycle efficiency must always be less than unity.
For the heat engine shown in Fig. 4.2 the cycle efficiency is n = 30/100 = 0.3
or 30%.

An example of a reversed heat engine is shown in Fig. 4.3; by the first law
the 70 units of heat supplied from the low-temperature encrgy reservoir plus
the work input of 30 units is equal to the 100 units of heal rejected to the
high-temperature reservoir. It can be demonstrated that it is impossible to
transfer 70 units of heat from the low-temperature reservoir to the
high-temperature reservoir without a work input. An alternative statement of
the second law is therefore as follows:

It is impossible to construct a device that operating in a cycle will produce
no effect other than the transfer of heat from a cooler to a hotter body.

Referring to Fig. 4.1{b) this statement of the second law can be expressed as
W>0 (43)
It is interesting to note that in the case of a forward heat engine the second
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Fig. 44 Hypothetical
{impossible) cycle on a
p-v diagram
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law implies that there must always be some heat rejected to the low-temperature
reservoir, but in the case of the reversed heat engine (Fig. 4.1(b)), there is no
reason why @, should not be zero. This means that it is possible to convert
mechanical energy into heat cnergy (e.g. on braking a car the kinetic energy is
converled into heat at the wheels). On the other hand it is impossible to convert
heat energy continuously and completely into hanical work.

The effectiveness of a reversed heat engine is defined in terms of a coefficient
of performance, COP. When the reversed engine is used mainly as a refrigerator
then, referring to Fig. 5.1(b), the coefficient of performance is defined as

COP, = ?,', (44)

When the reversed heat engine is used as a heat pump the heat transferred to
the high-temperature reservoir is the useful energy, and referring to Fig. 4.1(b)
we have

COP,, = _TQ! (4.5)

{Note: the coefficient of performance of both a refrigerator and a heat
pump is always greater than unity; in the example given in Fig 4.3,
COP,, = 70/30 = 2.333, and COP,, = 100/30 = 3.333.) Refrigeration and
heat pumps are considered in more detail in Chapter 14.

Entropy

In section 1.7, an important property, internal energy, was found to arise as a
consequence of the First Law of Thermodynamics. Another important property,
entropy, follows from the second law.

Consider a reversible adiabatic process for any system on a p-v diagram.
This is represented by line AB on Fig. 4.4. Let us suppose that it is possible
for the system to undergo a reversible isothermal process at temperature T,
from B to C and then be restored to its original state by a second reversible
adiabatic process from C to A. Now by definition an adiabatic process is one

Reversible adiabatic
process




Fig. 4.5 A series of
constant entropy and
constant temperature
lings on a p-v diagram

4.2 Entropy

in which no heat flows to or from the system. Hence the only heat transferred
is from B to C during the isothermal process. The work done by the system is
given by the entlosed area (see section 1.6). We therefore have a system
undergoing a cycle and developing a net work output while drawing heat from
a reservoir at one fixed temperature. This is impossible because it violates the
second law, as stated in section 4.1. Therefore the original supposition is wrong,
and it is not possible to have two reversible adiabatic processes passing through
the same state A.

Now one of the characteristics of a property of a system is that there is one
unique line which represents a value of the property on a diagram of properties.
{For example, the line BC on Fig. 4.4 represents the isothermal at T,.) Hence
there must be a property represented by a reversible adiabatic process. This
property is called entropy, s.

It follows that there is no change of entropy in a reversible adiabatic process.
Each reversible adiabatic process represents a unique value of entropy. On a
p-v diagram a series of reversible adiabatic processes appear as shown in
Fig. 4.5(a), each line representing one value of entropy. This is similar
to Fig. 4.5(b) in which a series of isothermals is drawn, each representing one =
value of temperature.

In order to be able to define entropy in terms of the other thermodynamic
properties a rigorous approach is necessary; a much simplified approach has
been adopted in this book. For a more rigorous approach ref. 4.1 should be
consulted.

In ion 3.2 a ible adiabatic process for a perfect gas was shown to
follow a law pv” = constant. Now the law pv” = constant is a unique line on a
p-v diagram, so that the proof given in section 3.2 for a perfect gas is a similar
proof to that given above (i.e. the proof that a reversible adiabatic process
occupies a unique line on a diagram of properties). The proofl given above
depends on the second law and has been used to introduce entropy as a property.
It follows therefore that the proof of pr¥ = constant in section 3.2 must imply
the lact that the entropy does not change during a reversible adiabatic process.
Referring to the proof in section 3.2, starting with the non-flow energy equation
for a reversible process

d@ =du + pdr

(a th)
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and for a perfect gas
dQ = ¢, dT + RTEE
o
This equation can be integrated after dividing through by T,
40 _¢dT Rdv
T T v

Also for an adiabatic process, dQ =0,

. d@ ¢, dT Rdv
e, —_—=t =0 4.6
ie T T + " (4.6)
Now apart from mathematical ipulation and the introduction of the

relationship between R, c,, c,, and 7, there are no other major steps in the
proofl, This must mean that dividing through by T is the one step which implies
the restriction of the second law, and the important fact that the change of
entropy is zero. We can say, therefore, dQ/T = 0 for a reversible adiabatic
process. For any other reversible process dQ/T = 0.

This result can be shown to apply to all working substances,

ie. ds = d?Q for all working substances (4.7)

where s is entropy.

The argument in this section does not constitute a proof of ds = dQ/T. For
such a proof the reader is recommended to ref. 4.1.

Note that since equation (4.6) is for a reversible process, then dQ in
equation (4.7) is the heat added reversibly.

The change of entropy is more important than its absolute value, and the
zero of entropy can be chosen quite arbitrarily.

Integrating equation (4.7) gives

_[*de
S8 = '{1 _.j._ (4.8)

Considering unit mass.of fluid, the units of entropy are given by kilojoules

per kilogram divided by K. That is, the units of specific entropy, s, are kJ /kg K.
The symbol S will be used [or the entropy of mass, m, of a fluid,

ie S=ms

Rewriting equation (4.7) we have
dQ = Tds

or for any reversible process

]
Q= -[ Tds (4.9)
1
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4.3

4.3 The T-sdiagram

This equation is analogous to equation (1.2},
2
W=- J. pdv  for any reversible process
1

Thus, as there is a diagram on which areas represent work output in a reversible
process, there is also a diagram on which areas represent heat supplied in a
reversible process. These diagrams are the p-v and the T-sdiagrams respectively,
as shown in Figs 4.6(a) and 4.6(b). For a reversible process 1-2 in Fig. 4.6(a),
the shaded area {} p dv represents work output, — W; for a reversible process
1-2in Fig. 4.6(b), the shaded area |} T ds represents heat supplied, 0. Therefore
one great use of the property entropy is that it enables a diagram to be drawn
on which areas represent heat flow in a reversible process. In the section 4.3
the T-s diagram will be considered for a vapour and for a perfect gas.

2 T

(a) —||=dr v b} —||e-ds ]

%s

The T-s diagram

For a vapour

The T-s diagram for steam only will be considered here; the diagram for a
refrigerant is exactly similar with the important exception of the zeros of entropy
and enthalpy which vary according to the source of the tabular information
(see Ch. 14). The T-s diagram for steam is shown in Fig. 4.7. Three lines of
constant pressure (p,, ps, and p,) are shown (ie. lines ABCD, EFGH, and
JKLM). The pressure lines in the liquid region are practically coincident with
the saturated liquid line (i.e. portions AB, EF, and JK), and the difference is
usually neglected. The pressure remains constant with temperature when the
latent heat is added, hence the pressure lines are horizontal in the wet region
(i.e. portions BC, FG, and KL). The pressure lines curve upwards in the superheat
region as shown (ie. portions CD, GH, and LM). Thus the temperature rises
as heating continues at constant pressure. One constant volume line (shown
as a broken line) is drawn in Fig. 4.7. Lines of constant volume are concave down
in the wet region and slope up more steeply than pressure lines in the superheat
region.
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Fig. 4.7 T-s diagram
for a vapour

Fig. 48 Dryness
fraction from areas on a
T-5 diagram
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Constant volume line

In steam tables the entropy of the saturated liquid and the dry saturated
vapour are represented by s; and s, respectively. The difference, s, — s; = s, is
also tabulated. The entropy of wet steam is given by the entropy of the water
in the mixture plus the entropy of the dry steam in the mixture. For wet steam
with dryness fraction, x, we have

5= (1= x)s + x5, (4.10)
or 5=+ x(s;, — 5)
ie, 5 =S¢ + XSy (4.11)
Then the dryness fraction is given by
x=iX (4.12)
Srg

It can be seen from equation (4.12) that the dryness fraction is proportional to
the distance of the state point from the liquid line on a T-s diagram. For
example, for state 1 on Fig. 4.8 the dryness fraction

_ distance F1 _ 5, — 55
' 7 distance FG Ste1

The area under the line FG on Fig. 4.8 represents the specific enthalpy of
vaporization hg,. The area under line F1 is given by x; hy,.

Ll

Py
)




4.3 The T-sdiagram

Example 4.1 lkg of steam at 7bar, entropy 6.5kJ/kgK, is heated reversibly at
constant pressure until the temperature is 250 “C. Calculate the heat supplied,
and show on a T-s diagram the area which represents the heat flow.

Solution At 7bar, 5, = 6.70% kJ /kg K, hence the steam is wet, since the actual entropy,
5, is less than s .
From equation (4.12)

5 — 5 _ 6.5-1.992
St 4.717
Then from equation (2.2)

hy = hey 4+ xp g, = 697 + (0.955 % 2067)
ie. hy =697 + 1975 = 2672 k] kg

At state 2 the steam is at 250°C at 7 bar, and is therefore superheated. From
superheat tables, h; = 2955 kJ /kg.
At constant pressure from equation (3.3)

Q =h, ~ h, = 2955 — 2672 = 283 kJ /kg
ie. Heat supplied = 283 k) /'kg

The T-s diagram showing the process is given in Fig. 4.9, the shaded area
representing the heat flow.

= 0955

X =

Fig. 49 7T-s diagram T
for Example 4.1

Specific entropy (kI/kg K)

Example 4.2 A rigid cylinder of volume 0.025 m® contains steam at 80 bar and 350°C.
The cylinder is cooled until the pressure is 50 bar. Calculate the state of the
steam after cooling and the amount of heat rejected by the steam. Sketch
the process on a T-s diagram indicating the area which represents the heat
flow.

Solution  Steam at 80 bar and 350 °C is superheated, and the specific volume from tables
is 0.02994 m*/kg. Hence the mass of steam in the cylinder is given by

0.025

= ——= 0835k
"= G050 - DBk
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Fig. 410 T-s diagram
for Example 4.2
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For superheated steam above 80 bar the internal energy is found from
equation (3.7),
s
uy = hy —pyo, =2M-W=m- 239.5
ie uy, = 2750.5kJ/kg

At state 2, p, = 50 bar and v, = 0.02994 m? kg, therefore the steam is wet,
and the dryness fraction is given by equation (2.1)

v, 002994
v, 003944

From equation (2.3)
uy = (1 — x3)uy, + xpuy, = (0.242 x 1149) + (0.758 x 2597)
ie. 1y = 278 + 1969 = 2247 kJ kg
At constant volume from equation (3.2),
Q=U,—U, =mlu; —u,)= 08352247 — 2750.5)
ie. Q= —0835x503.5= —420kJ
ie. Heat rejected = 420 k)

Figure 4,10 shows the process drawn on a T-s diagram, the shaded area
p ing the heat rejected by the steam.

=0.758

Xy =

For a perfect gas

It is useful to plot lines of constant pressure and constant volume on a T-s
diagram for a perfect gas. Since changes of entropy are of more direct application
than the absolute value, the zero of entropy can be chosen at any arbitrary
reference temperature and pressure. In Fig. 4.11 the pressure line p, and the
volume line ¢, have been drawn passing through the state point I, Note that
a line of constant pressure slopes less steeply than a line of constant volume.



Fig. 4.11 Entropy
changes at constant
pressurc and at constant
volume for a perfect gas
on a T-s diagram

Fig. 4.12 Constant
pressure and constant
volume lines plotted on
a T-s diagram for a
perfect gas

4.3 The T-sdiagram

Ly
14
T!

T

5 S iy [

This can be proved easily by reference to Fig. 4.11. Let points A and B be at
T, and vy, and T, and p, respectively as shown. Now between 1 and A from
equation (4.8) we have

AdQ
Sy — 5 = —
A 1 Il T

Also at a constant volume for 1 kg of gas from equation (2.11), dQ = ¢, dT.
Therefore

A
Sy — 8 = J dT =c, ln(E) - c,ln(E)
v T T, T

Similarly, at constant pressure for 1 kg of gas, dQ = ¢, dT. Hence,

B
cpdT (n) (Tz)
Sp— 5 = =¢,In| — }=¢,In| =
B 1 II T r T-I L T]

Now since ¢, is greater than ¢, for any perfect gas, then sy — s, is greater
than s, — s,. Point A must therefore lie to the left of point B on the diagram,
and hence a line of constant pressure slopes less steeply than a line of constant
volume. Figure 4.12(a) shows a series of constant pressure lines on a T-s
diagram, and Fig. 4.12(b) shows a series of constant volume lines on a
T-s5 diagram. Note that in Fig. 4.12(a), ps> ps > ps > py, ctc. and in
Fig. 4.12(b), v, > vy > v;, etc. As the pressure rises the temperature rises and
the volume decreases; conversely as the pressure and temperature fall the volume

|

1a) 1
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Example 4.3 Air at 15°C and 1.05 bar occupies 0.02 m?. The air is heated at constant

volume until the pressure is 4.2 bar, and then cooled at constant pressure
back to the original temperature. Calculate the net heat flow to or from the
air and the net entropy change. Sketch the process on a T-s diagram.

Solution The processes are shown on a T-s diagram in Fig. 4.13. From equation (2.6},
for a perfect gas,
s
m_ﬁ- 1.05 x 10° x 0.02 - 00254 kg
RT 0287 x 107 x 288

where T; = 15+ 273 = 288 K.

Fig. 4.13 Processes on 002m® 43 par

a T-s diagram for
Example 4.3

118

2 1.05 bar

Temperature {K)

(15 +273) 3
= 288

4y 5 ¥ s

For a perfect gas at constant volume, p,/T, = p,/ T, hence
4.2 = 288
T,=—" """ =1152K
005
From equation (2.13), at constant volume
Q =mec,(T: — T;) = 0.0254 x 0.718(1152 — 288)
ie Q)2 =1575k]

From equation (2.12), at constant pressure
Q = mc,(Ty — T,) = 0.0254 x 1.005(288 ~ 1152)

ie.  Qya= —2205kI

therefore
Net heat flow = Q) 5 + Q3.3 = 15.75 — 22.05 = —6.3kJ

ie. Heat rejected = 6.3 kJ

Referring to Fig. 4.13
Net decrease in entropy = 5, — 53 = (5, — 53) — (53 — 5,)

At constant pressure, dQ = mc, dT; hence, using equation (4.8),

1isz me, dT 1152
m(s —s)=I 00’54x|005x|n( )
e 298 T 288
=0.0354 kJ/K
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Fig. 414 Reversible
isothermal process for
steam on a T-s diagram

4.4 Reversible pi on the T-s

At constant volume, dQ = mc, dT, hence, using equation (4.8)
152 e 4T ' 1152
m(s, — s5,) = Ln T = 00254 x 0.718 = In(?ﬁ-)
= 0.0253 kJ /kg

Therefore,
m(s, — s,) = 0.0354 — 00253 = 0.0101 kJ/K
ie. Decrease in entropy of air = 0.0101 kJ/K

Note that since entropy is a property, the decrease in entropy in Example
4.3, given by 5, — 53, is independent of the processes undergone between states
1 and 3. The change s, — s, can also be found by imagining a reversible
isothermal process taking place between 1 and 3. The isothermal process on
the T-s diagram will be considered in section 4.4,

Reversible processes on the T-s diagram

The various reversible processes dealt with in Chapter 3 will now be considered
in relation to the T-s diagram. The constant volume and constant pressure
processes have been represented on the T—s diagram in section 4.3, and will
therefore not be discussed again in this section.

Reversible isothermal process

A reversible isothermal process will appear as a horizontal line on a T-s diagram,
and the area under the line must represent the heat flow during the process.
For example, Fig. 4.14 shows a reversible isothermal expansion of wet steam
into the superheat region. The shaded area represents the heat supplied during
the process,

ie. Heat supplied = T(s; — 5,)
Mote that the absolute temperature must be used.

T,=T,

.

L
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Example 4.4

Solution

Fig, 415 Processona
T-3 diagram for
Example 4.4
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Dry saturated steam at 100 bar expands isothermally and reversibly to a
pressure of 10 bar. Calculate the heat supplied and the work done per
kilogram of steam during the process.

The process is shown in Fig. 4.15, the shaded area representing the heat
supplied.

10 bar

(311 + 273)
584

- W7

Temperature/(K)

7

From tables at 100 bar, dry saturated
5, =5,=5615kl/kgK and t, =311°C
At 10 bar and 311 °C the steam is superheated, hence interpolating

311 - 300
= 7124 + | ————— }(7.301 = 7.124
% (350 z sm){ J
ie. 5;="T124+ 0039 = 7163 k}/kg K
Then we have

Heat supplied = shaded area = T(s; — 5,)
= 584(7.163 — 5.615) = 584 x 1.548
where T = 311 + 273 = 584 K.
ie Heat supplied = 904 kJ kg
To find the work done it is necessary to apply the non-flow energy equation,
ie. Q+W=uy—u, or W=(u—u)-0Q
From tables, at 100 bar, dry saturated,
uy = u, = 2545kl /kg
At 10 bar and 311 °C, interpolating,
H)cms —2794) = 2794 + 178
ie uy = 2811.8kJ kg

uz=2?94+(



4.4 Reversible p on the T-sdi

W=(u~u)-0
= (2811.8 — 2545) — 904 = 266.8 — 904 = —637.2 kJ /kg
ie. Work done by the steam = 637.2 kJ/kg

A reversible isothermal process for a perfect gas is shown on a T-s diagram
in Fig. 4.16. The shaded area represents the heat supplied during the process,

ie Q=Tis, —5)

Fig. 416 Reversible
isothermal process for a
perfect gas

5

For a perfect gas undergoing an isothermal process it is possible to evaluate
53 — 5. From the non-flow equation (1.6) we have, for a reversible process,

dQ =du + pdv
Also for a perfect gas from Joule's law du = ¢, dT,
ie. dQ = ¢, dT + pdr

For an isothermal process, dT = 0, hence

dQ = pdr
Then, since pr = RT, we have
d
dQ = RTE
v

Now from equation (4.8)

F Fy L1
‘3_"=J- *12=J RTdu=R 93
T . To o b

ie.  s-s5=R ln(ﬁ) =R ln(ﬂ) (4.13)
Ty P2
Therefore the heat supplied is given by

0=Tis:—5)= R‘rln("—’) = ern("_‘)
by P2
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Example 4.5

Solution

Fig. 417 Processes for
Example 4.5 on p-v and
T-s diagrams
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Note that this result is the same as that derived in section 3.1,
. Q=-W= Rﬂn("—‘) =poy 1n(ﬂ)
P2 P,

003m?® of nitrogen (molar mass 28 kg/kmol) contained in a cylinder
behind a piston is initially at 1.05bar and 15°C. The gas is compressed
isothermally and reversibly until the pressure is 4.2 bar. Calculate the change
of entropy, the heat flow, and the work done, and sketch the process on a
p-v and T-s diagram. Assume nitrogen to act as a perfect gas.

The process is shown on a p-v and a T-s diagram in Figs 4.17(a) and 4.17(b)
respectively. The shaded area on Fig. 4.17(a) represents work input, and the
shaded area on Fig. 4.17(b) represents heat rejected.

42 x10°

Pressure/(N/m®)

1.08 = 10°

From equation (4.13)

s3—5 =RIn Py =—2—?;ln —1-92
P2 0 4.2

. 297 (42
ie 53— 5 = _Fln(rﬂs)_ —-04117k)/kg K
From cquation (2.9)

R 83145

=297 Nm/kgK
Then, since pV = mRT, we have

=—=—— = 'k;
M RTT T 9Tk ooeske

where T = 15 + 273 = 288 K.
Then 8§, —5; =m(s, —5;)
= 0.0368 x 0.4117 = 0.01516 kI/K



4.4 Reversible processes on the T-s diagram

Heat rejected = m (shaded area on Fig. 417(b))} = mT(s, — s;)
= 001516 x 288 = 437kJ
ie. Q=—437kJ
Then for an isothermal process for a perfect gas, from equation (3.12),
Q+W=0
—-437+W=0
Le. Work input, W = 4.37kJ

Reversible adiabatic process (or isentropic process)

Fora ible adiabati the entropy remains constant, and hence the
process is called an :senrropdr process. Note that for a process to be isentropic
it need not be either adiabatic or reversible, but the process will always appear
as a vertical line on a T-s diagram. Cases in which an isentropic process is not
both adiabatic and reversible occur infrequently and will be ignored throughout
this book.

An isentropic process for superheated steam expanding into the wet region
is shown in Fig. 4.18. When the reversible adiabatic process was considered in
section 1.1, it was stated that no simple method was available for fixing the
end states. Now, using the fact that the entropy remains constant, the end states
can be found easily from tables. This is illustrated in the following example.

Fig. 418 Isentropic T
process for steam on a '
T-s diagram

5y =5y 5

Example 4.6 Steam at 100 bar, 375 °C expands isentropically in a cylinder behind a piston
to a pressure of 10 bar. Calculate the work done per kilogram of steam.

Sofution From superheat tables, at 100 bar, 375°C, we have
5, =5, = 6091 kJ/kgK
At 10 bar and s, = 6.091, the steam is wet, since s, is less than s,,. Then from

equation (4.12)
3 S 6.091 — 2.138 — 0889
Stg, 4.448
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Fig. 419 Isentropic

process for a perfect gas
on a T-s diagram
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Example 4.7

Then from equation (2.3)
uy = (1 = x)up, + xpuy, = (0.111 x 762) + (0.889 » 2584)
ie. uy = 84.6 + 2297 = 2381.6 ki /kg

At 100 bar, 375 °C, we have from tables, h, = 3017 kJ/kg and v, = 0,024 53 m®/kg.
Then using equation (1.9)

L]
uy = hy —pyog = 3017 — Mm’:&_ﬁ = 3017 — 2453

ie. u, = 27707k /kg
For an adiabatic process from equation (3.13),

We=u; —u,
therefore,
W = 2381.6 — 2771.7
= —390.1 kJ/kg

ie Work done by the steam = 390.1 kJ/kg

For a perfect gas an isentropic process on a T-s diagram is shown in
Fig 4.19. It is shown in section 3.1 that for a reversible adiabatic process for a
perfect gas the process follows a law pv” = constant. Since a reversible adiabatic
process occurs at constant entropy and is known as an isentropic process, the
index y is known as the isentropic index of the gas.

Ty

P:

51 =8 s

Polytropic process

To find the change of entropy in a polytropic process for a vapour when the
end states have been fixed using p, v} = p,v3, the entropy values at the end
states can be read straight from tables.

In a reciprocating compressor of a refrigeration plant the refrigerant is dry
saturated at 2.01 bar at the beginning of compression and is compressed



Table 4.1 Properties of
refrigerant for
Example 4.7

Solution

Fig. 420 lsentropic
Example 4.7

44 on the T-s di

g to a polytropic law pr'! = constant 1o a pressure of
10 bar. Calcunm the change of spmﬁc enlropy during the process using the

table of properties of refrigerant given in Table 4.1, interpolating where
necessary.

Superheated values
Saturation values at 10 bar
Ps [ % v 5
(bar)  (m’/kg)  (kI/kgK) (m/kg)  (kI/kgK)
201 0.0978 1.7189 0.0222 1.7564
10 0.0202 1.7033 0.0233 1.7847

From Table 4.1,
5 =135, =L7189kl/kg K
and  © =v, =00978m* kg

Then,
.1 L
P— (&) -o.tms(@)
P2 10

= 00228 m*/kg

At 10 bar and a specific volume of 0.0228 m*/kg the steam is superheated. The
process is shown in Fig. 4.20.

201 bar 1

Interpolating from the superheat tables of Table 4.1,

(0.0228 - 0.0222)

(0.0233 — 0.0222)
= 17704 KI/kg K

Increase of entropy = 1.7704 — 1.7189 = 0.0515 k) /kg K

52= 17564 + x (1.7847 — 1.7564)
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Fig. 421 Polytropic
process for a perfect gas
on a T-s diagram
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It was shown in section 3.1 that the polytropic process is the general case
for a perfect gas. To find the entropy change for a perfect gas in the general
case, consider the non-flow energy equation for a reversible process
equation (1.6},

d@ =du+ pdv

Also for unit mass of a perfect gas from Joule's law du = ¢, dT, and from
equation (2.5), pp = RT. Therefore

RTdv
v

d =¢, RT +

Then from equation (4.7)
4s=92_adT R
T T v

Hence between any two states 1 and 2
LdT 1 dy
5 -5 -c,j. —+R —=c,ln(E)+Rln(v—') (4.14)
5 T o U T vy

This can be illustrated on a T-s diagram as in Fig. 4.21. Since in the process
in Fig. 421, T; < T,, then it is more convenient to write

s—5, =R In(”—’) - c.ln(—?:’-) (4.15)
L T
T oo
by P2
T, 1 A 4

1 =T

5 5 Sa sg 3

The first part of the expression for s; — 5, in equation (4.15) is the change of
entropy in an isothermal process from v, to vy, i.e. from equation (4.13)

sa—s =R ln(?) (see Fig. 4.21)
1

Also the second part of the expression for 5, — 5, in equation (4.15) is the
change of entropy in a constant volume process from T, to T, i.c. referring to
Fig. 421,

Tl)
—§,=¢. In| —
Sa 2 v (Tz



4.4 Reversible processes on the T-sdiagram

It can be seen therefore that in calculating the entropy change in a polytropic
process from state 1 to state 2 we have in effect replaced the process by two
simpler processes: from [ to A and then from A to 2. It is clear from Fig. 4.21 that

53— 8y = (54 — 8;) — (55 — 53}

Any two processes can be chosen to replace a polytropic process in order
to find the entropy change. For example, going from 1 to B and then from
B to 2 as in Fig. 4.21, we have

52— 5 =(ss — 5;) — (5a — 53)

At constant temperature between p, and p,, using equation (4.13),

sg—5, =R ln(?)
2

and at constant pressure between T, and T; we have

Sp—353=¢, ln(?)
2

Hence,
P T,
—s;=Rin[ ) —¢, [ 2
— n(pz) . n(_ﬁ)
T, '
or S3—85=¢, ln(—’) +R ln(&) (4.16)
T P2

Equation (4.16) can also be derived easily from equation (4.14).

There are obviously a large number of possible equations for the change of
entropy in a polytropic process. Each problem can be dealt with by sketching
the T-s diagram and replacing the process by two other simpler reversible
processes, as in Fig. 4.21.

Example 4.8 Calculate the change of entropy of 1 kg of air expanding polytropically in a
cylinder behind a piston from 6.3 bar and 550°C to 1.05 bar. The index of
expansion is 1.3.

Solution The process is shown on a T-s diagram in Fig. 4.22. From equation 3.29,

Tl (PI im=1)n ( 63 )il.l-llﬂ.l
20 == = 1512
T Pz) 105

Fig. 422 Process for 6.3 bar
Example 4.8 on a
T-s diagram - 1.05 bar
(550 1 A
T +213)
3 =8
: 2
g /I

-

5 5y EN
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Fig. 423 Alternative
T-3 diagram for
Example 4.8
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Example 4.9

Solution

therefore
823
2= - MK

where T, = 550 + 273 = 823 K.
Now replace the process 1 to 2 by two processes, 1 to A and A to 2. Then
at constant temperature from 1 to A, from equation (4.13)

6.
$o—5, =R zn(ﬂ) = 0287 1n(1—035)
Pz |

=0514k)/kg K
At constant pressure from A to 2

T, 823
SA—8y3=¢, ln(-i}) = 1.005 ln(a)

2
= 0416
Then s, —s, = 0.514 — 0416 = 0.098 ki /kg K
ie. Increase in entropy = 0.098 kl/kg K

Note that if in Example 4.8 5, — 5, happened to be greater than s, — 5y,
this would mean that s, was greater than s,, and the process should appear as
in Fig. 4.23.

T 6.3 bar
1.05 bar
1 A
T
T 2
53 M L

0.05 kg of carbon dioxide (molar mass 44 kg/kmol) is compressed from
1 bar, 15°C, until the pressure is 8.3 bar, and the volume is then 0.004 m?.
Calculate the change of entropy. Take ¢, for carbon dioxide as 0.88 kJ/kg K,
and assume carbon dioxide to be a perfect gas.

The two end states are marked on a T-s diagram in Fig. 4.24. The process is
not specified in the example and no information about it is necessary. States 1
and 2 are fixed and hence s, — s, is fixed. The process between 1 and 2 could
be reversible or irreversible; the change of entropy is the same between the end
states given. With reference to Fig. 4.24, to find 5, — 5, we can first find s, — s,
and then subtract s, — s,. First of all it is necessary to find R and then T,.



4.5 Entropy and irreversibility

Fig. 424 T-» diagram

GO0 m?
B3 b
for Example 4.9 ar

7
Sy

Temperature (K}
-
=

I bar

s+

= 28y { =

Sy 0% £,

From equation (2.9}
g=R_8145
44

m

=189 Nm/kg K

From equation (2.6), pV = mRT, therefore,
2V B3 x 10% x 0.004
Tj=b=_’(__f_.____=351 K
mR 0.05 = 189
Then from equation (4.13)
/ 83
o= 5 =R In(P—z) =0.189 In(T) =04kJ/kgK

Pa
Also at constant pressure from | to A
Sy =8 =¢, In(::—f)= 0.58 In(g—:%) =0174k)/kg K
where T, = 15 + 273 = 288 K. Then
S =3 =04 -0174 =0226 kI /kg K
Henee for .05 kg of carbon dioxide
Decrease in entropy = 0.05 = 0.226 = 0.0113kJ/K

4.5 Entropy and irreversibility

In section 4.4 it is pointed out that, since entropy is a property, the change of
entropy depends only on the endd states and not on the process between the
end states, Therefore, provided an irreversible process gives enough information
to fix the end states then the change of entropy can be found. This
can best be illustrated by some examples,

Example 4.10 Steam at 7 bar, dryness fraction 0.96, is throttled down to 3.5 bar. Calculate
the change of entropy per unit mass of steam.

129
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Solution

Fig. 425 Throttling
process for

Example 4.10 on a
T-s diagram

Example 4.11

Solution
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At 7 bar, dryness fraction 0.96, using equation (4.11) we have
5 =5, + x5, = 1.992 + (0.96 x 4.717)
ie. s, = 6522k]/kg K

In section 34 it is shown that for a throttling process, h, = h,. From
equation (2.2}

By = hy = by, + x,hyg, = 697 + (0.96 x 2067) = 2682 kI /kg

At 3.5bar and h, = 2682 kJ/kg the steam is still wet, since h, > h;. From
equation (2.2), hy = by, 4 x by, therefore
hy— 2682 — 584

Xy = ’T'*" =S o
Then from equation (4.11)

5= 5, + X5, = 1727 + (0977 x 5214) = 6817 k) (kg K
Therefore,

Increase of entropy = 6.817 — 6.522 = 0.295 k] /kg K

The process is shown on a T-s diagram in Fig. 4.25. Note that the process
is shown dotted, and the area under the line does not represent heat flow; a
throttling process assumes no heat flow, but there is a change in entropy because
the process is irreversible.

7 bar

/TN

5, 5 5

35 bar

Two vessels of equal volume are connected by a short length of pipe containing
a valve; both vessels are well lagged. One vessel contains air and the other
is completely d. Calculate the change of entropy per kg of air in the
system when the valve is opened and the air is allowed to fill both vessels.

Initiaily the vessel A contains air and the vessel B is completely cvacuated, as
in Fig. 4.26; finally the air occupies both vessels A and B. In section 3.4 it was
shown that in an unresisted expansion for a perfect gas, the initial and final
temperatures are equal. In this case the initial volume is ¥, and the final volume

www.EngineeringEBooksPdf.com



Fig. 426 Two
well-lagged
interconnected vessels
for Example 4.11

Fig. 427 Processona
T-s diagram for
Example 4.11

4.5 Entropy and irreversibility

)
e

=T

iy

is Vy + V3 = 2F,. The end states can be marked on a T-s diagram as shown
in Fig. 4.27. The process 1 to 2 is irreversible and must be drawn dotted. The
change of entropy is s; — s5,, regardless of the path of the process between
states 1 and 2. Hence, for the purpose of calculating the change of entropy,
imagine the process replaced by a reversible isothermal process between
states 1 and 2. Then from equation (4.13)

v, 2¥,
(s;—5;)=R 1n(—2) = 0.287 |n(—“)
Vl VA

=0287TIn2=0199kl/kg K
ie. Increase of entropy = 0.199 k] /kg K

Note that the process is drawn dotted in Fig. 4.27, and the area under the line
has no significance; the process is adiabatic and there is a change in entropy
since the process is irreversible.

It is important to remember that the equation (4.7), ds = dQ/ T, is true only
for reversible processes. In the same way the equation dW = —p du is true only
for reversible processes. In Example 4.11 the volume of the air increased from
V¥, to 2¥,, and yet no work was done by the air during the process,

ie.  dW=0 yet V-V, =2V, - V.=V,

Similarly, the entropy in Example 4.11 increased by 0.199 kJ/kg K and yet the
heat flow was zero, i.e. ds # dQ/T. No confusion should be caused if the T-s
and/or the p-v diagram is drawn for each problem and the state points marked
in their correct positions. Then, when a process between two states is reversible,
the lines representing the process can be drawn in as full lines, and the area
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Fig. 428 lrreversible
adiabatic process lor
steam on a T3 dingram

Fig. 4.29 Irreversible
adiabatic compression
for a perfect gas on a

T-s diagram

Example 4.12
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under the line represents heat flow on the 7°-s diagram and work done on the
p-v diagram. When the process between the states is irreversible the line must
be drawn dotted, and the area under the line has no significance on either
diagram.
1t can be shown from the second Jaw that the entropy of a thermally tsolated

system must either increase or remain the same. For instance, a system
undergoing an adiabatic process is thermally isolated from its surroundings
since no heat flows to or from the system. We have seen that in a reversible
adiabatic process the entropy remains the same. In an irreversible adiabatic
process the entropy must always increase, and the gain of entropy is a measure
of the irreversibility of the process. The processes in Examples 4.10 and 4.11°
illustrate this fact. As another example, consider an irreversible adiabatic
expansion in a steam turbine as shown in Fig. 4.28 as process [ 1o 2. A reversible

diabatic process b the same pressures is represented by 1 to 25 in
Fig. 428. The increase of entropy, s; — 5, = §; — 5,,, i§ a measure of the
irreversibility of the process. Similarly, in Fig. 4.29, an irreversible adiabatic
compression in a rotary compressor is shown as process 1 to 2. A reversible
adiabatic process between the same pressures is represented by 1 to 25, As
before, the increase of entropy shows the irreversibility of the process.

=N, 5 s

3y =%y, 5 5

In an air turbine the air expands from 6.8 bar and 430°C to 1013 bar and
150“C. The heat loss from the turbine can be assumed to be negligible. Show
that the process is irreversible, and calculate the change of entropy per
kilogram of air.
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Solution

Fig. 430 T-s diagram
for Example 4.12

4.5 Entropy and irreversibility

Since the heat loss is negligible the process is adiabatic. For a reversible adiabatic
process for a perfect gas, using equation (3.21),

TI (pl)n-th'r
T:— Pz

03 6.8 14=-1yt4
ie. —_ _—,( )

T \1013
where T, = 430 + 273 = 703 K,
7
T,= % _ 408K = 408 — 273 = 135°C
1723

But the actual temperature is 150°C at the pressure of 1.013 bar, hence the
process is irreversible. The process is shown as 1 to 2 in Fig. 4.30; the ideal
isentropic process 1 to 2s is also shown. It is not possible for process 1 to 2 to
be reversible, because in that case the area under line 1-2 would represent heat
flow and vet the process is adiabatic.

6.8 bar
z
E 1.013 bar
B 703 .
E
E an h =
=408 PG
----- e

5 =Sy, 8 ]

The change of entropy, s; — 5,, can be found by considering a reversible
constant pressure process between 25 and 2. Then from equation (4.7),
ds = dQ, T and at constant pressure for | kg of a perfect gas we have dQ = ¢, dT
therefore

e, dT T,
83 %= Sy =_[ & -=, ln(-—i)
s T Tls

423
= 1.005In| — | = 0.0363 k]l /kg K
) 408

ie. Increase of entropy, 5, — 5, = 00363 kJ/kg K

Consider now the case when a system is not thermally isolated from its
surroundings. The entropy of such a system can increase, decrease, or remain
the same, depending on the heat crossing the boundary. However, if the boundary
is extended to include the source or sink of heat with which the system is in
communication, then the entropy of this new system must either increase or
remain the same. To illustrate this, consider a hot reservoir at T, and a cold
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Fig. 431 Two
thermally-insulated
interconnected
reservoirs of energy

Fig. 432 Processes for
the hot and cold
reservoirs on a

T-s diagram
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reservoir at Ty, and assume that the two reservoirs are thermally insulated from
the surroundings as in Fig. 4.31. Let the heat flow from the hot to the cold
reservoir be 0. There is a continuous temperature gradient from T, to T; between
points A and B, and it can be assumed that heat is transferred reversible from
the hot reservoir to point A, and from point B to the cold reservoir. It will be
assumed that the reservoirs are such that the temperature of each remains
constant. Then we have

Heat supplied to cold reservoir = +Q
Hence from cqu.atfon (4.8)

Increase of entropy of cold reservoir = + %
!

Also,
Heat supplied to hot reservoir = —Q
therefore
Increase of entropy of hot reservoir = — 2
1
. e_¢
ie. Net increase of entropy of system, As =—=
T, T,

Since T; > T; it can be seen that As is positive, and hence the entropy of the
system must increase. In the limit, when the difference in temperature is infinitely
small, then As = 0, This confirms the principle that the entropy of an isolated
system must either increase or remain the same. In section 1.4, criterion (c) for
reversibility was stated as follows: the difference in temperature between a
system and its surroundings must be infinitely small during a reversible process.
In the above example, when T, > T, then the heat flow between the reservoirs
is irreversible by the above criterion. Thus the entropy of the system increases
when the heat flow process is irreversible, but remains the same when the process
is reversible. The increase of entropy is a measure of the irreversibility. The
processes occurring in the above example can be drawn on a T-s diagram as
in Fig. 4.32. The two pr have been superimposed on the same diagram.
Process P—R represents the transfer of Q units of heat from the hot reservoir,




4.6 Exergy

and the area under P-R is equal to . Process X-Y represents the transfer of
Q units of heat to the cold reservoir, and the area under X-Y is equal to @.
The area under P-R is equal to the area under X-Y, and hence it can be seen
from the diagram that the entropy of the cold reservoir must always increase
more than the entropy of the hot reservoir decreases. Thus the entropy of the
combined system must increase. Note that, since in this example both processes
P-R and X-Y are reversible, then the irreversibility occurs between A and B
on Fig. 4.31, That is, the irreversibility is caused by the heat transfer process
between A and B. Whenever heat is transferred through a finite temperature
difference the process is irreversible and there is an increase of entropy of the
system and its surroundings.

In certain processes the irreversibility may occur in the surroundings, then
the process is internally reversible, and areas on the p-v and T-s diagrams
relate closely to the work and heat respectively as before. Internal reversibility
was mentioned earlier in section 1.5. In most problems when a process is assumed
to be reversible it is internal reversibility which is implied. Conversely, most
processes in practice which are said to be irreversible are internally irreversible
due to eddying and churning of the working fluid, as in Example 4.13.

Referring to Fig. 4.31, if a heat engine were interposed between the hot and
cold reservoirs, some work could be developed. The second law states that heat
can never flow unaided from a cold reservoir to a hot reservoir, therefore in
order to develop work from the quantity of energy, @, alter it has been transferred
to the cold reservoir, it would be necessary to have a third reservoir at lower
temperature than the cold reservoir. It is clear that when a quantity of heat is
transferred through a finite temperature difference, its usefulness becomes less,
and in the limit when the heat has been transferred to the lowest existing
temperature reservoir then no more work can be developed. Irreversibility
therefore has a degrading effect on the energy available, and entropy can be
considered as a measure not only of irreversibility but also of the degradation
of energy. Note that, by the principle of conservation of energy, no energy can
be destroyed; by the Second Law of Thermodynamics, energy can only become
less useful and never more useful. Systems tend naturally to states of lower
grade energy; any system moving to a state of higher-grade energy without an
external supply of energy would be violating the second law. The second law
can be seen to imply a direction or a gradient of usefulness of energy. Work is
more useful than heat; the higher the temperature of a reservoir of energy
the more useful is the amount of energy available. Applying this latter conclusion
to a heat engine it can be deduced that, for a given cold reservoir (e.g the
atmosphere), then the higher the temperature of the hot reservoir, the higher
will be the thermal efficiency of the heat engine. This will be discussed more
fully in Chapter 5.

Exergy

The theoretical maximum amount of work that can be obtained from a system
at any state p, and T, when operating with a reservoir at the constant pressure
and temperature p, and T is called the exergy or availability.
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Fig. 433 lllustration of
the exergy of a system
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Non-flow systems

Consider a system consisting of a fluid in a cylinder behind a piston, the fluid
expanding reversibly from initial conditions of p; and T, to final atmospheric
conditions of p, and T,,. Imagine also that the system works in conjunction
with a reversible heat engine which receives heat reversibly from the fluid in
the eylinder such that the working substance of the heat engine follows the
cycle 01A0 as shown in Figs 4.33(a) and 4.33(b), where s, =5, and T, = T,.

Piston

5

ib)

Note: The only possible way in which this could occur would be if an infinite
number of reversible heat engines were arranged in parallel, each operating on
a Carnot cycle (see Ch. 5), cach one receiving heat at a different constant
temperature and each one rejecting heat at T;. The work done by this engine
is given by

-w=%¢
therefore

—-W=0-Tls - 5)

The heat supplied to the engine is equal to the heat rejected by the fluid in
the cylinder. Therefore for the fluid in the cylinder undergoing the process 1
1o 0, we have

= Wiy =y =y
ie. Wia = ltg — ;) + @
Therefore the total work output is given by
—Woga = W= = (g =)= Q4 Q — Tls, — 5)
= (uy =) = Tyls, = 54)

The work done by the fluid on the piston is less than the total work done by
the fluid. — Wy, since there is work done on the atmosphere which is at the
constant pressure p, (see Problem 3.24) That is

Work done by fluid on mtmosphere, — W, = polr, — ry)
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Note: when a fluid undergoes a complete cycle then the net work done on or
by the atmosphere is zero. Hence

Maximum work available = Work done by fluid on piston
+ Work done by engine
= =Wyys + Wam = W
= (u; — g} — To{sy— 50) — polve — v1)
= (uy + povy — To5;) — (g + povo — ToSo)
=ay—a
The property @ = u + pov — Tys is called the specific non-flow exergy.

