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Preface

With the new fifth edition, there has again been an opportunity to sift through the
text and to rearrange, add to and also remove material. An update has also been
carried out where appropriate. The new arrangement roughly separates into two
sections. The earlier chapters are concerned with basic engineering thermodynamic
theory whereas the later chapters introduce practical applications.

Concepts of engineering thermodynamics warrant serious thought and study.
Modern industrial society relies almost entirely upon their application to supply its
basic energy requirements. Without the various power-generating plants and engines,
industrial society would collapse. Failure of electrical generating plant would mean
the failure of the electronics industry and all its consequences.

There is heavy reliance on the use of fossil fuels which have no immediate
replacement. There are sources of renewable energy, such as wind and solar power,
but their effect is small compared with nuclear fuels and the fossil fuels, coal, gas and
oil. The most serious problem is the rate at which energy is consumed. Much
atmospheric damage is caused by exhaust emissions from burning fossil fuels. Better
and moderated use of fundamental world resources must be addressed for the future.

This book will fit most curriculums that include the study of basic engineering
thermodynamics. It is a serious subject, both necessary and rewarding, for perhaps it
can help to preserve and enhance the quality of life on earth.

Leigh-on-Sea 1996 R.J.
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Chapter 1

.‘ General introduction

it

‘41 Thermodynamics — its meaning and relevance

The word thermodynamics derives from two Greek ideas: therme meaning hot or heat,
and dynamikos originally meaning power or powerful and now the study of matter in
motion.

Thus, thermodynamics is the study of heat related to matter in motion. Much of
the study of engineering (or applied) thermodynamics is concerned with work

‘\dducing or utilising machines such as engines, turbines and compressors together
with the working substances used in such machines. Their development has given us
the ability to create our modern industrial society.

It is important to understand that without thermodynamic engines — petrol
éhgines, gas turbines, steam turbines, etc. — modern industrial society could not
gurvive. But this raises many ethical questions, questions which need to be addressed.
Por example, there is the exploitation of natural finite global resources, e.g. oil and
coal; there is the massive atmospheric pollution which occurs; there is always
considerable political debate and conflict concerning energy resources and reserves.

It will be seen, therefore, that as humankind insists, at present, on the continuance
of industrial societies, a study of engineering thermodynamics remains essential.

There are certain topics which are common and fundamental to many sections of
the study of engineering thermodynamics. It is the purpose of this general
introduction to investigate these common fundamentals. In the chapters which
follow, it will be seen how they apply and are related to other sections of the study.

1.2 Working substance

All thermodynamic systems require some working substance in order that the various
operations required of each system can be carried out. The working substances are, in
general, fluids which are capable of deformation in that they can readily be expanded
and compressed. The working substance also takes part in energy transfer. For
example, it can receive or reject heat energy or it can be the means by which work is
done. Common examples of working substances used in thermodynamic systems are
air and steam.
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1.3 Pure substance

A pure substance is a single substance or mixture of substances which has the same
consistent composition throughout. In other words, it is a homogeneous substance
and its molecular structure does not vary. For example, steam and water, or a
mixture of steam and water can be considered as pure substances. Each has the same
molecular or chemical structure through its mass. Air in its gaseous and liquid form
is a pure substance. However, during the liquefaction process of air, which is a
mixture of gases, mainly oxygen and nitrogen, the oxygen and nitrogen liquefy at
different temperatures. Until all the air becomes liquid, the relative concentrations of
oxygen and nitrogen (and other gases) in the liquid that has formed will therefore be
different from those of the original air. The relative concentrations will also differ
between the condensing vapour and the original air. Thus the air in these
circumstances ceases to be a pure substance.

The importance of the concept of a pure substance in this work is that the
condition, or state, of a pure substance can be completely defined by any two
independent  properties of the substance. For example, if the pressure and volume of
a fixed mass of oxygen is known, then its temperature and such other properties as
will be discussed later are also completely known.

1.4 Macroscopic and microscopic analysis

If the properties of a particular mass of a substance, such as its pressure, volume and
temperature, are analysed, then the analysis is said to be macroscopic. This is the
method of analysis usually used by the engineer and is the type of analysis used
therefore in the study of heat engines and engineering thermodynamics. If, however,
an analysis is made in which the behaviour of the individual atoms and molecules of
a substance are under investigation, then the analysis is said to be microscopic. Some
studies in nuclear physics would be of a microscopic nature, such as the atomic
structure of a fissionable material like uranium.

1.5 Properties and state

In the macroscopic analysis of a substance any characteristic of the substance which can
be observed or measured is called a property of the substance. Examples of properties
are pressure, volume and temperature. This type of property which is dependent upon
the physical and chemical structure of the substance is called an internal or thermostatic
property. Other types of thermostatic properties will be discussed later.

If a value can be assigned to a property then it is said to be a point function
because its value can be plotted on a graph. Properties which are independent of
mass, such as temperature and pressure, are said to be intensive properties. Properties
which are dependent upon mass, such as volume and energy in its various forms, are
called extensive properties.

If a property can be varied at will, quite independently of other properties, then the
property is said to be an independent property. The temperature and pressure of a
gas, for example, can be varied quite independently of each other and thus, in this
case, temperature and pressure are independent properties.

It will be found, however, when discussing the formation of a vapour, that the
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temperature at which a liquid boils depends upon the pressure at which the formation
of the vapour is occurring. Here, if the pressure is fixed then the temperature
becomes dependent upon the pressure. Hence the pressure is an independent property
but the temperature is a dependent property.

A knowledge of the various thermostatic properties of a substance defines the state
of the substance. If a property, or properties, are changed, then the state is changed.

Properties are independent of any process which any particular substance may. have
passed through from one state to another, being dependent only upon the end states. In
fact, a property can be identified if it is observed to be a function of state only.

Since, at a particular state, a substance will have certain properties which are
fUnctions of that state, then there will be certain relationships which exist between
them. These property relationships will be investigated in the text.

A property which includes a function of time, used to define a rate at which some
interaction can occur, such as the transfer of mass, momentum or energy, is referred
to as a transport property. Examples of transport properties are thermal conductivity
and viscosity.

1.6 Specific quantity

In the discussion of properties it was suggested that those properties which were
associated with the mass of a substance are called extensive properties. For
convenience, at times, it is useful to discuss the properties of unit mass of a substance.
To indicate that this is the case, the word specific is used to prefix the property.

Thus, the specific volume of a substance, at some particular state, is the volume
occupied by unit mass of the substance at that particular state. Other specific
quantities will be discussed in the text.

1.7 Temperature

Temperature describes the degree of hotness or coldness of a body.

The subject of temperature investigation is called thermometry.

Many attempts have been made in the past to lay down a scale of temperature.
The work has culminated in the generally accepted use of two temperature scales,
Fahrenheit and Celsius. The Fahrenheit scale is named after its German inventor,
Daniel Gabriel Fahrenheit (1686-1736) of Danzig (now Gdansk, Poland). The
Celsius scale (often referred to as the centigrade scale) is named after Anders Celsius
(1701-1744), a Swedish astronomer born at Uppsala.

The Celsius scale is the temperature scale which is most commonly used worldwide.
The Fahrenheit scale is generally becoming progressively phased out. The customary
temperature scale adopted for use with the Sl system of units is the Celsius scale. For
customary use, the lower fixed point is the temperature of the melting of pure ice,
commonly referred to as the freezing point. This point is designated 0 0c. The upper
fixed point is the temperature at which pure water boils and this is designated 100°C.
In the past, this customary temperature scale has been referred to as the centigrade
scale. The use of the word centigrade is now discouraged, the accepted reference now
being that of the Celsius scale. Of interest, the freezing and boiling points of pure
water are designated 32 of and 212 of, respectively, on the Fahrenheit scale.
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It will be shown later, when dealing with the properties of solids, liquids and
vapours, that the temperature at which a liquid freezes or boils depends upon the
pressure exerted at the surface of the liquid. This temperature increases as the
pressure increases in the case of boiling and slightly decreases with increase of
pressure in the case of freezing. To standardise the freezing and boiling temperature
on a thermometric scale, one must therefore standardise the pressure at which the
freezing or boiling occurs. This pressure is taken as 760 mm of mercury which is
called the standard atmospheric pressure or the standard atmosphere, being a mean
representative pressure of the atmosphere.

Figure 1.1 shows the way the customary Celsius scale is divided up. The lower
fixed point is 0 °C and the upper fixed point is 100°C; there are 100 Celsius degrees
between them. These 100 Celcius degrees are together called the fundamental interval.

Celcius
{centigrade)
Boiling 100°C
point l
Fundamental
interval

100 degrees
|

x°C

_Freezing (ice) _l 0°C
point

Fig. 1.1 Celsius scale of temperature

In the above discussion it will be noted that the choice of the fixed points was of
an arbitrary natue. The freezing and boiling points of water were chosen for
convenience. Other points on the International Temperature Scale are then chosen
and referred to the originally conceived scale. The original choice of fixed points was
arbitrary, so the Celsius scale is sometimes called the normal, the empirical, the
customary or the practical temperature scale.

Since the Celsius scale is only a part of the more extensive thermodynamic, or
absolute temperature scale, it is sometimes called a truncated thermodynamic scale.
Subsequent work will show that there is the possibility of an absolute zero of
temperature which will then suggest an absolute temperature scale.

An absolute zero of temperature would be the lowest temperature possible and
therefore this would be a more reasonable temperature to adopt as the zero for a
temperature scale. The absolute thermodynamic temperature scale is called the Kelvin
scale. It was devised by Lord Kelvin, a British scientist, in about 1851.

The Kelvin unit of temperature is called the kelvin and is given the symbol K. A
temperature, T, on the Kelvin scale is written T K, not T OK. The kelvin has the
same magnitude as the Celsius degree for all practical purposes.

The absolute zero of temperature appears impossible to reach in practice. However,
its identity is defined by giving to the triple point of water a value of 273.16 kelvin
(273.16 K). The triple point is defined in Chapter 4. With the absolute zero so defined,
the zero of the Celsius thermodynamic scale is defined as 0 °C = 273.15 K.
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Thus
t=T-273.15 i

where ¢ = temperature on the Celsius thermodynamic scale = ¢ "C
T = temperature on the Kelvin thermodynamic scale = T K

From equation [1}
T =1+ 273.15 (can use 273 for most calculations) (2]

By choosing the zero of the Celsius thermodynamic scale as 0 °C = 273.15 K, this
approximates very closely to the customary Celsius scale and thus 0 “C on the
customary Celsius scale is very nearly equal to 0 °C on the Celsius thermodynamic
scale. Also, 100 °C on the customary Celsius scale is very nearly equal to 100 “C on
the Celsius thermodynamic scale.

1.8 Pressure

Pressure is defined as force per unit area. Thus, if a force F is applied to an area A,
and if this force is uniformly distributed over the area, then the pressure P exerted is
given by the equation

P=- (1

If F= force in newtons (N) and A = area in square metres (m?) then the unit of
pressure becomes the newton/metre? (N/m?), which is the basic unit of pressure in the
SI system of units. This unit of pressure is sometimes called the pascal (Pa).

Common multiples of this basic unit of pressure will be the kilonewton/metre?
(1 kN/m® = 10° N/m?) and the meganewton/metre> (1 MN/m? = 10° N/m?). The bar
may also be commonly used (1 bar = 10° N/m?) as may also the hectobar (1 hbar =
102 bar = 107 N/m?).