Steady-flow systems

Let fluid flow steadily with a velocity C, from a reservoir in which the pressure
and temperature remain constant at p, and T, through an apparatus to
atmospheric pressure of p,. Let the reservoir be at a height Z, from the datum,
which can be taken at exit from the apparatus, ie. Z, = 0. For a maximum
work output to be obtained from the apparatus the exit velocity, Cy, must be
zero. It can be shown as for non-flow systems above that a reversible heat
engine working between the limits would reject Ty(s, — 5,) units of heat, where
Ty is the atmospheric temperature.
Therefore we have

Specific exergy = (b, + C}/2+ Z,9) — hg — To(5, — 5p)
In many thermodynamic systems the kinetic and potential energy terms are
negligible,
Le. Specific exergy = (hy — Ty5,) — (hy — Tose) = by — by

Effectiveness

Instead of comparing a process to some imaginary ideal process, as is done in
the case of isentropic efficiency for instance (see p. 238), it is a better measure
of the usefulness of the process to compare the useful outpul of the process
with the loss of exergy of the system. The useful output of a system is given by
the increase of exergy of the surroundings,

4t

ofexergy of surre
loss of exergy of the system

ie. Effectiveness, &£ = - (4.17)

For a compression or heating process the effectiveness becomes
_ increase of exergy of the system
" loss ofexergy of the surroundings
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Example 4.13 Steam expands adiabatically in a turbine from 20 bar, 400 °C to 4 bar, 250°C.
Calculate:

(i) the isentropic efficiency of the process;

(ii) the loss of exergy of the system i
of 15°C;

(iii) the effectiveness of the process.

an atmespheric

Neglect changes in kinetic and potential energy.
Solution (i) Initially the steam is superheated at 20 bar and 400°C, hence from tables,
ky, =324BkJ/kg and s, = 7.126kJ/kg K
Finally the steam is superheated at 4 bar and 250°C, hence from tables
hy =2965kJ/kg and s5,=7379kl/kgK
The process is shown as | to 2 in Fig. 4.34
5y =85, = 7120 kJ (kg K

Fig. 434 T-sdiagram T
for Example 4.13

5y o™ 5y, ¥

Hence interpolating
7.126 — 6.929
7.172 — 6.929

= 1841.4 k] kg

hy, = 2753 + ( )(2862 — 2753)

, . actual work output
Isentropicefficiency = —8 ——
isentropic work
hy —hy 3248 — 2965 283
hy = hy, 3248 - 28414 406.6
(i) Lossofexergy = b, — by = hy — hy + Tyls; — 5,)
= 283 + 288(7.379 — 7.126)

= 1559 ki/kg

138



Example 4.14

Solution

4.6 Exergy

- W —_
(iii) Effectiveness,c = LA hy = by
b, —by b, — b,
283
ie. f = e = 19.6%
f= 3555 *

Note: the effectiveness is greater than the isentropic efficiency; this is because
the steam at state 2 has a higher exergy than that at state 25 due to the heating
effect of the irreversibilities in the expansion process.

Air at 15°C is to be heated to 40°C by mixing it in steady flow with a
quantity of air at 90°C. Assuming that the mixing process is adiabatic and
neglecting changes in kinetic and potential energy, calculate the ratio of the
mass flow of air initially at 90°C to that initially at 15°C. Calculate also
the effectiveness of the heating process if the atmospheric temperature is 15 °C.

Let the ratio of mass flows required be y; let the air at 15°C be siream 1, the
air at 90°C be stream 2, and the mixed airstream at 40°C be stream 3.

Then ¢, T, + ye, T =(1 + ¥, T}
or yeo{ Ty = ) = ¢,(Ty = Ty}
ie. 90 —40) =40 - 15
therefore

25
%

Let the system considered be a stream of air of unit mass, heated from 15to 40°C.

¥ 0.5

Increase of exergy of system per unit mass of air initially at 15°C
=by— by =(hy =) — Tylsy —5,)
= 1.005(40 —~ 15) — 288(sy ~ 5,)
T, 313
—sy=¢,In| 2] =1.005In| == | = 0.0831 kJ/keg K
S =5 =0, n(T) n(’ss) kg

1 2
therefore
Increase of exergy of system per unit mass of air initially at 15°C
= (1005 x 25) — (288 x 0.0831)
= 1195 kl/kg

The system, which is the air being heated, is *surrounded’ by the airstream
being cooled. Therefore, the loss of exergy of the surroundings is giyen by
yiby — by} per unit mass of air initially at 15°C,

ie.
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Example 4.15

Solution

Loss of exergy of surroundings per unit mass of air initially at 15°C
=05{(hy — hy) — Tols; — 53)}

= 0,5(].()()5[90 — 40) — 288 x 1.005 in%)

=365k /kg
Therefore

=0327 or 32.7%

1.195
Effecti =
iveness 365

The low figure for the effecti is an indication of the highly irreversible
nature of the mixing process.

A liquid of specific heat 6.3 kJ/kg K is heated at approximately constant .
pressure from 15 to 70°C by passing it through tubes which are immersed
in a furnace. The furnace temperature is constant at 1400°C. Calculate the
effectiveness of the heating process when the atmospheric temperature is
10°C.

Increase of exergy of the liquid is
by — by =(hy — b)) — Tols; — 8,)
ie by = b, = 63(70 = 15) — 283 x 6.3]11(%;;)

= 34.7kI/kg

MNow the heat rejected by the furnace is equal to the heat supplied to the liquid
(hy — hy). I this quantity of heat were supplied to a heat engine operating on
the Carnot cycle its thermal efficiency would be

(-t )
1400 + 273
For the thermal efficiency of a Carnot cycle see p. 126. Therefore work which

could be obtained from a heat engine is given by the product of the thermal
efficiency and the heat supplied.

ie Possible work of a heat engine = (hy — hi)(l - %)

The possible work from a heat eng:irie is a measure of the loss of exergy of the
furnace. That is

. 283

Loss ofexergy of surroundings = 6.3(70 — 15)(1 - ﬁ)

=288 kJ/kg
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4.2

43

47

Problems

Then  Effectiveness = % =0.121 or 12.1%

The very low value of effectiveness reflects the irreversibility of the transfer of
heat through a large temperature difference. If the furnace temperature were
much lower the process would be much more effective, although the heat
transferred to the liquid would remain the same.

For further reading on this topic see ref. 4.2,

Problems

1 kg of steam at 20 bar, dryness fraction 0.9, is heated ibly at

to a temperature of 300°C. Calculate the heat supplied, and the change of mtmpy, and

show the process on a T-s diagram, indicating the arca which represents the heat flow.
(415k)/kg: 08173 k)/kg K}

Steam at 0.05 bar, 100°C is to be cond d pletely by a ibl
process. Calculate the heat rejected per kilogram of steam, and thechangeol’lpec:ﬁc
entropy. Sketch the process on a T-s diagram and shade in the area which represents

the heat flow.

(2550 kJ /kg; 8.292 kJ/kg K)

0,05 kg of steam at 10 bar, dryness fraction 0.84, is heated reversibly in a rigid vessel
until the pressure is 20 bar. Calculate the change of entropy and the heat supplied. Show
the area which represents the heat supplied on a T—s diagram.

(0.0704 kJ /kg K 36.85 kJ)

A rigid cylinder containing 0.006 m* of nitrogen (molar mass 28 kg/kmol) at 1.04 bar,
15°C, is heated reversibly until the temperature is 90 °C. Calculate the change of entropy
and the heat supplied. Sketch the process on a T-s diagram. Take the isentropic index,
7, for nitrogen as 1.4, and assume that nitrogen is a perfect gas.

(0.00125 kI/K; 0.407 kJ)

1 m? of air is heated ibly at P from 15 to 300°C, and is then cooled
reversibly at constant volume back to the initial temperature, The initial pressure is
1.03 bar. Calculate the net heat flow and the overall change of entropy, and sketch the
processes on a T-s diagram.

{101.5kJ; 0246 kI/K)

1 kg of steam undergoes a reversible isothermal process from 20 bar and 250°C to a
pressure of 30 bar. Calculate the heat flow, stating whether it is supplied or rejected,
and sketch the process on a T-s diagram.

(—~135kJ/kg)
1 kg of air is allowed 1gaxpa.ud r ibly in a cylinder behind a piston in such a way
that the temp i at 260 °C while the volume is doubled. The piston

is then moved in, and heat is rejected by the air ibly at p until
the volume is the same as it was initially. Calculate the net heat low and the overall
change of entropy. Sketch the process on a T-s diagram.

(—161.9 kI/kg; —0497kI/kg K)
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4.10
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Table 42 Properties of

refrigerant for
Problem 4.11

142

412

413

4.14

Steam at 5 bar, 25°C, expands isentropically to a pressure of 0.7 bar. Calculate the final
condition of the steam.

(0.967)
Steam expands reversibly in a cylinder behind a piston from 6 bar dry saturated, to a
pressure of 0.65 bar. A ing that the cylinder is perfectly thermally insulated, calculate

the work done during the expansion per kilogram of steam. Sketch the process on a
T-s diagram,
(3238 kJ/kg)

1 kg of a fluid at 30 bar, 300 °C, expands reversibly and isothermally to a pressure of
0.75 bar. Calculate the heat flow and the work done (i) when the fluid is air, (i) when
the fluid is steam. Sketch each process on a T-s diagram.

(607 kI /kg; — 607 kJ/kg; 1035 ki/kg; — 975 kI/kg)

1 kg of a Auid at 2.62 bar, —=3°C, is compressed according to a law prv = constant to a
pressure of 8.2 bar. Calculate the work input and the heat supplied (i) when the fluid
is air, (ii) when the fluid is a refrigerant initially dry saturated with the properties given
in Table 4.2. Sketch each process on a T-s diagram.

(88.41 kJ/kg: —B841 kJ/kg; 2263 k) kg —6.69 kI /kg)

Saturation values

Iy Py vy hy h

(°C) (bar)  (m/kg)  (ki/kg)  (kl/kg)

-30 262 00757 96.07 292.94
323 820 0.0248 144.29 31305

1 kg of air at 1.013 bar, 17°C, is compressed according to a law pr'-? = constant, umtil
the pressure is 5 bar. Calculate the change of entropy and sketch the process on a T-5
diagram, indicating the area which represents the heat flow.

(—0.0885kJ/kg)

0.06 m® of ethane (molar mass 30 kg/kmol), at 6.9 bar and 260°C, is allowed to expand
isentropically in a cylinder behind a piston to a pressure of 1.05 bar and a temperature
of 107°C. Calculate 7, R, ¢,, ¢,, for ethane, and calculate the work done during the
expansion. Assume ethane to be a perfect gas.

The same mass of ethane at 1,05 bar, 107°C, is compressed to 6.9 bar according to
alaw py'* = constant. Calculate the final temperature of the ethane and the heat flow
to or from the cylinder walls during the compression. Calculate also the change of
entropy during the compression, and sketch both processes on a p-vand a T-s diagram,

(12195 0277 kI kg K; 1.542kJ/kg K; 1.265k)/kg K; 54.2kJ; 377.7°C; 43.4 kI;
0.0862 kJ/K)

At the start of the compression process in the reciprocating compressor of a refrigeration
plant the refrigerant is at 1.5 bar, dry saturated. At the end of the compression process,
which is according to a reversible polytropic law ps'-* = constant, the pressure is 6.5 bar,
Using the properties of refrigerant given as Table 4.3, interpolating where necessary,
calculate:
(i) the change of specific entropy during the process;
(1i} the degree of superheat of the refrigerant after compression.

(006 ki/kgK; 35K)



Table 4.3 Properties of

refrigerant for
Problem 4.14

415

418

447

4.18

4.19

4.20

an

Problems

Saturation values Superheated values at 6.5 bar
[ Py vy 5 t v 5
(C) (b (mk)  (J/kgK)  (C)  (mky)  (KI/kgK)
=20 1.5 0.109 1.12 50 0.030 115
25 6.5 0.027 L1 70 0.034 121

A certain perfect gas for which 7 = 1.26 and the molar mass is 26 kg/kmol, expands
reversibly from 727°C, 0.003m® to 2°C, 0.6m? according to a lincar law on
the T-s diagram. Calculate the work done per kilogram of gas and sketch the process on
a T-s diagram.

(= 9593 kJ/kg)

1kg of air at 1.02 bar, 20°C, undergoes a process in which the pressure is raised to
6.12 bar, and the volume becomes 0.25 m?. Calculate the change of entropy and mark
the initial and final states on a T-s diagram.

(0.083kJ/kg K)

Steam at 15 bar is throttled to L bar and a T of 150°C. Calculate the initial
dryness fraction and the change of specific entropy. Sketch the process on a T-s diagram
and state the assumptions made in the throttling process.

(0992; 1.202 KJ/kg K)

Two \rcssels. one exactly twice the volume of the other, are connected by a valve and
dina bath of water. TIu: smaller vessel contains hydrogen
(molar mass 2 kg/kmol), and the other is .‘ 1. Calculate the change
of entropy per kilogram of gas when the valve is opened and conditions are allowed to
settle. Sketch the process on a T-s diagram. Assume hydrogen to be a perfect gas.

(4567 kJ kg K)

A turbine is supplied with steam at 40 bar, 400°C, which expands through the turbine
in steady flow to an exit pressure of 0.2 bar, and a dryness fraction of 0.93. The inlet
velocity is negligible, but the steam leaves at high velocity through a duct of 0.14 m?
cross-sectional area. If the mass flow is 3 kg/s, and the mechanical efficiency is 90%,
calculate the power output of the turbine. Show that the process is irreversible
and calculate the change of specific entropy. Heat losses from the turbine are negligible.

(2048 kW; 0.643 kJ kg K)

Ina p the air is P through o pressure ratio of 4 to 1,
and the temperature of the air increases by a factor of 1.65. Show that the process is
irreversible and calculate the change of entropy per kilogram of air. Assume that the
process is adiabatic. Sketch the process on a T-s diagram.

(0.105kJ/kg K}

In a gas turbine unit the gases enter the turbine at 550°C and 5 bar and leave at 1 bar,
The process is approximately adiabatic, but the entropy changes by 0.174 k1/kg K.

Calculate the exit temy of the gases. Assume the gases to act as a perfect gas,
and take y = 1.333 and ¢, = 1.11 kJ/kg K. Sketch the process on a T—s diagram.
(3709°C)
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4.22

4.23

4.24

4.26

A rigid, well-lagged vessel of 0.3 m® capacity contains 0.7614 kg of steam at 6 bar. A valve

is opened and the pressure falls to 1.4 bar before the valve is shut again. Calculate the

condition of the steam remaining in the vessel, and the mass of steam which has escaped.
(0.989; 0.516 kg)

A rigid vessel contains 0.5 kg of a perfect gas of specific heat at constant velume
1.1 kJ/kg K. A stirring paddle is inserted into the vessel and 11 kJ of work are done on
the paddle by the stirrer motor. Assuming that the vessel is well lagged and that the
gas is initially at the temperature of the surroundings which are at 17°C, calculate the
effectiveness of the process.

(3.3%)

‘The identical vessel of Problem 4.23 is heated through the same temr difference

by immersing it in a furnace of p 100°C. Calculate the effectiveness
of the process.

(14.8%)

Steam enters a turbine at 70 bar, 500°C and leaves at 2 bar in a dry saturated state,
Calculate the isentropic efficiency and the effectiveness of the process. Neglect changes
of kinetic and potential energy and assume that the process is adiabatic. The atmospheric
temperature is 17°C.

(84.4%; 88%)

In an open-type feed heater (see p. 249), steam enters at 15 bar, 200°C. The feedwater
enters the heater at 130°C and leaves the heater at the saturation temperature
corresponding to the pressure in the heater of 15 bar. Calculate the mass of steam
entering per unit mass of feed water entering the heater.

Calculate also the loss of exergy of the steam per unit mass and the effectiveness of
the heater. Assume that there is no heat loss from the heater and that the atmospheric
temperature is 20°C. State any other assumptions made.

(0.1536 kg; 7349 kJ/kg; 88.1%)
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The Heat Engine Cycle

In this chapter the heat engine cycle is discussed more fully and gas power
cycles are considered. It can be shown that there is an ideal theoretical cycle
which is the most efficient conceivable; this cycle is called the Carnot cycle. The
highest thermal efficiency possible for a heat engine in practice is only about
half that of the ideal theoretical Carnot cycle, between the same temperature
limits. This is due 1o irreversibilities in the actual cycle, and to deviations from
the ideal cycle, which are made for various practical reasons. The choice of a
power plant in practice is a compromise between thermal efficiency and various
factors such as the size of the plant for a given power requirement, mechanical
complexity, operating cost, and capital cost.

The Carnot cycle

It can be shown from the Second Law of Thermodynamics that no heat engine
can be more efficient than a reversible heat engine working between the same
temperature limits (see ref. 5.1). Carnot showed that the most efficient possible
cycle is one in which all the heat supplied is supplied at one fixed temperature,
and all the heat rejected is rejected at a lower fixed temperature. The cycle
therefore consists of two isothermal processes joined by two adiabatic processes.
Since all processes are reversible, then the adiabatic processes in the cycle are
also isentropic. The cycle is most conveniently represented on a T-s diagram
as shown in Fig. 5.1.

Process | to 2 is isentropic expansion from T; to Ti.

Process 2 to 3 is isothermal heat rejection.

Process 3 to 4 is isentropic compression from T to T;.

Process 4 to 1 is isothermal heat supply.
The cycle is completely independent of the working substance used.

The cycle efficiency of a heat engine, defined in section 4.1, is given by the
net work output divided by the gross heat supplied

=__Ew =_.E_Q
2. o

ie. 0 (5.1}
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Fig. 51 Carnot cycle
on a T-s diagram

Example 5.1

Solution

146

T

T

In the Carnot cycle, with reference to Fig. 5.1, it can be seen that the gross heat
supplied, @,, is given by the area 41BA4,

ie @, = area 41BAd = T,(sy — 5,)

Similarly the net heat supplied, ¥ Q, is given by the area 41234,
ie. ZQ-‘-(Tl = T3)(s5 = 5a)

Hence we have Carnot cycle efficiency

_ (T, = T3)(sp — 5x)

Ncarno: = T, (58 — 5a)
. T,
it fopa=1-— F’ (52)
1

If a sink for heat rejection is available at a fixed temperature T, (e.g a large
supply of cooling water), then the ratio Ty/T, will decrease as the temperature
of the source T, is increased. From equation (5.2) it can be seen that as T3/ T;
decreases, then the thermal efficiency increases. Hence for a fixed lower
temperature for heat rejection, the upper temperature at which heat is supplied
must be made as high as possible. The maximum possible thermal efficiency
between any two temperatures is that of the Carnot cycle.

What is the highest possible theoretical efficiency of a heat engine operating
with a hot reservoir of furnace gases at 2000°C when the cooling water
available is at 10°C?

From equation (5.2)
T, 1 10 + 273 . 283

Tewnot = 0 = = T 000+ 273 2273
ie. Highest possible efficiency = 1 — 0.1246
= 08754 or 87.54%

It should be noted that a system in practice operating between similar
temperalures (e.g a steam-generating plant) would have a thermal efficiency of
about 30%. The discrepancy is due to losses due to irreversibility in the actual



Fig. 52 Camot cycle
for a wet vapour on a

T-s diagram

5.2

5.2 Absolute temperature scale

plant, and also because of deviations from the ideal Carnot cycle made for
various practical reasons.

It is difficult in practice to devise a system which can receive and reject heat
at constant temperature. A wet vapour is the only working substance which
can do this conveniently, since for a wet vapour the pressure and temperature
remain constant as the specific enthalpy of vaporization is supplied or rejected.
A Carnot cycle for a wet vapour is as shown in Fig. 5.2. Although this cycle is
the most efficient possible vapour cycle, it is not used in steam plant. The
theoretical cycle on which steam cycles are based is known as the Rankine
cycle. This will be discussed in detail in Chapter 8, and the reasons for using
it in preference to the Carnot cycle will be given.

T

T 1

r:/3 «

[

N

Absolute temperature scale

In the preceding chapters a temperature scale based on the perfect gas
thermometer has been d. Using the S 1 Law of Thermodynamics it
is possible to establish a temperature scale which is independent of the working
substance.

We have, for any heat engine [rom equation (5.1),

_Xe
=0,

Also the efficiency of an engine operating on the Carnot cycle depends only on
the temperatures of the hot and cold reservoirs. Denoting temperature on an
arbitrary scale by X, we have

n=6(X1, X2) (53)

where ¢ is a function, and X, and X, are the temperatures of the hot and cold
reservoirs.
Combining equations (5.1) and (5.3) we have

X
===0(X,.X;)
0, '
There are a large number of possible temperature scales which dre all
independent of the working substance. Any working scale can be chosen by
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5.3

Fig. 5.3 Camnot cycle
for a perfect gas on a

T-s diagram

148

suitably selecting the value of the function ¢. The function can be chosen that

j_EQ_X: (5.4)
Ql Xi
Also from equation (5.2) we have
T
=1-22
) T
Hence using equation (5.1)
20 T
o) T,
ko 1
or | -===_—= (5.5)
e T

Comparing equations (5.4) and (5.5) it can be seen that the temperature X
is equivalent to the temperature T. Thus by suitably choosing the function ¢,
the ideal temperature scale is made equivalent to the scale based on the perfect
gas thermometer.

The Carnot cycle for a perfect gas

A Carnot cycle for a perfect gas is shown on a T-s diagram in Fig. 5.3. Note
that the pressure of the gas changes continuously from p, to p, during the
isothermal heat supply, and from p, to p, during the isothermal heat rejection.
In practiee it is much more convenient to heat a gas at approximately constant
pressure or at constant volume, hence it is difficult to attempt to operate an
actual heat engine on the Carnot cycle using a gas as working substance. Another
important reason for not attempting to use the Carnot cycle in practice is
illustrated by drawing the cycle on a p-v diagram, as in Fig. 5.4. The net work
output of the cycle is given by the area 12341. This is a small quantity compared
with the gross work output of the expansion processes of the cycle, given by
arca 412BAd. The work of the compression processes (i.e. work done on the
gas) is given by the area 234AB2. The ratio of the net work output to the gross
work output of the system is called the work ratio. The Camot cycle, despite
its high thermal efficiency, has a low work ratio.

/p.
3 / "

T: ]




Fig. 5.4 Carnot cycle
on a p-v diagram

Example 5.2

Solution

5.3 The Carnot cycle for a perfect gas

f'.

Fa

I
Py
P: ! :

A hot reservoir at 800 °C and a cold reservoir at 15°C are available. Calculate
the thermal efficiency and the work ratio of a Carnot cycle using air as the
working fluid, if the maximum and minimum pressures in the cycle are
210 bar and 1 bar.

The cycle is shown on a T-5 and p-v diagram in Figs 5.5(a) and 5.5(b)
respectively.
Using equation (5.2),

" -1 T; i 154273
Carnet = 1 — 0 = =

T,  800+273
ie. Heann = 0732 or 73.2%
In order to find the work output and the work ratio it is necessary to find the

entropy change (s, — s4).
For an isothermal process from 4 to A, using equation (4.12),

1-0.268

Sa—S.=R |n(E) =0.287 ln(zlﬂ) = 1.535ki/kgK

P2
At constant pressure from A to 2, we have
Fig. 55 Carnot cycle e = LA 1073Y _
for Example 5.2 on p- Sp,—S;=¢c,ln T 1.0051n 758 1321 kJ/kg K
and T-s diagrams
210 bar
n 210 4

= (800 + 2734 LY

2 =m El 1

H Fle 3

£ > 1 bar i 2

g :

T o5+

= 188 3 . 2
3 v

fa)

(b}
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therefore
5y~ 5, = 1.535 = 1.321 = 0214 kJ/kg K
Then
Network output = (7, — Ty)(s, — s4) = area 12341
= (1073 — 288) x 0.214 = 168 k] /kg
Gross work output is
Work output 4 to 1 + work output | to 2
From equation (3.12) for an isothermal process, 0 + W =10,
ie. — Wy, = Q4 = area under line 4-1 on Fig. 5.5(a}
={5, —5;) x T, =0214 x 1073
= 2296kl kg

For an isentropic process from 1 to 2, from eguation (3.13), W = (uy — 1),
therefore for a perfect gas

—Wiy=cdT, - T))
=0.718(1073 — 288) = 563.6 k] kg
Therefore
Gross work output = 2206 + 563.6 = 793.2 kJ /kg

network output 168 - 0212

ie. Work ratio = ————— =
gross work output 7932

The constant pressure cycic

In this cycle the heat supply and heat rejection processes oceur reversibly at
constant pressure. The expansion and compression processes are isentropic.
The cycle is shown on a T-s diagram and a p—v diagram in Figs 5.6(a) and
5.6(b). This cycle was at one time used as the ideal basis for a hot-air reciprocating
engine, and the cycle was known as the Joule or Brayton cycle, Nowadays the
cycle is the ideal for the closed cycle gas turbine unit. A simple line diagram
of the plant is shown in Fig. 5.7, with the numbers corresponding to those of
Figs 5.6(a) and 5.6(b). The working substance 1s air which flows in steady flow
round the cycle, hence, neglecting velocity changes, and applying the steady-flow
energy equation to each part of the cycle, we have

Work input to compressor = (hy, — k) = ¢ (T; = T})
Work output from turbine = (hy — ;) = ¢ (T3 — T3)
Heat supplied in heater = (hy — Ji;) = ¢, (T — T3}
Heat rejected in cooler =(hy =h)=c Ty~ T)



Fig. 5.6 Constant
pressure cycle on p-v
and T-s diagrams

Fig. 57 Closed-cycle
gas turbine unit

6.4 The constant pressure cycle

T P
T P2 P1 2 3 pt¥ = const,
a
T P
T.
4
P
T 7 ' ] !
5 v
{a) (b}
Heat
supplied
AN
2 Heater 3
/ Met work

ompressor Tlllb!‘uK

1 Cooler 4

Heat
rejected

Then from equation (5.1)
p=2l &h-T-ol-T)_ | TL-T

0, Ty = T3) - T-%
Now since processes 1 to 2 and 3 to 4 are isentropic between the same
pressures py and p,, we have, using equation (3.21),

T (!"z)"_ v _h_ ety
»

L \m T,
where r,, is the pressure ratio, p,/p,.
ie. Ty= nr?'“fl‘ and T, = Tlr;r-llw

L-T;= ’:—?.“'I'(Ta =T
Hence, substituting in the expression for the efficiency
n=1— L-h ! (5.6)

(Ty— T)r= 1 _,::—:r-r

Thus for the constant pressure cycle the cycle efficiency depends only on
the pressure ratio. In the ideal case the value of y for air is constant and equal
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Example 5.3

Solution

to 1.4. In practice, due to the eddying of the air as it flows through the compressor
and turbine which are both rotary machines, the actual cycle efficiency is
greatly reduced compared to that given by equation (5.6).

The work ratio of the constant pressure cycle may be found as follows:

Networkoutput —_ ¢,(T; — ) — ¢, (T, — T)

Work ratio =

Gross work output - To)
=1-L-h
L-T
Now, as previously,
I = plr=tr = I
nof T
thereflore
T

T=Tr" " and 1'.=W

Hence substituting

o _ Tl(";_““’_ [)
Work ratio = 1 B = (7]
ie. Work ratio =1 — z‘-r'," s (5.7)
T

It can be seen from equation (5.7) that the work ratio depends not only on
the pressure ratio but also on the ratio of the minimum and maximum
temperatures. For a given inlet temperature, T,, the maximum temperature, T3,
must be made as high as possible for a high work ratio.

For an open-cycle gas turbine unit the actual cycle is not such a good
approximation to the ideal constant pressure cycle, since fuel is burned with
the air, and a fresh charge is continuously induced into the compressor. The
ideal cycle provides nevertheless a good basis for comparison, and in many
calculations for an ideal open-cycle gas turbine the effects of the mass of luel
and the charge in the working fluid are neglected.

In a gas turbine unit air is drawn at 1.02 bar and 15°C, and is compressed
to 6.12 bar. Calculate the thermal efficiency and the work ratio of the ideal
constant pressure cycle, when the maximum cycle temperature is limited to
800°C.

The ideal cycle is shown on a T-s diagram in Fig. 5.8. From equation (5.6)

Thermal efficiency, n = 1 — r;Tl_»‘:

02 (14 =1)1.4
ie n=1- (é?) =1-0599



Fig. 5.8 T-s diagram
for Example 5.3

5.5

(500 4 273)
« 1073

Temperature/(K)

{15 4+ 273)
= 288 1

5.5 The air standard cycle

.12 bar

1.02 bar

therefore

Thermal efficiency = 0.401 or 40.1%

The net work output of the cycle is given by the work output of the turbine

minus the work input in the compressor,

ie. Net work output = ¢ (Ts — T) — ¢,(T; = T})

From equation {3.21)

T _(p:)n;—n';'_ T,
T m T,

therefore

T, = 1669 x T, = 1.669 x 288 = 4805 K

(

where T; = 15 + 273 = 288 K and

L6669  1.669

where Ty = 800 + 273 = 1073 K. Therefore

6.12
1.02

(14-1)1.4
) = |.669

Network output = LOO5(1073 — 642.9) — 1.005(480.5 — 288)

= 238.8 kJ/kg

Gross work output = work output of the turbine = ¢ (Ty — Ty)
= 1.005(1073 — 642.9) = 4323 kJ /kg

Then Work ratio = —

gross work oulput

net work output 2388

= 0.553

The air standard cycle

Cyceles in which the fuel is burned directly in the working fluid are not heat
engines in the true meaning of the term since the system is not reduced to its
initial state, The working fluid undergoes a chemical change by combustion
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and the resulting products are exh d 1o the at In practice such
cycles are used frequently and are called internal-combustion cycles. The fuel
is burned directly in the working fluid which is normally air. The main advantage
of such power units is that high temperatures of the fluid can be attained, since
heat is not transferred through metal walls to the fluid. It is seen from
equation (5.2), 5 = 1 — (Ty/T;), that for a given sink for the rejection of heat
at Ty, the temperature of the source, T;, must be as high as possible. This
applies to all heat engines. By supplying fuel inside the cylinder as in the
internal-combustion engine, higher temperatures for the working fluid can be
attained. The maximum temperature of all cycles is limited by the metallurgical
limit of the malterials used. The fluid in an internal-combustion engine may
reach a temperature as high as 3000 K. This is made possible by externally
cooling the cylinder by water or air cooling; also, due to the intermittent nature
of the cycle, the working fluid reaches its maximum temperature for only an
instant during each cycle.

Examples of internal-combustion cycles are the open cycle gas turbine unit,
the petrol engine, the diesel engine or oil engine, and the gas engine. The open
cycle gas turbine unit, although an internal combustion cycle, is nevertheless
in a different category to the other internal-combustion engines; the cycle is a
steady-flow cycle in which the working fluid flows from one component to
another round the cycle. It will be assumed, therefore, that the gas turbine unit,
whether operating on the open or the closed cycle, can be satisfactorily compared
with the ideal constant pressure cycle, dealt with in section 5.4. Gas turbine
cycles are considered in more detail in Chapter 9.

In the petrol engine a mixture of air and petrol is drawn into the cylinder,
compressed by the piston, then ignited by an electric spark. The hot gases
expand, pushing the piston back, and are then swept out to exhaust, and the
cycle recommences with the induction of a fresh charge of petrol and air. In
the diesel or oil engine the oil is sprayed under pressure into the compressed
air at the end of the compression stroke, and combustion is spontaneous due
to the high temperature of the air after compression. In a gas engine a mixture
of gas and air is induced into the cylinder, compressed, and then ignited as in
the petrol engine, by an electric spark. Reciprocating internal-combustion
engines are considered in more detail in Chapter 13. To give a basis of
comparison for the actual internal-combustion engine the air standard cycle is
defined. In an air lard cycle the working substance is assumed to be air
throughout, all processes are assumed to be reversible, and the source of heat
supply and the sink for heat rejection are assumed to be external to the air.
The cycle can be rep d on any diag of properties, and is usually drawn
on the p-v diagram, since this allows a more direct comparison to be made
with the actual engine machine cycle. It must be stressed that an air standard
cycle on a p-v diagram is a true thermodynamic cycle, whereas a record of
pressure variations in an engine cylinder against piston displacement is a
machine cycle.




5.6 The Otto cycle

5.6 The Otto cycle

Fig. 59 Otto cycle on
a p-v diagram

The Otto cycle is the ideal air standard cycle for the petrol engine, the gas
engine, and the high-speed oil engine. The cycle is shown on a p-v diagram in
Fig. 5.9.

Process 1 to 2 is isentropic compression.

Process 2 to 3 is reversible constant volume heating.
Process 3 to 4 is isentropic expansion.

Process 4 to 1 is reversible constant volume cooling.

To give a direct comparison with an actual engine the ratio of the specific
volumes, v, /v, is taken to be the same as the compression ratio of the actual
engine,

. . . n
ie Compression ratio,r, = —
L]
swept volume + clearance volume
=
clearance volume

The thermal efficiency of the Otto cycle can be found using equation (5.1),

=E
"=

(58)

The heat supplied, @, at volume t T, and T, is given by
equation (2.13) per unit mass of air
=l -T)
Similarly the heat rejected per unit mass at constant volume between T, and
T, is given by equation {2.13), ¢(T, — T).
The processes 1 to 2 and 3 to 4 are isentropic and therefore there is no heat
flow during these processes. Therefore

E@ Whi-T)—clli— }_l_(r.—r.)
(= T) -1
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Now since processes | to 2 and 3 to 4 are isentropic, then using equation (3.20),

’_=(_) =(_) L S
T Uy Uy P
where r, is the compression ratio from equation (5.8).
Then Ty=Tyr!"! and T,=Tri™ !
Hence substituting
T.-T 1

- —= 1 =1 -

(T = T)n™" o

It can be seen from equation (5.9) that the thermal efficiency of the Otto cycle
depends only on the compression ratio, r,.

= (59)

E ple 5.4 Calculate the ideal air standard cycle efficiency based on the Otto cycle for
a petrol engine with a cylinder bore of 50 mm, a stroke of 75 mm, and a
clearance volume of 21.3 em?,

Solution Swept volume = E x 50 x 75 =147200m* = 147.2cm?

Therefore

Total cylinder valume = 147.2 + 21.3 = 168.5cm?
ie. Compression ratio, r, = 1683 = 7.914/1

213
Then using equation {5.9)
1 1
=l=-—=1=o——=1-0437 = 0.563 or 56.3%
g e 7914%+ ’
5.7 The diesel cycle

The engines in use today which are called diesel engines are far removed from
the original engine invented by Diesel in 1892, Diesel worked on the idea of
spontaneous ignition of powdered coal, which was blasted into the cylinder by
compressed air. Oil became the accepted fuel used in compression-ignition
engines, and the oil was originally blasted into the cylinder in the same way

_that Diesel had intended to inject the powdered coal. This gave a cycle of

operation which has as its ideal counterpart the ideal air standard diesel cycle
shown in Fig. 5.10.
As before the compression ratio, r,, is given by the ratio v, /r,.

Process 1 to 2 is isentropic compression.

Process 2 to 3 is reversible constant pressure heating.
Process 3 to 4 is isentropic expansion.

Process 4 to 1 is reversible constant volume cooling.




Fig. 510  Diesel cycle
on a p-v diagram

Example 5.5

Solution

5.7 The diesal cycle

Py
"7_.—1119 = ponst,
-~
-~

From equation (5.1)

n=5=

At constant pressure from equation (2.12) per kg of air

@y =clTy-T3)
Also at constant volume from equation (2.13), per kilogram of air the heat
rejected is o (T, — T)).

There is no heat flow in processes 1 1o 2 and 3 1o 4 since these processes
are isentropic. Hence by substituting in the expression for thermal efficiency
the following equation may be derived:

-
n=t-t (5.10)
(f— iy
where fi = vy/r, = cut-off ratio.

Equation (5.10) shows that the thermal efficiency depends not only on the
compression ratio but also on the heat supplied between 2 and 3, which fixes
the ratio, vy/v;. Equation (5.10) is derived by expressing cach temperature in
terms of T, and r, or f. The derivation is not given here because it is believed
that the best method of working out the thermal efficiency is to calculate each
temperature individually round the cycle, and then apply equation (5.1),
n =¥ Q/0,. This is illustrated in Example 5.5.

A diesel engine has an inlet temperature and pressure of 15°C and 1 bar
respectively. The compression ratio is 12/1 and the maximum cycle
temperature is 1100°C. Calculate the air standard thermal efficiency based
on the diesel cycle.

Referring to Fig. 5.11, T, = 15+ 273 =288 K and T, = 1100 + 273 = 1373 K.
From equation (3.20)

L (”_')M =rl = 1294 =227
T 5]

ie. T,=27Tx 288 =778 K
157
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Fig. 511 Diesel cycle
on a p-v diagram for
Example 5.5 pE’ = const.

-

Preasure /{bar)

At constant pressure from 2 to 3, since pv = RT for a perfect gas, then

Ty, vy
T ]
1373
e, 221765
v, 718
Therefore

Uy bgly 0 Uy
22213
Uy Ualy U2l

x

= 6.8
65

Then using equation (3.20)

T =1
. (E) = 6.8%4 = 2.153

T. \uy
. 1373
ie. To=—"=638K
2153

Then from equation (2.12), per kilogram of air
@, =, (T, — T3) = LOO5(1373 — 778) = 598 kJ /kg

Also, from equation (2.13), per kilogram of air, the heat rejected is
&,(Ty — T,) = 0.7T18(638 — 288) = 251 kJ/kg

Therefore from equation (5.1)

_¥o_ 598251
R T

= (.58 or 58%

5.8 The dual-combustion cycle
Modern oil engines, although still called diesel engines, are more closely derived
from an engine invented by Ackroyd-Stuart in 1888. All oil engines today use
solid injection of the fuel; the fuel is injected by a spring-loaded injector, the
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Fig. 512 Dual
combustion cycle on a
p-v diagram

Example 5.6

58 The dual-combustion cycle

fuel pump being operated by a cam driven from the engine crankshalt (see
section 13.10). The ideal cycle used as a basis for comparison is called the
dual-combustion cycle or the mixed cycle, and is shown on a p-v diagram in
Fig. 512 :

Process 1 to 2 is isentropic compression.

Process 2 to 3 is reversible constant volume heating.

Process 3 to 4 is reversible constant pressure heating.

Process 4 to 5 is isentropic expansion.

Process 5 to 1 is reversible constant volume cooling,

P4

Ps= Pa

1y = oy [N v

The heat is supplied in two parts, the first part at constant volume and the
remainder at constant pressure, hence the name ‘dual-combustion’. In order to
fix the thermal efficiency completely, three factors are necessary. These are the
compression ratio, r, = v, /v,, the ratio of pressures, k = p,/p,, and the ratio
of volumes, fi = ¢,/v,.

Then it can be shown that
_ kpr—1

[(k—1)+yk(f—1)Tr""

Mote that when k =1 (i.e. py = p,), then the equation (5.11) reduces to the
thermal efficiency of the diesel cycle given by equation (5.10). The efficiency of
the dual-combustion cycle depends not only on the compression ratio but also
on the relative amounts of heat supplied at constant volume and at constant
pressure. Equation (5.11) is much too cumbersome to use, and the best method
of calculating thermal efficiency is to evaluate each temperature round the cycle
and then use equation (5.1), n = ¥ @/Q,. The heat supplied, Q,, is found by
using equations {2.13) and (2.12) for the heat added at constant volume and
at constant pressure respectively,

ie.  Q=clTy-T)+¢(T.—Ty)

The heat rejected is given by ¢, (T, — T}).

(5.11)

n=1

An oil engine takes in air at 1.01 bar, 20°C and the maximum cycle pressure
is 69 bar. The compressor ratio is 18/1. Calculate the air jard thermal
efficiency based on the dual bustion cycle. A that the heat added
at constant volume is equal to the heat added at constant pressure.
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Fig. 513 Dual
combustion cycle for
Example 5.6

Solution

160

Pressure,/{bar)

The cycle is shown on a p—v diagram in Fig. 5.13. Using equation (3.20),
y=1
L. (ﬂ) = 1804 = .18
T Uz
Le. T,=318xT,=318x293=931K
where T, = 20 + 273 = 293 K.
From 2 to 3 the process is at constant volume, hence
.
Ps_ 5 gpeePata_Pata
I I .
. 69 x 931
e Ty= & xTy= K—
P2 P2
To find p,, use equation (3.19),
b
£ 3 (ﬁ) = 1814 = 572
P vz
ie. p2 =572 x 1.01 = 578 bar
Then substituting
69 x 931

and pry=v,

=]112K

3
Mow the heat added at constant volume is equal to the heat added at constant
pressure in this example, therefore
elTy = T)=¢)(T, = T)
ie. 0.718(1112 — 931) = LOOS( T, — 1112)
therefore

0.718 x 181
= e 4 1112
Te 005 + 111

i.e. T, =12414K



5.9 Mean effective pressure

.-
To iind Ts it is necessary to know the value of the volume ratio, vy/v,.
At constant pressure from 3 to 4

b Ta_ 12818 e
v, T, 1112
Therefore
Us W _ Uit e 1 ieia
Vg Uy Uyl L116

Then using equation (3.20)
¥=1
L (”—’) = 16.14°% = 304
T I’A
12414
ie. Ty = ——— = 408
ie =30 408 K
Now the heat supplied, Q,, is given by
Q=cdh—T)+ (T, —Ty) or @ =2e(Ty—T3)

since in this example the heat added at constant volume is equal to the heat
added at constant pressure. Therefore

0, =2x0.718 x (1112 — 931) = 260 kI kg
The heat rejected is given by
e Ty — Ty) = 0.T18(408 — 293) = 826 kJ kg
Then from equation (4.3)

y-LQ_260-826

1-0318=0. 68.2%
0, %0 318 682 or

It should be mentioned here that the modern high-speed oil engine operates
on a cycle for which the Otto cycle is a better basis of comparison. Also, since
the Otto cycle calculation for thermal efficiency is much simpler than that of
the dual-combustion cycle, then this is another reason for using the Otto cycle
as a standard of comparison.