The bar is sometimes seen as being useful in that it is very nearly equal to one
standard atmosphere.

1 standard atmosphere = 1.013 25 bar = 0.101 325 MN/m? 21

If a force is applied to a solid then it will be transmitted through the solid in the
direction of application of the force.

Figure 1.2(a) shows a solid being pressed against a fixed wall by means of a force F,
If the contact area is 4 then the pressure set up at the contact surface = F/A4 and it is
normal to the contact surface.

On the other hand, Fig. 1.2(b) shows a piston of area 4 enclosing a fluid in a
cylinder. If a force F is now applied to the piston then a pressure P = F/A4 will be set
up in the fluid. Unlike the solid, however, where this pressure would be transmitted
in the line of action of the applied force, in the fluid, this pressure P = F/4 is set up
in all directions in the cylinder. Any vessel then, in which there is a fluid under
pressure, must be capable of withstanding the pressure in all directions. The fact that
the pressure distribution in a fluid does occur in all directions is easily demonstrated
by blowing up a balloon which swells up in all directions.
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Contact Piston
area area A
4
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Fig. 1.2 Concept of pressure: (a) of a solid (b) using a piston

1.9 Volume

Volume is a property associated with cubic measure. The unit of volume is the cubic
metre (m>) together with its multiples and submultiples. Sometimes the litre (1) may
be used. 1 litre = 1 cubic decimetre (1 dm® = (10! m)*).

If the volume of a substance increases then the substance is said to have been
expanded. If the volume of a substance decreases then the substance is said to have
been compressed. Specific volume is given the symbol v. The volume of any mass,
other than unity, is given the symbol V.

1.10 Phase

When a substance is of the same nature throughout its mass, it is said to be in a phase.
Matter can exist in three phases; solid, liquid and vapour (or gas). If the matter exists in
only one of these forms then it is in a single phase. If two phases exist together then the
substance is in the form of a two-phase mixture. Examples of this are when a solid is
being melted into a liquid or when a liquid is being transformed into a vapour. In a
single phase the substance is said to be homogeneous. If it is two-phase it is said to be
heterogeneous. A heterogeneous mixture of three phases can exist. This is covered by the
section on the triple point during the discussion on steam (see section 4.4).

1.11 Two-property rule

Now that the concept of properties, state and phase have been indicated, it is possible
to write down the two-property rule.

If two independent properties of a pure substance are defined, then all other
properties, or the state of the substance, are also defined. If the state of the substance
is known then the phase or mixture of phases of the substance are also known.

The idea of the two-property rule was suggested in section 1.3.

1.12 Process

When the state of a substance is changed by means of an operation or operations
having been carried out on the substance, then the substance is said to have
undergone a process. Typical processes are the expansion and compression of a gas
or the conversion of water into steam. A process can be analysed by an investigation
into the changes which occur in the properties of a substance, and the energy
transfers which may have taken place.
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1.13 Cycle

If processes are carried out on a substance such that, at the end, the substance is
returned to its original state, then the substance is said to have been taken through a
cycle. This is commonly required in many engines. A sequence of events takes place
which must be repeated and repeated. In this way the engine continues to operate.
Each repeated sequence of events is called a cycle.

1.14 The constant temperature process

This is a process carried out such that the temperature remains constant throughout
the process. It is often referred to as an isothermal process. Particular cases of the
constant temperature process will be dealt with in the text.

1.15 The constant pressure process

This is a process carried out such that the pressure remains constant throughout the
process. It is often referred to as an isobaric or isopiestic process. Particular cases of
the constant pressure process will be dealt with in the text.

1.16 The constant volume process

This is a process carried out such that the volume remains constant throughout the
process. It is often referred to as an isometric or isochoric process. Particular cases of
the constant volume process will be dealt with in the text.

1.17 Energy

Energy is defined as that capacity a body or substance possesses which can result in
the performance of work. Here, work is defined, as in mechanics, as the result of
moving a force through a distance. The presence of energy can only be observed by
its effects and these can appear in many different forms. An example where some of
the forms in which energy can appear is in the motor car.

The petrol put into the petrol tank must contain a potential chemical form of
energy because, by burning it in the engine and through various mechanisms, it
propels the motor car along the road. Thus work, by definition, is being done
because a force is being moved through a distance.

As a result of burning the petrol in the engine, the general temperatures of the
working substances in the engine, and the engine itself, will be increased and this
increase in temperature must initially have been responsible for propelling the motor
car.

Due to the increase in temperature of the working substances then, since the motor
car is moved and work is done, the working substance at the increased temperature
must have contained a form of energy resultant from this increased temperature. This
energy content resultant from the consideration of the temperature of a substance is
called internal energy (see section 1.23).

Some of this internal energy in the working substances of the engine will transfer
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to the cooling system of the engine because the cooling water becomes hot. A transfer
of energy in this way, because of temperature differences, is called heat transfer (see
section 1.24). '

The motor car engine will probably have an electric generator, or alternator, which
is rotated by the engine and is used to charge the battery. The battery, by its
construction and chemical nature, stores energy which can appear at the battery
terminals as electricity. The electricity from the battery can be used to rotate the
engine starter which, in turn, rotates and starts the engine. By rotating the engine to
start it, the electric motor must be doing work; thus electricity must have the capacity
for doing work, hence it is a form of energy.

To stop the motor car the brakes are applied. After the motor car has stopped, the
brake drums are hot, so the internal energy of the brake drum materials must have
been increased. This internal energy increase resulted from the stopping of the motor
car, so there must have been a type of energy which the motor car possessed while it
was in motion. This energy of motion is called kinetic energy.

It will be seen that energy can appear in many forms, and through the action of
various devices, it can be converted from one form into another.