Mean effective pressure

The term work ratio is defined in section 5.3, and is shown to be a useful
criterion for practical power plants. For internal bustion engines work ratio
is not such a useful concept, since the work done on and by the working fluid
takes place inside one cylinder. In order to compare reciprocating engines
another term is defined called the mean effective pressure. The mean effective
pressure is defined as the height of a rectangle having the same length and area
as the cycle plotted on a p-v diagram. This is illustrated for an Otto cycle in
Fig. 5.14, The rectangle ABCDA is the same length as the cycle 12341, and arca
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Fig. 514 Mean
effective pressure on a
p-v diagram

Example 5.7
Solution

Pa

AN

T

e

ABCDA is equal to area 12341, Then the mean effective pressure, p,,, is the
height AB of the rectangle. The work output per kilogram of air can therefore
be written as

— W = area ABCDA = p,_(v, — v3) (5.12)

The term (vy — v,)is proportional to the swept volume of the cylinder, hence
it can be seen from equation (5.12) that the mean effective pressure gives a
measure of the work output per swept volume. It can therefore be used to
compare similar engines of different size. The mean effective pressure discussed
in this section is for the air standard cycle. It will be shown in Chapter 13 that
the indicated mean effective pressure of an actual engine can be measured from
an indicator diagram and used to evaluate the indicated work done by the engine.

Calculate the mean effective pressure for the cycle of Example 5.6.
In Example 5.6 the heat supplied, Q,, and the cycle efficiency were found to
be 260 kJ kg and 68.2% respectively. From equation (4.2)
-W

H=—

&

therefore
~W =0, = 0.682 x 260 = 177 kJ/kg

Now from the definition of mean effective pressure, and equation (5.12), we have
=W =pulvy —vy)
Using equation (2.5), pp = RT and equation (5.8), r, = v, /v, = 18, then
i o,)_n _I7RT; _ 17 x 287 x 293
U= TR TR T8, 18 % 101 x 10°
ie. v, — vy = 0.786 m*/kg
Then substituting,
-W=p,x0786 or p,=—W/0.786kl/m*

177 x 10°

—_— =22
10% % 0786 S oA

ie. Mean effective pressure =




5.10

Fig. 515 Stirling
engine and the Stirling
cycle

510 The Stirling and Ericsson cycles
The Stirling and Ericsson cycles

It has been shown that no cycle can have an efficiency greater than that of the
Carnot cycle working between given temperature limits T, and T;. Cycles which
have an efficiency equal to that of the Carnot cycle have been defined and are
known as the Stirling and Ericsson cycles and they are superior to the Carnot
cycle in that they have higher work ratios.

The Stirling cycle is shown in the p-v diagram in Fig. 5.15(a) and is
represented diagrammatically in Fig. 5.15(b): it must be emphasized that this
is not a physical description of a Stirling engine but one which may help to
give an understanding of the way the processes which make up the cycle are
related.

Regencrator
QLOCess ER g
q‘ocess ! o g
77 AW
Q.‘l/ /D.“plm //Q:-J
Working
Plglnﬂ
Piston
connecting
mechanism
*Schematic” representation of the Stirling engine v
{a) (b)

Heat is supplied to the working fluid from an external source, process 2-3,
as the gas expands isothermally (T; = T3), and heat is rejected to an external
sink, process 4-1, as the gas is compressed isothermally (T, = T,). The two
isothermals are connected by the reversible constant volume processes 1-2 and
3-4 during which the temperature changes are equal to (T; — T,). The heat
rejected during process 3-4, ¢,(Ty — T;), is used to heat the gas during
process 1-2,¢,(Ty; — T,) = ¢,( Ty — T,) and this is assumed to take place ideally
and reversibly in a regenerator. The regenerator requires a matrix of material

which seg the heating and cooling gases, but allows the temperatures to
change progressively by infini | and corresponding during the
p . This reg live process takes place at constant volume and is

internal to the cycle.

The efficiency of the Stirling cycle is obtained by considering the heat transfers
between the system and the bodies external to it, i.e. a high-temperature heat
supply and a low-temperature sink to which heat is rejected.

Heal supplied from the hot source, using equations (3.11) and (3.12),

Pz

) per unit mass of gas
P3

Qr3=—Wo;=RT; lﬂ(
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Similarly
Heat rejected to the coldsink = W, = RT, In(pl)
Ps
therefore

30 = RT, ln(i]) ~RT, ln(%)

and as the cycle efficiency, n = ¥ 0/Q,.3, therefore
RT, m(p‘)

Ps
RT, ln(ﬂ)

Pa

For the constant volume process 1-2,

n=1-=

l’—3=£ and for process 3-4 &=-’5=I§
n T pe T T,
therefore
P2_Ps and Pa_n
P1 Pa Py P
therefore

q-l—?-lheCamotefﬁciency
2

This result can be deduced without formal proof as the heat supply and rejection
processes take place at constant temperatures.

network output ~ —Why + Wy,
gross work output —Ws

EQ

Work ratio =

= cycle efficiency,

since — Wy = Qa.3.
The practical interpretation of the ideal cycle will not be described in detail
hm and the reader is adwsed to consult the specialist literature for the
ar ployed and the performance assessments (see
refs 5.2 and 5. 3) F;gum 5.15(b) gives a simplified representation of the engine
and shows the necessity for two pistons, a working piston and a displacing piston,
which in fact work in different parts of the same cylinder and not as represented.
It is necessary to the ideal cycle for the pistons to move discontinuously and
this is only approximated to by the mechanisms employed. The result is that
the processes of the ideal cycle are not achieved and there is a considerable
‘rounding off” of the ideal p-v diagram as the heating and cooling processes
merge to depart considerably from the constant volume heating concept.




Fig. 5.16  Ericsson
cycle on a p-v diagram

5.2

53

5.4

Problems

The attractions of the Stirling engine are that it can utilize any form of heat
from conventional or indigenous fuel, solar or nuclear sources, provided the
temperature created is high enough. The engines are quiet, with an efficiency
equal to or better than the best internal combustion engines and with little
vibration due to the nature of the drive needed to give the differential movements
between the working and displacing pistons. The possible range of application
of the Stirling engine is wide and includes marine use, electricity generation for
peak loads and as a stand-by unit, automotive purposes, particularly in
comparison with the diesel engine, and for sitvations when unconventional fuels
or heat sources can, or must, be used. The most important applications up to
now have been as an air engine and as a refrigerator; with the Stirling cycle
reversed, it is capable of reaching the low temperatures of the cryogenic regions.

The Ericsson cycle is similar to the Stirling cycle except that the two
isothermals are connected by constant pressure processes, as shown in Fig. 5.16.

Problems

What is the highest cycle efficiency possible for a heat engine operating between 800
and 15°C?
(73.2%)

Two reversible heat engines operate in series between a source at 527°C and a sink at
17°C. If the engines have equal efficiencies and the first rejects 400 kJ 1o the second,
caleulate:
(i) the temperature at which hzat is supplied to the second engine;

{ii}) the heat taken from the source;
(i) the work done by each engine.
Assume that each engine operates on the Carnot cycle.

(208.7°C; 6644 kJ; 2644 k], 159.2kJ)
Ina Carnot eyele operating between 307 and 17°C the maximum and minimum pressures
are 62.4 bar and 104 bar. Calculate the cycle efficiency and the work ratio. Assume

air to be the working fluid.
(50%; 0.286)

A closed-cycle gas turbine unit operating with maximum and minimum femperatures
of 760 and 20°C has a pressure ratio of 7/1. Calculate the ideal cycle efficiency and

the work ratio.
(42.7%: 0.505)

165
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57

In an air standard Otto cycle the maximum and minimum temperatures are 1400 and
15°C. The heat supplied per kilogram of air is 800 kJ. Calculate the comprmmn ratio
and the cycle efficiency. Calculate also the ratio of i 1o p

in the cycle.

(5.27/1: 48.5%; 30.65/1)

A four-cylinder petrol engine has a swept volume of 2000 em?, and the clearance volume
in each cylinder is 60 cm?, Calculate the air standard cycle efficiency. If the introduction
conditions are | bar and 24 °C, and the maximum cycle temperature is 1400 °C, calculate
the mean effective pressure based on the air standard cycle.

(59.1%: 5.28 bar)

Calculate the cycle efficiency and mean effective pressure of an air standard diesel
cycle with a compression ratio of 15/1, and i and mini cycle temp ures
of 1650°C and 15°C respectively. The i cycle p is 45 bar.

(59.1%: 8.38 bar)

In a dual-combustion cycle the maximum temperature is 2000°C and the maximum
pressure is 70 bar. Calculate the cycle efficiency and the mean effective pressure when
the pressure and temperature at the start of compression are | bar and 17°C respectively.
The compression ratio is 18/1.

(63.6%; 1046 bar)

An mr standard dual-combustion cycle has a mean effective pressure of 10 bar, The

and temperature are I-bar and 17 "C respectively, and the compression
ratio is 16,#] Calculate the maximum cycle temperature when the cycle efficiency is
60%. The maximum cycle pressure is 60 bar.

(12597°C)
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Mixtures

A pure Inbslarm is defined as a substance having a constant and uniform
ion, and this definition can be ded to include a
homogeneous mixture of gases when there is no chemical reaction taking place.
The thermodynamic properties of a mixture of gases can be determined in the
same way as for a single gas. The most common example of this is dry air,
which is a mi of oxygen, nitrogen, a small p ge of argon, and traces
of other gases. The properties of air have been determined and it is considered
as a single substance.
The mixtures 1o be considered in this chnpter are those composed of perfect

gases, and pedect gases and p propertics of such are

lati Alt and water vapour mixtures are
:nnudered Ialer in the cllapter with refe to surface d but for
moist atmospheric air there is a special .| and this is idered in

Chapter 15 on psychrometry and air-conditioning.

Dalton’s law and the Gibbs-Dalton law

Consider a closed vessel of volume ¥ at T T, which ins a

of perfect gases at a known pressure. If some of the mixture were removed, then
the pressure would be less than the initial value, If the gas removed were the
full amount of one of the i then the reduction in would be
equal to the contribution of that constituent to the initial total pressure. Each
constituent contributes to the total pressure by an amuum which is known as
the partial p of the i The the partial
p cf the i is i by Dalton’s law, as follows:

The pressure of a mixture of gases is equal to the sum of the partial pressure
of the constituents.

The partial pressure of each constituent is that pressure which the gas would
exert {f it occupled alone that volume occupied by the mixture at the same
temperature.
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Fig. 61 Gas A mixing
with gas B

Table 6.1 Analyses of

air

168

T T T
I P ., | vhex " | B
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This is expressed diagrammatically in Fig. 6.1. The gases A and B, originally
occupying volume V at temperature T, are mixed in the third vessel which is
of the same volume and is at the same temperature.
By the conservation of mass
m=m, + my (6.1)
By Dalton’s law
P=ps+ Py (6.2)

Dalton’s law is based on experiment and is found to be obeyed more accurately
by gas mixtures at low pressures. As shown in Fig. 6.1 each constituent occupies
the whole vessel. The example given in Fig. 6.1 and the relationships in equations
(6.1) and (6.2) refer to a mixture of two gases, but the law can be extended to
any number of gases,

ie. .m=my+my+metec. or m=3ym (63)
where m; is the mass of a constitucat,

Analysis Molar mass
Chemical
Constituent symbol By volume (%) By mass (%) (kg/kmol)
Oxygen 0, 2095 2114 31999
Nitrogen N, 78.09 7553 28,013
n Ar 0.93 1.2 19.948
Carbon dioxide COo, 0.03 0.05 44.010
Similarly
P=Pa+Patpctete or p=Yp (6.4)

where p, is the partial pressure of a constituent.

Air is the most common mixture and since it will be referred to frequently,
its composition is as given in Table 6.1. The mean molar mass of air is
28.96 kg/kmol, and the specific gas constant R is 0.2871kJ/kg K. For
approximate calculations the air is said to be composed of oxygen and
‘atmospheric nitrogen’ (see Table 6.2). Note: volumetric analysis is the analysis
by volume; gravimetric analysis is the analysis by mass.



Table 62 Approximate
analyses for air

Example 6.1

Solution

6.1 Dalton’s law and the Gibbs-Dalton law

Analysis Molar mass
Constituent By volume (%) By mass (%) (kg/kmol)
Oxygen 210 233 320
Nitrogen -~ 790 767 280

A vessel of volume 0.4 m?® contains 0.45kg of carbon monoxide and
1 kg of air, at 15°C. Calculate the partial pressure of each constituent and
the total pressure in the vessel. The gravimetric analysis of air is to be taken
as 23.3% oxygen and 76.7% nitrogen. Take the molar masses of carbon
monoxide, oxygen and nitrogen as 28, 32 and 28 kg/kmol.

Mass of oxygen present = % x1=0233kg

. 76.7
Mass of nitrogen present = ol x 1 =0.767kg
From equation (2.9)
r=R
]

and from equation (2.6)
p¥ =mRT
mRT

Hence p =—
m

or for a constituent
_mRT
LN
The volume ¥ is 0.4 m® and the temperature Tis (15 + 273) = 288 K. Therefore
we have for O,

0.233 x 8.3145 x 288

- = 43.59 kN/m?
Po, 32 %04 /m
43.59 x 10°
= T = 0.4359 bar
for N, py, = E‘W = 163,99 kN/m?
3
_ 16399 x 10° _ e300 bar
10°
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045 x 8.3145 x 288

for CO Peo = W = 9621 kN{m‘
_ 9621 x 10° _ 0.9621 bar
10 )

The total pressure in the vessel is given by equation (6.4)
p =T p =0436 + 1.640 + 0.962 = 3.038 bar
ie Pressure in vessel = 3.038 bar

Dalton's law was reformulated by Gibbs to include a second statement on
the properties of mixtures. The combined statement is known as the
Gibbs—-Dalton law, and is as follows:

The internal energy, enthalpy, and entropy, of a gaseous mixture are respectively
equal to the sums of the internal energies, enthalpies, and entropies, of the
constituents.

Each constituent has that internal energy, enthalpy, and entropy, which it
would have if it occupied alone that volume occupied by the mixture at the
temperature of the mixture.

This statement leads to the equations

mu = myu, + mgug 4+ €tc. or mu=Yy mu; (6.5)
and  mh=myh, + mghy +etc. or mh=¥ mh, (6.6)
and  ms=m,s, + mgsy +EIC. OF ms=) ms, (6.7)

Volumetric analysis of a gas mixture

The analysis of a mixture of gases is often quoted by volume as this is the most
convenient for practical determinations.

Consider a volume V of a gaseous mixture at a temperature T, consisting of
three constituents A, B, and C as in Fig. 6.2(a). Let each of the constituents be
compressed to a pressure p equal to the total pressure of the mixture, and let
the P remain The partial volumes then occupied by the
constituents will be ¥,, ¥y, and V.. From equation (2.6) p¥ = mRT, therefore,
referring to Fig. 6.2(a)

v
ml‘ = Pﬁ
R,.T
"=, + Mg+ e = Fom, Va Ve Ve
P=PatPatPc=Yp - | ome
n=nytngtnc=3m n, n | Ae
(a) (]



6.3

6.3 The molar mass and specific gas constant

and referring to Fig. 6.2(b)

PV
R, T

M, =

Equating the two values for m,, we have

YV - PVa
R,T R,T

ie. paV=p¥F, or ¥, =Py
p
In general therefore,

v =ty (68)
I

. Vv Vv
ie. V=) —=—)p
V=% " "7 Tp
Now from equation (6.4), p = ¥ p,, therefore

Y=V (6.9)

Therefore the volume of a mixture of gases is equal to the sum of the volumes
of the individual constituents when each exists alone at the pressure and
temperature of the mixture. This is the statement of another empirical law, the
law of partial volumes (sometimes called Amagat's law or Leduc’s law).

The amount of substance is defined in section 2.3 and is given by
equation (2,7) as n = m/ri. By Avogadro’s law, the amount of substance of any
gas is proportional to the volume of the gas at a given pressure and temperature,
Referring to Fig. 6.2(a), the volume V contains an amount of substance n of
the mixture at p and T. In Fig. 6.2(b), the gas A occupies a volume V, at p and
T, and this volume contains an amount of substance n,. Similarly there are
amounts of substance ny of gas B in volume V5, and n¢ of gas C in volume V.
Now from equation (6.9),

YV=V or Vi+ W+ V=V

Therefore the total amount of substance in the vessel must equal the sum of
the amounts of substance of the individual constituents,

ie. o+ Mytnc=n or n=Yn (6.10)

The molar mass and specific gas constant

For any gas in a gas mixture occupying a total volume of V at a temperature
T, from equation (2.8) p¥ = nRT, and the definition of partial p ¢, we have

pV=nRT (6.11)

m
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therefore
ZipV) =L (nRT)
ie. VY p=RTYn,
From equation (64), p = ¥ p,, hence,
pV =RTYn,
Also from equation (6.10), n = ¥’ n,, therefore
pV =nRT

The mixture therefore acts as a perfect gas, and this is the characteristic equation
for the mixture. A molar mass is defined by the equation, / = m/n, where m is
the mass of the mixture and n is the amount of substance of the mixture.
Similarly, a specific gas is defined by the equation R = R/m. It can
be assumed that a mixture of perfect gases obeys all the perfect gas laws.

To find the specific gas constant for the mixture in terms of the specific gas
constants of the constituents, consider equation (2.6) both for the mixture and
for a constituent,

ie. pV=mRT and pV=mRT

Then Y pV=Y¥mRT

therefore
VYp=TY.mR,

Now from equation (6.4), p = ¥ p,, therefore
pV=TYmR, or pV=mRT=TYmR,

ie. mR=YmR, or R= Z%R. (6.12)
where m;/m is the mass [raction of a constituent.

The gravimetric analysis of air is 23.14% oxygen, 75.53% nitrogen, 1.28%
argon, 0.05% carbon dioxide. Calculate the specific gas constant for air and
the molar mass. Take the molar masses from Table 6.1 on p. 148.

From (2.9), R = R/m, therefore

83145
%~ 31999

=0.2598 kJ/kg K

83145
B haess kg K
R TTE /e

8.3145

A= 39

= 02081 kJ/kg K

8.3145
Reo, = > = 0.1889 kJ /kg K
“0: T 34010 /



6.2 The molar mass and specific gas constant

Then using equation (6.12), R = Z(m”’m}R,, we have
R =(0.2314 x 0.2598) + (0.7553 x 0.2968) + {0.0128 = 0.2081)
+ (0.0005 = 0.1889) = 0.2871 k) /kg K
ie Specific gas constant for air = 0.2871 ki /kg K
From equation {2.9), it = R/R, therefore,

83145
#it = ——— = 28.960 kg/kmol
0.2871
ie Molar mass of air = 28.96 kg/kmol

When the approximate analysis for air is used (i.e. 23.3% O, and 76.7% N,
by mass), it is usual practice to take R as 0.287 kJ/kg K and i as 29 kg/kmol.

From equation (6.11), p;¥ = n;RT, and combining this with equation (2.8)
applied to the mixture (i.e. p¥ = nRT), we have
nV_ nRT

pV  nRT

e, DT (6.13)
p n

This can be combined with equation (6.8), to give
pi_m_V (6.14)

p n ¥V '

This is an important result which means that the molar analysis is identical
with the volumetric analysis, and both are equal to the ratio of the partial
pressure to the total pressure.

Another method of determining the molar mass is as follows. Applying the
characteristic equation, (2.6), to each constituent and to the mixture we have
my=p,V/R,T and m = pV{RT.

From equation (6.3), m = }:m', therefore

v Y p P
RT-LRT o R-IR
Using equation {2.9), R = R/m, and substituting, we have
m i . .
PRSP o e S
" Pi - '
ie m=Y = {6.15)
P
Also using equation (6.14)
ﬁ=Z%& 16.16)
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Example 6.3

Solution

Solution for
3

Example 6.4

and = E%nﬁ, (6.17)

The gravimetric analysis of air is 23.14% oxygen, 75.53% nitrogen, 1.28%

argon, and 0.05% carbon dioxide. Calculate the analysis by volume and the
partial pressure of each constituent when the total pressure is 1 bar.

From equation (6.14) the analysis by volume, V/V, is the same as the
fraction m,/n. Also from equation (2.7), n, = m,/riy;, therefore considering 1 kg
of mixture we have the tabular solution shown in Table 6.3.

m; iy = my/ min=K/V

Constituent (kg) (kg/kmaol) (kmol) (%)

Oxygen 0.2314 31.999 0.00723 m x 100 = 2095
0.03452

Nitrogen 07553 28013 002696 0026% _ 100 = 78.00
003452

Argon 00128 39948 0.00032 000032 . 100 = 093
003452

Carbon

dioxide 00005 44010 0.00001 000001 100 = 003
0.03452

n =3 n =003452

From equation (6.14), p;/p = V;/V = n;/n, therefore, p; = (n;/n)p, hence using
the volume fractions from Table 6.3,

forO;  po, =0.2095 x 1 = 0.2095 bar
for N, Py, = 0.7809 x 1 = 0.7809 bar
for Ar pa, = 0.0093 x 1 = 0.0093 bar
for CO;  peo, = 0.0003 x 1 = 0.0003 bar

A mixture of 1 kmol CO, and 3.5 kmol of air is contained in a vessel at
1 bar and 15°C. The volumetric analysis of air can be taken as 21% oxygen
and 79% nitrogen. Calculate for the mixture:

(i) the masses of CO,, O,, and Ny, and the total mass;

(ii) the percentage carbon content by mass;
(iii) the molar mass and the specific gas constant for the mixture;
(iv) the specific volume of the mixture.

Take the molar masses of carbon, oxygen and nitrogen as 12 kg/kmol,
32kg/kmol and 28 kg/kmol respectively.



6.3 The molar mass and specific gas constant

(i) From equation (6.14), n; = (¥;/V)n, we have
ng, = 021 x 3.5 = 0.735 kmol
and my, = 0.79 x 3.5 = 2.765 kmol
From equation (2.7), m; = i, therelore
meo, =1 x 44 =44 kg
mg, = 0.735 x 32 = 23.55kg
and  my, =2765x 28 =775kg
Total mass, m = mg, + my, + Mmeo,
=12355+77.5+44 = 14505kg

(ii) The molar mass of carbon is 12 kg/kmol, therefore there are 12 kg of
carbon present in | kmol of carbon dioxide,

ie. Percentage carbon in mixture = 12 x 100
145.05

(iii) From equation (6.10), n = ¥’ n,, then -
1 = figp, + fig, + fg, = 1 + 0.735 + 2.765 = 4.5 kmol
Then using equation (6.17),

e-i(ze)

we have
. 1 0.735 2.765
mn(Ex “)+(F % 32)+( 5 * 28)=32.21ykmol
ie Molar mass of mixture = 32.2 kg/kmol
From equation (2.9), R = K/, we have

8.3145
Re—m—=
722 0.2581 kJ/kg K

= 8.27% by mass

ie. Specific gas constant for the mixture = 0.2581 kJ/kg K
(iv) From equation (2.5), pv = RT, therefore
v-Ew 0.2581 x 288 x 10°
1 x10%

where T = 15 + 273 = 288 K.
i.e. specific volume of the mixture at 1 bar and 15°C is 0.7435 m*/kg.

= 0.7435 m* kg
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A mixture of H, and O, is to be made so that the ratio of H; to O, is
2 to 1 by volume. Calculate the mass of O, required and the volume of the
container, per kilogram of H;, if the pressure and temperature are 1 bar and
15°C respectively. Take the molar masses of hydrogen and oxygen as
2 kg/kmol and 32 kg/kmol.
Let the mass of O, per kilogram of H, be x.
From equation (2.7), n; = m,/n, therefore
1 X
=-=05kmol and = -— kmol
ny, 3 mol and ng, T
From equation (6.14), ¥,/ ¥ = n,/n, therefore
4 .
-Vﬂ!=£'-'! and =2 (given)
Vo, Mo, Vo,
0.5 2x05
ie ——=2 therefore x =
x/32

ie Mass of oxygen per kilogram of hydrogen = 8 kg

=8kg

The total amount of substance in the vessel per kilogram of H; is

x 8
= =0 — =0 —_= 025=075k
n= iy, 4 ng, =05 4 == 05+ = = 05 + 025 = 075 kmol

Then from equation (2.8),

pV =nRT
therefore
3
Ve 0.75 x 8.3145 x 288 = 10 = 1796 m?
1% 10%
A vessel contains a gaseous mi of ition by vol 80% H,

and 20% CO. It s desired that the mixture should be made in the proportion
50% H, and 50% CO by removing some of the mixture and adding some
CO. Calculate per kilomole of mixture the mass of mixture to be removed,
and the mass of CO to be added. The pressure and temperature in the vmcl
remain constant during the procedure.

Take the molar mass of hydrogen and carbon monoxide as 2 kg/kmol
and 28 kg/kmol.

Since the pressure and temperature remain constant, then the amount of
substanee in the vessel remains the same throughout. Therefore the amount of
substance of mixture removed is equal to the amount of substance of CO added.

Let x kg of mixture be removed and y kg of CO be added.
For the mixture, from equation (6.16)

¥
= T



8.4 Specific heat ities of & gaa

therefore,
fit = (08 x 2) + (0.2 x 28) = 7.2 kg/kmol -
Then using equation (2.7), n = m/n, we have

amount of substance of mixture removed = ;;3 kmol

amount of substance of CO added = z—ys kmol

and x/72=y/28
From equation (6.14), ¥/ ¥V = n,/n, therefore

amount of substance of H in the mixture removed = 0.8 x % = ;kmol
and  amount of substance of H, initially = 0.8 x 1 = 0.8 kmol
Hence amount of substance of H, remaining in vessel = (0,8 - ;) kmol
But 1 kmol of the new mixture is 50% H; and 50% CO, therefore
X
08—-==05
9

i.e. x=(08-05)x9=2Tkg
ie. Mass of mixture removed = 2.7 kg
Also since x/7.2 = /28, therefore

28 . 28 x 2.7
7.2 7.2

ie. Mass of CO added = 10.5kg

= 10.5kg

Specific heat capacities of a gas mixture

It was shown in section 6.1 that as a consequence of the Gibbs—Dalton law
the internal energy of a mixture of gases is given by equation (6.5), mu = zm,u..
Also for a perfect gas from equation (2.14), u = ¢, T. Hence substituting we have

me, T =Y mec, T
therefore
me, = ¥ mc,
m;
=0 6.18
or [ ch., (6.18)
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Similarly from equation (6.6), mh = Em'ﬁ.. and from equation (2.18) h = ¢, T,
therefore

me, T =Y mc, T
therefore

or =%, (619)
From equations (6.18) and (6.19)
m; L] my
Cp—Cp= Z;‘n - E;-‘-’» = Z;(‘n =y}
Using equation (2.17), ¢, — ¢, = R;, therefore
m
Cp—Cp= E;lni

Also from equation (6.12), R = ¥ R,, therefore for the mixture
m

¢, —c, =R
Theequations(2.20),(2.21), and (2.22), can be applied to a mixture of gases,
€ R ¥R
=2 Cp=— Cp = ——
T STy YTy

It should be noted that y must be determined from equation 2.20; there is
no weighted mean expression as there is for R, ¢,, and c,.

The gas in an engine cylinder has a volumetric analysis of 12% CO,, 11.5%
0,,and 76.5% N,. The temp at the beginning of expansion is 1000°C
and the gas mi ds reversibly th ,Z a volume ratio of 7 to 1,
according to a law pp'- 25 — constant. Calculate the work done and the heat
flow per unit mass of gas. The values of c, for the constituents averaged over
the temperature are as follows: ¢, for CO; =12T1kl/kgK; ¢, for
0, = L110kJ/kg K; ¢, for N, = 1.196 ki/kg K.

] 3

From equation (2.7) m; = n,#,, therefore a ion from to
mass fraction is as given in Table 6.4. Then using equation (6.19) and the mass
fractions from Table 6.4

= E-"#.
therefore
¢, =(0.174 x 1.271) + (0.121 x 1.110) + (0.705 x 1.196)
= L199kI/kg K



Table 64 Solution for
Example 6,7

Example 6.8

6.4 Spacific heat of a gas

"y i, my = n,,
Constituent (kmol) (kg/kmol) (kg) mfm
Carbon dioxide 0.120 44 5.28 5.28/3036 = 0.174
Oxygen 0.115 32 368 3.68/30.36 = 0.121
Nitrogen 0.765 28 L2140 21.40/30.36 = 0.705
m=7Y m = 3036

From equation (6.12), R = ¥ (m,/m)R;, and from equation (2.9), R, = R/m;,
therefore

8.3145 8.3145 8.3145
R= (0,174 ® @ )+ (0,[21 *® 2 )+ (0,705 ® T)

=0274k]/kg K
Then from equation (2.17), ¢, — ¢, = R, we have
¢, = 1,199 — 0.274 = 0925 kI /kg K
The work done per kg of gas can be obtained from equation (3.20)
_Rn-T1)
n—1

w

T, can be found using equation (3.28)

T: vy n-1 1 0.25
2= "-6)

T 1273

T o ——

PUINE e7

where T, = 1000 + 273 = 1273 K. Therefore

0274(782.6 — 1273) _
1.25—1 B

ie. Work done by the gas mixture = +537.5kJ/kg

= 7826 K

W= —537.5kJ/kg

Also from equation (2.16), for unit mass, u; — u, = ¢,(T; — T,), therefore
iy — 1y, = 0925(782.6 — 1273) = —453.6 kI /kg
Finally, from the non-flow energy equation (1.4), @ + W = (u; — u,),
ie Q —537.5=—4536  therefore Q = 83.9 kJ/kg
ie. Heat supplied = 83.9 ki/kg

Calculate for the data of Example 6.7 the change of entropy per kilogram
of mixture.
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Solution Referring to Fig. 6.3, the change of entropy between state 1 and state 2 can be
found by imagining the process replaced by two other processes, 1 to A and
A to 2. This method is described in section 4.4.
For isothermal process 1 to A, from equation (4.12)

sa—5 =R |n(-"—’) =0274 x In 7 =0533k}/kg K
n
For the constant volume process A to 2

A
S — 85y = c.‘[ d—T =, In(i) = 0925 x ln( 12?3)
2 T T 782.6

ie. S, — 5; =0450k) kg K
Then by subtraction,
53 — 5, =0.533 — 0450 = 0083 k) /kg K

It is often convenient to use amount of substance in problems on mixtures,

and to define heat capacities exg d in terms of the of sub These
are known as molar heat capacities, and are denoted by ¢, and &,. Molar heat
capacities are defined as follows:

& =mc, and &, =i, (6.20)

From equation (2.17), ¢, — ¢, = R, therefore
&, — &, = iic, — ic, = MR

Also from equation (2.9), /iR = R, hence

&, - =R (6.21)
From equation (2.15)
U=me,T
Also from equation (2.7), m = nf, and from equation (6.20), e, = £,,
therefore,
U=néT {6.22)
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6.4 Specific heat ities of & gas

Similarly
H=ni,T (6.23)
By the Gibbs-Dalton law,
U=YU, and H=YH,
therefore
né,T=Yné T and nZ,T=3néT

ie.  §=% EE‘“ (624)
and =Yg, (6.25)
n

A producer gas has the following volumetric analysis: 29% CO, 12% H,,
3% CH,, 4% CO;, 52% Nj. Calculate the values of &, ¢,, ¢, and ¢, for
the mixture. The values of &, for the constituents are as follows:
for CO, &,=29.27kJ/kmol K; for H;, &, = 2889 kJ/kmol K; for CH,,
&, =3580kJfkmol K; for CO,, & =37.22kJ/kmolK; for N;, &, =
29.14 kJ /kmol K.

The molar masses may be taken as follows: for H;, 2 kg/kmol; for CH,,
16 kg/kmol; for CO,, 44 kg/kmol; for N, 28 kg/kmol.

From equation (6.25),
é? = Z Een
Therefore,
&,= (029 x 29.27) + (0,12 x 23.89) + (0.03 x 35.80)
+(0.04 x 37.22) + (0.52 x 29.14)
ie &, = 29.6707 kJ /kmol K
From equation (6.21),
&,—¢,= R
therefore
g, =¢— R =29.6707 — 8.3145 = 21.3562 kJ /kmol K
ie. & =213562kJ/kmol K
The molar mass can be found from equation (6.17), i.e.

= E?Iﬁ
=(0.29 x 28) +(0.12 x 2) +(0.03 x 16) + (0.04 x 44)
+(0.52 = 28)
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Table

65 Properties of
SOMmE COMMOn gases
at 300K

p € é, é, 1t R
Gas (kJ/kgK) 7 (kJ/kmol K} (kg/kmol) (kJ/kgK)
Diatomic
Carbon monoxide (CO) 1.0410 0.7442 1.399 29.158 20.845 28.010 0.2968
Hydrogen (H,) 14.3230 10.1987 1.404 28875 20.561 2016 4.1243
Nitrogen (N, } 1.0400 0.7432 1.399 29.134 20819 28.013 0.2968
Oxygen (0;) 09182 0.6584 1.395 29.382 21.068 31999 0.2598
Monatomic
Argon (Ar) 0.5203 03122 1.666 20.786 12472 39.950 0.2081
Helium (He) 5.1930 3.1159 1.666 20.788 12473 4.003 20771
Triatomic
Carbon dioxide (CO;) 0.8457 0.6568 1.288 3r219 28.906 44,010 0.1889
Sulphur dioxide (SO;) 0648 05150 1252 41306 32991  64.060 0.1298
Hydrocarbons
Ethane (C,H;) 1.7668 1.4903 1.186 53.128 44.813 30,070 0.2765
Methane (CH,) 22316 1.7132 1.303 35795 27.480 16.040 0.5184
Propane (C,H,) 1.6915 1.5029 1.126 T74.578 66.263 44,090 0.1886
ie. = 2516kg/kmol
Then from equation (6.20)
&, 296707
=_= = L1793 kJ/kg K
AR TIT] ke
and
&, 213562
=_= =0.8488 k] kg K
AR T kg
Values of y, ¢,, ¢,, &, &,, , and R at 300 K for some of the more common
GasA | GasB gases are shown in Talle 6.5,
my iy
L0 fy
52- ?,E 6.5 Adiabatic mixing of perfect gases
(2) Consider two gases A and B separated from each other in a closed vessel by a
] thin diaphragm, as shown in Fig. 6.4(a). Il the diaphragm is punctured or
G“;““lm removed, then the gases mix as in Fig. 6.4(b), and each then occupies the total
V=W+hk volume, behaving as if the other gas were not present. This process is equivalent
ol ';': :':'" to a free expansion of each gas, and is irreversible. The process can be simplified
by the assumption that it is adiabatic; this means that the vessel is perfectly
) thermally insulated and therefore there will be an increase in entropy of the
Fig. 64 Mixing of two  System. In section 4.5 it is shown that there is always an increase in entropy
gases initially separate of a thermally isolated system which undergoes an irreversible process.
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Solution

6.5 Adisbatic mixing of perfect gases

It is shown in section 3.5 that in a free expansion process the internal
energy initially is equal to the internal emergy finally. In this case, from
equation (6.22)

Uy =mé, Ty + npl, Ty
and Uy =(mé, + ngé,)T
Extending this result to any number of gases,
Uy=%néT and U,=TYné,
Then U,=U,
ie. Y& T=TYné,

ie T= % (6.26)

A vessel of 1.5m?® capacity contains oxygen at 7 bar and 40°C. The vessel
is connected to another vessel of 3 m* capacity containing carbon monoxide
at 1bar and 15°C, A connecting valve is opened and the gases mix
adiabatically. Calculate:

(i) the final temperature and pressure of the mixture;
(ii) the change in entropy of the system.

For oxygen, £, = 21.07 kJ/kmol K; for carbon monoxide, &, = 20.86 kJ/
kmol K.

(i) From equation (2.8)
pV
"=Rr
Therefore
7% 10%x 15

-mﬂum3s where Ty, = 40 + 273 = 313 K
B x x

o,

and
1x10% =3

TS T 0.1253 where T =15+273=288K

ﬂm =
Before mixing
U, = T(n&,T;) = (04035 x 21.07 x 313) + (0.1253 x 20.86 x 288)
ie Uy =34138kJ
After mixing
Uy = TY (né&,) = T{(0.4035 x 21.07) + (0.1253 x 20.86)}
ie U,=11L118x T
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For adiabatic mixing, U, = U,, therefore
34138 = 11118 x T therefore T = % = 37K
ie Temperature of mixture = 307 — 273 = 34°C
From equation (2.8),
_HT
T
Therefore
_ (04035 + 0.1253) x 8.3145 x 307 x 10° _
p= (1.5 +30) x 10° =
ie Pressure after mixing = 3 bar
(i) The change of entropy of the system is equal to the change of entropy
of the oxygen plus the change of entropy of the carbon monoxide; this follows
from the Gibbs—Dalton law.
Referring to Fig. 6.5, the change of entropy of the oxygen can be calculated
by replacing the process undergone by the oxygen by the two processes 1

3 bar

to Aand A to 2.
Fig. 65 T-s diagram T
for oxygen for 1 A
Example 6.10 T "
Rin2
L
vy o
2 1
T / ¢, ln ?’-

For an isothermal process from 1 to A, from equation (4.13), we have
¥, ¥V,

5y — 5 =Rlll(F‘:) or Sy-S,-mR]n(F‘:)

1A

ie. S,‘——Sl-n.ﬂln(
1

) = 0.4035 x B.3145 x ln(%) = 3686 kJ/K

At constant volume from A to 2,
AdT T T,
s‘—h:c"[,?:c”]n(ﬁ) or S_,—S,-emc,]n(F:)
Ty
Sy, =83 =né,In| =
o=y =nt,1a( T

313
= 0.4035 % 21.07 x In|.=— | = 0.1683 k}/K
) Rt (307) /
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Fig. 66 T-s diagram
for carbon monoxide for
Example 6.10

8.5 Adiabatic mixing of perfect gases

therefore
§; — 5, = 3.686 — 0.168 = 3.518 kJ/K

Referring to Fig. 6.6, the change of entropy of the carbon monoxide can be
found in a similar way to the above,

ie. 5;— 8, =(85 = 5,) +(5; = Sy}

T /
2
T

L) L

T

kr

2] ¢ In2
Rin—= .

r, T

therefore

Vs . T,
S, -8, =nk In(ﬁ) + m:,ln(F:)
= {0,{253 % 8.314 % h(?)}

307
A 2086 x In| —
+ {0 1253 x ® D(ZSE)}

therefore
§; — 5, = 0590 kI/K

Hence the change of entropy of the whole system is given by
(82 = Si)epiem = (82— S1)o, + (8: — Sikeo

i Change of entropy of system = 3.518 + 0.590 = 4108 kJ/K

Another form of mixing is that which occurs when streams of fluid meet
to form a common stream in steady flow. This is shown diagrammatically in
Fig. 6.7. The steady-flow energy equation can be applied to the mixing section,
and changes in kinetic and potential energy are usually negligible,

ie.  riwhy, + tighy, + 0 + W =iy hy, + thghg,
For adiabatic flow ¢ = 0, and also W = 0 in this case, therefore
riighy, + thghy = myhy + righy,
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Fig. 67 Mixing of two

fluid streams
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%\ Boundary

fipha, + uhs,

From equation (2.18), h = ¢, T, hence
mipe, Ta + ﬂgfhrﬂ =1iipc,, T + thge,, T
For any number of gases this becomes
¥ (e, T) = TY (niye,)

. _ Zlhe, T)
e T ey (621

Also, since from equation (6.20), ¢, = riic,, and i = m/n from equation (2.7),
then

né, =me,

L(né,T)
H T=s2 100 6.28
enee Y(né,) (628)

Equation (6.27) or {6.28) represents one condition which must be satisfied
in an adiabatic mixing process of perfect gases in steady flow. In a particular
problem some other information must be known (e.g. the final pressure or
specific volume) before a complete solution is possible. To find the change of
entropy in such a process the procedure is as described above for adiabatic
mixing by a free expansion. The entropy change of each gas is found and the
results added together.

Gas and vapour mixtures

Consider a vessel of fixed volume which is maintained at a constant temperature
as shown in Fig. 6.8(a). The vessel is evacuated and the absolute pressure is
therefore zero. In Fig. 6.8(b) a small quantity of water is introduced into the
vessel and it evaporates to occupy the whole volume. For a small quantity of
water introduced, the pressure in the vessel will be less than the saturation
pressure corresponding to the temperature of the vessel. At this condition of
pressure and temperature the vessel will be occupied by superheated vapour.



6.6 Gas and vapour mixtures

Fig. 6.8 Liquid T T
introduced into an p=0 P
evacuated vessel ) ’O

(a) (b}

As more water is introduced the pressure increases and the water continues to
evaporate until such a condition is reached that the volume can hold no more
vapour. Any additional water introduced into the vessel after this will not
evaporate but will exist as water, the condition being as in Fig. 6.8(c), which
shows the vapour in contact with its liquid. Per kilogram of water introduced,
the vessel can be thought of as containing either (1 — x) kg of water plus x kg
of dry saturated vapour, or as containing 1 kg of wet steam of dryness fraction x,

During the entire process of evaporation the temperature remains constant.
If the temperature is now raised by the addition of heat, then more vapour will
evaporate and the pressure in the vessel will increase. Eventually the vessel will
contain a superheated vapour as before, but at a higher pressure and temperature.

The vessel in Fig. 6.8 is considered to be initially evacuated, but the water
would evaporate in exactly the same way if the vessel contained a gas or a
mixture of gases. As stated in the Gibbs-Dalton law, cach constituent behaves
as if it occupies the whole vessel at the temperature of the vessel. When a little
water is sprayed into a vessel containing a gas mixture, then the vapour formed
will exert the saturation pressure corresponding to the temperature of the vessel,
and this is the partial pressure of the vapour in the mixture. (It must be
remembered that the vapour is only saturated when it is in contact with its liquid. )

When a mixture contains a saturated vapour, then the partial pressure of
the vapour can be found from tables at the temperature of the mixture. This
assumes that a saturated vapour obeys the Gibbs—Dalton law; this is only a
good approximation at low values of the total pressure.

Example 6.11 (a) A vessel of 0.3 m? capacity contains air at 0.7 bar and 75 °C. The vessel is
maintained at this temperature as water is injected into it, Calculate the
mass of water to be injected so that the vessel is just filled with saturated
vapour.

(b) If injection now continues until a total mass of 0.7 kg of water is
introduced, calculate the new total pressure in the vessel.
(c) The vessel is now heated until all the water in it just evaporates. Calculate:

{i) the total pressure for this condition;
(ii) the heat to be supplied.

Solution (a) The subscriptss, w, and a will be used for steam, water, and air respectively.
At 75°C, the saturation pressure p, = 0.3855 bar and v, = 4.133 m*/kg.
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+ 02993 m?*

W] fowor

Fig. 6.9 Conditions in
vessel for part (b) of
Example 6.11

188

Therefore
. 5 03
Mass of vapour occupying 0.3 m? = FRER] = 0.0726 kg

ie. Mass of water to be injected = 0.0726 kg

(b) By Dalton’s law, equation (6.2), p = p, + p,.

ie Total pressure in vessel = 0.7 + 0.3855 = 10855 bar

Note that the dry vapour is assumed to act as a perfect gas, hence the vapour
and the air are assumed to occupy the same volume while each exerts its partial
pressure.

When a total mass of 0.7 kg of water has been injected into the vessel it will
exist partly as dry saturated vapour (say m, kg) and partly as water (say m,, kg,
where m,, = (0.7 — m,)} in such proportions that the mixture occupies the total
volume of 0.3 m?, therefore

(m, x 4.133) + (0.7 —m,) x 0.001026 =03
where 0.001026 m*/kg is the specific volume of water.

e, my(4.133 = 0.001026) = 03 — (0.7 x 0.001026)
ol
4132 x m, = 02993 therefore m, = (_)4__]9:;9?3 = 00724 kg

Note that the volume of water is negligibly small compared to the volume of
the air-vapour mixture

m, =07 - 00724 = 0.6276 kg

The volume occupied by the dry vapour = 0.0724 x 4.133 = 02993 m>. The
vessel may be assumed to contain air, dry saturated steam, and water, as shown
in Fig. 6.9

Since T, = T;, we can write
Pa, I';, =P, Vl,
therefore

p., =07 x 03 = (.7017 bar
: 0.2993

ie. Total pressure = p, + p, = 0.7017 -+ 0.3855 = 1.0872 bar

(c) (i} The water can be completely evaporated by raising the temperature
to a value such that the total volume is occupied by saturated steam and air.
This condition is reached when the steam has a specific volume v, such that,
0.7 x v, =03,

ie. U= g—: = 04286 m* kg
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Example 6.12

6.6 Gas and vapour mixtures

From tables the saturation pressure at v, = 0.4286 m®/kg is, by interpolating,
0.4623 - 0.4286"
md o T A (45— 40) = 4.
Bt (0,4623 . 0.4139) % (43 = 40) = 435 bar

The air now occupies the volume of 0.3 m* while exerting its partial pressure
Pa, at the new temperature. The new temperature is that saturation temperature
corresponding to the pressure of 4.35 bar,

From tables by interpolation at 4.35 bar

r= 1436 + (:)—3;5 x 4.3 = 146.6°C therefore T = 146.6 + 273 = 4196 K

Then for the air

419.6
P 2 P therefore Pa, = 0.7 x —— = 0.8439 bar
., T, 348

where T, =75 + 273 = 348 K,
ie. Total pressure in vessel = 4.35 + 0.8439 = 5.194 bar
(ii) From the non-flow energy equation
Q+W=U,-U,
In this case W = 0, therefore @ = (U, — U,). Then
Uy =my u, + myuy +m, u,
and Uy =m,u, + mgu,
For a perfect gas, from equation (2.15), U = mc, T, therefore
Q =mou,, —myuy —my uy, +mec,(T; - T))
Then taking u, and u,, from tables, and substituting for

4
m = pV _ 07x10°x03 . oim kg
R, T 0.287 = 348 = 10°

we have )
Q = (0.7 x 2556.8) — (0.0724 x 2475.3)
— (06276 = 313.5) + 0.2102 x 0.718(419.6 — 348)
ie Heat supplied = 1789.8 — 179.2 — 196.8 + 10.8 = 1424.6 kJ

The products of combustion of a fuel have a volumetric analysis of
CO, 8%, H,0 15%, 0, 5.5%, and N, 71.5%. Il the total pressure is 1.4 bar,
calculate the temperature to which the gas must be cooled at constant pressure
for condensation of the H,;O just to commence.

189
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Solution

6.7

From equation (6.14)
Partial pressure of H,0 = By p=0.15x%14=021bar
n
The saturation temperature corresponding to (.21 bar is 61.15°C, i.e. the gas
must be cooled to 61.15°C for condensation of the H,O to commence.

The steam condenser

The condenser is an essential part of any stcam power plant. The temperature
at which condensation occurs is in the order of 25 to 40°C, the corresponding
saturation pressures being 0.03166 and 0.073 75 bar. The shell and tube type
condenser is a vessel in which this low pressure is maintained by a pump, and
the steam condenses on the outside of tubes through which cold water is flowing.
This type is called a surface condenser. There will be some leakage of air into
the condenser, both through the glands and from air dissolved in the feedwater
which comes out of solution and is carried into the condenser by the steam.
This air impairs the condenser performance since it reduces the heat transfer
from the steam to the cooling water.

The condenser contains a mixture of steam, air, and water. The air must be
pumped out of the condenser continually to maintain the vacuum, and the air
which is pumped out carries with it some of the steam. This results in a loss
of feedwater to the boiler. This loss has to be made up by the addition of cold
water. Another effect of the presence of air is that the condensate is undercooled
(i.e. cooled to a temperature below the saturation temperature), which means
that more heat has to be supplied to the water in the boiler than if no
undercooling had occurred.

The pressure in the condenser is approximately constant throughout and
steam and air enter the condenser in fixed proportions when steady conditions
prevail. As some of the steam is condensed the partial pressure of the remaining
steam decreases, and hence the partial pressure of the air increases to maintain
the same total pressure. At reduced partial pressures the steam has a saturation
temperature which is below that of the incoming steam. Hence condensation
proceeds at progressively lower temperatures.

Some condensers are designed to make up for the deficiencies of the simple
type. Two of these are indicated in Figs 6.10{a) and 6.10(b). In Fig. 6.10{a)
most of the condensation is carried out on the main bank of tubes and the air
is drawn over another, smaller, bank which is shielded from the main bank and
is called the air cooler. Here further condensation takes place at a lower
temperature with a subsequent saving in feedwater, and a smaller pump is
required for the condenser. [n Fig. 6.10{b) the air-cooling tubes are in the centre
of the condenser and the air is pumped away from this region. The incoming
steam passes all round the bank of tubes and some is drawn upwards to the
centre. ln doing so it meets the undercooled condensate which has been formed
and reheates it, hence reducing the amount of undercooling.



6.7 The steam condenser

Fig. 610 Two Steam and air Steam and air
arrangements for air
extraction in a condenser

Air cooler

Condensate

Example 6.13 A surface condenser is required to deal with 20000 kg of steam per hour,
and the air leakage is estimated at 0.3 kg per 1000 kg of steam. The steam
enters the condenser dry saturated at 38°C. The condensate is extracted at
the lowest point of the condenser at a temperature of 36 °C. The condensate
loss is made up with water at 7°C. It is required to find the saving in
condensate and the saving in heat supplied in the boiler, by fitting a separate
air extraction pump which draws the air over an air cooler. Assume that the
air leaves the cooler at 27°C. The pressure in the cond can be d
to remain constant.

Solution. At entry, mass of air per kilogram of steam = 0.3/1000 kg.
At 38°C the saturation pressure is 0.066 24 bar and v, = 21.63 m®/kg.
For 1 kg of steam the volume is 21.63 m?, and this must be the volume
occupied by 0.3/1000 kg of air when exerting its partial pressure,

z . mR,T 0350287 x 311 x 10°
Partial pressure of air = =
14 1000 x 21.63 x 10°

=1.2 x 10~* bar

This is negligibly small and may be neglected.
Condensate extraction: the saturation pressure at 36°C is 0.0594 bar, and
v, =2397 m?/kg. The total pressure in the condenser is 0.066 24 bar, hence

0.06624 = 0.0594 + p, "therefore p, = 0.006 84 bar

The mass of air removed per hour is
20000 x 03
————=6kg/h v
1000 B

Hence the volume of air removed per hour is
3
mRT=6 x 0.287 x 309 x 10 =778m3/h
P 0.00684 x 10°
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Example 6.14

Solution

The mass of steam associated with the air removed is therefore given by

778

2397

Separate extraction: the saturation pressure at 27°C is 0.03564 bar and
v, = 38.81 m*/kg.

The air partial pressure is 0.066 24 — 0.03564 = 0.0306 bar. Therefore the
volume of air removed is

mRT 6 x 0.287 x 300 x 10°
P 0.0306 x 10°

=3245kg/h

=1689m?/h
therefore
Steam removed = L‘ﬂ =435kg/h
33.81

Hence the saving in condensate by using the separate extraction method is
given by 3245 — 4.35 = 28.1 kg/h.

Also, the saving in heat to be supplied in the boiler is approximately
28.1 x 4.182(36 — 7)/3600 = 0.95 kW, where the mean specific heat of the water
is 4,182 kJ /kg K.

For the data of Example 6.13 calculate the per ge reduction in air pump
capacity by using the separate extraction method. If the temperature rise of
the cooling water is 5.5 K, calculate the mass flow of cooling water required.

Air pump capacity without air cooler = 778 m®/h
Air pump capacity with the air cooler = 168.9m*/h
Therefore
- . 778 — 1689
Percentage reduction in capacity = (_?IE_) = 100
=T783%

The system to be analysed is shown in Fig. 6.11. Let suffixes s, a, and ¢
denote steam, air, and condensate respectively. Applying the steady-flow energy
equation and neglecting changes in kinetic energy, we have

Q -+ iy by + i, by = (m, hy + by ) + ik,
m, =, =6kg/h; M, =20000kg/h; i, =435kg/h
i, = 20000 — 4.35 = 20000 kg/h approx.
h, — by, =¢(T, = T;) (from equation (2.18})
ie. Q = (4.35 x 2550.3) + {6 x L.00O5(38 — 27}}
+ (20000 x 150.7) — (20000 x 2570.1)



Fig. 6.11 Condenser
system for Example 6.14

Problems

Steam + air
L

Air + steam
i,

Condensate
",

therefore

Q= —4838 x 10°kJ/h = — 13439 kW
where h, = h, at 36°C = 150.7 k) /kg,
ie. Heat rejected = + 13439 kW

-

The mass of cooling water required for a 55K rise in temperature is
48.38 x 10%/(5.5 x 4.182) = 2.1 x 10® kg/h, approximately.

Unless a very large natural supply of cooling water is available for large
steam plants, means must be found to cool the cooling water after use. This
can be done by passing the cooling water through a cooling tower; cooling
towers are considered in Section 15.5.

Problems

(For values of i, R, ¢, ¢,, etc. which are y in the following probl refer to
Table 6.5 on p. 162; take values of /i 1o the nearest whole number.)

A mixture of carbon monoxide and oxygen is 10 be prepared in the proportion of 7 kg
to4 kg in a vessel of 0.3 m? capacity. If the temperature of the mixture is 15°C, determine
the pressure to which the vessel is subject. If the temperature is raised to 40°C, what
will then be the pressure in the vessel?

(29.94 bar; 32.54 bar)

For the mixture of Problem 6.1 calculate the volumetric analysis, the molar mass and
the characteristic gas constant. Calculate also the total amount of substance in the
mixture,

(33.3% O,; 66.7% CO; 29.3 kg/kmol; 0.283 kJ/kg K; 0.375 kmol)
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6.3

6.7

An exhaust gas is analysed and is I‘ound to contam. by volumu, 78% N,, 12% CO,,
and 10% O;. What is the corresp ng gr is? Calculate the molar mass of
the mixture, and the density if the temperature is SSO‘C and the total pressure is
1 bar.

{72% N3, 17.4% CO,, 10.6% Oj; 30.33 kg/kmol; 0.443 kg/m?)

A vessel of 3 m* capacity ins a mi of nitrogen and carbon dioxide, the analysi
by volume showing equal quantitics of each. The temperature is 15°C and the total
is 3.5 bar. D ine the mass of each constituent.

(614 kg M,; 9.65 kg CO,)

The mixture of Problem 6.4 is to be changed so that it is 70% CO; and 30% N, by
volume. Calculate the mass of mixture to be removed and the mass of CO, to be added
to give the required mixture at the same temperature and pressure as before.

(6.31 kg; .72 kg CO,)

In a mixture of methane (CH, ) and air there are three volumes of oxygen to one volume of
methane. From initial conditions of 1 bar and 95°C the gas is compressed reversibly
and adiabatically through a volume ratio of 5. Assuming that air contains only oxygen
and nitrogen, calculate:
(1) the values of ¢,, ¢,, &,, &, R and y for the mixture;

(ii) the final pressure and temperature of the mixture;
(i) the work input per unit mass of mixture.

(L.057 kJ/kg K, 0.761 kI /kg K, 29.60 ki /kmol K, 21.31 kI /kmol K,

0.297 kJ /kg K, 1.389; 9.35 bar, 415.3°C; 243.8 kJ /kg)

A mixture is made up of 25% N, 35% 0,, 20% CO,, and 20% CO by volume. Calculate:
(i} the molar mass of the mixture;
(it} &, and &, for the mixture;
(iii} y for the mixture;
(iv) the partial pressure of each constituent when the total pressure is 1.5 bar;
(v} the density of the mixture at 1.5 bar and 15°C,
(32.6 kg/kmol; 30.84, 22,53 kJ /kmol K; 1.37; 0375, 0.525, 0.3, 0.3 bar; 2.04 kg/m?)

Two vessels are connected by a pipe in which there is a valve. One vessel of 0.3 m?
contains air at 7 bar and 32°C, and the other of 0.03 m* contains oxygen at 21 bar and
15°C. The valve is opened and the two gases are allowed to mix. Assuming that the
system is well lagged, calculate:
(i) the final temperature of the mixture;
{i1) the final pressure of the mixture;
(iii) the partial pressure of each constituent;
{iv) the volumetric analysis of the mixture;
(v) the values of ¢, ¢, R, i, and y for the mixture;
(vi) the increase of entropy of the system per kilogram of mixture;
(vit) the change in internal energy and enthalpy of the mixture per kilogram if the vessel
is cooled 10 10°C.
Assume that air consists only of oxygen and nitrogen.
(27.9°C; 8.27 bar; 3.31, 496 bar; 60% N;, 40% O,; 0.987, 0.709 kJ kg K;
0.278 kJ/kg K; 29.91 kg/mol; 1.392; 0.183 kI /kg K: 12.69, 17.67 kJ/kg)

Air and carbon monoxide are mixed in the proportion 3 to 1 by mass. The CO is
supplied at 4 barand 15°C, and the air is supplied at 7 bar and 32 “C. The two constituents
are passed in steady flow through non-return valves to mix adiabatically at a pressure
of 1 bar. Calculate:

(i) the final temperature of the mixture;
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611

6.12

6.13

6.14

6.15

6.16

Problems

(ii} the partial pressure of each constituent of the mixture;
(iii} the increase of entropy per kilogram of mixture;
(iv) the volume flow of mixture for a flow of | kg/min of CO;
{v) the velocity of the mixture if the area of the pipe downstream of the mixing section
is 0.1 m?
(27.7°C; 0.256, 0.156, 0,588 bar; 0.689 k] /kg K; 3.49 m*/min; 0.582 m/s)

Ammonia in air is a toxic mixture when the ammonia is (.55% by volume. Calculate
how much leakage from an ammonia compressor can be tolerated per 1000 m* of space.
The pressure is | bar and the temperature is 15°C. The molar mass of ammonia (NH,)
is 17 kg/kmol, and it may be assumed to act as a perfect gas in this case.

(391 kg)

A vessel of 0.3 m? capacity contains a mixture of air and steam which is 0.75 dry. If the
pressure is 7 bar and the temperature is 116.9°C, calculate the mass of water present,
the mass of dry saturated vapour, and the mass of air.

(0.102 kg; 0.307 kg; 1.394 kg)

If the vessel of problem 6.11 is cooled to 100°C calculate:
{i} the mass of vapour condensed;
(ii) the final pressure in the vessel;
(iii) the heat rejected.
(0.128 kg; 599 bar; 297 kJ)

A closed vessel of volume 3 m? contains air saturated with water vapour at 38°C and
a vacuum pressure of 660 mm of mercury, The vacuum falls 1o 560 mm of mercury and
the temperature falls to 26.7°C. Calculate the mass of air that has leaked in and the
quantity of vapour that has condensed. Take the barometric pressure as 760 mm Hg.
(0.583 kg; 0.0627 kg)

The air in a cylinder fitted with a piston is saturated with water vapour. The volume is
0.3 m*, the pressure is 3.5 bar and the temperature is 60.1 °C. The mixture is compressed
to 5.5 bar, the p ining Calculate:

(i) the masses of air and vapour present initially;

(it) the mass of vapour condensed on compression.

(1036 kg; 0.0392 kg: 0.0148 kg)

The temperature in a vessel is 36 °C and the proportion by mass of air to dry saturated
steam is 0.1. What is the pressure in the vessel in bar and in mm of mercury vacuum?
The barometric pressure is 760 mm Hg.

(0.0631 bar; 712.7 mm Hg)

A surface condenser is fitted with separate air and condensate outlets. A portion of the
cooling surface is screened from the incoming steam and the air passes over these screened
tubes to the air extraction and becomes cooled below the condensate temperature. The
condenser receives 20000 kg/h of steam dry saturated at 36.2°C. At the condensate
outlet the temperature is 34.6°C, and at the air extraction the temperature is 29°C. The
volume of air plus vapour leaving the condenser is 3.8 m”/min. Assuming constant
P throughout the cond leulate:
(i) the mass of air removed per 10000 kg of steam;

(ii) the mass of steam condensed in the air cooler per minute,
(iii) the heat rejected to the cooling water,
Neglect the partial pressure of the air at infet 1o the condenser,

(2,63 kg: 0.5 kg/min; 13451 kW)
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Combustion

T'he ideal cycles pu\ﬂously considered use fluids which remain unchanged

ically as they pass h the various processes of the cycle. In practical
engines and power plants the source of heat is the chemical energy of substances
called fuels. This energy is released during the chemical reaction of the fuel with
oxygen. The fuel nlm:nla combine with oxygen in an oxidation process which
is rapid and is F i by the evol of heat.

The cmn'bnmnn process taku place in a controlled manner in some form
of after i ion of combustion by some means (e.g. in
a petrol engine the combustion is started by an electric spark). The most
convenient source of oxygen supply is that of the atmosphere which contains
oxygen and nitrogen and traces of other gases. Normally no attempt is made
to scparate out the oxygen from the atmosphere, and the nitrogen, etc.
accompanies the oxygen into the combustion chamber.

Nitrogen does not oxidize easily and is inert as far as the combustion
is concerned, bul it acts as a moderator in that it absorbs some of the heat of
combustion and so limits the maximum temperature reached. As combustion
proceeds the oxygen is progressively used up and the proportion of nitrogen
plus products of bustion to the ilable oxygen i For a given
amount of fuel there is a definite amulml. of oxygen, and therefore air, which
is required for the b of a given fuel. To ensure complete
wmbuslnm it is u!unl to supply air in excess of the amount required for

hemically correct ion. The oxygen not consumed in the reaction passes
into the e:haual with the products of combustion.

Internal-combustion engines are run on liquid fuels which are grouped as
‘petrols’ (known as gasoline in the USA), and diesel oils, or gaseous fuels,
commonly used in combined heat and power plant gas lurbtm are run mainly
on kerosene although natural gas is now used. E ing solid
fuels have been built but are mainly experimental. In the lnany and dmm
lppllcatlons in industry, solid, liquid, and gascous fucls are used. Generalization
is not possible on the selection of fuels, mu: the fuel used and |u NECEsSary
ﬁmgcqulpmmtdcpmdon the particular apy jon, the
and economic considerations.
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Table 7.1 Relative
atomic and molecul
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7.1 Basic chemistry
Basic chemistry

It is necessary to understand the construction and use of chemical formulae,
before combustion -probl can be idered. This involves elementary
concepts which have been met before by most students, but a brief explanation
will be given here.

Atoms. Chemical el be divided indefinitely and the smallest particle
which can take part in a chemical change is called an atom. If an atom is split
as in a nuclear reaction, the divided atom does not retain the original chemical
properties.

Molecules. Elements are seldom found to exist naturally as single atoms. Some
elements have aloms which exist in pairs, each pair forming a molecule (e.g.
oxygen), and the atoms of each molecule are held together by strong inter-atomic
forces. The isolation of a molecule of oxygen would be tedious, but possible;
the isolation of an atom of oxygen would be a different prospect.

The molecules of some sut are formed by the mating up of atoms of
different elements. For example, water (which is chemically the same as ice and
steam) has a molecule which consists of two atoms of hydrogen and one atom
of oxygen.

The atoms of different elements have different masses and these values are
important when a quantitative analysis is required. The actual masses are
infinitesimally small, and the ratios of the masses of atoms are used. These
ratios are given by the relative atomic masses quoted on a scale which defines
the atomic mass of isotope 12 of carbon as 12 (see Ch. 2, p. 40). The relative
atomic mass of a substance is the mass of a single entity of the substance relative
to a single entity of carbon-12. Table 7.1 gives the relative atomic masses of
some common clements rounded off to give values accurate enough for most
purposes.

masses of some
common substances

Element Oxygen Hydrogen Carbon  Sulphur  Nitrogen
Atomic symbol (o] H C s N
Relative atomic

mass 16 1 12 32 14
Molecular grouping 0, H, C s N,
Relative molecular

mass (rounded ) 32 2 12 32 28
Accurate values 31.999 2016 12 32030 28.013

Relative molecular masses are based on the relative masses of the atoms which
constitute the molecule. In chemical formulae one atom of an element is
represented by the symbol for the element, i.e. an atom of hydrogen is written
as H, and other examples are given in Table 7.1. If a substance exists as a
molecule containing, say, two atoms, as for hydrogen, it is written as H,.
Two molecules of hydrogen is written as 2H,, etc. Table 7.1 includes relative
molecular masses, rounded off, and, for comparison, the accurate values.
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Table 7.2 Compounds

and their relative
molecular masses

188

7.2

Relative

Compound Formula molecular mass

Water, steam H;0 (2x1)+(1x16) = 18
Carbon monoxide co (P x12)+(1 x 16)= 28
Carbon dioxide Co, (1= 12)+ (2% 16} = 44
Sulphur dioxide S0, (1=x32)+(2x16)= 64
Methane CH, (Px12)+(dx1) = 16
Ethane C;H, 2x12)+(6x1) = 30
Propane C;H,g Ax12)+(8x1) = M4
n-Butane C,H,, 4x12)+{10x1)= 58
Ethylene C,H, (2x12)+(4x1) = 28
Propylene C,H, 3x12)+(6x1) = 42
n-Pentane CsH,, (S=12)+(12x1)= T2
Benzene CeHy (6x12)+(6x1) = T8
Toluene C;Hy (T=x12)+(8x1) = 92
n-Octane CgH,, (Bx 12)+(18x 1)=114

Some of the other substances met in combustion work are given in
Table 7.2 to illustrate the calculations of the relative molecular mass from the
relative atomic masses of the elements.

Fuels

The most important fuel elements are carbon and hydrogen, and most fuels
consist of these and sometimes a small amount of sulphur. The fuel may contain
some oxygen and a small quantity of incombustibles {e.g. water vapour, nitrogen,
or ash).

Coal is the most important solid fuel and the various types are divided into
groups according to their chemical and physical properties. An accurate chemical
analysis by mass of the important elements in the fuel is called the ultimate
analysis, the el usually included being carbon, hydrogen, nitrogen, and
sulphur. The main groups arc shown in Table 7.3, and their ultimate analyses
are given. The analyses are typical but may vary from one sample to another
within the group, and hence can be taken only as a guide. Another analysis of
coal, also shown in Table 7.3 called the proximate analysis, gives the percentages
of inherent moisture, volatile matter, and combustible solid (called fixed carbon).
The fixed carbon is found as a remainder by deducting the percentages of the
other quantities. The volatile matter includes the water derived from the chemical
decomposition of the coal (not to be confused with free, or inherent moisture),
the combustible gases (e.g. hydrogen, methane, ethane, etc.), and tar (ic. a
complex mixture of hydrocarbons and other organic compounds). The
procedures for both analyses are given in ref. 7.1; see also ref. 7.2 and a concise
treatment in rel. 7.3,

Most liguid fuels are hydrocarbons which exist in the liquid phase at
atmospheric conditions. Petroleum oils are complex mixtures of sometimes
hundreds of different fuels, but the necessary information to the engineer is the
relative proportions of carbon, hydrogen, etc. as given by the ultimate analysis.
Table 7.4 gives the ultimate analyses of some liquid fuels.




Table 7.3 Analysis of

solid fuels

Table 74 Analyses of

liquid fuels

Table 7.5  Analysis by

volume of a typical
natural gas

7.2 Fuels

Ultimate analysis
Percentage by mass of dry fuel

Mineral
Fuel Rank C H (o] N S matter
Anthracite 101 88.2 27 1.7 1.0 1.2 52
Medium-rank coal 401 RLE 49 44 1.8 19 52
Low-rank coal 902 750 4.6 10.7 1.6 21 60
Coke — 90.0 0.4 19 — — 17
Proximate analysis on a mincral matter-free basis

Percentage by mass of fuel
Inherent Volatile Fixed

Fuel moisture matter carbon
Anrhtacite 2 6 92
Medium-rank coal 3 39 58
Low-rank coal 10 42 48
Fuel Carbon Hydrogen Sulphur Ash, etc.
100-octane petrol #5.1 149 0.01 -
Motor petrol 85.5 144 0.1 —
Benzole 91.7 80 03 —
Kerosene (paraffin) 86.3 136 0.1 —_
Diesel oil 86.3 128 09 —
Light fuel oil 86.2 124 1.4 —
Heavy fuel oil £6.1 1.8 21 —
Residual fuel oil 883 9.5 1.2 1.0
Methane Ethane Propane Butane Nitrogen Carbon dioxide
CH, C,Hq C,Hg CH,p N; O,
92.6% 36% 0.8% 0.3% 26% 0.1%

Gaseous fuels are chemically the simplest of the three groups. The main
gaseous fuel in use occurs naturally but other gaseous fuels may be manufactured
by the various treatments of coal. Carbon monoxide is an important gaseous
fuel which is a constituent of other gas mixtures, and is also a product of the
incomplete combustion of carbon. A typical analysis of a natural gas is given
in Table 7.5. The table gives the analyses by volume, each constituent having
been measured by volume at atmospheric pressure and temperature. The
volumetric analysis is the same as the molar analysis (see equation (6.14)).

Fuels are tested according to standardized procedures and for further
information ref. 7.2 should be consulted.
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7.3 Combustion equations

Proportionate masses of air and fuel enter the combustion chamber where the
chemical reaction takes place, and from which the products of combustion pass
to the exhaust. By the conservation of mass the mass flow remains constant
(i.e. total mass of products equals total mass of reactants), but the reactants
are chemically different from the products, and the products leave at a higher
temperature. The total number of atoms of each element concerned in the
combustion remains constant, but the atoms are rearranged into groups having
different chemical properties. This information is expressed in the chemical
equation which shows:

(i) the reactants and the products of combustion;
(ii) the relative quantities of the reactants and products.

The two sides of the equation must be consistent, each having the same number
of atoms of each element involved. It should not be d that if an equation
can be written, that the reaction it represents is inevitable or even possible. For
possibility and direction the reaction has to be considered with ref e to
the Second Law of Thermodynamics. For the present the only concern is known
combustion equations.

The equation shows the ber of molecules of each and product.
The amount of substance, introduced in section 2.3, is proportional to the
number of molecules, hence the relative bers of molecules of the t
and the products give the molar, and therefore the volumetric, analysis of the
gascous constituents.

As stated earlier the oxygen supplied for combustion is usually provided by
atmospheric air, and it is necessary to use accurate and consistent analyses of
air by mass and by volume. It is usual in combustion calculations to take air
as 23.3% 03, 76.7% N, by mass, and 21% O,, 79% N, by volume. The small
traces of other gases in dry air are included in the nitrogen, which is sometimes
called ‘atmospheric nitrogen’.

Consider the combustion equation for hydrogen:

2H, + 0, + 2H,0 (7.1)

This tells us that

(i) hydrogen reacts with oxygen to form steam or water;
(i) two molecules of hydrogen react with one molecule of oxygen to give two
molecules of steam or water,

ie. 2 volumes H; + 1 volume O, — 2 volumes H,0

The H,O may be a liquid or a vapour depending on whether the product has
been cooled sufficiently to cause condensation. The proportions by mass are
obtained by using relative atomic masses,

ie 2H; + 0, - 2H,0
therefore
2x(2x 1) +(2x16)=2x [(2= 1)+ 16}
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ie. 4kgH, +32kg O, —+36kg H,0
or lkgH; +8kg O, —+9kgH,0

The same proportions are obtained by writing equation (7.1) as H; + 40, — H,0,
and this is sometimes done.

It will be noted from equation (7.1) that the total volume of the reactants
is 2 volumes Hy + 1 volume O, = 3 volumes. The total volume of the pmduct
is only 2 volumes. There is therefore a vol riccontraction on b

Since oxygen is accompanied by nitrogen if air is supplied for the combustion,
then this nitrogen should be included in the equation. As nitrogen is inert as
far as the chemical reaction is concerned, it will appear on both sides of the
equation.

With 1 kmol of oxygen there are 79/21 kmol of nitrogen, hence equation (7.1)
becomes

79 79
2H,;+ 0, +EN’"’2H‘O+EIN‘ (7.2)

Similar equations can be found for the combustion of carbon. There are two
possibilities to consider:
(i) The complete combustion of carbon to carbon dioxide

C+0,-C0, (1.3)

and including the nitrogen
79 9
C+0;4+—N;=»CO;+—N 74
oM R TR (74)
Considering the volumes of reactants and products

0 volume C + | volume O, + g volumes N,
9
= 1 volume CO. + n volumes N,

The volume of carbon is written as zero since the volume of a solid is negligible
in comparison with that of a gas.
By mass

12kgC+(2 x 16)kg O, + ;(z x 14) kg N,
79
= {1242 x 16)} kg CO; + (2 x 14) kg N,
ie.  12kgC+32kg O, + 1053kg N, — 44 kg CO, + 1053 kg N,
105.3 1053

or IkgC+%kgO, ngz-o—kgC02+—~i-ngz
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7.4

(ii) The incomplete combustion of carbon. This occurs when there is an
insufficient supply of oxygen to burn the carbon completely to carbon dioxide,

ie 2C+0,;-+2C0 (7.5)
79 79
ZC+0,+ﬁl~l,--2’1:'.t0-1~ﬁl\l3 (7.6)
By mass

(2x12)kgC + (2 x 16)kg O, +gu x 14)kg N,
—2(12 + 16) kg CO +2—7;'(2 x 14) kg N,
ie.  24kgC+32kgO; + 1053kg N, — 56kg CO + 1053 kg N,

2 1053 56 105.3
or lksC+§k;0,+ ng,—-aksC0+TksN,

24
If a further supply of oxygen is available then the combustion can cc
to completion
7 79
20 +0; + —9Nz —=+2C0; + =N, (1.7)
21 21
By mass,
56 kg CO + 32kg O, + 1053 kg N, — 88 kg CO, + 105.3kg N,
32 105.3 88 105.3
1kgCO + —kgO; + ——kgN; - —kgCO; + —kgN.
or 1] +56k!z+5683568 :+5681

Stoichiometric air-fuel ratio

A stoichiometric mixture of air and fuel is one that contains just sufficient
oxygen for the complete combustion of the fuel. A mixture which has an excess
of air is termed a weak mixture, and one which has a deficiency of air is termed
a rich mixture. The percentage of excess air is given by the following:

Percentage excess air
_ actual A/F ratio — stoichiometric A /F ratio
- stoichiometric A /F ratio

where A denotes air and F d fuel.

For gaseous fuels the ratios are expressed by volume and for solid and liquid
fuels the ratios are expressed by mass. Equation (7.8) gives a positive result
when the mixture is weak, and a negative result when the mixture is rich. For
boiler plant the mixture is usually greater than 20% weak; for gas turbines it
can be as much as 300% weak. Petrol engines have to meet various conditions
of load and speed, and operate over a wide range of mixture strengths. The

(7.8)




7.5

Example 7.1

Solution

7.5 Exhaust and flue gas llnllvlil

following definition is used:

stoichiometric A /F ratio

Mixture strength = (79)

actual A /F ratio
The working values range between 80% (weak) and 120% (rich) (sec
section 13.6).
Where fuels contain some oxygen (e.g. ethyl alcohol C,H,O) this oxygen is
ilable for the combustion process, and so the fuel requires a smaller supply
of air.

Exhaust and flue gas analysis

The products of combustion are mainly gaseous. When a sample is taken for
analysis it is usually cooled down to a temperature which is below the saturation
temperature of the steam present. The steam content is therefore not included
in the analysis, which is then quoted as the analysis of the dry products. Since
the products are gaseous, it is usual to quote the analysis by volume. An analysis
which includes the steam in the exhaust is called a wet analysis. The following
examples illustrate the principles covered in this chapter up to this point.

A sample of dry anthracite has the following composition by mass.

C90%; H3%; 0 25%; N 1%, 8 0.5%; ash 3%

Calculate:

(i) the stoichiometric A/F ratio;

(1i) the A/F ratio and the dry and wet analysis of the products of combustion
by mass and by volume, when 20% excess air is supplied.

(1) Each constituent is taken separately and the amount of oxygen required for
complete combustion is found from the relevant chemical equation. Carbon:

C+0,-CO, 12kgC +32kg O, —+ 44 kg CO,

ie. Oxygen required = 0.9 x % =24 kg/kg coal

where the carbon content is 0.9 kg per kilogram of coal

44
Carbon dioxide produced = 0.9 x ne 13kgCO,
Hydrogen (H):
H; +40,=H,0 2kgH, + 16kg O, » 18 kg H,O
or lkgH, + BkgO,— 9kgH,0
ie. Oxygen required = 0.03 x 8 = 0.24 kg/kg coal

and Steam produced = 0.03 x 9 = 0.27 kg/kg coal
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Table 7.6 Solution for
Example 7.1(i)

204

Sulphur:
S+0,-+80, 32kgS+32kg0,—+64kgS0,
or 1kgS+ 1kgO;— 2kgSO,
ie. Oxygen required = 0.005 kg/kg coal
Sulphur dioxide produced = 2 = 0,005 = 0.01 kg/kg coal

These results are tabulated in Table 7.6; the oxygen in the fuel is shown as a
negative quantity in the column ‘oxygen required’,

Oxygen required Product mass
Constituent Mass fraction (kg/kg coal) (kg/kg coal)
Carbon (C) 0.900 2400 3.30 (CO,)
Hydrogen (H) 0.030 0.240 027 (H,0)
Sulphur (3) 0.005 0.005 0.01 {SO,)
Oxygen (O) 0.025 —0.025 —
Nitrogen (N) 0010 - 0.01 (Ny)
Ash 0.030 — —

2620

From Table 7.6:
O, required per kilogram of coal = 2.62 kg
therefore

Air required per kilogram of coal = 0—2-'2% = 11.245kg

where air is assumed to contain 23.3% O, by mass.
ie. stoichiometric air-fuel ratio = 11.245.
(ii) For an air supply which is 20% in excess, using equation (7.8),

. 20 .
Actual A/F ratio = 11.245 + (ﬁ X 1!,245) =12 x 11.245

= 13.494/1
Therefore

N, supplied = 0.767 x 13.494 = 10350 kg
Also O, supplied = 0.233 x 13.494 = 3.144 kg
In the products, then, we have

N, = 10.350 + 001 = 10360 kg
and  excess O, = 3.144 — 2620 = 0.524 kg



Table 7.7 Solution for
Example 7.1(ii)

Example 7.2

Solution

7.6 Exhaust and flue gas analysis

The products are entered in Table 7.7 and the analysis by volume is obtained.
In column 3 the percentage by mass is given by 100 times the mass of each
product divided by the total mass of 14.464 kg. In column 5 the amount of
substance per kilogram of coal is given by equation (2.7), n, = m,/ri,. The total
of 0.4764 in column 5 gives the total amount of substance of wet products per
kilogram of coal, and by subtracting the amount of substance of H,O from
this total, the total amount of substance of the dry products is oblained as
0.4616. Column 6 gives the proportion of each constituent of column 5 expressed
as a percentage of the total amount of substance of the wet products. Similarly

column 7 gives the p age by vol of the dry pr
Wet Dry
m; mim iy n/n nin
Product  (kg/kg coal) (%) (kg/kmol) my=m/m (%) (%)
1 2 k] 4 5 3} 7
Cco, 3.300 282 44 00750 15.74 1625
H,0 0.270 187 18 00150 315
50, 0.010 007 64 0.0002 004 0.04
0, 0.524 3.62 32 00164 344 155
N, 10.360 71.63 28 03700 7763 8016
14.464 100.01 04766 10000 100.00
(wet)
(0.4616)
{dry)

The analysis of a supply of gas is as follows: H, 49.4%; CO 18%; CH,

20%; C,Hg 2%; O, 04% N, 6.2%; CO, 4%. Calculate:

(i) the stoichiometric A/F ratio;

{ii) the wet and dry analysis of the products of combustion if the actual
mixture is 20% weak.

(i) The example is solved by a similar tabular method to Example 7.1; a specimen
calculation is shown more fully as follows.

CH, + 20, - CO, + 2H,0
ie 1 kmol CHy + 2 kmol O3 = | kmol CQ; + 2 kmol H,0
There are 0.2 kmol of CH, for 1 kmol gas, hence
02kmol CH, + (0.2 x 2)kmol O, =+ 0.2kmol CO, + (0.2 x 2)kmol H,0

Therefore the oxygen required for the CH, in the gas is 0.4 kmol/kmol gas.
The results are summarized in Table 7.8; the oxygen in the gas, (0.004 kmol /kmol
of gas) is included in column 4 as a negative quantity. From Table 7.8,

Air required = 90—82%2 = 4,062 kmol/kmol gas
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Table 7.8 Results for
Example 7.2

Table 7.9 Solution for
Example 7.2

Example 7.3

Products
kmol /kmal
kmol/ fuel
kmol 0, kmol/ _—
fuel Combustion equation kmol fuel CO, H;0
1 2 3 4 5
H, 0.494 2H; + 0, -+ 2H,0 0.247 — 0.494
co 018  2CO + O, —2CO, 0.09 018 —
CH, 02 CH, + 20, - CO; + 2H,0 04 02 04
C,H, 0.02 C,Hg + 60; = 4C0O; + 4H,0 012 0.08 0.08
0, 0004 — —0.004 — —
N, 0062 — — _ _
co, 04— - 04—

=
N

Total 0.853 0.50

where air is assumed to contain 21% oxygen by volume,
ie Stoichiometric A/F ratio = 4.062 by volume
(ii) For a mixture which is 20% weak, using equation (7.8),
Actual A/F ratio = 4.062 + (0.2 = 4.062)
= 1.2 x 4,062 = 4.874 by volume
Associated nitrogen = 0.79 x 4.874 = 3.851 kmol/kmol gas
Excess oxygen = (0.21 = 4.874) — 0.853
= 0.1706 kmol/kmol gas

Total amount of nitrogen in products
= 3.851 + 0,062 = 3.913 kmol/kmol gas

The analysis by volume of the wet and dry products is then as shown in Table 7.9

kmol/kmol

Product fue! % by vol. (dry) % by vol. (wet)
CO, 0.50 1090 9.0
H,0 0974 - 175
0, 0171 in 3.08
N; 3912 5.4 704

Total wet 5557 100.02 99.98

-H,0 0974
Total dry  4.583

Ethyl alcohol is burned in a petrol engine. Calculate:

(i) the stoichiometric A/F ratio;
(ii) the A/F ratio and the wet and dry analyses by volume of the exhaust
gas for a mixture strength of 90%;
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(iii) the A/F ratio and the wet and dry analyses by volume of the exhaust
gas for a mixture strength of 120%.

Solution (i) The equation for the combustion of ethyl alcohol is as follows:
C;H.O + 30, - 2CO, + 3H,0

Since there are two atoms of carbon in each mole of C;HgO then there must
be 2 mol of CQ, in the products, giving two atoms of carbon on each side of
the equation. Similarly, since there are six atoms of hydrogen in each mole of
ethyl alcohol then there must be 3 mol of H, O in the products, giving six atoms
of hydrogen on each side of the equation. Then balancing the atoms of oxygen,
it is seen that there are {(2 x 2) + 3} = 7 atoms on the right-hand side of the
equation, hence seven atoms must appear on the left-hand side of the equation.
There is one atom of oxygen in the ethyl alcohol, therefore a lurther six atoms
of oxygen must be supplied, and hence 3 mol of oxygen are required as shown.
Since the O, is supplied as air, the associated N; must appear in the equation,

. 79 7
ie.  C,HgO + 30, + (3 x ﬁ)N, ~2C0, + 3H,0 + (3 x ﬁ)N,

1 kmol of fuel has a mass of (2 x 12) + (6 + 16) = 46 kg; 3 kmol of oxygen
have a mass of (3 x 32) = 96 kg.
Therefore

O, required per l;g of fuel = E = 2087 kg
Therefore

= §.957/1

Stoichiometric A/F ratio = 2087
0.233

(ii) Considering a mixture strength of 90% then, from equation (7.9),
_ stoichiometric A/F ratio
actual A/F ratio
Therefore

957
Actual A/F ratio = % =9.952/1

This means that 1/0.9 times as much air is supplied as is y for comg
combustion. The exhaust will therefore contain (1/0.9) — 1 = 0.1/0.9 of the
stoichiometric oxygen,

1 9
c,H,o+ﬁ{3o,+(3 x ﬁ)”z}
0.1 1
—2C0, 4+ 3H,0 + ﬁx3 0,4+ —x3Ix—|N,

207



Combustion
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i, the products are
2kmol CO; + 3 kmol H;O + 0.333 kmol O; + 12540 kmol N,
The total amount of substance = 2 + 3 + 0.333 + 12.540
= 17.873 kmol

Hence wet analysis is

2 100 = 11.19% COy;

x 100 = 16.79% H,0

17873 17873
0.333 12540

2220 100 = 1.86% Oy 12540 100 = 70,169
17873 2 17873 70.16% N,

The total dry amount of substance = 2 + 0.333 + 12.540

= 14.873 kmol
Hence the dry analysis is
2 0333

—=— x 100 = 13459 ; - ;
TErt 345% COy; 1o x 100 =224% Oy;
12.540

—— x 100=8431% N

14873 :

(iii) Considering a mixture strength of 120%, then from equation (7.9),

2= stoichiometric A /F ratio
’ actual A/F ratio

Therefore

Actual A/F ratio = % =747/1

This means that 1/1.2 of the stoichiometric air is supplied. The combustion
cannot be pl as the y oxygen is not available. It is usual to
assume that all the hydrogen is burned to H,O, since hydrogen atoms have a
greater affinity for oxygen than carbon atoms. The carbon in the fuel will burn
to CO and CO,, but the relative proportions have to be determined. Let there
be a kmol CO, and bkmol CO in the products. Then the combustion equation is
as follows:

1 79
CH:0 + E{30, + (3 x E)N:}

—aCO0, + bCO + 3H,0 + (1_15 x 3% :—T)N,

To find a and b a balance of the carbon and the oxygen atoms can be made,
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ie. Carbon balance: 2 =a + b

1
Oxygenbalanccz1+(2x§x3)=2¢:+b+3

Subtracting the equations gives
a=1 andthen b=2-1=1
i.e. the products are
(1 kmol CO,) + (1 kmol CO) + (3 kmol H;) + (9.405 kmol N,)
=1+1+3+9405 = 14405 kmol
Hence wet analysis is
1

® 100 = 6.94% CO,; % 100 = 6.94% CO
14.405 14.405
9.405
3 —— x 100 = 20.83% H,; x 100 = 65.29% N,
14.405 14405
The total dry amount of substance = 1 + 1 + 9.405
= 11.405 kmol

Hence dry analysis is

—— x 100 = 8.77% CO,; = 100 = 8.77% CO

1 1
11.405 11.405

9.405
11.405

x 100 = 82.46% N,

Example 7.4 For the stoichiometric mixture of Example 7.3, calculate:

(i) the volume of the mixture per kilogram of fuel at a temperature of 65°C
and a pressure of 1.013 bar;

(i) the volume of the products of combustion per kilogram of fuel after
cooling to a temperature of 120°C at a pressure of 1 bar.