All the possible forms of energy have not been discussed here.

More will be said about energy, and its various forms, later in the text.

1.18 Work

If a system exists in which a force at the boundary of the system is moved through a
distance, then work is done by or on the system (see Chapter 2). As soon as the force
ceases to be moved, it ceases to do any work. Work is therefore a transient quantity;
it describes a process by which a force is moved through a distance. Work, being a
transient quantity, is therefore not a property.

Work is given the symbol W. If it is required to indicate a rate at which work is
being done then a dot is placed over the symbol W. Thus

W = work done/unit time

1.19 Work and the pressure-volume diagram

Consider Fig. 1.3. In the lower half of the diagram is shown a cylinder in which a
fluid at pressure P is trapped using a piston of area A. The fluid here is the system.
From this

Force on piston = pressure x area = PA [1]

Let this force PA be just sufficient to overcome some external load.

Now let the piston move back a distance L along the cylinder while at the same
time the pressure of the fluid remains constant. The force on the piston will have
remained constant.

Work done = force x distance
=PA x L 2]

This equation could be rearranged to read

Work done = P x AL
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o

}—a b

Ve 7,

Area = P{(V\,-V}) ﬁ

Pressure

[2]

| OO OIS
v Volume vV,

Va
A 74

Pressure / Z LL 4
P B External
X
Piston j load 3

area A

——

Distance .

L

Fig. 1.3 Work and the P-V diagram

But
AL = volume swept out by the piston, called the swept or stroke volume
= -")
Work done = P(V, — V) [3]

Above the diagram of the piston and cylinder is shown a graph of the operation
plotted with the axes of pressure and volume. Such a graph is called a PV diagram,
sometimes said to be illustrated on a P-V plane. The graph appears as horizontal
straight line ab whose height is at pressure P and whose length is from original
volume V) to final volume V.

Now consider the area abcd under this graph.

Area = P(V, - V) (4]

But this is the same as the right-hand side of equation [3].

Hence it follows that the area under a P-V diagram gives the work done. This can
be shown to be true by an analysis of the units.

If the pressure is in newtons (N/m?) and the volume is in cubic metres (m®) then,
by equation [3], the work done is given by the product of pressure and change in
volume.

Units of work done = % xm’=Nm [5]

The unit, N m (newton-metre) is the unit of work, the joule.
INm=1]

Now the graph shown in Fig. 1.3 illustrates the particular case of constant pressure
expansion.
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P, 1

P, 2

aY
L/

oD

V v v,

Fig. 1.4 Usual P-V diagram

Consider Fig. 1.4. Here is shown a P- V diagram of the type usually obtained when
an expansion takes place in a thermal engine. It is now a curve with original pressure
and volume PI and VI, respectively. The final pressure and volume are P, and v,
respectively. Both the pressure and the volume have changed in this case. What of the
area under this graph and will it still give the work done?

Figure 1.5 shows the same graph but this time it has been divided up into small
rectangles. The area of each small rectangle represents work done as has been shown.
The sum of all the areas of these small rectangles would therefore approximate very
closely to the area under the graph and hence the work done. The greater the number of
rectangles then the more nearly equal are the sum and the actual area, hence the actual
work done. If the number of rectangles were made infinitely great, the sum would, in
fact, equal the actual area, which would then give the actual work done. Now this is
exactly what happens when the area is solved by the use of the integral calculus.

[3 1

&ﬁhﬁ

P,

2

a4
AV

oy v

Fig. 1.5 Area division of P~V diagram
Con§ider Fig. 1.6. This is the same P-V diagram. Consider some point in the
expansion, X say, where the pressure is P and the volume is V. Let there be an

elemental expansion 8V from this volume V.
Then

Work done during the elemental expansion = P&V [6]

The total work done will be obtained by summing all the elemental strips of width
oV from volume ¥, to volume V,.
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P, 1
P X '
,\
s
P, 2
[} l
v v,
vy

Fig. 1.6 Area calculation on P-V diagram

V=V,
Total work done = Y P&V M
V=",
Now, if an infinite number of strips are taken, in which case é becomes infinitely
small (this is written as 6V — 0), then
Va
Work done = J PdV (8]
i

Nothing more will be said about this equation at present. It will be met later when
it will be solved for particular cases. Its limitations will be discussed in Chapter 6 on
thermodynamic reversibility.

It is important to note that the discussion has concentrated on expansion. In
engines, however, many cases of compression are encountered. The compression is
really the reverse of an expansion. What has been said about expansion, therefore,
applies equally well to compression. The compression curve plotted on a P-V
diagram has the same general shape as an expansion curve except that it is in a
reverse direction. This means that the volume decreases while the pressure increases.
The area under the curve, given by equation [6], gives the work done.

It should be noted the area for an expansion is positive, indicating that work is
obtained from an expansion.

The area for a compression is negative, indicating that work must be done on the
working fluid in order to compress it.

Example 1.1 A fluid in a cylinder is at a pressure of 700 kN/m?. It is expanded at constant
pressure from a volume of 0.28 m’ to a volume of 1.68 m>. Determine the work done.

SOLUTION

Work done = W= PV, - V)
=700 x 10° x (1.68 — 0.28)
=7x10°x 1.4
=(9.8 x 10°) Nm
=(9.8x10%)1J
= 980 kJ
= 0.98 MJ
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1.20 The polytropic process PV" = C, a constant

Changes of state of working substances in thermodynamic systems are often brought
about by the expansion or compression of the working substance.

Suppose that an experiment is conducted on a mass of-working substance such that
an expansion takes place changing the state from state | to state 2. Let the pressure
change from pi to P2 and the volume from Vi to V, Assume that arrangements are
made to record the pressure and volume as the experiment proceeds. From the results
obtained, if values of pressure and volume are plotted on a P-V graph, they produce
a smooth curve as shown in Fig. 1.7.