Solution (i) As before
79 79
C,H;0 + 30, + (3 x H)N, = 2C0, + 3H,0 + (3 X ET)N,
Therefore
79
Total amount of substance reactants = 1+ 3 + (3 ® E_I)

= [5.286 kmol
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Example 7.5

Solution

From equation (2.8), pV = nRT, therefore
- 15.286 x 10° x 8.3145 x 338 _
10° x 1.013

where T = 65 + 273 = 338 K.
In 1 kmol of fuel there are (2 x 12) + (6 + 16) = 46 kg, therefore

Volume of reactants per kilogram of fuel = % =9219m?

v

424,06 m* fkmol of fuel

(ii} When the products are cooled to 120°C the H,O exists as steam, since
the temperature is well above the saturation temperature corresponding to the
partial pressure of the H,O. (This must be so since the saturation temperature
corresponding to the total pressure is 99.6°C, and saturation temperature
d with p ) The total t of substance of the products is

2+3+(3x2—7?)=]6.136kmol

From equation (2.8), pV = nRT, therefore

3
v 16286 x "1]o=x a,lms %393 _ 637 15 m® /kmol of fuel
o

where T = 120 + 273 = 393 K.

ie. Volume of products per kg of fuel = 5—3%2 = 1L5Tm?

If the products in Example 7.4 are cooled to 15°C at constant pressure,
calculate the amount of water which will condense per kilogram of fuel.

At 15°C, since some condensation has taken place, the steam remaining is dry
saturated, being in contact with its liquid. The saturation pressure at 15°C is
0.01704 bar, and this is the partial pressure of the dry saturated steam.

Then using equation (6.14)

For the steam

n _ 001704

=001704
n 1

From Example 74 the total amount of substance of dry products is
(16.286 — 3) = 13.286 kmol, therefore

n, 001704 = 13.286
n, + 13.286 1 - 001704

i.e. amount of substance of dry saturated steam remaining at 15°C is 0.2303 kmol,

=001704 therefore n, = ( ) = 0.2303
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therefore amount of substance of water condensed is (3 — 0.2303) = 2.77 kmol.
Also 1 kmol of HyO contains (2 + 16) = 18 kg, therefore mass of water
condensed is (2.77 x 18) kg/kmol fuel

277 x 18
ie. Mass of water condensed per kilogram of fuel = + = 1.084 kg

Any problem in combustion can be solved using the amount of substance.
The following examples illustrate the method for a solid and for a gaseous fuel;
these examples should be compared with the method used in Examples 7.1
and 7.2.

The gravimetric analysis of a sample of coal is given as 80% C, 12% H, and
8% ash. Calculate the stoichiometric A/F ratio and the analysis of the
products by volume.

1 kg of coal contains 0.8 kg C and 0.12kg H
. 08
1 kg of coal contains 7 kmol C and 0.12 kmol H

Let the oxygen required for complete combustion be x kmol, the nitrogen
supplied with the oxygen is then x x 79/21 = 3.76x kmol.
For 1 kg of coal the combustion equation is therefore as lollows:

08
5 C + 0.12H + X0, + 376xN; a0, + bH,0 + 376xN,

Then Carbon balance: % = g or a = 0.067 kmol

Hydrogen balance: 0.12 = 2b or b = 0.060 kmol
Oxygen balance: 2x=2a+b
ie. x =a-+ bj2 = 0.067 + 0.030 = 0.097 kmol

The mass of | kmol of oxygen is 32 kg, therefore the mass of O, supplied per
kilogram of coal is 32 x 0.097 kg,
32 x 0.097

ichi ic A/F ratio = ———— = 13.3/1
Stoichiometric A/F ratio 5553 /

Total amount of substance of products = a + b + 3.76x
= 0.067 + 0.06 + (3.76 x 0.097)

= 0.492 kmol
Hence wet analysis is

0.067 0.06
100 = 13.6% :
0492 2% CO5 - oass

0.365
= = 742%
s * 100=742% N,

% 100 = 12.2% H,
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A gas engine is supplied with natural gas of the following oomposiliun CH,
93%; CyHg 3%: Nj 3%; CO 1%. If the A/F ratio is 30 by vu]ume,
calculate the analysis of the dry prod of combustion. It can be

that the stoichiometric A/F ratio is less than 30.

Since we are told that the actual air-fuel ratio is greater than the stoichiometric
it follows that excess air has been supplied. The products will therefore consist
of CO,, H,0, O,, and N,. The combustion equation can be written as follows:

0.93CH, + 0.03C,H, + 0.01CO + 0.03N,
+(0.21 x 30)0, + (0.79 x 30)N,
- aCO, + bH,0 + ¢, + dN,

Then Carbon balance: 093 +(2x003)+00l =a ora=1
Hydrogen balance: (4 x 0.93)+ (6 x003)=2b orb =195
Oxygen balance: 001 +(0.21 x30)=2a+h+ 2

Therefore
c={631 -2—(2x195)}/2=0205
Nitrogen balance: 0.3 + (0.79 x 30)=d ord =23.73

ie. Total amount of substance of dry products = 1 + 0.205 + 23.73
= 24.935 kmol

Then analysis by volume is

x 100 = 401 CO,;
24.935 24935

2373
24935

x 100 = 0.82% O,

=227 % 100 = 95.17% N,

Practical analysis of combustion products

The experimental investigation of a combusti quires the analysis
of the products of combustion. The most basic method is to take a sample of
the gas and analyse it chemically as in an Orsat apparatus for example (see
ref. 7.2). Modern instrumentation now provides a quicker, more accurate, and
continuous means of analysis. Some of the methods used are summarized below,
but manufacturers’ catalogues should be consulted for details of actual
instruments since improvements are continually being made to the measuring
systems.

Non-dispersive infra-red (NDIR}

In this method the concentration of the constituent gas is measured by recording
its “optical’ absorption in the infra-red spectrum. The mixture is continuously



Fig. 7.1 Non-dispersive
infra-red gas analyser

7.6 Practical lysis of bustion prod

examined by being drawn through a tube, the inside of which is subject to
radiation from an infra-red source, cach gas absorbing on a particular waveband
of the radiation. Full descriptions of infra-red analysis and other methods are
given in ref, 74.

One particular instrument is shown diagrammatically in Fig. 7.1. The gas
being analysed is passed through tube A and dry air is passed through tube B.
The chambers C and D contain pure samples of the constituents to be detected.
Radiation from nichrome elements is passed through tubes A and B and thence
to chambers C and D where it is absorbed. The subsequent heating of the gases
in C and D causes an increase in pressure in the two chambers; C and D are
separated by a thin metal diaphragm which, her with an insulated
perforated plate, forms a capacitor.

Shutter Motor

o ‘96?
6&" W f%’j

Diaphragm =
bly Amplifier S:;;tn

Null balance recorder which
may replace the indicator

Infra-red analyser s——————

If the constituent being sought is not present in tube A then equal amounts
of radiation will be absorbed in C and D, which will be heated equally and
there will be no pressure difference across the diaphragm. If the constituent is
present in A, it will absorb some of the radiation admitted, and the rest will
pass on to chamber C. The radiation absorbed in C will then be less than in D
so0 that a greater pressure will be reached in D than in C, and the diaphragm
will be displaced. This displacement causes a change in capacitance of the
capacitor and a current is produced which is amplified to give a reading on a
microammeter. The microammeter scale is calibrated to give the corresponding
concentration of the constituent in the gas being analysed.

To avoid zero errors the radiation is cut off from both tubes simultaneously
and allowed to fall on them simultaneously, by means of a vane which rotates

213



Combustion

214

at a low frequency. The pressure changes are then related to the temperature
changes produced by the differential absorption in C and D.

To provide a continuously recording instrument as shown in the right-hand
part of Fig. 7.1, a 'null" balance recorder is employed. The principle is that the
pressure difference created should be nullified by cutting off from the vessel B
a sufficient amount of radiation to balance that absorbed in A. This is done
by means of a shutter driven by a servo-motor which receives a signal from
the detector unit. A recording pen is linked to the balancing shutter mech
and records on a circular chart.

Another NDIR instrument uses photoacoustic detection: a sample is drawn
into a closed cell where infra-red light of the correct frequency is absorbed by
the gas to be measured; the pressure increases and decreases because the light
is pulsing and the pressure wave is detected by a microphone in the cell wall;
the acoustic information is processed by a computer and can be printed or
plotted as required; an optical filter carousel is then turned so that infra-red
light of a low frequency enters the cell so that the next constituent can be
measured. The instrument is manufactured by Briiel and Kjaer of Denmark.

The NDIR instruments are calibrated against accurately prepared samples
of gas mixtures. This method is suitable for carbon monoxide, carbon dioxide,
sulphur and nitrogen compounds, methane and other hydrocarbons, and organic
vapours. Oxygen, hydrogen, nitrogen, argon, chlorine, and helium, do not absorb
infra-red radiation and so will not be detected by this type of instrument.

CO; and O, recorders

Boiler-house engineers require a continuous indication of the guality of the
combustion process in the plant under their control. This enables comparisons
to be made and a falling-off in efficiency becomes immediately apparent. For
conti firing a conti record is required, and digital instruments are
available with in-built microchips which enable boiler efficiency to be obtained
directly from individual readings of temperature, and percentage by volume of
CO,; and O;. The variations and applications of these instruments are many,
and are made to suit particular requir The g | principles only will
be dealt with here.

CO; measurement by thermal conductivity variations

The CO; content of a flue gas is an important criterion of efficient and economic
combustion, and is important in observing the regulations governing smoke
emission.

When a heated wire is placed in a gaseous atmosphere it loses heat by
radiation, convection and conduction. If the losses by radiation and convection
are kept constant, the total heat loss is dependent on the heat loss by conduction,
which varies with the constituents of the gas since each has a different and
characteristic thermal conductivity. If a constant heat input is supplied to the
wire there is an equilibrium temperature for each mixture, and if the CO,
content alone is varied, then its ation will be indicated by a t




Fig. 7.2 Paramagnetic
analyser

7.8 Practical analysis of prodi

of the temperature of the wire. In an actual instrument the heat loss from the
wire is mainly by conduction, the other means (e.g. convection, radiation, end
cooling, diffusion) account for about 1% each of the total loss. The convection
loss is reduced by mounting the wire vertically. The instrument is calibrated
against mixtures of known composition.

The sample of gas is passed over an electrically heated platinum wire in a
cell which forms one arm of a Wheatstone bridge. In another arm of the bridge
is a similar cell containing air. A difference in CO; content between the two
cells causes a difference in temperature between the two wires and hence a
difference in resistance. The out-of-balance potential of the bridge is measured
by a recording potentiometer, calibrated to give the CO, content directly.

Oxygen measurement by magnetic means
Gases may be classified in two groups:

(i) diamagnetic gases which seek the weakest part of a magnetic field;
(ii) paramagnetic gases which seek the strongest part of a magnetic field.

Most gases are diamagnetic, but oxygen is paramagnetic, and this property
of oxygen can be utilized in measuring the oxygen content of gas mixtures.
Referring to Fig. 7.2 the gas sample is introduced into the analysis cell and
passes through the annulus as shown. The horizontal cross-tube carries two
identical platinum windings, coils 1 and 2, which are connected in adjacent
arms of a Wheatstone bridge, and are heated by the applied voltage. The winding
at A is traversed by a magnetic field of high intensity from a large permanent
magnet. When the gas sample passes the end of the tube the oxygen is drawn
into the cross-tube. It is heated and its paramagnetic property decreases due

Gas out

AC supply
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Fig. 7.3 Flame
ionization detector
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to the increase in temperature as it passes through the tube. The induction of
fresh cool oxygen continues, hence a conti flow is blished. The result
is that the two windings are cooled by different amounts, the resistance changes
and the bridge goes out of balance. The resulting electromotive force (emf) is
measured by a potentiometer, and since this is proportional to the oxygen
content, the reading gives the oxygen content of the mixture.

Zirconia cell

An absolute method of measurement of oxygen may be obtained using a zirconia
cell; the output of the cell is directly related to the oxygen concentration of the
gas sample (see ref. 7.5).

Flame ionization detector (FID)

This is a method used for detecting the hydrocarbon (HC) content of the exhaust
from internal combustion (IC) engi Fig. 7.3 shows a diagram of a typical
system. The sample to be analysed is mixed with a special burner fuel which
may be hydrogen, hydrogen plus helium, or hydrogen plus nitrogen. A polarizing
voltage exists between the burner and the collector which causes a migration
of ions in the flame and so a current to flow in the collector circuit. The current
is proportional to the rate of jon formation which depends on the HC
concentration in the gases and is detected by a suitable electrometer and
displayed as an analogue output. The FID gives a rapid, accurate, and
continuous reading of total HC concentration for levels as low as one part in 10°,

Exhaust
— Collectar
—
ﬂ Flame
L Batn
T I-m'i?ﬂﬂ v)
R IRIEIN
Electrometer
T WA
Alf-—-'/ ’
Sample | Fuel
— ———

Chemiluminescent analyser

This method is preferred to NDIR for the analysis of the oxides of nitrogen
found in the exhaust of IC engines; a diagram of a chemiluminescent analyser
is shown in Fig. 7.4. The nitrous oxides, NO,, are converted to NO before
analysis by passing the gas sample over a heated catalyst such as stainless steel,



Fig. 74
Chemiluminescent
analyser
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Sample NO,

converter

graphite, or molybdenum at about 600 °C. The sample is now mixed with ozone
where the reaction gives NO, and O,; some of the MO, contains an excess of
energy within its atoms and this NO, then changes to the ground state with
the emission of light?(chemiluminescence) which is amplified then measured
by a photomultiplier tube and the signal displayed as an analogue reading of
the NO, content of the original sample.

Resuits of the analysis

An analysis will show whether or not the combustion is complete. For instance
the presence of CO will indicate that the combustion is not complete, and if
an oxygen reading is obtained this will mean that excess air has been supplied.
Both CO and O, may appear in the analysis as a result of incomplete combustion
and dissociation (see section 7.7). Quantitatively the dry product analysis can
be used to calculate the A/F ratio. This method of obtaining the A/F ratio is
not so reliable as direct measurement of the air consumption and fuel
consumption of the engine. More caution is required when analysing the
products of combustion of a solid fuel since some of the products do not appear
in the flue gases (e.g. ash and unburnt carbon). The residual solid must be
analysed as well in order to determine the carbon content, if any. With an
engine using petrol or diesel fuel the exhaust may include unburnt particles of
carbon and this quantity will not appear in the analysis. The exhaust from
internal combustion engines may contain also some CH, and H, due to0
incomplete combustion. The CH, content is approximately 0.22% of the dry
products and the H; content is of the order of half the CO content.
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h 1

Considerable care is required in ion ioms as inac ies are
caused due to taking small differences between quantities and then using these
as ratios. The use which can be made of the dry analysis is illustrated by the

following problems.

An analysis of the dry exhaust from an engine running on benzole shows a

CO, content of 15%, but no CO. Assuming that the remainder of the exhaust

contains only oxygen and nitrogen, calculate the A/F ratio of the engine

and the dry and wet volumetric analyses of the products of combustion.
The ultimate analysis of benzole is 90% C and 10% H.

There are many different methods used in combustion analysis. The following

method is recommended: its algebraic approach makes it less confusing than

some other methods; it also lends itsell more casily to a computer solution.
Consider 1 kg of fuel:

09 /023 0.767
{—c + D.IH} + .4[—30, L N})
12 2 2%

= B{015CO, + a0, + (1 — 0.15 — a)N,} + hH,O

where A is the A/F ratio on a mass basis; B the amount of substance ol
dry exhaust gas per kilogram of fuel, kmol /kg: a the fraction by volume of
oxygen in the dry exhaust gas; b the amount of substance of steam per kilogram
of fuel, kmol/kg. A briel explanation of the above equation is given below.
Left-hand side of the equation. There are (0.9/12)kmol C and 0.1 kmol H in
1 kg of fuel. A kg of air per kg of fuel contains 0.2334 kg of oxygen and hence
contains (0.233/32) kmol of oxygen; similarly there are (0.767/28) kmol of
nitrogen in A kg of air for every kilogram of fuel.
Right-hand side of the equation. There are 0,15 kmol CO; for | kmol of dry
exhaust gas (given in the example ), hence there are 0,158 kmol CO, per kilogram
of fuel since there are B kmol dry exhaust gas per kilogram of fuel.

Similarly, there are Ba kmol oxygen in the products per kilogram of fuel;
the nitrogen in the dry exhaust gas is obtained by difference,ie.(1 — 0.15 — a).

There are four unknowns in the above equation and four equations may be
obtained from the mass balances on carbon, oxygen, nitrogen and hydrogen.

Carbon balance: 0.9/12 =0.158 therefore B = 0.5

Hydrogen balance: 0.1 = 2b  therefore b = 0.05
Oxygen balance: 0.2334/32 = 0158 + Ba + b/2

ie. a = 0.014564 — 0.2 [
Nitrogen balance: 0.7674/28 = B(0.85 — a)
ie. a =085 — 0054794 [21

Solving equations [1] and [2] for 4 we have
0014564 — 0.2 = 0.85 — 0.054794
therefore
A=1514
ie. A/F ratio = 15.14
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The value of a can then be found from either equation [ 1] or equation [2] as
0.02. Hence the complete dry exhaust gas volumetric analysis is given by 15%
CO0,, 20% 0,, 65% N,. The wet volumetric analysis can be found by totalling
the amount of substance of wet products and taking the appropriate ratios,

ie. Total amount of substance of wet products

= (0.5 x 0.15)CO; + (0.5 x 0.2)0; + (0.5 x 0.65)N, + 005 H,

= 0.55 kmol /kg fuel

Then the wet volumetric analysis is as follows:

0.5 x 015

055

0.5 x 0.65
0.55

x 100 = 13.64% CO,,

x 100 = 59.09% N,,

05x=02
0.55

0.05
— % 100 = 9.09% H,
0.55

x 100 = 18.18% O,,

Example 7.9

The analysis of the dry exhaust gas from an internal combustion engine gave

12% CO0,, 2% CO, 4% CH,, 1% H,, 45% 0,, 76.5% N,. Calculate the
proportions by mass of carbon to hydrogen in the fuel, assuming it to be a
pure hydrocarbon, and the A/F ratio used.

Solution

Let the unknown mass fraction of carbon in the fuel be x kg per kilogram of

fuel. Then we can write the combustion equation as follows:

0.233

ﬁc +(1 = x)H + A(—o2 + o,mN*)

32

28 C

- B{0.12CO, + 002CO + 0.04CH,
+001H, + 0.0450, + 0.765N,} + aH,0

As in Example 7.8 there are four unknowns and four possible equations.

Carbon balance:

Hydrogen balance:

Oxygen balance:

Nitrogen balance:

x/12 = B(0.12 + 0.02 + 0.04)
x = 2168 (1
(1= x)=(4 % 0.04)B + (2 x 001)B + 2a

a =05 — 0.5x ~ 0.098 123
02334 _ 3(0,12 +002, ums) +8

32 2 2
a = 0014564 — 0.358 (33
0.7674/28 = 0.7658
A=1279278 [4]

Equating [2] and [3] we have

0.5 — 0.5x — 0.098 =

0.014564 — 0.358

A= 34341 — 34.341x + 178578
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7.7

Then using equation [4]

34341 — 34.341x + 17.8578 = 279278
B =341 - 341x

Substituting in [1]
x = 7.366 — 7.366x
ie x = 0.8805
The composition of the fuel is therefore 88.05% C, 11.95% H.
Also, B =341 x 0.1195 = 0.4075
Then in equation [4],
A=27927 x 04075 = 11.38
ie. A/F ratio = 11.38

Dissociation

It is found that during adiabatic combustion the maximum temperature reached
is lower than that expected on the basis of elementary calculation. One important
reason for this is that the exothermic combustion process can be reversed to
some extent if the temperature is high enough. The reversed process is an
endothermic one, i.e. energy is absorbed. In a real process the reaction proceeds
in both directions simul usly and chemical equilibrium is reached when
the rate of break-up of product molecules is equal to their rate of formation.
This is represented for the combustion of carbon monoxide and hydrogen
ively by the equation

2CO + 0,=2C0, and 2H, + O,=2H,0

Both of these reactions can take place simultaneously in the same
combustion process. The proportions of the constituents adjust themselves to
satisfy the equilibrium conditions and their actual values depend on the
particular pressure and temperature. The presence of CO and H, means that
there is further energy to be released on their reaction with O, so the maximum
temperature reached cannot be as high as that expected on the basis of complete
combustion. As the combustion proceeds and the temperature level falls, due
lo expansion and/or subseq heat loss, the amount of dissociation decreases
(it is significant at temperatures >1500 K) and combustion proceeds to
completion. However, since the energy is released at lower temperatures and,
in a positive expansion cylinder, at a lower effective compression ratio the
efficiency of the process is reduced.

The condition of equilibrium during a reversible combustion process can be
studied by means of a conceptual device known as the *Van't Hoff equilibrium
box” as shown in Fig. 7.5. Consider the general reversible combustion process

akmol 4 + bkmol B=c kmol C + d kmol D
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which occurs at a fixed temperature T and a pressure, p, in the equilibrium
box. The reactants A and B are each imitially at p; and T and the products C
and D are each finally at p, and T As the process is reversible ome energy
transfer will take place in the form of work and this is allowed for by the
inclusion of isothermal compressors and expanders. The equilibrium box
contains a mixture of gases A, B, C and D at total pressure p and temperature
T and to allow reversible mass flow of the constituents the pressure of each
constituent at entry to the box must be equal to its partial pressure in the box.
The pressure adjustments are made by the isothermal expanders and
compressors and cach constituent enters or leaves through a semi-permeable
membrane. Some substances permit one gas to pass through but prevent other
gases, e.g. a glowing aluminium sheet allows hydrogen to pass through but not
other gases. It is assumed here that such substances are available for gases A,
B, C and D.

The process may proceed equally well in either direction but it is illustrated
here as going from left to right in the equation and in Fig. 7.5. With a reversal
of the process the heat and work transfers would be reversed in direction.

The work input during an isothermal expansion by a perfect gas between
states | and 2 is given by

W= mx“rln(ﬁ) = nﬁrln("—’)
M 1

and this can be applied to each of the compressors and expanders in the system
of Fig. 1.5

.
W, = work input on A = aRTln(&) - ET]n(P-—"v)
P P1

b
W, = work input on B = M}Tln(&) = RTIn(ﬂ)
P n

W, = work input on C = cRTIn(P—’) = —RT!n(E)
Pc

Pus
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&
W, = work input on D = dRTln( )= -RTln(p—n)
Po P:

Therefore the net work output of the system
W= =W, — Wy — We— W,

v (2 () (2]
- gT{ ::pf, ”,_,_,}

Suppose that in a second similar system in the same surroundings the pressure
in the equilibrium box is p’ then it will have a net work output, — W', given by

W= RT{In(—p:Cr(pE’)‘ +In p*;‘**“‘}
(PA)'{PH}’
where  p' = pj + pa + pc + Pb

It is proposed that —W # — W’ and this statement is to be investigated.
Suppose — W > — W', then the second system can be reversed, as shown in Fig.
7.6, and a single system formed by using the work output from the first system,
- W, to provide the work input for the second system reversed.

Fig. 76 Hypothetical T T T
{impossible)

combination of two
systems Q [} Q - Q -

olclake

-0 - W —-W =W

(=W)—(=W)

Systems | and 2 System | System 2 Combined
reversed system

The result is a single system giving a net output of work { — W) — ( — W' while
exchanging heat with a single source at temperature T. This is a contradiction
of the Second Law of Thermodynamics, thus the proposition that W # W' is
not true so that W = W, therefore

rh _ (o)
park  (PAF(pR)
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where K is the thermal equilibrium or dissociation constant and has been shown
to be independent of the pressure in the equilibium box. A standard
thermodynamic equilibrium constant, K, can be defined in dimensionless form
by referring each partial pressure to a pressure of 1 bar,

3 [) ] b
ie K":In(p—g) +1n(p—';) -1n(f%) —In(E-E)
p p p P

or in general
In K =¥ In(p,/p°)" {7.10)
i

where 7, is the stoichiometric coefficient, taken as positive for the products and
negative for the reactants. The thermodynamic equilibrium constant K* is a
function of temperature and values of In K*° are tabulated against temperature
for each reaction equation, see ref. 7.6. As the partial pressures of the constituents
are proportional to the molar proportions then K® is an indization of the ratio
of products to reactants and so is a of the t of dissociation. If
K*islarge then the proportion of product is high and the amount of dissociation
is small.

The above general expression for K*, equation (7.10), will now be applied
to particular important reactions. For example the combustion of carbon
monoxide to carbon dioxide can be written as

CO +40,=C0,
with molar proportions for CO, O, and CO, of 1, 0.5, and 1. Thus K can be
written as
a2
InK® = Jn{%"’”} (.11)
PcolPo,)”
For the combustion of hydrogen the equation is
H; +10,=H,0

with melar proportions 1, 0.5, and 1. The equilibrium constant then becomes

- Pu,olp®)'?

PH,U’OJ”2

In the combustion of hydrocarbon fuels both of the above reactions may
occur simultancously and another equilibrium constant can be defined by

dividing

K® (7.12)

Puolp®)'? Peo,(p”)'?
Pu,(po,)? Peolpo,)'?
giving K° = PuoPco (1.13)
Pu,Pco,

which is also tabulated, see refl. 7.6, and can be used to form another equation
in the analysis.
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i

Ttis readily seen that dissociation as described introduces an added complexity
into the analysis of the combustion process but the complication does not end
there. The conditions of equilibrium must be satisfied at any particular
temperature and also the energy balance for the process must be satisfied.
The I hed will depend on the amount of fuel burned, the
proportions of the constituents and their thermodynamic properties, all of which
are also dependent on pressure or temperature. Thus several conditions have
to be satisfied before any particular state in the process can be determined and
it is necessary to establish a sufficient number of equations to complete the
analysis. This is discussed more [ully in section 7.8 and for the immediate purpose
it will be assumed that the energy requirements have been met in the process
and only the dissociation effects are required.

The analysis of combustion may be extended to include the formation of
nitric oxide, 4N, + 10, =NO, which occurs at high temperature and the
dissociation of H,O vapour into hydrogen and hydroxyl, {H, + OH=H,0,
as well as into its constituent gases. There may also be the dissociation of
molecules of oxygen, hydrogen and nitrogen into atoms. These aspects of
combustion are detailed and involve small proportions of the charge. It has
been stated previously that recombination occurs as the temperature falls so
that combustion is completed with a loss in efficiency of the cycle such that
less work output is obtained than expected. The completion of combustion
requires the absence of low-temperature quenching conditions, which may arrest
the process, and a sufficiency of time for the reaction to be completed.

The importance of the analysis ol combustion increases with advancing engine
technology as typified in the petrol engine. This engine includes the extremes
of combustion conditions starting from a complex chemical fuel and a mixture
of air, water vapour and residual exhaust gas. The p e and perature
levels passed through are large and.the duration of a cycle is only a fraction
of a second. The cylinders are water-cooled usually and sudden exhausting of
gas is provided for. Under these conditions the exhaust gas can have a complex
analysis and some of the constituents are responsible for the polluting of the
atmosphere with undesirable and irritating results.

A combustible mixture of carbon monoxide and air which is 10% rich is
compressed to a pressure of 8.28 bar and a temperature of 282 °C. The mixture
is ignited and combustion occurs adiabatically at constant volume. When
the maximum temperature is attained analysis shows 0.228 kmol of CO
present for 1 kmol of CO supplied. Show that the maximum temperature
reached is 2695°C.

f g

For st ic conditions
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€O + 10, + (3.76 x 1N,) = CO, + (3.76 x IN,)
CO + 050, + 188N, - CO, + 1.88N,

. - . , . 100
Actual A/F ratio = stoichiometric A/F ratio x 0

= stoichiometric A/F ratio/1.1
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Therefore the actual reactants are
CO + (050, + 1.88N,)/1.1

With dissociation there will be some break up of CO, giving CO and O,
in the products such that

CO +(0.50; + 1.88N,)/ 1.1 = aCO; + bCO + cO, + (1.88/L1)N,
The question states that b = 0.228, therefore
CO + 04550, + 1.709N; = aCO, + 0.228C0O + ¢O; + LT09N,

Carbon balance: | =a+ 0228 therefore a = 0.772
Oxygen balance: 1 + (2 x 0.455) = 2a + 0.228 + 2¢  therefore ¢ = 0.069
For the reaction CO + 40,=C0,

o Peo,(p)'?

peolpo,)?

a b c
and  peo,=—P; Pco=—Pn Po,=—P
ny Hy ny

therefore

o
Kosz{EzP } (13
by  cp,
where p, = the total pressure at the required temperature and n, = total amount
of substance of products
ny=a+b+c+ 1.709 =0.772 + 0.228 + 0.069 + 1.709
= 2.778 kmol

At ignition
p,=828bar and T,=273+282=555K
pV=n,RT, and p,¥V =n,RT, and V = constant

therefore
nh

F:=P:;:‘ﬁ

where n, = amount of substance of reactants = | + 0455 + 1.709 = 3.164.
Then, assuming that T; = 273 + 2695 = 2968 K, we have
2778 2968

=828 x ——— x —— = 3888 b
P2 3164 " 555 a

Substituting in equation [1],
2
Ko o 0712 ‘/ 2778 x 1 ) _ 36
0.228 0.069 x 38.88

225



Combustion

therefore
In K® = 1.237

From tables, ref. 7.6, it is scen by interpolation that In K* = 1.235 for this
reaction at 2968 K showing the assumed value to be true. The corresponding
pressure was calculated at 38.88 bar.

Example 7.11 A mixture of heptane {C,H,,) and air which is 10% rich is initially at a
pressure of 1 bar and temperature 100°C, and is compressed through a
volumetric ratio of 6 to 1. It is ignited and adiabati bustion proceeds
at constant volume. The maximum temperature reached is 2627°C and at
this temperature the equilibrium constants are

P,oPco _ 101 and Pco!{Po)m = 449
Pco,Pu, Peolpo,)"?

If the constituents of the gas are CO,, CO, H,0, H,, O; and N, show
that approximately 30% of the carbon has burned incompletely.

Solution The processes are shown in Fig. 7.7 and for a 10% rich mixture
C.H,6 + %{[10, + (11 x 3.76)N, }

= aCO, + bCO + ¢H,0 + dH, + 0, + (10 x 3.76)N,

C.H, + 100, + 37.6N,
—+aCO0; + bCO + cH,0 + dH, + €O, + 376N,

Fig. 7.7 ph
Pressure-volume 3
diagram for
Example 7.11
2
1
v

Then,

Carbon balance: a+b=17 [1]

Hydrogen balance: ¢+d=8 [2]

b .
Ouxygen balance:  a +i + %+ e=10 3]

Amount of substance initially, n, = 1 + 10 + 37.6 = 48.6; amount of substance
finally, ny =a + b + ¢ + d + ¢ + 37.6. Also,

V= "Iﬂ’rl and py ¥, = nyRT,
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and combining these gives

by _phT 16 2900 6958 bar/kmol
ny, mWT, 486 1 373

where T, = 273 + 100 = 373 K, and T, = 273 + 2627 = 2900 K.

The partial pressures are given by equation 6.14 as

a b
Pco,=—M Pco=—Ps
R ns
¢ d e
Pho=—p; Pn,=—P Po,=—Ps
ny ny ny
The example gives

PcoPro _ 701 Pcu,(P")m = 4.49

Pco,Pu, Peolpo,)"?
therefore
be
— =701
v [4]
a [ng\V?
and —(2) =449 5
be'f? (p;) 2

The proportion of carbon burned incompletely is given as 0.3, so that 0.3 of
the initial 7 atoms of carbon burn to give b CO,

ie. b/7 =03 therefore b = 2.1
Then from equation [1], @ =7 — 2.1 = 4.9. Substituting in [4] gives

I a 49
5= 7.01 % e 7.01 x T 16.36
From equation [2]
c+d=8 therefore 16.36d +d =8 d=-—§—=0,461
17.36
and c= 1636 x 0461 = 7.539

From equation [3]

e=10—a-2_Cfoiooao-E_T¥ 42
272 2 2

substituting in equation [5] gives

12 1/2
..“_,(E) = ﬁ(;) =451
be'\p, 2110328 x 0.958

which gives sufficient agreement to the 4.49 quoted showing that approximately
30% of carbon was burned to CO.
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7.8

Fig. 78 Combustion at
reference conditions

228

Internal energy and enthalpy of reaction

Previous consideration of the bustion p has not included the energy
released during the process and final temperatures attained. It is evident,
however, that such a process must obey the First Law of Thermodynamics.
Applications of this law to other processes have been for pure substances, or
those that can be, considered to be so, with the stipulation that their
thermodynamic state is defined by two independent properties. In the type
of process now considered there is the potential chemical energy of the fuel to
be included which is released during the change from reactants to products.

It is an experimental fact that the energy released on the complete
combustion of unit mass of a fuel depends on the temperature at which the
process is carried out. Thus such quantities quoted are related to temperature.
It will be shown that if the energy release is known for a fuel at one temperature
it can be calculated at other temperatures.

The combustion process is defined as taking place from reactants at a state
identified by the reference temp T, and another property, either pressure
or volume, to products at the same state. If the process is carried out at constant
volume then the non-flow energy equation, @ + W = (U, — U, ), can be applied
to give

Q=Up,—Uy, or —Q=1Us —Up, (7.14)
where W =0 for constant volume combustion, U, = Uy, the internal energy
of the reactants which is a mixture of fuel and air at T, and U, = Up, the
internal energy of the products of combustion at Tp.

The change in internal energy does not depend on the path between the two
states but only on the initial and final values and is given by the quantity, —Q,
the heat transferred to the surroundings during the process. This is illustrated
in Fig. 7.8 and also the property diagram of Fig, 7.9,

o

x\\'l'”?»
Com-

Reactanis Products

al
Ty and ¥,

bustion

T and ¥
ZITIE B

The heat supplied, Q, is called the internal energy of reaction at T; and is
denoted by AU,
ie.  Q=AUy=Up — Uy, (7.15)
The molar internal energy of reaction at a standard pressure of 1 bar is defined
as Ai® = AU,/n, where n is the amount of substance of the fuel.

As the internal energy of the includes the p ial chemical energy,




7.8 Internal energy and enthalpy of reaction

Fig. 79 U-T diagram U
for combustion at a
reference temperature

Products

b

and since heat is transferred from the system, it is evident that as defined AU,
is a negative quantity.

For real constant volume combustion processes the initial and final
temperatures will be different from the reference temperature T;. For analytical
purposes the change in internal energy between reactants at state | to products
at state 2 can be considered in three stages:

(a) the change for the mmnls fmm state | to the reference temperature Ty;
(b) the tant I, from ts to prod at Ty,
{c) the change for the products frum Tp to state 2.

The plete p can be conceived as taking place in a piston-cylinder
device as indicated in Fig. 7.10. .

Fig. 710 Combustion + -0

between states 1 and 2 Products

Reactants Reactants

YTy 1<)
Internal
energy N ‘
(3]
Up, = Ug, il U, Up,

Thus the change in internal energy between states | and 2, (U, — U,), can
be written more explicitly as, (Up, — Uy, ), to show the chemical change involved
and this can be further expanded for analytical purposes:

Up, — Uy, = (Up, = Up,) + (Up, — Ug,) + (Up, = Uy,)

therefore
Up, = Up, =(U.,¥ Up,) + AU, + (Ug, — Uy,) (7.16)
Products Reactants
(c) (b) (a)
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The non-flow energy equation applied to a process involving combustion
and work gives

Q@+ W=Up - Uy,

It can be seen that the expression for Up, — Uy, has been conveniently split
up to give a term Up, — U, which requires the product mixture to be regarded
as a single substance or a ion of single sub constituents, a similar
term for the reactants and the quantity AU, previously defined. The values of
internal energy for the constituents of the mixtures remain to be determined.
These are functions of temperature and the most accurate method is to use
tabulated values such as those of ref. 7.6. In some cases it is a good approximation
to calculate changes in internal energy assuming the gaseous constituents to be
perfect using an average value of ¢, for the temperature range involved. If the
temperature range is T, to T, then the value of ¢, at T = (T, + T3)/2 can be
used, this assumes a linear change in ¢, with temperature, but if the temperature
range is large the result may not be gh and tabulated values of
the properties are required. The tables of ref. 7.6 give the values of i and
with /i = 0 at the normal reference temperature of 25°C = 298.15K; @ and h
are virtually independent of pressure.

The changes in internal energy for the reactants (Uy, — Ug,) and for the
products (Up, — Up,) can be calculated from the following expressions:

Ug, — Uy, -*E.ﬂ:(ﬂ;.- i,) (7.17)

where I, denotes the summation for all the constituents of the reactants denoted

by i, i, is the tabulated value of the internal energy for the constituent at the

required temperature T, or T;, and n, the amount of substance of the constituent.
Alternatively if a mass base is used for the tabulated values or calculation

Ug,— Uy, = ;m.(m. = u;) (1.18)
where u, is the internal energy per unit mass.

In terms of the specific heats which are average values for the required
temperature range

Us, = Us, = Emey(To = T) = (T = T) Tmc, (1.19)

R
and similar expressions for the products are

Up, — Up, = L mld, — i,) (7.20)
1

Up, — Up, = T mfu;, — u,) (721)
P

Up, = Up, =L mc, (T — T) = (T = T) Lmic,, (7.22)
1 F

Note that n,é, = mc,.



7.8 Internal energy and enthalpy of reaction

The process has been analysed on the basis of a non-flow process which
involves combustion at constant volume, A similar analysis can be made for a
steady-flow or constant pressure combustion process in which the changes in
enthalpy are important

Hp, — Hy, =(Hp, — Hp) + AHy + (Hg, — Hy )} (7.23)
Products Reactants
where AH, = enthalpy of reaction at T, and
AHy = Hp, — Hy, and is always negative (7.24)

The molar enthalpy of reaction is defined as Ai® = AH,/n at | bar where n is
the amount of substance of the fuel.
The expressions [or the change in enthalpy of reactants and products are

Hy,— Hy, = gnfiﬁt. —h,) (1.25)

Hy,— Hy, = g:rm(h,n —h) ' (7.26)
and if mean specific heats are used

Hg,— Hy, = ;micn(l’a =T)=(T- Tl}; mecy, (7.27)

Hp, — Hp, = ); ni(k;, — h,) (7.28)

Hyp, — Hp, = gm,{bl: - h,) (7.29)

and il mean specific heats are used
Hy, = Hp, = Emcy(Ty = T) = (T = T) T micy (7.30)
Note that n;é, = me,.

Values of molar enthalpy, Ah®, referred to a pressure of 1 bar are given in
ref. 7.6 for some common reactions.

For example,
Reaction Ah®
at 25°C (298.15K)
(kJ/kmol)
C(sol) + 0, =+ CO, —393520
CO +40,-C0, —282990
CsHg(vap) + 740, = 6CO, + 3H,0(lig) —3301397

It will be noted that the state of the fuel is given if it is solid (sol), liquid
(lig) or vapour (vap) if this is required. If HyO is a product of the combustion
then it is necessary to know the state, liquid or vapour, at the end of the process
by which AR® was determined. If Ak, is known for a particular fuel with the
H,0 formed in the liquid state the value of Ah, with the H,0 in the vapour
state can be calculated.
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Example 7.12

Solution

Example 7.13

For benzene vapour (CgH) at 25 “C_M;o is —3301397 kI /kmol with the
H,0 in the liguid phase. Calculate Ah, for the H,O in the vapour phase.

If the H,O remains as a vapour the heat transferred to the surroundings will
be less than that when the vapour condenses, by the amount due to the change

'

in enthalpy of the vapour during condensation at the e temp
Alig(vap) = Afig(liq) + mghg,

where m, is the mass of H,O formed for | kmol of fuel; h;, is the change in
enthalpy of steam between saturated liquid and saturated vapour at the reference
temperature T, and is 2441.8 kJ/kg at 25°C.

For the reaction

C.Hj + 740, = 6CO, + 3H,0

Therefore 3 kmol of H, O are formed on combustion of 1 kmol of CgHg; 3 kmol
of H;O =3 x 18 = 54 kg H,0.

Ahg(vap) = — 3301397 + (54 x 2441.8)
= —3169 540 kJ/kmol

In the equations for the change in internal encrgy and enthalpy for reactants
and products, and for AU, and AH,, il a change in stale takes place (e.g. from
liquid fuel to vapour), a term describing this process must be included.

Nothing has been said of the air-fuel ratio for combustion during the
determination of AU, or AH,. Consideration will show that this does not
matter provided there is sufficient air to ensure complete combustion. Excess
oxygen, like the nitrogen present, starts and finishes at the reference temperature
T, and so suffers no change in internal encrgy or enthalpy, thus not affecting
AU, or AH,.

From the definition of the enthalpy of a perfect gas

H=U+pV=U+nRT
So if we are concerned only with gaseous mixtures in the reaction then for
products and reactants
Hp, = Up, + mpRyTy and Hy, = Uy, + mAT,

where np and nm, are the amounts of substance of products and reactants
respectively, and the temperature is the reference temperature T;,.
Then, using equations (7.15) and (7.24), we have

AHy = AU, + (np — ng) RT, (7.31)

If there is no change in the amount of substance during the reaction, or il
the reference temperature is absolute zero, then AH, and AU, will be equal.

Calculate the specific internal energy of reaction for the combustion of
benzene (CgHg) vapour at 25°C given that Ah, = — 3 169 540 kJ/kmol and
the H,0 is in the vapour phase.



Solution

Fig- 711 H-T
diagram for combustion

7.8 Internal enargy and enthalpy of reaction

The combustion equation is
C,H, + 710, — 6CO, + 3H,0(vap)
ng=1+75=85 np=6+3=9
From equation (7.31)

AUqg = AHg = (np = ng)RT,

= —(3169540 x 1) — {{9 —8.5) x B.3145 % 298}

where Ty =273+ 25=298K
ie. AUp = —3169540 — 1239 = — 3170779 kJ
(note that AU, is negligibly different from AH,)

I kmol of C4Hy = (6 x 12) + (6 x 1) =T8kg

therefore

7077
Aug = — %'_%__9 = — 40651 kJ/kg

Change in reference temperature

It has already been mentioned that the internal energy and enthalpy of reactiod
depend on the temperature at which the reaction occurs. This is due to the
change in enthalpy and internal energy of the reactants and products with
temperature.

It can be seen from the property diagram of Fig. 7.11 that the enthalpy of
reaction at temperature 7, AH; can be obtained from AH, at T; by the
relationship

~AHy= —AHq + (Hy, — Hp ) — (Hp, — Hy) (7.32)
where  Hg — Hy, = increase in enthalpy of the reactants from Ty to T'

and Hp, — Hyp, = increase in enthalpy of the products from Tyto T

|

: | Products
~AH, | /

I

I

Tite, - iy,

T, T T
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Example 7.14 For carbon monoxide at 60°C, Ah is given as —282990 kJ/kmol, Calculate
Ah at 2800 K given that the molar enthalpies of the gases concerned are
as given in Table 7.10.

Table 7.10 Mol
:rrl.halpics of g:s:: Moaolar enthalpy/(kJ/kmol)

for Example 7.14

Gas At 60°C At 2800 K
Carbon monoxide 1018 86115
Oxygen 1036 90 144
Carbon dioxide 1368 140440

Solution  The reaction equation is
CO + 10, - CO,
Also, taking values from Table 7.10, and using equations (7.25) and (7.28)
Hyg, = (1 x 1018) 4+ (0.5 = 1036) = 1536 kJ
Hy, = (1 x 86 115) + (0.5 x 90144) = 131 187 kJ
Hp, =1 x 1368 = 1368 kJ
Hp =1 x 140440 = 140440 kJ
Then using equation (7.32)
—AHy= —AH; + (Hy, — Hy,) — (Hp, — Hp,)
= (1 x 282990) + (131 187 — 1536) — (140440 — 1368)
= 273569 kJ
Le. Ak = —273569 kJ/kmol CO

The property diagram and real processes

The property diagram of U against T has already been referred to and is shown
in Fig. 7.12{a); a diagram of H against T is shown in Fig. 7.12(b). The diagrams
can be used effectively to demonstrate real processes of interest. The solid lines
indicate the property variations with T if the constituents are gaseous. If reactants
or products contain a liguid component then the property lines will be modified
as shown by the dotted lines. It can be seen by inspection that the effect of
condensation of the H,O in the products is to increase AU, and AH,.

In processes 1-A, T, = T, and there is a maximum energy transfer to the
surroundings AU or AHy.
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Fig. 712 U-T and
H-T diagrams for
combustion

Fig. 7.13
Energy-absolute
temperature diagram
between stages 1 and 2

7.8 Internal energy and enthalpy of reaction

H

Reactants | gaseous) Reactants (gaseous)
Constituents in /  Products Constituents in 4
liquid form isascotul liquid form
__________ L.y v /4
4 Products
/4 \ lpaseous)
- N / - [N
| ~ 1
_“U": ~ c,f’(‘omliluem =AHol - C’f ~
Al == in liquid form = Constituent
=7 in liquid form
=
e T T: T
(a) ° (h) °

In processes 1-B the internal cnergy, or enthalpy, initially and finally is the
same so that the increase in temperature is a maximum and the combustion
process is adiabatic.

In 1-C the processes are general with heat transfer and possibly work transfer.

Process 1-A’ in Fig. 7.12(a) corresponds to the constant volume bomb
calorimeter test and in Fig. 7.12(b) 1-A’ corresponds 1o the steady-flow
combustion Boys' calorimeter test. Both of these tests are discussed later in
section 7.12.

In a general non-flow or steady-flow process the initial state (1) and final
state (2) will be different and neither will be at the reference temperature Tg.
The quantities of interestare U, — U,,and H, — H, for the respective processes.
It can be seen readily from Fig. 7.13 that

Uy— U= —(U, - Uy) = — [ AU, — (Uy, — Ug,) = (Up, — Up )}
Uy = Up=Up, — Uy, = (Up, = Up) + AUy + (Ug, — Ug)

U
or
" Reactants
(Up,— Ug }
or
(Hy, - Hy)) Products
i
1
|
| {Up, = Up,)
: or
(Hg, — Hyp)
1

Ty T

This is equation (7.16) repeated. A corresponding expression is obtained for
H, - H,.

The principles dealt with in this section will now be applied to typical
problems.

235

www.EngineeringEBooksPdf.com



Combustion

Example 7.15

A combustible mixture of carbon monoxide and air which is 10% rich is
compruscd toa pressure of 8.28 ba:andatcmpcmiurc of 282 °C. The mixture
is ignited and b occurs adiabatically at constant volume. Calculate
the maximum temperature and pressure reached assuming that no
dissociation takes place. At the reference temperature of 25°C, Ahg for CO is
—282990 kJ/kmol.

For ric conditions

236

CO +40; + (376 x )N, - CO, + (376 x HN,
CO + 0.50, + 188N, — CO, + 1.88N,

and for a mixture strength of 110%
Actual A/F ratio = stoichiometric A/F ratio x %

= stoichiometric A/F ratio/1.1
Therefore, for the actual conditions,
CO +(0.50; + 1.88N;)/1.1 =+ aCO; + bCO + L7IN,

Then,
Carbon balance: 1=a+b [
Onygen balance: 14 (05 x 2)/1.1=2a+b

ie 1909 =2a + b 21
From equation [1] and [2]
a=0909 and b=0091
therefore
CO + 04550, + 1.709N; - 0.909CO; + 0.091CO + L709N,
Also for the reaction

CO + 40, - CO,
ng=1+4+05=0L5 and np=1
therefore

AU, = AH, — (np — ng) RT,
=(—282990 x 1) — {(1 — 1.5) x 8.3145 x 298}
= —282990 + 1239 = — 281751 kJ
ie. Adlg = —281751 kJ/kmol
The non-flow process is defined by
Q+W=(U;-U,)
Also @ = 0; W =0 at constant volume; U, = Uy, U; = Up,, therefore
(Up, ~ Uy,) =0



Example 7.16

Solution

7.8 Internal energy and enthalpy of reaction

(Up, = Up,) + (Up, = Uy,) + (Uy, — Ug ) = 0
(Up, = Up,) + AUy + (Ug, — Ug,} =0 [3]

The values of molar internal energies for the various gases can be read from
the tables of ref. 7.6. Then

At 29815 K Up = —2479 — (0.455 x 2479) — (1.709 x 2479)

= —7844 kJ

At555K Up, = 2984.6 + (0455 x 3233.1) + (1.709 x 2944.2)
= 9487 kJ

At29815K Up, = —(0.909 x 2479) — (0.091 x 2479) — (1.709 x 2479)
= —6716kJ

Substituting in [3],
(Up, + 6716) — (0.909 x 281751) + (—7844 — 9487) =0

Note: there are 0.091 kmol CO in the products therefore only (1 — 0.091) =
0.909 kmol of CO releases energy of reaction,

ie. Up, = 266727 kJ
To find the temperature of products a trial-and-error method is now necessary.
ALT, Up, = {0509 x (i, for CO,)} + {0.091 x (@, for CO)}
+ {1709 x (&, for N;)}
Try T; = 3200K
Up, = (0.909 x 138720) + (0.091 x 74391) + (1.709 x 73555)
=258572kJ

This compares with the figure of 266 727 kJ calculated above, hence the actual
temperature of the products is slightly greater than 3200 K; a second guess from
tables gives a value of 3280 K.

The temperature calculated in Example 7.15 is that which would be obtained
by adiabatic combustion of the mixture. This temperature would not be attained
in practice due to the effect of dissociation; this was discussed in section 7.7
and the inclusion of this effect is illustrated in Example 7.16.

Calculate the final temperature for the mixture defined in Example 7.15
including the effect of dissociation.

The proportions of the constituents depend on the temperature so the
combustion equation is written as

CO + 04550, + 1.709N, — aCO; + bCO + €0, + 1.709N,
and b and ¢ can be expressed in terms of a by an atomic balance.
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Carbon balance: 1=a+ b thereforeb=1-a
Oxygen balance: 1+ (0455 % 2)=2a+b+ 2
191=2a+b+2

ie. 2e=191-2a—(1-a)

therefore

¢ =0455-05a
and

CO + 04550, + L.709N,

—aCO; + (1 — a)CO + (0.455 — 0.5a)0, + 1.709N,

The energy equation can be written as previously

(Up,— Up) + AU, + (Uy, — Ug ) =0
Using the values calculated in Example 7.15,

Up, = —(a x 2479) — {(1 — a) x 2479}
— {(D.455 — 0.52) x 2479} — [1.709 x 2479]
—(3.164 — 0.5a) x 2479 kJ

AUy = —a x 281751 kJ

Ug, = =7884k] Uy, =9487kJ
Substituting,

Up, + {(3.164 — 0.5a) x 2479} — 281751a— 17331 =0
therefore

Up, = 9487 + 282991a 1

A second equation is derived using the equilibrium constant for the reaction

Ka__PCD,{ p }"’ _a { ns }m
Pco Po,Jy2 (L —a) [(0.455 — 0.3a)p,

where p, is the pressure of the mixture after combustion and n, the number of
kmol of the products. Now

pV=nRT, and p,V =n,RT,
my Ty _ 555 (1+0455+1709) 21208

©

——— kmol/bar
p2 Thi;p T 8.28 T,
Substituting in the expression for K gives
a 21208 in
Ko {7~ 2
{1 - a){(OASS - I].Sa)T,} t2]

When the value of T; is known then Up, can be found by reading off i
for each of the products and muitiplying by the amount of substance of each;
equating this to the value of Up, in [1] allows a value of a to be calculated.
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7.9 Enthalpy of formation, Ah,

Similarly, when T; is known a value of In(K®) can be read from tables, and
from [2] a value of a is then found.

Therefore, one convenient trial-and-error method is to choose a value of Ty,
calculate a value of a from [ 1], and then find a value of K® from [2]. Compare
this value of K® with that found from tables at T;. When the two values of K
are the same then the correct value of T, has been found.

For example, at T; = 3000 K, from tables:

Up, = 127920 + 68 598(1 — a)
+ 73 155(0.455 — 0.5a) + (67795 x 1.709)
= 217745 + 22744.5a

ie in[1],

217745 + 22744.50 = 9487 + 282991a
therefore

a=08
Substituting for @ and T, in [2]

xuﬁ{ 21208 }'—*
0.2 {(0.455 = 0.5a) x 3000
= 4.54
From tables at T, = 3000 K,
In{K®) = 1.110 therefore K* = 3.03 (too low)

By such a method the value of T, is found to be 2949 K to the nearest degree.
This value should be compared with the value of 3280 K from Example 7.15
when dissociation was ignored,

Enthalpy of formation, Ah,

The combustion reaction is a particular kind of chemical reaction in which
products are formed from reactants with the release or absorption of energy as
heat is transferred to or from the surroundings. As some substances, for instance
hydrocarbon fuels, may be many in number and complex in structure the
enthalpy of reaction may be calculated on the basis of known values of the
molar enthalpy of formation, AR? of the i of the and
products at the reference temperature T,.

The molar enthalpy of formation Aﬁ, is the increase in enthalpy when a
compound is formed from its constituent elements in their natural form and in
a standard state. Something needs to be said about the standard form. The
normal forms of oxygen (O;) and hydrogen (H,) are gasecous, so M}? Tor the
can be put equal to zero. The normal form of carbon (C) is graphite, ©

for solid carbon is put to zero. Carbon in another form, e.g. diamond
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is not ‘normal’ and AQi} is quoted. The standard state is 25°C, and 1 bar
pressure, but it must be borne in mind that not all substances can exist in the
natural form, e.g. H;O cannot be a vapour at 1 bar and 25°C,

For calculation purposes, for a particular reaction

AR® = ¥ mARY — ¥ n ARG (733)
P R

Typical values of Ah§ are quoted for different substances in Table 7.11.

Table 7.11 Typical
heats of formation Ak Akg
g; E?:n(o 2‘;“3 sll:::dali par  Substance Formula State (kJ/kmol)
o} Gas 249170
Oxygen 0, Gas 0
Water H,0 Liquid — 285820
Water H,0 Vapour ~241830
Carbon C Gas 714990
Carbon [ Diamond 1900
Carbon C Graphite 0
Carbon monoxide cO Gas —110530
Carbon dioxide CO, Gas ~393520
Methane CH, Gas —T4870
Methyl alcohol CH,0H Vapour ~240532
Ethyl alcohol C;H,OH Vapour —281102
Ethane C;H, Gas -83870
Ethene C.H, Gas 52470
Propane CyHy Gas =102900
Butane C.Hyp Gas — 125000
Octane CygH,y Liquid —247 600

Example 7.17 Calculate the molar enthalpy of reaction at 25 °C of ethyl alcohol, C,H,0H,
using the data of Table 7.11.

Solution  Using equation (7.33)

AR? = )r:n.m}*,j - g nARE

and the combustion equation
C,;H;0H + 30, -+ 2C0, + 3H,0
S mARg =1 x (—281102) + 3 x 0= —281 102
13

Y nAR? =2 x (—393520) + 3 x (—241830) = — 1512530
P

therefore
AR® = — 1512530 — (—281102)
= — 1231428 kJ/kmol
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7.10 Calorific value of fuels

1

The quantities Ah® and Au” are approximated to in fuel specifications by
quantities called calorific values which are obtained by the combustion of the
fuels in suitable apparatus. This may be of the constant volume type (e.g. bomb
calorimeter) or constant pressure, steady-flow type (e.g. Boys' calorimeter).
Both of these are described in section 7.1. Definitions of calorific value are as
foliows:

(1) The energy transferred as heat to the surroundings (cooling water) per
unit quantity of fuel when burned at constant volume with the H,O product
of combustion in the liquid phase is called the gross (or higher) calorific value
(GCV) at constant volume Q,, .. This approximates to —Au® at a reference
temperature of 25°C with the H,O in the liquid phase.

If the H,O products are in the vapour phase the energy released per unit
quantity is called the net {or lower) calorific value (NCV) at constant volume,
@41 This approximates to —Au® at 25 °C with the H, O in the vapour phase.

(2) The energy transferred as heat to the surroundings (cooling water) per
unit quantity of fuel when burned at constant pressure with the H,O products
of combustion in the liquid phase is called the gross (or higher) calorific value
(GCV) at constant pressure, Q,, ,. This approximates to —Ah® at a reference
temperature of 25°C with the H,O in the liquid phase.

If the H,O products are in the vapour phase the energy released is called
the net {or lower) calorific value (NCV) at constant pressure, Q. ,. This
approximates to —Ah® at 25°C with the H,O in the vapour phase.

Contrary to the definition of Au® and Ah® it is usual to quote calorific values
as positive quantities. If @, . and the fuel composition is known, the other
quantities can be calculated. The above quantities are related as follows. For
the constant volume process

Q'l.w = Qmm + Mg (7.34)
For the constant pressure process
Quep = Quarp + Mgy (7.33)

where m, is the mass of condensate per unit quantity of fuel.
U = Uy at 25°C for H,0 = 2304.4 kI /kg
by = heg at 25°C for H,0 = 24418 kJ kg

The calorific values differ from AA® and Au® due to the departure of
experimental conditions from ideal with regard to temperatures of products
and reactants and also heat transfer conditions. This topic is discussed further
in section 7.12.

Power plant thermal efficiency

The purpose of any power plant is the power output which should be obtained
as economically as possible consistent with capital cost and running conditions.
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Example 7,18

Solution
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It is necessary to assess the overall performance of a plant for comparison
purposes and an important criterion is the overall thermal efficiency ng. This is
defined as

_ work output
" fuel energy supplied

It is necessary to decide on the denominator for this definition. It is desirable,
if we consider a steady-flow process, to relate the plant conditions to those for
the steady-flow calorimeter in which the products are cooled to atmospheric
temperature giving Q, .. However, it is not possible, or desirable, to cool the
products of combustion in a real plant to atmospheric temperature so there is
a substantial energy loss to atmosphere. Complete cooling of the products would
require large heat transfer surfaces which are expensive and the condensate
produced would form corrosive acids. As achieving these conditions is not even
attempted it seems that the use of @, , is unsatisfactory and Q,,, , is more
appropriate and this is often preferred. It does not matter for comparison
purposes except that both values are in use making the definition of 5, somewhat
arbitrary as

o

"o = -W or -W
o = —
P Q!‘H’
It is necessary to state with the definition whether Q, , or @, , is being used.
In a plant it may be required to assess the boiler or steam generator
performance only, in which case the boiler efficiency, given similarly in
equation (8.16), is defined as

(7.36)

heat transferred to working fluid

Boiler efficiency =
Y fuel energy supplied

therefore
heat transferred to working fluid
er.p of Qo p

It is again necessary to state whether Qy, , or @, . is being used when boiler
efficiency is quoted.

(7.37)

g =

A medium-size steam boiler required to supply a generator of output
25000 kW has a performance specification as follows: steam output 31.6 kg/s;
steam pressure 60 bar; steam temperature 500°C; feed water temperature
100°C; fuel, natural gas (96.5% CH,, 0.5% C,H, remainder incombustible);
gross calorific value 38 700 kJ/m? at 1,013 bar and 15 °C; fuel consumption
285m?/s.

Calculate the boiler efficiency and the overall thermal efficiency based on
the net calorific value of the fuel.

1 kmol of CH, burns to give 2 kmol H,O, therefore 0.965 kmol of CH, burns
to give 2 x 0.965 x 18 = 3474 kg H,0.
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7.12 Practical determination of calorific values

1 kmol of C;Hg, burns to give 3 kmol H,0, therefore 0.005 kmol of CyHg
burns to give 3 x 0005 x 18 =027kg H,0. Therefore 1kmol of gas
produces 3474 + 027 = 3501 kg H,O, and 1kmol of gas occupies a
volumeof (RT/p) = (8314.5 x 288/1.013 x 10*) = 23.64 m* at 1.013 bar and
15°C, therefore

3501
St formed Y of gas = —— = 1.481 k,
eam fo per m* of gas Y g

Using equation (7.35)
Quep = Quer,p + Mhg,
therefore
Querp = 38700 — (1481 x 2441.8) = 35084 kJ/m>
Heat to working fluid = b0, seam — Mrecawater
= 3421 - 419.1 = 3001.9 kJ kg
Using equation (7.37), therefore

_ 30019 x 316
T 285 x 35084

and using equation (7.36)

n = 095(95%)

_ workoutput 25000

= =025(25%)
[ 285 x 35084

o

Practical determination of calorific values

The methods for determining calorific value depend on the type of fuel; solid
and liquid fuels are usually tested in a bomb calorimeter, and gaseous fuels in
a continuous-flow apparatus such as Boys' calorimeter. The apparatus in every
case is required to meet with a standard specification and the procedure to be
adopted is also laid down.

Solid and liquid fuel

In the bomb calorimeter combustion occurs at constant volume and is a non-flow
process; in Boys® calorimeter the gas is burnt continuously under steady-flow
conditions,

The bomb is a small stainless steel vessel in which a small mass of the fuel
is held in a crucible (see Fig. 7.14). If the fuel is solid, it is usually crushed, passed
through a sieve, and then pressed into the form of a pellet in a special press.
The size of pellet is estimated from the expected heat release, and is such that
the temperature rise to be measured does not exceed 2-3 K. The pellet is ignited

243
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Fig. 7.14 Bomb
calorimeter
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Connections to external
firing circuit . .
Drive Eflnctnﬂl connections

8
WAL o
P N \
from bomb AR
] é|§ Wire § 1
: =N N
i : "Comm :
§ rucible PI-:_:‘_num . )
. Pellet  wire % X Fixed range
§ § } (or Beckmann type)
Nt
'~.'=-\ 1t — water
[

Nylon feet

by fusing a piece of platinum or nichrome wire which is in contact with it. The
wire forms part of an electric circuit which can be completed by a firing button,
which is situated in a position remote from the bomb. With a special form of
press the pellet can be formed with the fuse wire passing through it. This
facilitates the firing, particularly with some of the more difficult fuels. The
crucible carrying the pellet is located in the bomb, a small quantity of distilled
water is put into the bomb to absorb the vapours formed by combustion and
to ensure that the water vapour produced is condensed, and the top of the
bomb is screwed down. Oxygen is then admitted slowly until the pressure is
above 23 atm. The bomb is located in the calorimeter and a measured quantity
of water is poured into the calorimeter. The calorimeter is closed, the external
connections to the circuit are made, and an accurate thermometer of the fixed
range or Beckman type is immersed to the proper depth in the water. The water
is stirred in a regular manner by a motor-driven stirrer, and temperature
observations are taken every minute. At the end of the fifth minute the charge
is fired and temperature readings are taken every 10 s during this period. When
the temperature readings begin to fall the frequency of readings can be reduced
to every minute.

w.EngineeringEBooksPdf.com



Example 7.19

Table 7.12  Resuits for
a bomb calorimeter test

Solution

7.12 Practical determination of calorific values

The measured temperature rise is corrected for various losses. The cooling
loss is the largest, but corrections are also y for the heat released by
the combustion of the wire itself, and for the formation of acids on combustion.
The cooling correction can be determined graphically or by use of a formula
developed by Regnault and Pfaundler. The allowance for the combustion of
the wire is determined from its weight and known calorific value. The allowance
for acids present is determined by a chemical titration. For most purposes only
the correction for cooling need be applied.

If a liquid fuel is being tested, it is contained in a gelatine capsule and the
firing may be assisted by including in the crucible a little paraffin of known
calorific value.

The water equivalent of the calorimeter is determined by buming a fuel of
known calorific value (e.g. benzoic acid) in the bomb. The calculation for the
test is then as follows:

Mass of fuel x calorific value
= (mass of water + water equivalent of bomb)

% corrected temperature rise x specific heat capacity of water
From this equation the calorific value of the fuel tested can be found.

Table 7.12 gives the results of a bomb calorimeter test on a sample of coal.
The mass of coal burned was 0.825 g and the total water equivalent of the
apparatus was determined as 2500 g. Caleulate the calorific value of the coal
in kilojoules per kilogram. The temperature rise is to be corrected according
to the formula by Regnault and Pfaundler, but no correction need be made
for the acids formed.

Pre-firing Cooling period

period time Temp. Heating time Temp. time Temp.

(min.) (C) (min.) ) (min.) (“C)
0 25730 5,6 27.340 | 10 27.880
1 25732 t; 7 27.880 1 27878
2 25734 (2% ] 27883 12 27876
3 25.736 9 27.885 13 27874
4 25738 14 27872

tg 5 25740 15 27870

The Regnault and Pfaundler cooling correction is as follows:
vy —py [
Correction = nv + p I) ¥ (”*’é[fo"'f.]—ﬂf}
1 1
where n is the number of minutes between the time of firing and the first reading

after the temperature begins to fall from the maximum, v the rate of fall of
temperature per minute during the pre-firing period, v, the rate of fall of
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temperature per minute after the maximum temperature, t and ¢, the average
temperatures during the pre-firing and final periods respectively, Zf~"{r) the
sum of the readings during the period between firing and the start of cooling,
and 4{to + 1,) the mean of the temperature at the moment of firing and the
first temperature after the rate of change of temperature becomes constant. The
pre-firing and final periods are of the same duration.

In this example

n=10—35=35min
o= — (25.?40 — 25730
5

the negative sign indi that the perature was rising in the pre-firing
period.

) = —0.002 K/min

27.880 — 27.870

y _—
5

t=25735°C and ¢, =27.875°C

tn=

1)
¥ (1) =110988°C and

1
25,740 + 27.880
Hig+1,) = 7; -2681°C

v

= 0.002 K/min

Substituting the values in the equation gives

0.002 + 0.002
27.875 — 25.735

x (110988 + 26,81 — 5 x 25.735)
ie. Correction = 0.00705 K
Uncorrected temperature rise = —1, — f,
= 27880 - 25.740 = 2.14 K

Correction = — 5 = 0,002 +(

therefore
Correct temperature rise = 2.14 + 0.00705 = 2.14TK
Then Heat released from 0.825 gcoal = 2.147 x 2500 x 4.187 x 1072
=225k]

225
e i =—"" _=27250k]
ie Calorific value 035 %10 [kg

ie Calorific value of fuel = 27250 k] /kg

N.EngineeringEB




Fig. 7.15 Boys' gas
calorimeter

7.2 Practical determination of calorific values
Gaseous fuels

For a gaseous fuel a continuous supply of the gas is metered and passed at
constant pressure into the ealorimeter, where it is burned in an ample supply
of air (see Fig. 7.15). The products of combustion are cooled as nearly as possible
to the initial temperature of the reactants by a continuously circulating supply
of cooling water. The gas pressure and temperature are measured and the
amount of gas burned is referred 10 1.013 bar and 15°C. The temperature rise
of the circulating water is d, and the i from the products of
combustion is collected. A test is carried out over a fixed time period. The water
flow rate is measured and the condensate is weighed. Then we have

{Volume of fuel at 1.013 bar and 15°C) x (calorific value)
= (mass of water circulated) x specific heat capacity

* (temperature rise of water)

A - Cooli y Constant-
B- B:ohnmg coil level tank
o Flow restrictor
Overflow—_| | [
Water change-
over from waste  Water Water lrom
to collecting outlet main supply
cylinder temp.

Gas from the
main after a
quadrant vaive

Gas pressure regulator

The calorific value of the fuel is obtained in megajoules per cubic metre of
gas. The correct procedure for this determination is given in ref. 7.7.

In both the bomb calorimeter test and Boys’ calorimeter test the steam
formed on combustion is d d, and so the heat released by the steam
on condensing is transferred to the cooling water.
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Example 7.20

Solution
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Example 7.21

Solution

248

In a bomb calorimeter test on petrol the GCV was determined and found
to be 46 900 kJ /kg. If the fuel contains 14.4% H by mass, calculate the NCV.

From equation (7.1),
2H, + 0, - 2H,0
therefore
4kgH+32kg O, —+36kg H,0
or 1 kg H gives 9 kg H,0O, therefore
0.144 kg H gives 0.144 x 9= 1.296 kg H,0
Then using equation (7.34)
Quere = Qe — Metiyg
therefore
Qrere = 46900 — (1.296 x 2304.4) = 43910 k] /kg

Table 7.13 gives some typical calorific values of solid, liquid, and gaseous fuels,

Air and fuel-vapour mixtures

The mixture supplied to an engine fitted with a carburettor is one of air and
fuel vapour, and the quality of the mixture is controlled by the carburettor, If
the mixture is saturated with fuel vapour then the relative proportions of fuel
to air can be determined from a knowledge of the temperature -pressure
relationship for the saturated fuel. Such values are given for ethyl aleohol in
Table 7.14.

In Example 7.3 the stoichiometric A/F ratio [or ethyl alcohel, C,H,O, was
found to be 8.957/1. If the NCV of ethyl alcohol is 27800 kJ/kg, calculate
the calorific value of the combustion mixture per cubic metre at 1.013 bar
and 15°C,

The molar mass of ethyl alcohol is 46 kg/kmol, therefore we have
amount of substance of fuel per kilogram of fuel = 4_1_6

= 0.021 74 kmol/kg
The molar mass of air is 28.96 kg/kmol, therefore

B.957
amount of substance of air per kg of fuel = T;G = 0.3093 kmol kg

Total amount of substance of mixture = 0.021 74 + 0.3093
= 0.3310 kmol/kg



Table 7.13 Typical
calorific values of some
fuels

Table 7.14
Approximate saturation
temperatures and
pressures for ethyl
aleohol (C,H,0)

7.13  Air and fuel-vapour mixtures

Calorific value

at 15°C

(ki/kg)
Fuel Gross Net
Solid
Anthracite 34 600 33900
Bituminous coal 33500 32450
Coke 30750 30 500
Lignite 21650 20400
Peat 15900 14 500
Liquid
100-octane petrol 47300 44000
Motor petrol 46800 43700
Benzole 42000 40200
Kerosene 46250 43250
Diesel oil 46000 43250
Light fuel oil 44800 42100
Heavy fuel oil 44000 41300
Residual fuel oil 42100 40000

Calorific value at

15°C and 1 bar’

(MJ/m?)
Gas Gross Net
Butane 122,00 113.00
Propane 96.00 86.00
Natural gas 38.20 35.20
Coal gas 20,00 17.85
Hydrogen 11.85 10.00
Producer gas 6.04 6.00
Blast-furnace gas 34 137

Temp./("C) 0
Pressure/(bar) 00162

10 20
00314 00584

0.1800  0.2960  0.4650

From equation (2.8)
pV = nRT
therefore

V=

_ 0331 x 8314.5 x 288
1.013 x 10*

= 7.824 m* per kg of fuel
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Example 7.22

Solution

T1

1.2

73

Now NCV of fuel = Q,,,, = 27.8 MJ /kg
therefore

278
Ni f mixture = —— = 3 i
ICV of mixture 7 3.55 MJ/m? of mixture

For a stoichiometric mixture of ethyl alcohol and air calculate the
temperature above which there will be no liquid fuel in the mixture. The
pressure of the mixture is 1.013 bar.

Using the results of Example 7.21, we have
amount of subst of ethyl alcohol = 0.021 74 kmol /kg
and  Total amount of substance = 0.331 kmol
Then using equation {6.14), p, = (n;/n)p, we have
) - 0.02174
Partial pressure of ethyl pour = — % 1.013
= 0.0665 bar
From Table 7.14, the saturation temperature corresponding to this pressure
lies between 20 and 30°C. Therefore interpolating
0.0665 — 0.0584
e (m
Hence the minimum temperature of the mixture is 21.74°C for complete
evaporation of the liquid fuel.

) x (30 — 20) = 21.74°C

Problems

A sample of bituminous coal gave the following ultimate analysis by mass: C 81.9%;
H 4.9%; O 6%; N 2.3%; ash 4.9%, Calculate:
(i) the stoichiometric A/F ratio;
(if) the analysis by volume of the wet and dry pmducu of comhu.:tiom when the air
supplied is 25% in excess of that required for
(10.8/1; CO, 14.14%; H,0 5.07%; O, 408%. N, 76.71%; CO, 14.89%;
0, 4.30%; N, 80.81%)

An anllysu of n.alural Bas gave the following values: CH, 93%; C;Hg 4%; N; 3%.

Cal the ic A/F ratio and the-analysis of the wet and dry products
of combustion when the A/F ratio is 12/1.

(9.524/1; CO, 7.76%; H,0 15.21%; O, 3.99%; N, 73.04%; CO, 9.15%;

0, 4.71%; N; 86.14%)

Calculate the stoichi ic A,FF ratio for benzene (CyHg), and the wet and dry

is of the busti
(13.2/1; CO, 1&13% H,0 8.06%; N, 75.81%; CO, 17.54%; N, 82.46%)
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7.6

7

T8

7.8

7.10

~n
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Problems

In the actual combustion of benzene in an engine the A/F ratio was 12/1. Calculate
the analysis of the wet products of combustion.
(CO; 13.38%; CO 3.94%; H,0 8.66%; N, 74.03%)

The ultimate analysis of a sample of petrol was 85.5% C and 14.5% H. Calculate:

(i) the stoichiometric A/F ratio;

{ii) the A/F ratio when the mixture strength is 90%;

(iii) the A/F ratio when the mixture strength is 120%;

(iv) the analyses of the dry products for (ii) and (iii);

(v} the volume flow rate of the products through the engine exhaust per unit rate of
fuel consumption for (iii) when the pressure is 1.013 bar and the temperature is
110°C.

(14.76/1; 16:4/1; 12.3/1; CO, 13.38%; O, 224%; N, 84.38%; CO, 8.67%;
CO 8.79%:; N, 82.54%; 15.11 m®/s per kg/s)

The ultimate analysis of a sample of petrol was C 85.5% and H 14.5%. The analysis
of the dry products gave 14% CO, and some O,. Calculate the A/F ratio supplied
to the engine, and the mixture strength.

(15.72/1; 94%)

In an engine test the dry product analysis was CO; 15.5%; O, 2.3% and the remainder
N;. Assuming that the fuel burned was a pure hydrocarbon, calculate the ratio of carbon
to hydrogen in the fuel, the A/F ratio used, and the mixture strength.

(11.5; 14.84/1; 89.5%)

The ultimate analysis of a sample of petrol was 85% C and 15% H. The analysis of
the dry products showed 13.5% CO,, some CO and the remainder N;. Calculate:
(i) the actual A/F ratio;
(ii) the mixture strength;
(iii) the mass of H;O vapour carried by the exhaust gas per kilogram of total ext gas;
(iv) the temperature to which the gas must be cooled before condensation of the H,O
vapour begins, if the pressure in the exhaust pipe is 1.013 bar.
(14.31/1; 104%,; 0.088 kg /kg; 52.7°C)

A quantity of coal used in a boiler had the following analysis: 82% C,; 5% H; 6% O;
2% N; 5% ash. The dry flue gas analysis showed 14% CO, and some oxygen. Calculate:
(i) the oxygen content of the dry flue gas;
(ii) the A/F ratio and the excess air supplied.

(5.52%; 14.29/1; 31.8%)

For the mixture of Problem 7.4 calculate the calorific value per cubic metre of mixture
at 1.013 bar and 38 °C. The calorific value of benzene is 40 700 kJ /kg.
(3.73MJ/m?)

The lower explosive limit of ethyl alcohol in air is 3.56% by volume at a pressure of
1013 mbar. If the pressure in a room is 1013 mbar calculate the lowest temy at
which the explosive mixture would be formed. What quantity of ethyl alcohol in litres
would be needed in a room of volume 115m? to produce this mixture. The specific
gravity of liquid ethyl alcohol is 0.794, Use the data of Table 7.14 for this problem.
(11.73°C; 10.15/1)

The products of combustion of a hydrocarbon fuel, of carbon to hydrogen ratio 0.85:0.15,
are found to be CO; 8%, CO 1%, O; 8.5%. Calculate the A/F ratio for the process
by two methods and hence check the consistency of the data.

(23.70, 23.53)
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T.18

7.20

T.22

A stoichiometric mixture of CO and air was burned adiabatically at constant volume
and at the peak pressure of 7.2 bar the temperature was 2469 °C; analysis showed the
volume of CO present in the products to be 0.192 of the volume of CO supplied. Show
by calculating the equilibrium constant for CO + 40, = CO, that the data are consistent.
The value of In K¥ for this reaction at 2600 K is 2.800 and at 2800 K it is 1.893. -

The products of a fuel when d at a high temj gave the foll g analysis:
9.27% C0,: 4.00% CO; 14.20% H,0;0.90% H,; 71.03% N,. Using appropriate values
of equilibrium constants from tables such as those of ref. 7.3, estimate the temperature
and pressure of the products.

:

(2800 K; 20.31 bar)
A stoichi ic mixture of b (CgH,) and air is induced into an engine of
volumetric compression ratio 5 to 1. The pressure and temperature at the beginning of
oomprmlon are 1bar and 100°C. The mlmmd maximum temperature reached,
11 g for dissociation, after adiabatic at volume is 2727 °C and
at this lemperalun the standard equilibrium constants are

Peo,(p®)'"? 3034 PHofco
Peolpo ) Pu,Pco,

Show that about T4.4% of the carbon in the fuel is burned to CO, and calculate the
maximum pressure reached.

=7214

(41.7 bar)

The enthalpy of combustion of propane gas, C;Hg, at 25 °C with the H, O in the products
in the liquid phase is —50360 kJ/kg. Calculate the enthalpy of combustion with the
H, 0 in the vapour phase per unit mass of fuel and per unit amount of substance of fuel.

(=46 364 kJ /kg; — 2040030 kJ /kmol)
Calculate, for propane liquid, CyHy, at 25°C the enthalpy of combustion with the H,O
in the products in the vapour phase. Use the data of Problem 7.16 and take h,, at 25°C

for propane as 372 kJ/kg.
(—45992 k) /kg)

Calculate the internal energy of combustion per unit mass of propane vapour, C;Hg,
at 25°C with the H,O in the vapour phase from the corresponding value of
Ah® = —46364 k] /kg.

(—46420 kI /kg)
Calculate the internal energy of combustion per unit mass for gaseous propane, CyHy,
at 25°C with the H,0 of combustion in the liquid phase from the corresponding value
of Ah® = —50360 kJ/kg.

‘ {=50191 kJ/kg)

Calculate the internal energy of combustion per unit mass for liquid propane, C,H,, at
25°C with the H;O of combustion in the vapour phase from the corresponding value of
Ah® = —45992 k] /kg.

(—46105 kJ /kg)
Ai® for hydrogen at 60°C is given as — 242400 kJ/kmol, Calculate Ah® at 1950°C
given that the molar enthalpies of the gases concerned are as in Table 7.15.

(—252087 kJ /kmol)

A stoichiometric mixture of hydrogen and air at 25°C is ignited and combustion takes
place adiabatically at & p of | bar. AR® for hydrogen at 25°C with the




Table 7.15 Molar
enthalpies of gases
for problem 7.21
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7.24
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References

Molar enthalpy/(kJ /kmaol})

Gas 60°C 1950°C

H; 9492 69250

0, 9697 76 500

H,0 11147 94620

H,0 in the liquid phase is — 286000 kJ/kmol. Calcul. -glecting changes i kinetic

energy, and using the tables of ref. 7.6:

(i) the temperature reached if the process is i to be adiabatic and di
is neglected;

{ii} the temperature reached after adiabatic combustion if the i are H,, 0,4,
H,0, and N,

At 25°C hy, for H,0 is 2441.8 kJ/kg
(2254°C; 2200°C)

Octane vapour, CgH, 4, is to be burned in air in a steady-flow process. Both the fuel
and air are supplied at 25°C and the product temperature is to be 760 °C. Dissociation
is negligible and the heat loss is to be taken as 10% of the increase in enthalpy of the
products above the reference temperature.

AR for octane vapour is — 5510294 kJ/kmol with the products in the liquid phase.
Calculate the A/F ratio by mass required; hy, at 25°C for H,0 is 2441.8 kJ/kg. Use the
molar enthalpies in ref. 7.6.

(48.2)

Calculate the molar enthalpy of ion of methane CH,, at 25°C and 1 bar pressure.
Use Table 7.11 (p. 220) and assume the H,O of combustion to be in the liquid phase.
{ — 890290 kJ /kmol)

Calculate the molar enthalpy of combustion at 25°C and 1 bar pressure of a gas of
volumetric analysis 12% H;, 29% CO, 2.6% CH,, 04% C;H,, 4% CO; and 52% N,
for the HyO in the vapour phase and in the liquid phase.

{—137240kJ/kmol; — 145158 kJ /kmol)
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Fig. 8.1 Carnot cycle
for & wet vapour on a
T-s diagram

8

Steam Cycles

The heat engine cycle is discussed in Chapter 5, and it is shown that the
most efficient cycle is the Carnot cyele for given temperatures of source and
sink. This applies.to both gases and vapours, and the cycle for a wet vapour
is shown in Fig. 8.1. A brief summary of the essential features is as follows:

4 to 1: heat is supplied at constant temperature and pressure.

1 to 2: the vapour expands isentropically from the high pressure and
temperature to the low pressure. In doing so it does work on the surroundings,
which is the purpose of the cycle.

2 to 3: the vapour, which is wet at 2, has to be cooled to state point 3 such
that isentropic compression from 3 will return the vapour to its original state
at 4. From 4 the cycle is repeated.

The cycle described shows the different types of processes involved in the
complete cycle and the ch in the thermody ic properties of the vapour
as it passes through the cycle. The four processes are physically very different
from each other and thus they each require particular equipment. The heat
supply, 4-1, can be made in a boiler. The work output, 1-2, can be obtained
by expanding the vapour through a turbine. The vapour is condensed, 2-3, in
a condenser, and to raise the pressure of the wet vapour, 3-4, requires a pump
OF COMPIessor.

Thus the components of the plant are defined, but before these are discussed

T




8.1

Fig. 8.2 Rankine cycle
using wet steam on a
T-s diagram

81 The Rankine cycle

further, the deficiencics of the Carnot cycle as the ideal cycle for a vapour must
be considered.

The Rankine cycle

It is stated in section 5.3 that, although the Carnot cycle is the most efficient
cycle, its work ratio is low. Further, there are practical difficulties in following
it. Consider the Carnot cycle for steam as shown in Fig. 8.1: at state 3 the steam
iswet at T; but it is difficult to stop condensation at the point 3 and then compress
it just to state 4. It is more convenient to allow the condensation process to
proceed to completion, as in Fig. 8.2. The working fluid is water at the new
state point 3 in Fig. 8.2, and this can be conveniently pumped to boiler p e
as shown at state point 4. The pump has much smaller dimensions than it
waould have if it had to pump a wel vapour, the compression process is carried
out more efficiently, and the equipment required is simpler and less expensive.
One of the features of the Carnot cycle has thus been departed from by the
modification to the ) ion process. At state 4 the water is not at the
saturation temperature corresponding to the boiler pressure. Thus heat must
be supplied to change the state from water at 4 to saturated water at 5; this is
a constant pressure process, but is not at constant temperature. Hence the
efficiency of this modified cycle is not as high as that of the Carnot cycle. This
ideal cycle, which is more suitable as a criterion for actual steam cycles than
the Carnot cycle, is called the Rankine cycle.

a

T

"

K}

The plant required for the Rankine cycle is shown in Fig. 8.3, and the numbers
refer to the state points of Fig. 8.2. The steam at inlet to the turbine may be
wet, dry saturated, or superheated, but only the dry saturated condition is
shown in Fig. 8.2. The steam flows round the cycle and each process may be
analysed using the steady-flow energy equation; changes in kinetic energy and
potential energy may be neglected, then for unit mass flow rate

0+ W=dh
Each process in the cycle can be considered in turn as follows. Boiler:

Qs+ W=h, —h,
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H;:i.‘l- Basic steam
plant

Boundary

Therefore, since W =10,
Qusi=h, — by (8.1)

Turbine: the expansion is adiabatic (ie. ¢ = 0), and isentropic (ie. 5, = 5;),
and h, can be calculated using this latter fact. Then

Qu+Wy=h—h

therefore

Wia=hy—h
or Work output, — Wy, = h; — h, (8.2)
Condenser:

O+ Ws=hy—h,
Therefore, since W =0

Qua=hy—h,
therefore
Heat rejected in condenser, — @y = hy — hy (8.3)

Pump:
Qe+ Wag=hy~hy

The compression is isentropic (i.e. sy = 5,), and adiabatic (i.e. § = 0). Therefore
Wy, = (hy = -"3)

i.e. Work input to pump, Wy, =h, — hy (84)

This is the feed-pump term, 2ud as it is a small quantity in comparison with
the turbine work output, — W), it is usually neglected, especially when boiler
pressures are low.