P 1

P, 2

N
L

y
j v v Vi

Fig. 1.7 General P-V curve

Simply by inspection of the curve, it is not directly possible to tell whether there is a
law connecting pressure and volume for the expansion carried out. However, suppose
now that log P is plotted against log V. The graph obtained is as shown in Fig. 1.8. This
is much better for the graph appears as a straight line and is of the form

logP = —nlogV + log C []

where  —n = slope of the line
log C = intercept on the log P axis

Now equation [1] can be rewritten
logP+nlogV =logC
or taking antilogs
PV = C, a constant [2]
log P

.

logC

Ll

N4

log V

Fig. 1.8 Plot of log P against log V
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Further experiments on different substances taking different quantities of substance
and also including the case of compression as well as expansion will yield a similar
result. Equation [2] may therefore be considered as the law for the general case of
expansion or compression of a substance. This general case of expansion or
compression of a substance according to the law PV” = C is called a polytropic
expansion or compression or a polytrope. It should be noted the value of the constant
C will change with each change of condition, so also will the value of n, which is
called the index of the expansion or compression, or the polytropic exponent.

Since all conditions of state during the expansion or compression lie on the curve
PV " = C, it follows that

PlVI=P V=P Vi=PVi=._, el (3]

where 1, 2, 3, 4, etc., represent different conditions of state taken during the
expansion or compression.

To give an idea of the value of the index n, it will generally lie within the range 1 to
1.7. For most cases, however, it will probably lie more closely within the range 1.2 to
1.5

Further, note that if n = 0 the equation becomes

PVY = C, a constant (4]
and since V° = 1 then equation [4] becomes
P = C, a constant [5]

which indicates a constant pressure process.
Also, the equation PV" = C can be rearranged to read

P'"V = C, a constant [6]

This is obtained by taking the nth root of both sides. Now if n= oo then
Pl/r = pl/eo = pO — | _in which case, equation [6] becomes

V = C, a constant 7

which indicates a constant volume process.

Example 1.2 0.112 m’ of gas has a pressure of 138 kN/m’. It is compressed to 690 kN/m?
according to the law PV '* = C. Determine the new volume of the gas.

SOLUTION
Since the gas is compressed according to the law PV'4 = C, then

Pl VI 14 _ P2V2 1.4

P (ﬁ)u LV (ﬁ)l/lA
P, v Vi P,

from which
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14
138 "
=0.112x /—=0.112"{/%
Jé% Vs

0112 0112
s 3157
= 0.035 5 m*

1.21 Work and the polytropic process

If a substance is to be compressed from a lower pressure to a higher pressure then
work will be fequired in order to carry out the compression. When the substance is at
the new high pressure, it has the potential to expand and, in expanding, do some
work. It is important to determine the magnitude of this quantity of work. It has
already been shown that work done is given by the area under & P-V diagram of an
expansion or compression; now the problem is to determine the area under a curve of
the form PV" = C. Consider Fig. 1.9; it shows a P--V graph of an expansion
according to the law PV = C from state P, V; to new state P,, V,.

P, 1
PV'=C
P
;
P, 7 2
%
&
Y v v,
~—y— ’<—av

Fig.1.9 GraphforPV"=C

Consider a point on the curve at which the pressure is P and the volume is V. Let
the gas expand from this point by very small volume 6V according to the law
PV" = C. The work done during this very small expansion is very nearly equal to
P6V. In the limit, as 8V — 0, the area, and hence the work done = PdV. For the
whole expansion from 1 and 2

€3
Work done = J PdV 1]

Vi

Now PV" =C, or
P=cr [21
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Substituting equation [2] in equation [1]

V2
Work done = CJ y"dv {31

14

Integrating

C v
Work done = [V"* ']
—n+1

Vi
_ _nC+1 vy - v
= —nC+ 1 Vv, — V"V
= _P—ZK_%ﬁP]—'V—' (from equation [2])

Multiplying top and bottom by —1

PV, — PV, 4]
n—1

Work done =

Equation [4] will apply equally well to an expansion or a compression.

By reading P;, V; as the original conditions and P,, V, as the final conditions it
will be found that for an expansion, the work done is positive, meaning that work is
done by the substance.

For a compression, however, again reading P, V; as the original conditions and
P,, V, as the final conditions, it will be found that the work done is negative,
meaning that the work must be done on the substance.

Example 1.3 0.014 n’ gas at a pressure of 2070 kN/m® expands to a pressure of 207 kN/m?
according to the law PV '35 = C. Determine the work done by the gas during the expansion.

SOLUTION
The work done during a polytropic expansion is given by

PV =PV
n-—1

Work done =

In this problem V3 is, as yet, unknown and must therefore be calculated.

Now P\ V] = PV}
1/n

Py

V,=W"|—

’ '(13)

1/1.35
¥V, = 0014 x <2210779) = 0.014 x 3710 = 0.014 x 5.05

or

=0.077 m*
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3 - 3
Work done — (2070 x 10° x 0.01143)5 (?07 x 10° x 0.077)

3 3
_ 100 (29 - 15.95) = 10 1308

0.35 0.35
=(373x10°)Nm
=(373%x10%J (INm=1J)
=373kJ

1.22  Work and the hyperbolic process

The hyperbolic process is a particular case of the polytropic process, PV" = C, for
n=1
Thus, the law for the hyperbolic process is
PV=cC m

This law, if plotted on a P~V diagram will appear as a rectangular hyperbola,
hence its name.
For a hyperbolic change from state 1 to state 2, from equation [1]

PV =PV, 2]

An expression for the work done during a polytropic process has already been
determined. This has been shown to be