Net work input for the cycle ¥ W = W,, + W,



8.1 The Rankine cycle

ie YW =(hy—hy) + (he — hy)

or  Net work output, =¥ W = (h, — hy) — (hy — hy) (8.5)
Or, if the feed-pump work is neglected,
Net work output, — ¥ W=h, — h, (8.6)
The heat supplied in the boiler, Q4s; = h; — hy. Then we have
Rankine efficiency, = — e vorkoutput (8.7)
heat supplied in the boiler
. (kl -ﬁ:)—(-‘h _h:]
ie. M PR
(hl - k:} - (-"a - hJ]
or M=t Y (8.8)
By = h) = (hy = hy)
If the feed-pump term, hy — hy, is neglected equation (8.8) becomes
kl - "’1
- et 89
Nr by — Tty (8.9)

When the feed-pump term is to be included it is necessary to evaluate the
quantity, Wy, :
From equation (8.4)

Pump work = Wy, = hy — hy

It can be shown that for a liguid, which is assumed to be incompressible (ie.
v = constant), the increase in enthalpy for isentropic compression is given by

(hy — hy) = v(ps — p3)

The proof is as follows. For a reversible adiabatic process, from equation (3.15),
d@=dh—vdp=0

therefore

dh=vdp

4 +
ie J dh = J vdp
3 3

For a liquid, since v is approximately constant, we have

4
hy —hy =|’j dp = vips — ps)
3
Le. hy — hy =vipy, — py)
therefore
Pump work input = by ~ Iy = v{ps — ps) (8.10)
where v can be taken from tables for water at the pressure p,.
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on a T-3 diagram

The efficiency ratio of a cycle is the ratio of the actual efficiency to the ideal

cfficiency. In vapour cycles the efficiency ratio compares the actual cycle
efficiency to the Rankine cycle efficiency,

. : cycle efficiency

. Effi tio = —— N

ie. ciency ratio Rankine (8.11)
The actual expansion process is irreversible, as shown by line 1-2 in

Fig. 8.4. Similarly the actual compression of the water is irreversible, as indicated

by line 3-4. The isentropic efficiency of a process is defined by

actual work

Isentropic efficiency = isentropic work for an expansion process
T
H 1
4
1
3 252
and
. . _ isentropic work .,
Isentropic efficiency = — I work for a compression process
Hence
Turbine isentropic efficiency = W bk (8.12)

T Wi hl_hh

It has been stated that the efficiency of the Carnot cycle is the maximum
possible, but that the cycle has a low work ratio. Both efficiency and work ratio
are criteria of performance. By the definition of work ratio in section 5.3,

net work output

_— 8.13
gross work output (8:13)

Work ratio =

Another criterion of performance in steam plant is the specific steam
consumption (ssc). Tt relates the power output to the steam flow necessary to
produce it. The steam flow indicates the size of plant and its component parts,
and the ssc is a means whereby the relative sizes of different plants can be
compared.

The ssc is the steam 27 required to develop unit power output. The power
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output is —i}¥ W, therefore

“°=:E%_w=7‘i‘i? . (8.14)
Neglecting the feed pump work we have

~EW=h—h,
therefore

sscm — b

”‘I = J‘x)

Mote-that when hy and h; are expressed in kilojoules per kilogram then the
units of ssc are kg/kJ or kg/kW h.

Example 8.1 A steam power plant operates between a boiler pressure of 42 bar and a
condenser pressure of 0.035 bar. Calculate for these limits the cycle efficiency,
the work ratio, and the specific steam consumption:

(i) for a Carnot cycle using wet steam;
(ii) for a Rankine cycle with dry saturated steam at entry to the turbine;

(iii) forthe Rankine cycle of(ii), when the expansion process has an isentropic
efficiency of 80%.

Solution (i) A Carnot cycle is shown in Fig. 8.5.

Fig. 85 Carmot cycle
for Example 8.1(a)

Temperature/{K)

T, = saturation temperature at 42 bar
=2532+273=5262K
T; = saturation temperature at 0.035 bar
=26.7+273=299.7K
Then from equation (5.1)
_T-T,_5262-2997
T 526.2

Ncarnor =0432 or 432%
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Also  Heat supplied = h; — hy = I, at 42 bar = 1698 k] kg

Net work output, — ¥ W
Gross heat supplied

Therefore — ¥ W = 0.432 x 1698,
ie. Net work output, —¥ W = 734 ki/kg

Then  Neuno = =0432

To find the gross work of the expansion process it is necessary to calculate
h,, using the fact that s, = s,.
From tables

h, =2800k]/kg and s, =35, =6049k]/kgK
Using equation (4.10)

5= 6049 = 5 + X35, = 0.391 + x,8.13
therefore .
= 6.049 — 0.391

8.13

Then using equation (2.2)

hy =Ry 4+ xphy, = 112 4 (0.696 x 2438) = 1808 kJ/kg
Hence, from equation (8.2)

— W,y = hy — hy = 2800 — 1808 = 992 kJ/kg
Therefore we have, using equation (8.13),

= 0.696

net work output _ 734 =079
grosswork output 992

Work ratio =
Using equation (8.14)
556 = -
734
ie. ssc = 0.00136 kg/kW s
=491 kg/kW h
(ii) The Rankine cycle is shown in Fig. 8.6.
As in part (i)
hy =2800kJ/kg and h, = 1808 kJ/kg
Also, hy = h, at 0.035 bar = 112kJ /kg

Using equation (8.10), with v = ¢, at 0.035 bar

Pumpwork = v,(p, — p3) = 0.001 x (42 — 0.035) x %

=42kl/kg



8.1 The Rankine cycle
Fig. 8.6 T-s diagram T .
for Example 8.1{b}

Using equation (8.2)

~ W,y = hy — hy = 2800 — 1808 = 992 kJ /kg

Then using equation (8.8)

i -“|I - h:.] - ("’4 - hx) -
(hy = hy) = (hy = hy)

e = 368%

Using equation (8.13)

992 - 42
= (.368
{2800 — 112) — 42 03

ie.

Work ratio = net work output _ 992 — 42 = 0996
gross work output 992

Using equation (8.14)

S50 = —
_E w
ie. !

= = (000101 kg/kW s = 3, w
992-42) g2/kWs =364 kg/kWh

(iii) The cycle with an irreversible expansion process is shown in Fig. 8.7.
Using equation (8.12)

Isentropic efficiency = b= ks =W

1= hy, Wy,
Fig. 8.7 T-s diagram T
for Example 8.1(c)
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Fig. 88 Steam cycle
efficiency and specific
steam consumption
against boiler pressure

262

therefore
08 = *_I'.v.‘i
992
ie — W3 =08 x 992 = 793.6 kJ/kg
Then the cycle efficiency is given by
. (hy = hy) = (hy = hy)
Cyecle effici =%
ency gross heat supplied
793.6 — 4.2
= " _=0.294
(2800 — 112) — 4.2 025

ie.  Cycle efficiency = 294%

— W2 —pumpwork _ 793.6 — 4.2

=0995
—Wy 793.6

Work ratio =

Also
1
880 = ——
7936 — 4.2
The feed-pump term has been included in the above calculations, but an

inspection of the parative values shows that it could have been neglected
without having a noticeable effect on the results.

= 0.001267 kg/kW s = 4.56 kg/kW h

It is instructive 1o carry out these calculations for different boiler pressures
and to represent the results graphically against boiler pressure, as in Fig. 8.8.
As the boiler pressure increases the specific enthalpy of vaporization decreases,
thus less heat is transferred at the maximum cycle temperature. Although the
efficiency increases with boiler pressure over the first part of the range, due to
the maximum cycle temperature being raised, it is affected by the lowering of
the mean temperature at which heat is transferred. Therefore the graph for this
efficiency rises, reaches a maximum, and then falls.

&
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Cycle efficiency /(%)
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Specific steam consumption/(kg/kW h)

Efficiency
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8.2

Fig. 89 Steam plant

8.2 Rankine cycle with superheat
Rankine cycle with superheat

The average temperature at which heat is supplied in the boiler can be increased
by superheating the steam. Usually the dry saturated steam from the boiler
drum is passed through a second bank of smaller bore tubes within the boiler.
This bank is situated such that it is heated by the hot gases from the furnace
until the steam reaches the required temperature.

The Rankine cycle with superheat is shown in Fig. 8.9(a) and 8.9(b).
Figure 8.9(a) includes a steam receiver which can receive steam from other
boilers. In modern plant a receiver is used with one boiler and is placed between
the boiler and the turbine. Since the quantity of feedwater varies with the
different demands on the boiler, it is necessary to provide a storage of condensate

mh;;“l’g:';“: {;j | between the condensate and boiler feed pumps. This storage may be either a
dw?‘,) surge tank or hot well. A hot well is shown dotted in Fig. 8.9(a).
Drum [g Receiver
T
= 1 .
[ U =H
5
e 2
4 Condenser
_~‘.|_O_'_ ‘
Pump | y 2
(a) {_Hotwdl § (b) §
Example 8.2 Compare the Rankine cycle performance of Example 8.1 with that obtained
when the steam is superheated to 500 °C, Neglect the feed-pump work.
Solution From tables, by interpolation, at 42 bar:

hy = 34426kI/kg and s, = 5, = 7.066 kl/kg K

Using equation (4.10)
5 = 5, + Xz5,, therefore 0.391 + x,8.13 = 7.066
ie. x, = 0.821

Using equation (2.2)

hy = hy, + x3hy, = 112 + (0.821 x 2438) = 2113 kJ/kg
From tables:

hy = 112 kJ/kg
Then, using equation {8.2)

—~ W3 =hy — hy = 34426 ~ 2113 = 1329.6 k) /kg
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Fig. 8.10 Steam cycle
efficiency and specific
steam consumption
against steam
temperature at turbine
entry

264

Neglecting the feed-pump term, we have

Heat supplied = hy — h, = 34426 — 112 = 3330.6 k] /kg
Using equation (8.9)
b=y 13296
hy —hy 33306
Also, using equation (8.14)

= (.399 or 39.9%

Cycle efficiency =

1 1
80 = c—— = ——
hy—h, 13296

The cycle efficiency has increased due to superheating and the improvement
in specific steam consumption is even more marked. This indicates that for a
given power output the plant using superheated steam will be of smaller
proportions than that using dry saturated steam.

= 0.000752 kg/kW s = 2.71 kg/kW h

The condenser heat loads for different plants can be compared by calculating
the rate of heat removal in the condenser, per unit power output. This is given
by the product, ssc x (ky — hy), where (h; = h;) is the heat removed in the
condenser by the cooling water, per unit mass of steam. Comparing the condenser
heat loads for the Rankine cycles of Examples 8.1 and 8.2, we have with dry
saturated steam at entry to turbine, using the results from Example 8.1(ii):

Condenser heatload = 0.00101(1808 — 112)
= 1.713 kW per kW power output

With superheated steam at entry to the turbine, using the results from
Example 8.2:

Condenser heat load = 0.000752(2113 — 112)
= 1.505 kW per kW power output

For given boiler and condenser pressures, as the superheat temperature
increases, the Rankine cycle efficiency increases, and the specific steam
consumption decreases, as shown in Fig. 8.10.

50 6.0
Efficiency | _ i

-
£

]
&

b
ssc/{kg/kW h)

=l
i

260 520
Steam temperature/("C)



Fig. 8.11 T-s diagram
showing the cffect of a
higher boiler pressure
on the steam condition
in the turbine

8.3

8.3 The enthalpy-entropy chart

There is also a practical advantage in using superheated steam. For the data
of the Rankine cycle of Examples 8.1 and 8.2, the steam leaves the turbine with
dryness [ractions of 0,696 and 0.821 respectively. The presence of water during
the expansion is undesirable, since the droplets are denser than the remainder
of the working fluid and therefore have different flow characteristics. The result
is the physical crosion of the turbine blades, and a reduction in isentropic
efficiency.

The modern tendency is to use higher boiler pressures, and a comparison of
cycles on the T-s diagram shows that for a given steam temperature at turbine
inlet, the higher pressure plant will have the wetter steam at turbine exhaust
{see Fig. 8.11 in which p, > p,). It is usual to design for a dryness fraction of
not less than 0.9 at the turbine exhaust.

T

d

M

i
/l

The enthalpy-entropy chart

In this chapter, and in later ones, we are concerned with changes in enthalpy.
It is convenient to have a chart on which enthalpy is plotted against entropy.
The h-s chart recommended is that of rel. 8.1, which covers a pressure range
of 0.01-1000 bar, and temperatures up to 800°C. Lines of constant dryness
fraction are drawn in the wet region to values less than 0.5, and lines of constant
temperature are drawn in the superheat region. In general h-s charts do not
show values of specific volume, nor do they show the enthalpies of saturated
water at pressures which are of the order of those experienced in steam
condensers. Hence the chart is useful only for the enthalpy change in the
expansion process of the steam cycle; the methods used in Examples 8.1 and 8.2
are recommended for problems on the Rankine cycle.

A sketch for the hi—s chart is shown in Fig 8.12. Lines of constant pressure
are indicated by py, p,, etc.; lines of constant temperature by T,, T;, etc. Any
two independent properties which appear on the chart are sufficient to define
the state (e.g. p, and x, define state A, and h, can be read off the vertical axis).
In the superheat region, pressure and temperature can define the state fe.g. py
and T, define the state B, and hy can be read off). galisic of constant entropy
between two state points B and C defines the pr-iﬁal all points during an
isentropic process between the two states,
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Fig. 8.12 Sketch of an
enthalpy-entropy chart

for steam
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8.4

2805

Enthalpy/ik] kgj

2000
Critical point Entrapy (k) kg Kt

The reheat cycle

It is desirable to increase the average temperature at which heat is supplied to
the steam, and also to keep the steam as dry as possible in the lower pressure
stages of the turbine. The wetness at exhaust should be no greater than 10%.
The considerations of section 8.2 show that high boiler pressures are required
for high efficiency, but that expansion in one stage can result in exhaust steam
which is wet. This is a condition which is improved by superheating the steam.
The exhaust steam condition can be improved most effectively by reheating the
steam, the expansions being carried out in two stages. Referring to Fig. 8.13,
1-2 represents isentropic expansion in the high-pressure turbine, and 6-7
represents isentropic expansion in the low-pressure turbine, The steam is
reheated at constant pressure in process 2-6. The reheal can be carried out by

_returning the steam to the boiler, and passing it through a special bank of tubes,

the reheat bank of tubes being situated in the proximity of the superheat tubes.
Alternatively, the reheat may take place in a separate reheater situated near
the turbine; this arrangement reduces the amount of pipe work required. The
use of reheat cycles has encouraged the development of higher pressure, forced
circulation boilers, since the specific steam consumption is improved, and the
dryness fraction of the exhaust steam is increased.

¢ analysis is as follows:

Heat supplied = Q4 + Q14

www.EngineeringEBooksPdf.com



Fig. 8.13 T-s diagram
showing a reheat steam
eycle

Example 8.3

Fig. 8.14 7-5 diagram
for Example 8.3

8.4 The reheat cycie

Neglecting the feed-pump work

Qusi=hy —hy
Also, for the reheat process
Q26 =hy — I,
Work output = —W,; — W,
and  —Wy,=h —h, and —Wy, =hg—h;
Cycle efficiency = M
Qasy + Qa6

_ (hy = hy) + (hg — hy)
(hy = by} + (he — hy)

Calculate the new cycle efficiency and specific steam consumption if reheat
is included in the plant of Example 8.2. The steam conditions at inlet to the
turbine are 42 bar and 500°C, and the condenser pressure is 0.035 bar as
before. Assume that the steam is just dry saturated on leaving the first turbine,
and is rcheated to its initial tlemperature. Neglect the feed-pump term.

Solution The cycle is shown on a T-s diagram in Fig. 8.14.

=]

0.035 bar
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It is convenient to read off the values of enthalpy from the h-s chart, ie.
hy = 34426 kJ/kg; hy = 2713 kJ/kg (at 2.3 bar); h, = 3487 kJ/kg (at 2.3 baf
and 500°C); h, = 2535 kJ/kg.

From tables

hy=112kJ/kg
Then  Turbine work = (h, — hy) + (hy — h)
= (3443 — 2713) + (3487 — 2535)
ie. Turbinework = 1682 ki /kg
Heat supplied = (h, — hy) + (hg — hy)
= (3443 — 112) + (3487 - 2713)
e Heat supplied = 4105 kJ/kg

therefore
1682
Cyele efficiency = —— = 0.41 or 41°
yele efficiency 2103 or 41%
1
Also  ssc = —- = 0.000595 kg/kJ
1682

ie ss¢ =214 kg/kWh

Comparing these answers with the results of Example 8.2 it can be seen that
the specific stecam consumption has been improved considerably by reheating
(i.e. reduced from 2.71 kg/kW h to 2.14 kg/kW h). The efficiency is greater (i.e.
increased from 39.9 to 41%). The cycle efficiency will be increased by
reheating only if the mean temperature of the heat supply is increased; this
will not be the case il the reheat pressure is too low.

The regenerative cycle

In order to achieve the Carnot efficiency it is necessary to supply and reject
heat at single fixed temperatures. One method of doing this, and at the same
time having a work ratio comparable to the Rankine cycle, is by raising the
feedwater to the saturation temperature corresponding to the boiler pressure
before it enters the boiler. This method is not a practical proposition, but is of
academic interest. The feedwater is passed from the pump through the turbine
in counter-flow to the steam, as shown in Fig. 8.15(a). The feedwater enters
the turbine at 1, and is heated to the steam temperature at inlet to the turbine.
If at all points the temperature difference between the steam and the water is
negligibly small, then the heat transfer takes place in an ideal reversible manner.
Assuming dry saturated steam at turbine inlet, the expansion process is
represented by line 1-2-2"in Fig, 8.15(b). The heat rejected by the steam, area
12561, is equal to the heat supplied to the water, area 34783, The heat supplied
in the boiler is given by area 41674, and the heat rejected in the condenser is



8.6 The regenerative cycle

Condenser

Boiter

Fig. 8.15 Steam plant
operating (a) on a
regenerative cycle and
(b) the cycle on a T-s
diagram

Haoiler

Fig, 8.16 Steam plant
with {a) one open feed

heater and (b) the cycle
on a T-s diagram

¥ F3

Feed pump 3 7 5 6 4
(a) (b}

given by area 3'2'583". This regenerative cycle has an efficiency equal to the
Carnot cycle, since the heat supplied and rejected externally is done at constant
temperature.

This cycle is clearly not a practical propesition, and in addition it can be
seen that the turbine operates with wet steam which is to be avoided if possible.
However, the Rankine efficiency can be improved upon in practice by bleeding
off some of the steam at an intermediate pressure during the expansion, and
mixing this steam with feedwater which has been pumped to the same pressure.
The mixing process is carried out in a feed heater, and the arrangement is
represented in Figs 8.16(a) and (b). Only one feed heater is shown but several
could be used.

1 kg

—

(1= yikg

The steam expands from condition 1 through the turbine. At the pressure
corresponding to point 6, a quantity of steam, say y kg per kilogram of steam
supplied from the boiler, is bled off for feed heating purposes. The rest of the
steam, {1 — y) kg, completes the expansion and is ext d at state 2. This
amount of steam is then condensed and pumped to the same pressure as the
bleed steam. The bleed steam and the feedwater are mixed in the feed heater,
and the quantity of bleed steam, y kg, is such that, after mixing and being
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Example 8.4

Solution

pumped in a second feed pump, the condition is as defined by state 8. The heat
to be supplied in the boiler is then given by (h, — hy) kJ/kg of steam; this heat
is supplied between the temperatures Ty and T,.

If this procedure could be repeated an infinite number of times. then the
ideal regencrative cycle would be approached.

It is necessary to determine the bleed pressure when one or more feed
heaters are used, and this can be based on the assumption that the bleed
temperature to obtain maximum efficiency for such a cycle is approximately
the arithmetic mean of the temperatures at 5 and 2 (see Fig. 8.16(b)),

ty + 10y

6ty = (8.15)

Il the Rankine cycle of Example 8.1 is modified to include one feed heater,
calculate the cycle efficiency and the specific steam consumption.

The steam enters the turbine at 42 bar, dry saturated, and the condenser pressure
is 0.035 bar.

At 42 bar, 1, = 253.2°C; and at 0.035 bar, 1, = 26.7°C.

Therefore by equation (8.15)

2532 + 26.7
=

=140°C
Selecting the nearest saturation pressure from the tables gives the bleed pressure
as 3.5 bar (i.e 1, = 138.9°C).

To determine the fraction y, consider the adiabatic mixing process at the
feed heater, in which y kg of steam of enthalpy hg, mix with (1 — y) kg of water
of enthalpy h,, to give 1kg of water of enthalpy h,. The feed pump can be
neglected (i.e. by = hy). Therefore

Yhe + (1 — y)hg = hy
_hi—hy _hy—h,
he—hy y—hy

Now, h, =584kl /kg; hy=112k]/kg; and 35, =5, =35, = 6,049 kJ/kg K.
Therefore

ie. ¥

6.049 — 1.727
= % - 0829
e 5214
6.049 — 0.391
d = 7 = 0696
and % 8130
Hence

by = by, + xghyy, = 584 + (0.829 x 2148) = 2364 k] /kg
and by = by + Xahy, = 112 + (0.696 x 2438) = 1808 kJ/kg



Fig. 8,17 Steam plant
with two closed feed
heaters

8.5 The regenerative cycle

therefore

o ss4—112

Y amoin
Neglecting the second feed-pump term (i.e. h, = hy), we have

Heat supplied in boiler = (h; — h,} = 2800 — 584

=2216kl/kg
Total work output, — W = — W, = Wy, = (b, = hg) + (1 — y)(hg — h;)
ie. Work output = (2800 — 2364) + (1 — 0.21)(2364 — 1808)
= 876 k] per kilogram of steam delivered by the boiler

=021kg

Therefore

-W
7 1 f o= — = — = ().304 9.6%
Cycle efficiency 2 ET 0.396 or 39.6

ie. ssc= s_;E = 0.001 142 kg/kJ = 4.11 kg/kW h

Comparing these results with those of Example 8.1, it can be seen that the
addition of one feed heater has increased the cycle efficiency from 36.8 to
39.6%, but the specific steam ption has i d from 3.64 kg/kW h
to 4.11 kg/kW h. The cycle efficiency continues to be increased with the
addition of further heaters, but the capital expenditure is also increased
considerably. Because of the number of feed pumps required, the heating of the
feed water by mixing is dispensed with and closed heaters are used. The method
is indicated in Fig. 8.17 for two feed heaters, but the number used could be as
high as eight. Referring to Fig. 8.17, the feedwater is passed at boiler pressure
through the feed heaters 2 and 1 in series. An amount of bleed steam, y,, is
passed to feed heater 1, and the feedwater receives heat from it by the transfer
of heat through the separating tubes. The condensed steam is then throttled to
the next feed heater which is also supplied with a second quantity of bleed
steam, y,, and a lower temperature heating of the feedwater is carried out.
After passing through the various feed heaters the condensed steam is then
fed to the condénser. The temperature differences between successive heaters

A=
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are constant, and in the ideal case the heating process at each is considered to
be complete (ie. the feedwater leaves the feed heater at the temperature of the
bleed steam supplied to it).

In a regenerative steam cycle employing two closed-feed heaters the steam
is supplied to the turbine at 40 bar and 500°C and is exhausted to the
condenser at 0.035 bar. The i diate bleed pr are obtained such
that the saturation temperature intervals are approximately equal, giving
pressures of 10 and 1.1 bar.

Calculate the amount of steam bled at each stage, the work output of the
plant per kilogram of boiler steam and the cycle efficiency of the plant.
Assume ideal processes where required.

Solution Referring to Fig. 8.17 and the T-s diagram of Fig. 8.18, from tables:

Fig. 818 T-s diagram
for Example B.5
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hy =34458kJ/kg and s, =T7089kI/kgK =35,

(1—y) kg

: (1=yi=r:) ke
310 ‘\

At state 2,
0.391 + (x, x 8.13) = 7.08%

therefore

6.698
Xy = = 0.824
8.13

ie By =112 + (0.824 = 2348) = 2117 kJ /kg
Also  hy = hy at 0.035 bar = 112 k) /kg

For the first stage of expansion, 1-7, s, = 5, = 7.089 kJ/kg K, and from tables
at 10 bar 5, < 7.089, hence the steam is superheated at state 7. By interpolation
between 250 and 300°C at 10 bar we have

7.089 — 6.926
7.124 — 6,926

ie.  h,=30329kl/kg
For the throttling process, 11-12, we have
he = hy, = hyy = 763kI/kg

0.163

o108 < 108

hy = 2944 + ( ){3052 — 2944) = 2944 +



8.6 Further id i of plant effi
For the second stage of expansion, 7-8, 5; = 53 = 5, = 7.089 k)/kg K, and from
tables at 1.1 bar s, > 7.089 kJ /kg K, hence the steam is wet at state 8. Therefore,
1.333 + (x4 x 5.994) = 7.089
therefore
xg = 0961
ie hg = 429 + (0961 = 2251) = 2591 kJ kg
For the throttling process, 9-10:
hy = he = hy;q =429kl kg

Applying an energy balance to the first feed heater, remembering that there is
no work or heat transfer:

Vihy + hs = yihyy + he

_ hs—hs 763 —429
hy = hy, 30329 — 763

Similarly for the second heater, taking h, = h,:

ie. Y1 =0.147

Yahy + ¥y + by = hs + (¥ + ¥2)he
ie. Valhg = ho) + yihya + hy = hs + v, hy
¥2(2591 — 429) + (0.147 x 763) + 112 = 429 + (0.147 x 429)

therefore
—=0.124
T

The heat supplied to the boiler, ,, per kilogram of boiler steam is given by
Q, =hy — hg = 3445 — 763 = 2682 k] /kg
The work output, neglecting pump work, is given by
—We=(hy — hy) + (1 = yy)hy — hg) + (1 — py — ya){hg — hy)
= (3445 — 3032.9) + (1 — 0.147)(3032.9 — 2591)
+ (1 —0.147 — 0.124)(2591 — 2117}
=4121 + 3769 + 3455 = 11345kl /kg

-W 11345

T =2 = 0423 or 423%
Q. 2682

Then  Cycle efficiency =

Further considerations of plant efficiency

Up to now the considerations of efficiency have been based on the heat which
is actually supplied to the steam, and not the heat which has been produced
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Fig. 8.19 Steam plant
with economizer and air
pre-heater
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by the combustion of fuel in the boiler. The heat is transferred to the steam
from gases which are at a higher temperature than the steam, and the exhaust
gases pass to the atmosphere at a high temperature.

To utilize some of the energy in the flue gas an economizer can be fitted.
This consists of a coil situated in the flue gas stream, The cold feedwater enters
at the top of the coil, and as it descends it is heated, and continues to meet
higher temperature gas. For the Carnot, the ideal regenerative, and complete
feed heating cycles, no use can be made of an economizer since the feedwater
enters the boiler at the saturation perature corresponding to the boiler
pressure.

To cool the flue gas even further and improve the plant efficiency, the air -
which is required for the combustion of the fuel can be pre-heated. For a given
temperature of combustion gases, the higher the initial temperature of the air
then the less will be the energy input required, and hence less fuel will be used.

Plants which have both economizer and pre-heater coils in the boiler usually
require a forced draught for the flue gas, and the power input to the fan, which
is a comparatively small quantity, must be taken into account in the energy
balance for the plant. Figure 8.19 rep diag ically a plant with
economizer, pre-heater, and a re-heater.

The boiler efficiency is the heat supplied to the steam in the boiler expressed
as a percentage of the chemical energy of the fuel which is available on
combustion,

Ity — (enthalpy of the feedwater)
my % (GCVor NCV)

where h, is the enthalpy of the steam entering the turbine and m; the mass of
fuel burned per kilogram of steam delivered from the boiler.

The GCV and NCV are the higher and lower calorific values of the fuel,
and the determination of these quantities was considered in Chapter 7.

(8.16)

ie. Boiler efficiency =

| Flue r gas I P:/!-he‘a!tr
e =l s

E-— — Economizer hank

— First superheater bank

%—- — Reheater bank

—Second superheater
hank

- |_ Water Tyrhine
tubes

Burners
-] =] =]

B
1

Waler

I

Turhine
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8.7

8.7 Steam for heating and process use

The size of the boiler, or its capacity, is quoted as the rate in kilogram per
hour at which the steam is generated. A comparison is sometimes made by an
equivalent evaporation, which is defined as the quantity of steam produced per
unit quantity of fuel burned when the evaporation process takes place from
and at 100°C.

Steam for heating and process use

When steam is required for heating or for a process it may be raised in a boiler
and used directly, or passed to a calorifier to heat water which is then circulated.
In factory complexes where power and process steam are both required it is
usually more efficient to use a plant combining both requir ts. In reaching
the compromise between power and process demands two main possibilities
are available as discussed below.

Back pressure turbine

The turbine works with an exhaust pressure which is appropriate to the process
steam requirements; the steam leaving the turbine is not condensed but is passed
to the process. A typical example is shown in Fig. 8.20.

One of the disadvantages of the back pressure turbine is that if the demand
for process steam falls off but the power requirement is unchanged then some
steam must be blown off to waste at the process steam pressure. If the power
requirement increases with the process demand unchanged then excess power

Steam 1o process

Fig. 8.20
Back-pressure turbine
for process steam

Fig. 821 Pass-out
turbine for process steam

requi can be bought from the grid. If the power requirements falls off
with the process demand unchanged the best solution is to arrange to sell excess
power to the grid.

A back pressure turbine used for process steam is suitable for high values
of the ratio of process energy to power, say 10 or above.”

Pass-out turbine

Steam is bled from the turbine at some point or points between inlet and exhaust
and is passed to process work. A typical example is shown in Fig. 8.21.

In this system the boiler supply conditions and the condenser pressure can
be fixed and the process steam load varied by varying the mass flow rate of
process steam bled off the turbine. If the rate of process steam flow is much
less than the design value then the excess power generated by the second stage
expansion can be solid to the grid; alternatively process steam can be blown
off or the boiler operated at part load, but both of these alternatives are wasteful
of energy. If the power requirement falls off with the process demand unchanged,
the best solution is to sell the excess power to the grid; a more wasteful solution
is to blow off excess steam at the bleed point to reduce the power from the
second stage of expansion. If the rate of process steam demand increases above
the design value the best solution is to use a stand-by boiler to raise the excess
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steamn direct. The pass-out turbine system for satislying process and power
requirements is most suitable for low process energy to power ratios, say in the
range from 4 to 10.

When the process steam energy to power ratio falls below about 4 it becomes
more efficient to generate power and steam for process use separately.
Heat-power ratios using various prime movers are discussed in more detail in
ref. 7.2.

A pass-out two-stage turbine receives steam at 50 bar and 350°C. At 1.5 bar
the high-pressure stage exhausts and 12000 kg of steam per hour are taken
at this stage for process purposes. The remainder is reheated at 1.5 bar to
250°C and then expanded through the low-pressure turbine to a condenser
pressure of 0.05 bar. The power output from the turbine unit is to be 3750 k'W.
The relevant values should be taken from an h—s chart. Take the isentropic
efficiency of the high-pressure stage as 0.84, and that of the low-pressure
stage as 0.81. Calculate the boiler capacity.

Solution The processes are shown on an h-s chart in Fig. 8.22. High-pressure stage:

Fig. 822 Processes on
the h-5 chart for
Example 8.6
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Actual work output = fypyepic X (Ay — hz,)
ie.  (h, —hy) =084 x (3070 — 2397) = 5653 kJ/kg

350°C /)
— 3070
4
= I
= . \ 20°C
% »m gt 3
5 6 \ \
1]
’E ) 2
2397 y
4 P92 £ —Hs
\J
\y QS!"@

Low-pressure stage:
(hy = hs) = Misentropic % (hy — hy,)
=0.81 = {2973 — 2392) = 470.6 kI /kg

12000
= —=333k
Process steam flow 3 3 kg/s

Steam flow through the boiler = nt kg/s
Steam flow through low-pressure stage = (it — 3.33) kg/s
Turbine power output = 3750 kW
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8.2

83

8.4

Problems

therefore
rir(hy — hy) + (i — 3.33)(hy — h,) = 3750
i.e. (i x 565.3) + (M — 3.33) x 4706 = 3750
therefore
=514 kg/s
ie. Boiler capacity = 18 500 kg of steam per hour

Problems

(a} Steam is supplied, dry saturated at 40 bar to a turbine and the condenser pressure
i8 0.035 bar. If the plant operates on the Rankine cycle, calculate, per kilogram of steam:

(i) the work output neglecting the feed-pump work;

(ii) the work required for the feed pump;

{ii1) the heat transferred to the d cooling water, and the amount of cooling
water required through the cond if the temp rise of the water is assumed
to be 5.5K;

(iv) the heat supplied;
{v) the Rankine efficiency;
(vi) the specific steam consumption.
(b) For the same steam conditions calculate the efficiency and the specific steam
consumption for a Carnot cycle operating with wet steam.
(986 kJ; 4 kJ; 1703 kJ; 74 kg; 2685 kJ; 36.6%; 3.67 kg/kW h; 42.7%;
492kg/kW h)

Repeat Problem 8.1(a) for a steam supply condition of 40 bar and 350°C and the same
condenser pressure of 0.035 bar,
(1125k); 4kJ; 1857 kJ; 80.7 kg; 2978 kJ; 37.6%; 121 kg/kW h)

Steam is supplied 1o a two-stage turbine at 40 bar and 350°C. Tt expands in the first
turbine until it is just dry saturated, then it is re-heated to 350 °C and expanded through
the second-stage turbine. The condenser pressure is 0.035 bar. Calculate the work output
and the heat supplied per kilogram of steam for the plant, assuming ideal processes and
neglecting the feed-pump term. Calculate also the specific steam consumption and the
cycle efficiency.

(1290 kJ; 3362 ki; 2.79 kg/kW h; 384%)

1f the expansion processes in the turbines of Problem 8.3 have isentropic efficiencies of
84% and 78% respectively, in the first and second stages, calculate the work output
and the heat supplied per kilogram of steam, the cycle efficiency, and the specific
steam consumption.

Compare the efficiencies and specific steam consumptions obtained from Problems 8.1,
8.2, 8.3, and 84, Compare also the wetness of the steam leaving the turbines in each
case,

(1028 kJ; 3311 kJ; 31.1%; 3.5 kg/kW h)
{Dryness fractions at condenser in each case: 0,699, 0.762, 0.85, and (.94.)

A generating station is to give a power output of 200 MW, The superheat outlet pressure
of the boiler is to be 170 bar and the temperature 600 °C. After expansion through the
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8.8

8.7

8.10

first-stage turbine 10 a pressure of 40 bar, 15% of the steam is extracted for feed heating.
The remainder is reheated at 600°C and is then expanded through the second turbine
stage 1o a condenser pressure of 0.035 bar, For preliminary calculations it is d
that the actual cycle will have an efficiency ratio of 70% and that the generator mechanical
and electrical efficiency is 95%. Caleulate the maximum continuous rating of the boiler
in kilograms per hour.

(632000 kg/h)

A steam turbine is to operate on a simple regenerative cycle. Steam is supplied dry
saturated at 40 bar, and is exhausted to a condenser at 0.07 bar. The condensate is
pumped to a pressure of 3.5 bar at which it is mixed with bleed steam from the turbine
at 3.5 bar. The resulting water which is at saturation p is then pumped to
the boiler. For the ideal cycle calculate, neglecting feed-pump work,
(i} the amount of bleed steam required per kilogram of supply steam;
(ii} the cycle efficiency of the plant;
(iii} the specific steam consumption.

(0.1906; 37%; 4.39 kg/kW h)

Steam is supplied to a iwo-stage turbine at 40 bar and 500°C. In the first stage the
steam expands isentropically to 3.0 bar at which pressure 2500 kg/h of steam is extracted
for process work. The remainder is reheated 1o 500°C and then expanded isentropically
to 0.06 bar. The by-product power from the plant is required to be 6000 kW, Calculate
the amount of steam required (rom the boiler, and the heat supplied. Neglect
feed-pump terms, and assume that the process condensate returns at the saturation
temperature to mix adiak liy with the d from the

(14950 kg/h; 15880 kW)

o

1

For the plant of Problem 87 it is required to imp the v by iploying
regenerative feed heating by taking off the necessary bleed steam at the same point as
the process steam. The process steam is not returned to the boiler, but make-up water
at 15°C is supplied. The bleed steam is mixed with the condensate and make-up water
at 30 bar such that the resultant water is at the saturation temperature corresponding
1o 3.0 bar. Calculate:

(i} the stcam supply necessary to meet the same power and process requirements;
{ii} the amount of bleed steam;
(i) the heat supplied in kKW,
Neglect feed-pump terms.

(16480 kg/h; 2660 kg/h; 15460 kW)

In a regenerative steam cycle employing three closed feed heaters the stecam is supplied
to the turbine at 42 bar and 300°C and is exhausted to the condenser at 0.035 bar. The
bleed steam for fecd heating is taken at pressures of 15, 4, and 0.5 bar. Assuming ideal
processes and neglecting pump work, calculate:
(i) the fraction of the boiler steam bled at each stage;

(ii) the power output of the plant per unit mass flow rate of boiler steam;
{iii} the cycle efficiency.

(0.0952, 0.0969, 0.0902; 1133.6 kW per kg/s; 43.6%)

A boiler plant, see Fig. 8.19 (p. 254}, incorporates an economizer and an air pre-heater,
and generates steam at 40 bar and 300°C with fuel of calorific value 33000 kJ/kg burned
at a rate of 500 kg/h. The temperature of the feedwater is raised from 40 to 125°C in
the economizer, and the flue gases are cooled at the same time from 395 to 225°C. The
flue gases then enter the air pre-heater in which the temperature of the combustion air
is raised by 75 K. A forced-draught fan delivers the air to the pre-heater at a pressure
of 1.02 bar and a temperature of 16°C with a pressure rise across the fan of 180 mm of
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walter. The power input to the fan is 5 kW and it has & mechanical efficiency of 78%.
Neglecting heat losses, and taking ¢, as 1.01 kJ/kg K for the flue gases, calculate:
(i} the mass fow rate of air;
(i} the temperature of the flue gases leaving the plant;
(iti) the mass Alow rate of steam;
{iv} the efficiency of the boiler.
The power required 1o drive the fan is given by

W o hoed?
ha
where h is the pressure rise across the fan expressed as a head of water, p_ the density
of water, g the acceleration due 1o gravity, V' the volume flow rate of air, and ny, is the

mechanical efficiency of the fan.
(272 kg/s; 154°C; 137 kg/s; 83.6%)
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9.1

9

Gas Turbine Cycles

The simple constant pressure cycle and the open- and closed-cycle gas turbine
units have been considered briefly in Chapter 5. In this chapter the various
parts of the cycle will be considered in more detail and the practical limitations
and modifications to the ideal cycle will be discussed.

The main use for the gas turbine at the present day is in the aircraft field,
although gas turbine units for electric power generation are being used
increasingly, usually using natural gas as fuel. Gas turbines are used in marine
propulsion, but the oil engine and steam turbine are more frequently used,
particularly for larger ships. The gas turbine is also used in conjunction with
the oil engine, and as part of total energy schemes in combination with steam
plant; this is discussed more fully in Chapter 17.

The incfficiencies in the pression and expansion pr become
greater for smaller stand-alone gas turbine units and a heat exchanger is
frequently used in order to improve the cycle efficiency. A compact effective
heat exchanger is necessary before the small gas turbine can compete for
economy with the small oil engine or petrol engine.

The use of constant pressure combustion with a rotary compressor driven
by a rotary turbine, mounted on a common shalt, gives a combination which
is ideal for conditions of steady mass flow over a wide operating range.

The practical gas turbine cycle

The most basic gas turbine unit is one operating on the open cycle in which a
rotary compressor and a turbine are mounted on a common shaft, as shown
diagrammatically in Fig. 9.1. Air is drawn into the compressor, C, and after
compression passes to a combustion chamber, CC. Energy is supplied in the
combustion chamber by spraying fuel into the airstream, and the resulting hot
gases expand through the turbine, T, to the atmosphere. In order to achieve
net work output from the unit, the turbine must develop more gross work
output than is required to drive the compressor and to overcome mechanical
losses in the drive.

The compressor used is either a centrifugal or an axial flow compressor and



Fig. 9.1 Open-cycle

gas turbine unit

Fig. 9.2 Gas turbine
cycle on-a T-s diagram

9.1 The practical ges turbine cycle

Net work
f=2output

1 4

Exhaust

the compression process is therefore irreversible but approximately adiabatic.
Similarly the expansion process in the turbine is irreversible but adiabatic. Due
to these irreversibilities, more work is required in the compression processes
for a given pressure ratio, and less work is developed in the expansion process.
It is possible that the compressor and turbine may be so inefficient that the
unit is not self-sustaining, and in fact it was the difficulties in improving the
compressor and turbine design to cut down irreversibilities that retarded the
development of the gas turbine unit.

As stated in section 5.5 the open-cycle gas turbine cannot be compared
directly with the ideal constant pressure cycle. The actual cycle involves a
chemical reaction in the combustion chamber which results in high-temperature
products which are chemicaily different from the reactants (see section 7.8).
During combustion there is no energy exchange with the surroundings, the
effect being a gradual decrease in chemical energy with a corresponding increase
in enthalpy of the working fluid. The combustion reaction will not be considered
in detail here, and a simplification will be made by assuming that the chemical
energy released on a combustion is equivalent to a transfer of heat at constant
pressure to a working fluid of constant mean specific heat. This simplified
approach allows the actual process to be compared with the ideal and to be
represented on a T—s diagram.

Neglecting the pressure loss in the combustion chamber the cycle may be
drawn on a T-s diagram as shown in Fig. 9.2. Line 1-2 represents irreversible
adiabatic compression; line 2--3 rep constant p heat supply in the
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combustion chamber; line 3-4 represents irreversible adiabatic expansion, The
process 1-2s represents the ideal isentropic process between the same pressures
p, and p,. Similarly the process 3—ds represents the ideal isentropic expansion
process between the pressures p, and p,. For the moment it will be assumed
that the change in kinetic energy between the various points in the cycle is
negligibly small compared with the enthalpy changes. Then applying the flow
equation to each part of the cycle, we have the following for unit mass. For the
compressor:
Work input = c,(T; — T;)

For the combustion chamber:
Heat supplied = ¢,(T; - T3)
For the turbine:
Work output = ¢,(T; - T3)
Then Net work outpuit = ¢,(Ty — Ty) — (T2 = Ty)
net work output
heat supplied
_a(h-T) -l -T)
(T3 - T3)

The value of the specific heat capacity of a real gas varies with temperature;
also, in the open cycle, the specific heat capacity of the gases in the combustion
chamber and in the turbine is different from that in the compressor because
fuel has been added and a chemical change has taken place. Curves showing
the variation of ¢, with temperature and air-fuel ratio can be used, and a
suitable mean value of ¢, and hence y can be found. It is usual in the gas turbine
practice to assume fixed mean values of ¢, and y for the expansion process, and
fixed mean values of ¢, and y for the compression process. For the combustion
process, curves as shown in Fig. 9.18 (p.282) are used; for simple calculations
a mean value of ¢, can be assumed. In an open-cycle gas turbine unit the mass
flow of gases in the turbine is greater than that in the compressor due to the
mass of fuel burned, but it is possible to neglect the mass of fuel, since the
air—fuel ratios used are large. Also, in many cases, air is bled from the compressor
for cooling purposes, or in the case of aircraft at high altitude, bleed air is used
for de-icing and cabin air-conditioning. This amount of air bleed is
approximately the same as the mass of fuel injected.