PV =P,
n—1

Work done = [3]
In the case of a hyperbolic process P\V| = P,V,; substituting this in equation [3]
together with the fact that n = 1 gives
Work done = i Ll o1} _0
n—1 0
This is indeterminate.
Now if the law PV = Cis plotted ona PV graph there is a definite area beneath the
curve. So it appears that a start from first principles is necessary to determine this area.
Consider Fig. 1.10. By similar analysis to that given for the polytropic expansion

Va
Work done :J PdV [4]
4

In this case, however PV = C, hence P = C/V and substituting this in equation 4]
gives

123 V)
Work done:CJ ﬂ:c[ln VJ
Wy V v,
= C[ln VZ —In V]]

=Cln%2—=PVlnﬁ [5]

1 1

since PV = C. Here In represents log,.
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A
7

P, *|2

FauY

Y

C v v,
— v v

Fig.1.10 GraphforPV =C

Now ¥V, /¥ is the expression ratio, often designated by the letter r, so

Work done = PVInr [6]

- 2
Example 1.4 A gas is compressed hyperbolically from a pressure and volume of 100 kN/m
and 0.056 m’, respectively, to a volume of 0.007 nt’. Determine the final pressure and the work
done on the gas.

SOLUTION
Since the gas is compressed hyperbolically

0.056

nhmRReheh %: 100> G007 =190 % ¢
— 800 kN/m?
Work done = PVInr = PVlnLT
=100 x 10° x 0.056ln%%2—
0.056

=— 3 % 0.0561In ——
100 x 10° x 0.05 ns 007

=-56x10"In8

= -56x10° x 2.079

=—(11.64x 10 Nm (10°Nm =1kJ)
= —11.64kJ

The work done on the gas is 11.64 kJ.
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1.23 Internal energy

If a hot body is placed in contact with a cold body then the temperature of the hot
body begins to fall while the temperaturc of the cold body begins to rise. To account
for this it is said that the hot body givcs up heat, hence its temperature falls, and the
cold body receives this heat, hence its temperature rises.

Observing this fact, some early invcMtiaators around in the eighteenth century
considered that heat must have properties similar to those of a fluid. One such fluid
was called caloric. Thus, if a body was heated, caloric was said to have passed from
the source of heat supply into the body, hence it became hot. Conversely, if a body
cooled, it lost some of its caloric. Since the weiaht of the body was unaffected by
being heated or cooled, it was considered that caloric was a weightless fluid and was
said to fill the minute spaces or porel of the body.

Another such fluid, frigoric, was used to explain the phenomenon of cold. It was
said to be composed of minute darta of frOIt. If one's hand is placed on a piece of ice,
for example, not only does it feel cold but It oan' feel somewhat painful. It was
suggested that the reason for thia WII that the dart-like particles of frigoric were
being transferred from the ice Into the hand and thus the hand became cold
accompanied by a sense of pain.

Yet another fluid which aQOountld ror the heating effect produced by a fire was called
phlogiston. To produce its heatiD, eftlet the fire was said to have given up phlogiston to
the bodies being heated. Al | Iftl&ter.r interelt, when it was found that a gas, which is
now known as oxygen, wal dil'lOtly Uloclated with the phenomenon of combustion, it
was called dephlogisticated air. The realon for this gas, being the only one associated
with the production of nre, WII therefore the only gas without phlogiston; as it received
phlogiston. fire resulted and helt WII produced.

Nearly all the known phenomenl or heating and cooling could be explained by the
introduction of such fluidlal eric,  frlgoric and phlogiston.

These theories we~ eventually found to be false. Notable among those who showed
them to be wrona WII Count Rumford of Munich. Count Rumford was really an
American citizen, born nelr BOIton In 1753. His real name was Benjamin Thompson
and he had to leave Americi for his part in the rebellion of the British Colonies. He
settled in Bavaria where he became the superintendent of an arsenal in Munich. He was
rewarded with the title Count Rumford for his services in this respect.

During his work in the Irltnal, he noticed that when boring a cannon, the material
of the cannon became extremely hot; this did not seem to tie up very well with the
caloric theory which was widely accepted at the time. He accordingly conducted an
experiment in an attempt to settle this matter. Instead of using a sharp boring tool he
used a blunt one which was rubbed against a mass of about 51 kg of gunmetal. After
some 960 revolutions the temperature of the gunmetal had risen by about 39°C. A
minute quantity of gunmetal had been rubbed off during the experiment.

Here then was an experiment in which there had been no hot source to supply
heat, by yielding up some of its caloric in heating the gunmetal, yet the gunmetal
had, in fact, become extremely hot. It might have been suggested that the caloric,
originally in the metallic dust that was rubbed off, had been left behind in the main
bulk of gunmetal and was therefore responsible for the temperature rise. The amount
of metallic dust was so small and the quantity of heat developed so large that Count
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a.mford concluded this was impossible. It also appeared that as long as the rubbing,
or friction, of the boring tool continued, heat would continue to be produced, hence
the aupply of heat generated in this way was inexhaustible. Since the heat was
linerated as a result of motion, Rumford therefore suggested that heat was in some
wlY the result of the motion of the particles which make up a body.

There was nothing really new about this idea. It had been the view taken by some
philosophers from very early times.

After its short accepted life, during the eighteenth century, the supposed fluid
nature of heat was dropped. It then became the accepted theory that heat was a
manifestation of the degree of agitation of the very minute particles (atoms and
molecules, to be discussed later) which make up a body. Part of the old philosophy
remains, however, for it is common practice to refer to such things as 'the flow of
heat' and 'quantity of heat' which still suggest a fluid nature of heat.