The isentropic efficiency of the compressor is defined as the ratio of the work
input required in isentropic compression between p, and p; to the actual work

Neglecting changes in kinetic energy, we have

and  Thermalefficiency =

Compressor isentropicefficiency, ne = (T = T)

c’(T!_TI]
L.-Th

-2 1 9.1
T T, (9.1)



9.1 The practical gas turbine cycle

Similarly the isentropic efficiency of the turbine is defined as the ratio of the
actual work output to the isentropic work output between the same pressures.

Neglecting kinetic energy changes
L . . G —Ti)
Turbine isentropic efficiency, i, = 22—~
L= T,
L-T
== 9.2
T oT. (9.2)

Example 9.1 A gas turbine unit has a pressure ratio of 10/1 and a maximum cycle
temperature of 700°C. The isentropic efficiencies of the compressor and
turbine are 0.82 and 085 respectively. Calculate the power output
of an electric generator geared to the turbine when the air enters the
compressor at 15°C at the rate of 15kg/s. Take ¢, = 1.005k]/kg K and

y=14 for the compression process, and take ¢, = 1.11kJ/kg K and
y = 1.333 for the expansion process.

Solution A line diagram of the unit is shown in Fig. 9.3(a), and the cycle is shown on
a T-s diagram in Fig. 9.3(b). In order to evaluate the net work output it is
necessary to calculate the temperatures T; and T;. To calculate T, we must
first calculate T;, and then use the isentropic efficiency.

Fig. 93 Gas turbine
unit (a) and T-s '—@- Ty= ;gg ;2’3 on
diagram (b) for 2 - -
Example 9.1 Generator :é
c T E
-

i
=3

1
Ti=15+273
=2M3K

From equation (3.21) for an isentropic process

T, (pz)tr-nh
T 141

therefore
Ty, = 288 x (10)°4/'4 = 288 x 1.931 = 556 K

Then using equation (9.1)
Ty, —T, 556—288

= =082
L-T T,-288

e =

i (R 288}-=m=326.81(
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therefore
T, =288 + 3268 = 6148 K
Similarly for the turbine

Ty (pg)"_”"
T Py

therefore

973 973
m}o_’m = ﬁ =54T4 K

Then from equation (9.2}
T,»-?}a 973 -T, -
T, ~-T, 973-5474
ie. (973 — T,)=425.6 x 0.85 = 3618 K
therefore

T,=973-3618=6112K
Hence Compressor workinput = ¢,(T, — T} = 1.005 x 326.8

: =3284kJ/kg
Turbine work output = ¢,(T; — T} = 1.11 x 361.8
= 401.6 kJ/kg

T=

0385

=

therefore
Net work output = (401.6 — 328.4) = 73.2 k] /kg
ie. Power output = 73.2 x 15 = 1098 kW

Example 9.2 Calculate the cycle efficiency and the work ratio of the plant in Example 9.1,
assuming that ¢, for the combustion process is 1.11 kJ/kg K

Solution Heat supplied = ¢,(T; — T3)
= 1,11(973 — 614.8) = 1.11 x 358.2kJ/kg
ie. Heat supplied = 397.6 kJ/kg
Therefore

net work output - 732
heat supplied 3976

ie. Cycle efficiency = 0.184 or 18.4%

Cycle efficiency =

284



Fig. 94 Gas turbine
unit with separate
power turbine (a) and
the cycle on a T-s
diagram (b}

Example 9.3

8.1 The practical gas turbine cycle

From the definition of work ratio given in section 5.3, we have

. k output 73.
Work ratio = NEtWOrkoutput _ 732 _ o,
gross work output 4016

Use of a power turbine

In Examples 9.1 and 9.2 the turbine is arranged to drive the compressor and
to develop net work. It is sometimes more convenient to have two separate
turbines, one of which drives the compressor while the other provides the power
output. The first, or high-pressure (HP) turbine, is then known as the compressor
turbine, and the second, or low-pressure (LP) turbine, is called the power
turbine. The arrangement is shown in Fig. 9.4(a). Assuming that each turbine
has its own isentropic efficiency, the cycle is as shown on a T-s diagram in
Fig. 9.4(b). The numbers on Fig. 9.4(b) correspond to those of Fig. 9.4(a).
Meglecting kinetic energy changes, we have

work from HP turbine = work input to compressor
ie. G(Nh-TN)=¢ (T - T)

.@.

3

5 1 Exhaust 5
(a) (b)

where ¢, and ¢, are the specific heat capacitics at constant pressure of the gases
in the turbine and the air in the compressor respectively. The net work output
is then given by the LP turbine,

ie. Net work output = ¢, (T, — T5)

A gas turbine unit takes in air at 17°C and 1.01 bar and the pressure ratio
is 8/1. The compressor is driven by the HP turbine and the LP turbine drives
a separate power shaft. The isentropic efficiencies of the comp , and the
HP and LP turbines are 0.8, 0.85, and 0.83 respectively. Calculate the pressure
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and temperature of the gases entering the power turbine, the net power
developed by the unit per kg/s mass flow rate, the work ratio and the cycle
efficiency of the unit. The maximum cycle temperature is 650°C. For the
compression process take ¢, = 1.005 kJ/kg K and y = 1.4; for the combustion
process, and for the expansion process take ¢, = 1.15kJ/kg K and y = 1.333.
Neglect the mass of fuel.

Sofution The unit is es shown in Figs 9.4(a) and 9.4(b).

From equation (3.21), for an isentropic process,
T, (P;)"- iy

T P
ie Ty, =290 x 8414 =290 x 1.811 = 525K
Then, using equation (9.1)
T,—-T, 525-29
N A
therefore
-29= %

ie T; =190 + 294 = 584 K
Then  Work input to the compressor = ¢, (T, — T;)
= 1.005 x 294 = 295.5kJ /kg

Now the work output from the HP turbine must be sufficient to drive the
compressor,

ie Work output from HP turbine = ¢, (T; — T,) = 295.5 ki /kg
therefore
295.5

L -T.= 15 =257K

therefore

T, =T, — 257 =923 — 257 = 666 K
Then, using equation (9.2),
T,— T, 923666

2T T T 085
T,-T., 923-T,

#y for HP turbine =

e 9B-T,=2l 305K
0.85

therefore
T, =923~ 3025 =6205K



9.1 The practical gas turbine cycle

Then from equation (3.21) for an isentropic process,

T (P.\)" Lifr ' -
T Pa

'f" =11 ( 923 )I.,JJJIO.!JJ
== =49
or ) 6205
. Py Bx101
== = L6
ie Pu= 29 29 5 bar
Hence the p and at entry to the LP turbine are 1.65 bar

and 393° C, where 1, = 666 — 213 = 393°C,
To find the power output it is now necessary to evaluate T;. The pressure
Tatio, p,/ps, is given by (pa/pa) X (p3/ps):
Pe_Pe, Pz
Ps Py P
therefore
P8 _ 163
ps 49
Then %= (E)“-m = 163033911333 < 1131
TS: Ps

therefore
Ty = ﬁ =588 K

(since p, = p and py = p,)

Then, using equation (9.2)

#y for the LP turbine = T‘ — ::;

ie. T, — T, = 0.83(666 — 588) = 0.83 x 78 = 648 K
Then  Work output from LP turbine = ¢, (T, — T5)

= 1.15 x 64.8 = 74.5 kJ/kg
ie. Met power output = 74.5 x 1 = 745kW

net work output _ 74.5 74 745
gross work output T Ta5+2955 370
Heat supplied = c,'(T, — T3) = 1.15(923 — 584)
ie Heat supplied = 1,15 x 339 = 390 kJ/kg
net work output - E
heat supplied 390
= 0.191 or 19.1%

Work ratio = =10.201

Then Cycleefficiency =
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Fig. 95 Simple jet
engine (a) with the cycle
on a T-s diagram (b)

Fig. 9.6 Turboprop
engine (a) with the cycle
on a T-s diagram (b)
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Aircraft engines

In a jet engine the propulsion nozzle takes the place of the LP stage turbine,
as shown diagrammatically in Fig. 9.5(a). The cycle is shown on a T-s diagram
in Fig. 9.5(b), and it can be seen to be identical with Fig. 9.4(b). The aircraft
is powered by the reactive thrust of the jet of gases leaving the nozzle, and this
high-velocity jet is obtained at the expense of the enthalpy drop from 4 to 5.
The turbine develops just enough work to drive the compressor and overcome
mechanical losses.

Aircralt velocity
Al —

inllcl _@_

2 3

fa)

In a turbo-prop engine the turbine drives the compressor and also the airscrew,
or propeller, as shown in Figs 9.6(a) and 9.6(b). The net work output available to
drive the propeller is given by

Net work output = ¢, (Ty — Ty) — ¢, (T = T})

(neglecting mechanical losses).

Aircraft velocity
—

\
Propeller

fa) b)

In practice there is also a small jet thrust developed in a turbo-prop aircraft.
Jet engines and turbo-prop engines are considered again in Section 109,



Fig. 9.7 Parallel-flow
gas turbine unit

9.2 Moaodifications to the basic cycla

Parallel flow units

In some industrial and marine gas turbine units, the air flow is split into two

after the compression process is completed. Some air is then passed to
a combustion chamber which supplies hot gases to the turbine driving the
compressor, while the rest of the air is passed to a second combustion chamber
and from thence to the power turbine, The system is shown diagr ically
in Fig. 9.7, and is called a parallel flow unit. In this system each turbine expands
the gases received by it through the full pressure ratio. The advantage of this
system is that the net power output can be varied using the second combustion
chamber, and the power turbine operates independently of the compressor
turbine.

Air inlet Exhaust

e,

_O_

€C;

MNet power
%: oulput

L —
Exhaust

9.2 Modifications to the basic cycle

It can be seen from Examples 9.1, 9.2, and 9.3 that the work ratio and the
cycle efficiency of the basic gas turbine cycle are low. These can be improved
by increasing the isentropic efficiencies of the compressor and turbine, and this
is a matter of blade design and manufacture.

In a practical cycle with irreversibilities in the compression and expansion
processes the cycle efficiency depends on the maximum cycle temperatures
as well as on the pressure ratio. For fixed values of the isentropic efficiencies
of the compressor and turbine, the cycle efficiency can be plotted against
pressure ratio for various values of maximum temperature. This is illustrated
in Fig. 9.8, for a cycle in which the compressor isentropic efficiency is 0.89, the
turbine isentropic efficiency is 0.92, and the air inlet temperature is 20°C. The
ideal air standard cycle thermal cfficiency is shown chain-dotted. In section 5.4
it is shown that the ideal constant pressure cycle efficiency is given by

-
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Fig. 98 Gas turbine
cycle efficiency against
pressure ratio for
different maximum cycle
temperatures

Fig. 99 Specific power
against pressure ratio
for different maximum
cycle temperatures
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where r, is the pressure ratio and is independent of the maximum cycle
temperature.

It can be seen from Fig. 9.8 that at any one fixed maximum cycle temperature
there is a value of pressure ratio which will give maximum cycle efficiency.

The net work output also depends on the pressure ratio and on the maximum
cycle temperature, and curves of specific power output against pressure ratio
for various maximum temperatures are shown in Fig. 9.9. The isentropic’
efficiencies of the comp wr and turbine, and the air inlet temperature are the
same as those used in deriving the curves of Fig. 9.8. It can be seen that the
cycle efficiency reaches a maximum at a different value of pressure ratio than
the work output. The choice of pressure ratio is therefore a compromise.

Specific power/(kW per kg/s)

1 3 10 5 20 25
Pressure ratio

The maximum cycle temperature is limited by metallurgical considerations.
The blades of the turbine are under great mechanical stress and the temperature
of the blade material must be kept to a safe working value. The temperature
of the gases entering the turbine can be raised, provided a means of blade
cooling is available. Various methods of blade cooling have been investigated
and a discussion of these will be found in ref. 9.1. In aircraft practice where the
life expectancy of the enginc is shorter, the maximum temperatures used are
usually higher than those used in industrial and marine gas turbine units; more
expensive alloys and blade cooling allow maximum temperatures of above
1600 K.



Fig. 9.10 Gas turbine
umit with intercooling
(a) and the cycle on the
T-s diagram (b)

9.2 Modifications to the basic cycle

It is important to have as high a work ratio as possible, and methods of
increasing the work ratio, such as intercooling between compressor stages, and
reheating between turbine stages, will be considered in this section. Intercooling
and reheating, while increasing the work ratio, can cause a decrease in the
cycle efficiency, but when they are used in conjunction with a heat exchanger
then intercooling and reheating increase both the work ratio and the cycle
efficiency.

Intercooling

When the compression is performed in two stages with an intercooler between
the stages, then the work input for a given pressure ratio and mass flow is
reduced. Consider a system as shown in Fig. 9.10({a); the T-s diagram for the
unit is shown in Fig. 9.10(b). The actual cycle processes are 1-2 in the LP
compressor, 2-3 in the intercooler, 3-4 in the HP compressor, 4-5 in the
combustion chamber, and 5-6in the turbine. The ideal cycle for this arrangement
is 1-2s~3-4s5-5-6s; the compression process without intercooling is shown as
1-A in the actual case, and 1-As in the ideal isentropic case.

Intercooler
1 e T
ol 3) . fOn
!
] Met power
output
HP
C T
/
& [ Exhaust
5
fa) b}

The work input with intercooling is given by
Work input (with intercooling) = ¢,(T: — ;) + ¢,(Ta = T3) (9.3)
The work input with no intercooling is given by
Work input{nointercooling) = ¢,(Ty — Ty)
=T =T +e(Th - Ta)
Comparing this equation with eguation (9.3), it can be seen that the work
input with intercooling is less than the work input with no intercooling, when
¢,( Ty = Ty)is less than ¢, ( Ty — T3). This is so if it is assumed that the isentropic
efficiencies of the two compressors, operating separately, are each equal to the
isentropic efficiency of the single compressor which would be required if no
intercooling were used. Then (T, — Ty) < (T, — T3) since the pressure lines
diverge from left to right on the T-s diagram.
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It can be shown that the best interstage pressure is the one which gives equal
pressure ratios in cach stage of compression; referring to Fig. 9.10(b) this means
that p;/p, = ps/ps. The work input required is a minimum when the pressure
ratio in each stage is the same, and when the temperature of the air is cooled
in the intercooler, back to the value at inlet to the unit (ie. referring to Fig.
9.10(b), Ty = T}).

Now
Work ratio = net work output
gross work output
_ work ofexpansion — work of compression

work of expansion

It follows, therefore, that when the compressor work input is reduced then the

work ratio is increased. However, referring to Fig. 9.10(b), the heat supplied

in the combustion chamber when intercooling is used in the cycle is given by
Heat supplied (with i ling) = ¢, (Ts — Ta)

whereas the heat supplied when intercooling is not used, with the same maximum
cycle temperature Ty, is given by

Heat supplied (no intercooling) = ¢,(Ts — T,)

Hence the heat supplied when intercooling is used is greater than with no
intercooling. Although the net work output is increased by intercooling it is
found in general that the increase in the heat to be supplied causes the cycle
efficiency to decrease. It will be shown later that this disadvantage is offset
when a heat exchanger is also used.

When intercooling is used a supply of cooling water must be readily available.
The additional bulk of the unit may offsct the advantage to be gained by
increasing the work ratio.

Reheat

As stated earlier, the expansion process is very frequently performed in two
scparale turbine stages, the HP turbine driving the compressor and the LP
turbine providing the useful power output. The work output of the LP turbine
can be increased by rmsmg lhe lemperatm at inlet to this stage. This can be
done by placing a ion chamber between the two turbine stages
in order to heat the gases leaving the HP turbine. The system is shown
diagrammatically in Fig. 9.11(a), and the cycle is represented on a T-5 diagram
in Fig. 9.11(b). The line 4-A represents the expansion in the LP turbine if
reheating is not used.

As before, the work output of the HP turbine must be exactly equal to the
work input required for the T (neglecting mechanical losses),

ie (T —T)=c, (T —




Fig. 9.11 Gas turbine
unit with reheating (a)
and the cycle on a T-5
diagram (b)

8.2 Modifications to the basic cycle

The net work output, which is the work output of the LP turbine, is given by
Net work output = ¢, (T; — T¢)

If reheating is not used, then the work of the LP turbine is given by
Net work output (no reheat) = ¢, (T, — T,)

Since pressure lines diverge to the right on the T-s diagram, it can be seen that
the temperature difference ( Ty — Tg) is always greater than (T, — T,), so that
reheating increases the net work output. Also

work of expansion — work of compression

Work ratio = -
work of expansion
. . work of compressio
e Work ratio=1 — —rp—_ln
work of expansion

Therefore, when the work of expansion is increased and the work of compression
is unchanged, then the work ratio is increased.

Although the net work is increased by reheating, the heat to be supplied is
also increased, and the net effect can be to reduce the thermal efficiency,

ie Heat supplied = ¢, (Ty — T)) + ¢, (T, — T3)

However, the exhaust temperature of the gases leaving the LP turbine is
much higher when reheating is used (i.e. Ty as compared with T,), and & heat
exchanger can be used to enable some of the energy of the exhaust gases to be
used.

Heat exchanger

The exhaust gases leaving the turbine at the end of expansion are still at a high
temperature, and therefore a high enthalpy (e.g. in Example 9.3, r, = 328.2°C).
1f these gases are allowed to pass into the atmosphere, then this represents a
loss of available energy. Some of this energy can be recovered by passing the
gases from the turbine through a heat exchanger, where the heat transferred
from the gases is used to heat the air leaving the compressor. The simple unit
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Fig. 9.12 Gas turbine
unit with heat
exchanger (a) and

the cycle on a T-s
diagram (b}

Fig. 9.13 T-s diagram
for a gas turbine unit
with a heat exchanger
showing temperature
differences for heat
transfer
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Heat
exchanger
T 4
Available
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inlet

(a) (b}

with a heat exchanger added is shown diagrammatically in Fig. 9.12(a), and
the cycle is represented on a T-s diagram in Fig. 9.12(b). In the ideal heat
exchanger the air would be heated from T; to T = Ty and the gases would be
cooled from T} to Ty = T;. This ideal case is shown in Fig. 9.12(b). In practice
this is impossible, since a finite temperature difference is required at all points
in the heat exchanger in order to overcome the resistance to the heat transfer.
Referring to Fig. 9.13, the required temperature difference between the gases
and the air entering the heat exchangeris( Ty — T), and the required temperature
difference between the gases and the air leaving the heat exchangeris(T; — T3).

r 4
A
\
T 5 Y
/ *
2 3
T 15 7

If no heat is lost from the heat exchanger to thg atmosphere, then the heat
given up by the gases must be exactly equal to the heat taken up by the air,

ie. 1€y (Ty — Tp) = titge, (Ts — Tg) (9.4)

The assumption that no heat is lost from the heat exchanger is sufficiently
accurate in most practical cases, Equation (9.4) is therefore true whatever the
temperatures Ty and Ty may be.

A heat exchanger effectiveness is defined to allow for the temperature
difference necessary for the transfer of heat,

heat received by the air

maximum possible heat which could be transferred
from the gases in the heat exchanger

i Effectiveness =




Fig. 9.14 Example of a
cycle where a heat
exchanger is not feasible

9.2 Medifications to the basic cycle

therefore

Effectiveness = M (9.5)

e, (Ts — T3)
A more convenient way of ing the performance of the heat exchanger

is to use a thermal ratio, defined as

Thermal ratio = . temperature mc.uf the air '

maximum temperature difference available

ie.  Thermal ratio = 21 (9.6)

L-T

Comparing equations (9.5) and (9.6) it can be seen that the thermal ratio is
equal to the effectiveness when the product, rii, ¢, , is equal to the product, sir,c, .
‘When a heat exchanger is used then the heat to be supplied in the combustion
chamber is reduced, assuming that the maximum cycle temperature is
unchanged. The net work output is unchanged and hence the cycle efficiency
is increased.
Referring to Fig. 9.13
Heat supplied by the fuel (without heat exchanger) = ¢, (T, — T}
Heat supplied by the fuel (with heat exchanger) = ¢, (T, —T)

A heat exchanger can be used only if there is a sufficiently large temperature
difference between the gases leaving the turbine and the air leaving the
compressor. For example, in the cycle shown in Fig. 9.14 a heat exchanger
could not possibly be used because the temperature of the exhaust gases, T,
is lower than the temperature of the air leaving the compressor, T,. In practice,
although the gas temperature may be higher than the temperature of the air
leaving the compressor, the difference in temperature may not be sufficiently
large to warrant the additional capital cost and subsequent maintenance required
for a heat exchanger. Also, when the temperature difference is small in a heat
exchanger, then the surface areas for the heat transfer must be made large in
order to achieve a reasonably high value of the thermal ratio. For small gas
turbine units (¢.g. for pumping sets or for motor cars) a compact heat exchanger
must be designed before such units can hope to become competitive for economy
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Example 9.4

Solution

Fig. 9.15 Gas turbine
plant (a) and T-s

with conventional internal combustion engines of equivalent power. In large
gas turbine units for marine propulsion or industrial power, a heat exchanger
may be used, although the trend now is towards combined cycles using the
turbine exhaust to generate steam or heat water (see Chapter 17).

A 5000 kW gas turbine generating set operates with two compressor stages
with intercooling between stages; the overall pressure ratio is 9/1. A HP
turbine is used to drive the compressors, and a LP turbine drives the generator.
The temperature of the gases at entry to the HP turbine is 650 °C and the
gases are reheated to 650°C after expansion in the first turbine. The exhaust
gases leaving the LP turbine are passed through a heat exchanger to heat
the air leaving the HP stage compressor. The compressors have equal pressure
ratios and intercooling is complete between stages. The air inlet temperature
to the unit is 15°C. The isentropic efficiency of each compressor stage is 0.8
and the isentropic efficiency of each turbine stage is 0.85; the heat exchanger
thermal ratio is 0.75. A mechanical efficiency of 98% can be assumed for
both the power shaft and the compressor turbine shaft. Neglecting all pressure
losses and changes in kinetic energy, calculate:

(i) the cycle efficiency;
(ii) the work ratio,
(iii) the mass flow rate.

For air take ¢, = 1.005kJ/kg K and y= 14, and for the gases in the
combustion chamber and in the turbines and heat exchanger take
¢, = 1.15kJ/kg K and y = 1.333. Neglect the mass of fuel.

(i) The plant is shown diagrammatically in Fig. 9.15(a), and the cycle is
represented on a T-s diagram in Fig. 9.15(b).

Since the pressure ratio and the isentropic efficiency of each compressor is
the same, then the work input required for each compressor is the same since
both compressors have the same air inlet temperature,ie. T, = Tyand T, = T,.

diagram (b) for
Example 9.4
Intercoaler
Air inlet —
I 2 = 3
—]
LP HP HP
(o C T
| 6 ]
7
8 Net
"] nulpﬁ?w"
Lp
T
9 ™~ -
(a) b}
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9.2 Moedifications to the basic eycle

From equation (3.21)
tr= 1Ny
E=(E§) and g—isJ9=3
T; 4% P
therefore
T,, = 288 x 30414 =304 K

Then from cquation (9.1),
T - T,
, LP compressor = ——— = 0.8
e P T,
therefore
,-T, 4288 _106_ sk
08 0.8

ie. T, =288 + 1325 =4205K
Also  Work input per compressor stage = ¢, (T: — T)
=1.005 x 1325 = 133.1 ki /kg

The HP turbine is required to drive both compressors and to overcome
mechanical friction,
.1
ie Work output of HP turbine = % =212kl /kg
therefore

6 (Ty—Ty) =272
ie.  115(923 — T,) =272

therefore

923 - T,HEE=236,5I(
L15

ic. Ty =923 — 236.5 = 686.5K

From equation (9.2)

L-T

ny, HP turbine = T =085

Ts

therefore

236.5
— T =" =218K

Te 035
ie. Ty, =923 — 278 = 645 K
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Then using equation (3.21)

pé TG )M?— 1) (923)1.333{0.333
LY e == =419
Pr (Tn 645

ps_ 9
Thy —_—= e =2 147
en Py 2
Using equation (3.21)

T - (P_a)(’-,m = 2.1470-333/1.333 _ | a1y
Ty Ps

therefore

923
Tyy = ——— = T62.6 K
“= 1o 026

Then using equation (9.2)

e, LP turbine = ::_‘ ;:' =085
therefore

Ty — T, = 0.85 x (923 — 762.6) = 1363 K
Le. T, =923 -1363=T86TK
Therefore

Network output = ¢, (T; — T;) x 0.98

=115 x 136.3 x 098 = 153.7 ki/kg
From equation (9.6)

Thermal ratio of heat exchanger = :’ — ;_‘ =075

9~ da

Ts — 420.5 = 0.75(786.7 — 420.5) = 2747 K
therefore
T, = 420.5 + 274.7 = 6952 K
Now  Heatsupplied = (T~ T) + (i —T)
= 1.15{(923 - 695.2) + (923 — 686.5)} = 534 kJ/kg
Then, from equation (5.2)

Cycle efficiency = -_-_—E’z %;4—? = (1.288 or 28.8%

0

{ii) Gross work output
= work output of HP turbine + work output of LP turbine



Example 9.5

Solution

Fig. 9.16 T-s diagram
showing pressure losses
for Example 9.5

9.2 Modifications to the basic cycle

. 153.7
ie Gross work output = 272 + o5 429 kJ kg

Therefore
network output ~ 153.7

Work ratio = ————— = —— =0.358
ork raue gross work output 429

{iii) The electrical output is 5000 kW, Let the mass flow rate be 1 kg/s, then
5000 = m x 153.7

5000
=209 _ 36k
BRRTT] g/s

ie. Rate of flow of air = 326 kg/s

Effect of pressure loss

In Example 9.4 all pressure losses were neglected. In an actual gas turbine unit
there are pressure losses due to friction and turbulence in the intercooler, in
the air side of the heat exchanger, in both combustion chambers, and in the
gas side of the heat exchanger, and in the exhaust duct. The high heat transfer
rate in a combustion chamber leading to an appreciable velocity increase in a
duct of approximately constant cross-sectional area causes a further pressure
loss in addition to that due to friction and turbulence.

For the gas turbine generating set of Example 9.4 recalculate the cycle
efficiency and work ratio, taking the following pressure losses into account,
but ing all other ptions still apply: air side of heat exchanger,
0.3 bar; gas side of heat exchanger and exhaust duct, 0.05 bar; intercooler,
0.15 bar; each combustion chamber, 0.2 bar.

Take an ambient pressure of 1.01 bar, a pressure ratio for each compressor
of 3:1 as previously calculated, and find a new overall pressure ratio for the
compression. All other data are unchanged.

Referring to the T-s diagram shown in Fig. 9.16, as before:
Ty, = 288(3)2%¢ = 394 K
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300

and using the isentropic efficiency
T,=4205K =T,
Also as before
Work output per compressor stage = 133.1 kJ/kg

The pressure at inlet to the HP compressor, py, is now given by
{3 % 1.01) - 0.15 = 2.88 bar, and at outlet from the HP compressor, p,, is
3 = 2.88 = 8.64 bar. The new overall pressure ratio is therefore 8.64/1.01 = 8.555,
compared with 9 previously. The pressure at entry to the HP turbine, pg, is
now 8,64 — 0.3 — 0.2 = 8.14 bar.

The work output of the HP turbine is given as before by (2 x 133,1/0.98) =
272 k) /kg, and hence the temperatures T; and T, are the same as before and
hence the ratio pg/p, = 4.19 is also the same as before,

ie. P = ps/4.19 = 8,14/4.19 = 1.943 bar
Therefore

pg = (p7 — 0.2) = 1.743 bar
Now py, = p, = 101 bar and therefore

Po = 1.01 4 0.05 = 1.06 bar

Ps/Ps = 1.743/1.06 = 1.644
Then  To, = T3/(1.644)733301.333 = 923/1,132 = 8154 K
and T, =923 — (923 — 8154) x 0.85 = 8315K
Therefore

Net work output = ¢, (Ty — To) = 1.15(923 — 831.5)

= 105.2kJ/kg

Then using equation (9.6) for the thermal ratio of the heat exchanger as before,
we have

Ts = 420.5 + 0.75(831.5 - 420.5)
=7288K
Then Heatsupplied = ¢, (Ts — Ts) + ¢, (Ty — T2)
= 1.15(923 — 728.8) + 1.15(923 — 686.5) = 4953 kJ/kg
Hence Cycle efficiency = 105.2/495.3 = 21.2%

This compares with the previous value of 28.8% when pressure losses are

neglected.
The gross work of the plant is (105.2/0.98) + 277 = 384.3 kJ/kg. Therefore,

Work ratio = 105.2/384.3 = 0.274

This compares with the previous value of 0.358 when pressure losses were
neglected.




9.3

Fig. 9.17 Gas turbine
can-type combustion
chamber

9.3 Combustion

Combustion

In the closed-cycle gas turbine unit heat is transferred to the air in a heat
exchanger, but in the open-cycle unit the fuel must be sprayed into the air
continuously, and combustion is a continuous process uniike the cyclic
combustion of the 1C engine.

There are two main combustion systems for open cycles: one in which the
air leaving the compressor is split into several streams and each stream is
supplied to a separate cylindrical *can’-type combustion chamber, and the other
in which the air flows from the compressor through an annular combustion
chamber. The annular type would appear 1o be more suitable for a unit using
an axial flow compressor, but it is difficult to obtain good fuel-air distribution
and research and development work on this type is harder than with the simpler
can type. The annular type can be modified by having a series of interconnected
cans placed in a ring; this is known as the cannular type. In aircraft practice
at present the majority of engines use either the cannular or the can type of
combustion chamber.

In industrial plants where space is not important the combustion may be
arranged to take place in one or two large cylindrical combustion chambers
with ducting to convey the hot gases to the turbine; this system gives belter
control over the combustion process.

In all types of combustion chamber, combustion is initiated by electrical
ignition, and once the fuel starts burning, a flame is stabilized in the chamber.
In the can type it is usual to have interconnecting pipes between cans, to stabilize
the pressure and to allow combustion to be initiated by a spark in one chamber
on starting up. A typical can-type chamber is shown diagrammatically in
Fig. 9.17. Some of the air from the compressor is introduced directly to the fuel
burner; this is called primary air, and represents about 25% of the total airflow.
The remaining air enters the annufus round the flame tube, thus cooling the
upper portion of the flame tube, and then enters the combustion zone through
dilution holes as shown in Fig. 9.17. The primary air forms a comparatively
rich mixture and the temperature is high in this zone. The air entering the
dilution holes completes the combustion and helps to stabilize the flame in the
high-temperature region of the chamber. In some bustion chambers the
fuel is injected upstream into the airflow, and a sheet metal cone and perforated
baffle plate ensure the necessary mixing of the fuel and air.

Giases (o
turbine

spray hales
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Fig. 9.18 Theoretical
temperature rise against
fuel-air ratio
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The air-fuel ratio overall is of the order of 60/1 to 120/1, and the air velocity
at entry to the combustion chamber is usually not more than 75 m/s. There is
a rich and a weak limit for flame stability, and the limit is usually taken at
flame blow-out. Instability of the flame results in rough running with consequent
effect on the life of the combustion chamber.

It should be noted that because of the high air-fuel ratios used, the gases
entering the HP turbine contain a high percentage of oxygen, and therefore if
reheating is performed between turbine stages, the additional fuel can be burned
satisfactorily in the exhaust gas from the HP turbine.

A combustion efficiency may be defined as follows:

Combustion efficiency

_ theoretical fuel - air ratio for actual temperature rise ©.7)
" actual fuel—air ratio for actual temperature rise ’

The theoretical temperature rise is a function of the calorific value of the fuel
used, the fuel-air ratio, and the initial temperature of the air. The theoretical
temperature rise for any one fuel of known calorific value can be plotted against
the fuel-air ratio for various values of air inlet temperature to the chamber,
and curves of the form shown in Fig. 9.18 obtained. The combustion efficiency
can be evaluated by testing the chamber; sections are traversed to obtain true
mean readings of the inlet and outlet temperatures, and the fuel and air mass
flow rates are also measured. The fuel used in aircraft gas turbine practice is a
light petroleum distillate known as kerosene with a gross calorific value of
about 46400 kJ/kg; for turbines used in power production or as part of a
combined heat and power unit the fuel used can also be natural gas; for some
process plants a gas turbine unit is used for power production using waste gases
as fuel. In cases where kerosene or gas is to be burned a dual-fuel burner is used.

Air inlet
temperatures
\\Io combustion chamber

‘Theoretical temp, nse

Fuel-air ratio

In order to give a comparison of combustion chambers of different size
operating under different ambient conditions, a combustion intensity is defined
as follows: =

heat release rate
of chamber x inletp )

Combustion intensity -( (9.8)
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0.2

Problems

The lower the combustion intensity the better the design. In aircraft practice a
figure of about 2 kW /m® atm would be normal, whereas in the larger industrial
plant a figure of about 0.2 kW/m? atm is usually achievable.

The pressure loss in the combustion chamber is mainly due to friction and
turbulence. There is also a small drop in pressure due to non-adiabatic flow in
a duct of approximately constant cross-sectional area. The loss due to friction
can be found experimentally by blowing air through the combustion chamber
without initiating combustion and measuring the change in pressure. This
friction loss in pressure is therefore called the cold loss. The loss due to the
heating process alone is called the fundamental loss. For a more extensive
treatment of the combustion process ref. 9.1 should be consulted.

Additional factors

In considering aireraft-propuIsion it is necessary first to study the theory of
flow in nozzles, and to introduce the concept of total head, or stagnation,
pressures and temperatures. Gas turbine cycles for aircralt propulsion are
therefore considered again in section 10.9. Another useful concept is small stage,
or polytropic, efficiency; this is considered, and cycles analysed using polytropic
efficiency in section 11.8 after blading design and the concept of a stage have
been introduced.

Problems

(For all problems ¢, and y may be taken as 1.005kJ/kg K and 1.4 for air, and as
1.15kJfkg K and 1.333 for combustion and ion pr )

A gas turbine has an overall pressure ratio of § and a maximum cycle temperature of
550°C. The turbine drives the compressor and an electric gencrator, the mechanical
efficiency of the drive being 97%. The ambient temperature is 20°C and air enters the
compressor at a rate of 15 kg/s; the i pic efficiencies of the comy and turbine
are 80 and 83%. Neglecting changes in kinetic energy, the mass flow rate of fuel, and
all pressure Josses, calculate:

{i) the power output;

(ii) the cycle efficiency;
(iii) the work ratio.

(660.3 kW; 12.1%; 0.169)

In a marine gas turbine unit a HP stage turbine drives the compressor, and a LP stage
turbine drives the propeller through suitable gearing. The overall pressure ratiois4/1, the
mass flow rate is 60 kg/s, the maximum temperature is 650°C, and the air intake
conditions are 1,01 bar and 25°C. The i pic efficiencies of the p HP
turbine, and LP turbine, are (.8, 0.83, and 0.85 respectively, and the hanical efficiency
of both shafts is 98%. Neglecting kinetic energy changes, and the pressure loss in
combustion, calculate:

{i) the pressure between turbine stages;

(ii) the cycle efficiency;
(iii) the shaft power.

(1.57 bar; 14.9%; 4560 kW)
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9.3

9.4

9.5

For the unit of Problem 9.2, calculate the cycle efficiency obtainable when a hel
exchanger is fitted. Assume a thermal ratio of 0.75.
(2349

In a gas turbine generating set two stages of compression are used with an intercool]
between stages. The HP turbine drives the HP compressor, and the LP turbine driv
the LP p and the The exh from the LP turbine passes throug
a heat exchanger which transfers heat to the air leaving the HP compressor. There is
reheat combustion chamber between turbine stages which raises the gas temperature
600 °C, which is also the gas temperature at entry to the HP turbine. The overall pressul
ratio is 10/1, each compressor having the same pressure ratio, and the air temperatu)
at entry to the unit is 20 °C. The heat exchanger thermal ratio may be taken as D.T as

intercooling is plete between stages. A

0.8 for both compressor stages, and 0585 for both Il.ll'bIBE stages, and that 2% of o
work of each turbine is used in g friction. Negl g all losses in pressu)
and assuming that velocity changes are negligibly small, calcul

(i} the power output in kilowatts for a mass flow of 115kg/s;
(ii) the overall cycle cthciency uf the plant

(14460 kW; 25.79
A motor car gas turbine unit has two centrifugal compressors in s:riu gIVINg au over|
pressure ratio of 6/1. The air len\'ms Ihe HP Js passes tl h a heat exch
before entering the t The ion is in two turbine stages, t
first stage driving the compressors and the second sla,g: driving the car Ihmugh m
The gases leaving the LP turbine pass through the heat exchanger before
atmosphere. The HP turbine inlet temperature is 800°C and the air inlet lglnpel'll‘l.
to the unit is 15°C. The isentropic efficiency of the compression is 0.8, and that of ea]
turbine is 0.85; the mechanical efficiency of each shaft is 98%. The heat exchang
thermal ration may be assumed to be 0.65. Neglecting pressure losses and changes
kinetic energy, calculate:

(i) the overall cycle efficiency;

(ii) the power developed when the air mass flow is 0.7 kg/s;
{iii) the specific fuel consumption when the calorific value of the fuel used is 42 600 kJ /N

and the combustion efficiency is 97%.
29.4%; 94.7 kW; 0302 kg/kW

In a gas turbine generating station the overall compression ratio is 12/1, performed
three stages with pressure ratios of 2.5/1, 24/1, and 2/1 respectively. The air in}
temperature to the plant is 25 °C and intercooling between stages reduces the temperatu
to 40°C. The HP turbine drives the HP and intermedi comp stagd
the LP turbine drives the LP compressor and the generator The gases leaving the 1
turbine are passed through a heat exchanger which heats the air leaving the
The temg e at inlet to the HP turbine is 650 °C, and reheating bet
turbme slages raises the temperature to 650°C. The gases leave the heat exchanger
a temperature of 200 °C. The isentropic efficiency of each compressor stage is 0.83,
the isentropic efficiencies of the HP and LP turbines are 0.85 and 0.88 respectively. T
the mechanical efficiency of cach shaft as 98%. The air mass flow is 140 kg/s. Neglecti
pressure losses and changes in kinetic energy, and taking the specific heat of water
4.19 k] /kg K, calculate:
(i} the power output in kilowatts;
(ii) the cycle efficiency;
(iii) the flow of cooling water required for the intercoclers when the rise in wa
temperature must not exceed 30 K;
(iv) the heat exchanger thermal ratio.

(25540 kW 33.4%; 224 kg/s; 0.8
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9.8

Data

Problems

In a gas turbine plant air enters a compressor at atmospheric conditions of 15°C,
1.0133 bar and is compressed through a pressure ratio of 10. The air leaving the
comp passes through a heat exch before entering the combustion chamber.
The hot gases leave the combustion chamber at 800°C and expand through an HP
turbine which drives the compressor. On leaving the HP turbine the gases pass through
a reheat combustion chamber which raises the temperature of the gases to 800 °C before
they expand through the power turbine, and thence to the heat exchanger where they
flow in counter-flow to the air leaving the compressor. Using the data below, neglecting
the mass flow rate of fuel and changes of velocity throughout, calculate:

(i) the airflow rate required for a net power output of 10 MW;

(ii) the work ratio of the cycle;
(iii) the temperature of the air ing the first bustion chamber;
{iv) the overall cycle efficiency.

Isentropic efficiency of compressor, 80%, isentropic efficiencies of HP and power turbine,
87 and 85%; mechanical efficiency of HP turbine-compressor drive, 92%; mechanical
efficiency of power turbine drive, 94%; thermal ratio of heat exchanger, 0.75; pressure
drop on air side of heat exchanger, .125 bar; pressure drop in first combustion chamber,
0.100 bar; pressure drop in reheat combustion chamber, 0.080 bar; pressure drop on gas
side of heat exchanger, 0.100 bar.

(91.0kg/s; 0.25; 611°C; 18.9%)

An open-cycle gas turbine plant is used to generate power in an oil refinery. The gas
turbine unit drives a generator which supplies electric motors of 2400 kW, the overall
mechanical and electrical efficiency is 92%. Some of the exhaust gas from the turbine
at 530°C is supplied to a furnace in the refinery at a rate of 2 kg/s; the remainder of
the exhaust gas is passed in counter-flow through a heat exchanger where it heats the
air leaving the compressor, and then passes to exhaust at 400°C. The compressor has
a pressure ratio of § and the air at entry is at 1.013 bar and 20°C. The pressure loss in
the air side of the heat exchanger is (.16 bar, the pressure loss in the combustion chamber
is 0.12 bar, and the pressure loss in the gas side of the heat exchanger is 0.05 bar. The
isentropic efficiencies of the compressor and turbine are 0.85 and 0.92 respectively.
Meglecting heat losses in the heat exchanger, and the mass flow rate of fuel, calculate:
(i) the mass flow rate of air entering the compressor;
(1i) the temperature of the air entering the combustion chamber;
(iii) the overall cycle efficiency.

(10,82 kg/s; 421.0°C; 34.2%)

A closed-cycle gas turbine plant using helium as the working fluid is proposed for an
experimental nuclear reactor. The helium is compressed in two stages with an intercooler
between stages. Before passing through a heater where it is heated externally by the
reactor coolant, the helium is pre-heated in a heat exchanger where it is in counter-flow
with the helivm leaving the turbine. The helium leaving the turbine is cooled in the heat
exchanger before passing through a cooler where it is cooled by cooling water to the

d inlet temp to the p ,and the cycle is complete. Using the data
below, calculate the overall cycle efficiency.

Pressure and temperature at entry to the first compressor, 18 bar and 30°C; pressure
ratio for each compressor, 2; temperature of helium leaving the intercocler, 30°C;
temperature of helium, entering the turbine, 800°C; isentropic efficiency of each

p . 0.83; & pic efficiency of the turbine, 0.86; effectiveness of the heat
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