It is important, however, to think a little more about the theory that heat is a
result of the degree of agitation of the particles which make up a body. If a particle is
in motion, it will possess a kinetic energy, which is a function of the velocity at which
the particle is moving. It appears, in general, the greater the kinetic energy that can
be imparted to the particles which make up a body, the higher the temperature of
that body will become.

It has now become clear that the store of energy which results from the random
motion of the atoms and molecules of a body would be far better referred to as
internal energy, leaving the term heat to be used to describe that energy transfer
process which results from a temperature difference.

At anyone particular state, the atoms and molecules will have a particular overall
degree of random motion and, in a pure substance, this degree of random motion
will be the same each time the substance returns to that state. The degree of random
motion must therefore be a property. Internal energy is a function of the degree of
random motion, so it must be a property.

Count Rumford's experiment showed that, in his particular case, an increase in
internal energy content resulted in an increase in temperature. This is always the case
in a single-phase system. Count Rumford's single-phase system was the gunmetal
cannon, and note here that the internal energy increase was the result of a blunt
boring tool being rubbed against the cannon. The energy transfer in this case was
really a work transfer, work having been done against friction.

It must be noted, however, that an internal energy increase does not always result
in an increase in temperature. It will be shown during the discussion on two-phase
systems that when the phase is being changed from one to another, such as water
into steam, the temperature will remain constant. Here the internal energy increases
at constant temperature; the increase in internal energy is necessary to carry out the
degree of separation of the molecules to change the water into steam. The same
general situation arises during the change of a solid into a liquid.

It has been stated that the internal energy of a substance results from the motion of
its atoms or molecules. In a fluid, the atoms and molecules have rather greater motions
than solids; in fact, they move about freely (rather more freely in the case of gases). This
means that the atoms and molecules will be constantly impinging upon the walls of any
container. Now the impact of a particle on a wall means that a force will be imparted to
that wall. The constant bombardment of the walls of the containing vessel results in a
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total average force on each wall. When this average force is reduced to that which
occurs on unit area of the wall, it is called the pressure on the wall.

Again, in the above discussion it has been noted that the internal energy content is
the result of the motion of the atoms and molecules which make up a body. Further,
it was noted that an increase in internal energy content generally results in an
increase in temperature. As the temperature of a body falls, the motion of the atoms
and molecules therefore reduces, and the internal energy content also reduces. So it is
reasonable to assume that a condition exists in which the atoms and molecules of a
body are completely at rest, in which case the internal energy content would then be
zero and the temperature would have reached its absolute zero. The idea of an
absolute zero of temperature was mentioned in section 1.7.

In the case of internal energy, specific internal energy is designated u, the internal
energy of any mass, other than unity, is designated U.

1.24 Heat

The discussion on internal energy suggested how bodies were once believed to
contain heat. This is now not considered as being the case; the internal store of
energy is now called internal energy, which is a property.

However, it was further suggested that, during an energy transfer process which
results from the temperature difference between one body and another, the energy so
transferred is called heat. The heat, having been transferred, will then disperse into
other forms of energy, such as internal energy or work, the disposal being a function
of the system employed.

Note that heat is a transient quantity; it describes the energy transfer process
through a system boundary resulting from temperature different. If there is no
temperature difference, there is no heat transfer.

And since the term heat is used to describe a transfer process, heat energy ceases to
exist when the process finishes. Thus heat is not a property.

Heat energy is given the symbol Q. To indicate a rate of heat transfer, a dot is
placed over the symbol, thus

Q = heat transfer/unit time

1.25 Specific heat capacity

For unit mass of a particular substance at a temperature t, let there be a change of
temperature bt brought about by a transfer of heat bQ.

The specific heat capacity, c, of the substance at temperature t is defined by the
ratio bQ/bt. Thus

= b |
c _th (1
In the limit, as bt -~ 0, then
c=_d 2
_dCt? [2]

.Specific heat capacity is generally found to vary with temperature. For example,
the specific heat capacity of water falls slightly from a temperature of 0 °C to a
minimum of about 35°C and then begins to rise again.
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Specific heat capacity can also vary with pressure and volume. This is particularly
true of compressible fluids such as gases (see Chapter 5).

It is common practice to use an average value of specific heat capacity within a
given temperature range.

This average value is then used as being constant within the temperature range, so
equation [2] can be rewritten

c=-Q [3]
tit
where Q = heat transfer/unit mass, J/kg
t1t = change in temperature, K

Note that from equation [3] the basic unit for specific heat capacity is joulesl
kilogram kelvin or J/kg K; multiples such as Kkilojoules/kilogram kelvin (kJ/kg K)
may also be used.

A particular application of specific heat capacity arises from the use of water as a
measuring device in calorimetry. Temperature measurements during a calorimetric
experiment are made while the pressure of the water remains constant.

A process in which the pressure remains constant is said to be isobaric. The specific
heat capacity in this case is therefore said to be the isobaric specific heat capacity and
is written cpo

The table gives a few examples of average specific heat capacities of some solids
and liquids. The specific heat capacity of gases is dealt with separately in Chapter 5.

Table of average specific heat capacities

Solid Specific heat  Solid Specific heat  Liquid Specific heat
capacity capacity capacity
(Ukg K) (Ukg K) (U/kg K)

Aluminium 915 Lead 130 Benzene 1700

Brass 375 Nickel 460 Ether 2300

Cast iron 500 Steel 450 Ethanol 2500

Copper 390 Tin 230 Paraffin 2 130

Crown glass 670 Zinc 390 Mercury 140

Example 1.5 5 kg of'steel. specific heat capacity 450 J/kg K, is heated from /5 "C to f(( "C.
Determine the heat transfer.

SOLUTION
From equation [1]

Heat required = mc(tz - td

5x 450 x (100- 15)
5x 450 x 85
1912501

191.25kJ
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Example 1.6 A copper vessel of mass 2 kg contains 6 kg of water. If the initial temperature of
the vessel plus water is 20 °C and the final temperature is 90 °C, how much heat is transferred
to accomplish this change, assuming there is no heat loss? Take the specific heat capacity of
water to be 4.19 kJjkg K.

SOLUTION
From the table of average specific heat capacities

Specific heat capacity of copper = 390 J/kg K

Heat required by copper vessel = 2 x 390 x (90 — 20)
=2x390x 70
=54 6007
=54.6kJ

Heat required by water = 6 x 4.19 x (90 — 20)
=6x4.19x70
= 1759.8 kJ

Heat to vessel + water = 54.64 + 1759.8
= 1814.4 kJ

Example 1.7 An iron casting of mass 10 kg has an original temperature of 200 °C. If the
casting loses heat to the value 715.5 kJ, determine the final temperature.

SoLuTION
From the table of average specific heat capacities

Specific heat capacity of cast iron = 500 J/kg K

Heat transferred from casting = mc(t; — t;) [1]

Heat transferred = —715.5 kJ
= —-715500J

Note the negative sign, indicating a heat loss.
From equation [1]

—715 500 = 10 x 500 x (#, — 200)

f =200~ 113500 _ 505 1431
10 x 500
=569°C
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Example 1.8 A liquid of mass 4 kg has its temperature increased from 15 "C to 100 "C. Heat
transfer into the liquid to the value 714 kJ is required to accomplish the Increase In
temperature. Determine the specific heat capacity of the liquid.

SoLuTioN

Heat transfer required = Q = mc(t, ~ ;)

e=—2  and Q=714KI=714000J
m(ty — 1)

714000 _ 714 000
4(100 - 15) 4 x85

714000
340

=2100J/kg K
=2.1kJ/kgK

1.26 Calorimetry

Calorimetry is the determination of standard thermal quantities such as specific heat
capacity and the calorific value of fuels (see section 1.30 and Chapter 8).
Further reference will be made in the text as it applies to particular cases.

1.27 The adiabatic process

If a process is carried out in a system such that there is no heat transferred into or
out of the system (i.e. Q = 0) then the process is said to be adiabatic. Such a process
is not really possible in practice, but it can be closely approached.

If a system is sufficiently thermally insulated, heat transfer can be considered as
negligible and the process or processes within the system can be considered as being
adiabatic. Alternatively, if a process is carried out with sufficient rapidity, there will
be little time for heat transfer. Thus if a process is rapid enough, it can be considered
as being effectively adiabatic.

The implications of any particular process being considered as adiabatic will be
dealt with in the text.

1.28 Relationship between heat and work

Figure 1.11 shows two containers each containing a mass of water m and each having
a thermometer inserted such that temperature measurement can be made. In each
case, the mass of water is the system. And for this discussion, any other fluid of mass
m could also be considered as the system.

In (a) it is arranged that an external heater can transfer heat energy Q through the
system boundary into the water. In (b) it is arranged that a paddle-wheel is immersed
in water such that external paddle or stirring work W is done when the wheel is
rotated. In each case it is assumed that there is no energy loss from the system.
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Container W' Container
Thermometer Thermometer w
\I
) ] RN ]
Vo \| Paddle-wheel [} 1==abt=ot
1 Water i ! [
' mass=m | o Semo=o=t , System
| ' | Water |  boundary
/«. ______ a_.! |__mass=m__J
System External
boundary heater
(a) {(b)

Fig. 1.11 Temperature rise by (a) supplying heat (b) doing work

Consider the arrangement in (a). It is common experience to heat water in some
containing vessel by means of some external heating device. Let the initial
temperature as recorded on the thermometer be f* and after heating, in which heat
energy Q is transferred into the water, let the final temperature be 1.

Consider, now, the arrangement in (b). The container once again contains a mass
of water m but in this case a paddle-wheel is introduced into the water. It is common
experience that friction makes things warm. The simple experience of rubbing one's
hands together in a brisk manner will show this. In the case under consideration it is
possible to rotate the paddle-wheel against the frictional resistance of the water.
Assume that the initial temperature of the water is f, and, after doing an amount of
work Won the paddle-wheel, the final temperature is f2.

Now a similar effect has been produced in both cases (a) and (b) in that a mass of
water m starting at a temperature 1 has experienced a rise in temperature (2 - fp.

Case (a) used a heat transfer to produce an effect; case (b) used a work transfer to
produce the same effect.

The conclusion must be that there is a relationship between heat and work.

If the unit of energy is the same for both work and heat, since the same effect was
produced in each case, the relationship is of the form

w=9 (]
The unit of energy in the SI system of units is the joule (J).

1J=1Nm

2
which has the units kg r_nz_ x m = kg m_z
s §

From equation [1], since W = Q, then the unit of energy for both work and heat is
the joule, named after James Prescott Joule (1819-1889), an English physicist.

In older systems of units, heat energy was defined using water as a reference
substance. This is now abandoned and in its place is the energy unit, the joule. In
some calorimetric devices, however, water is used as a means of measurement.
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1.29 Enthalpy

It has been shown that internal energy, pressure and volume are properties. During
subsequent discussion a particular combination of these properties will oftcn uppear.
The combination is in the form u =+ Pv and, because this combination has a purticulur
significance in some processes, it is given a name. The name is enthalpy and is given
the symbol h. Thus, h =u + Pv. Note that, since pressure, volume and temperature
are properties, their combination is also a property, so enthalpy is a property.
Specific enthalpy is designated h. The enthalpy of any mass other than unity is
designated H.

1.30 The principle of the thermodynamic engine

The thermodynamic engine is a device in which energy is supplied in the form of heat
and some of this energy is transformed into work. It would be ideal if all the energy
supplied was transformed into work. Unfortunately, no such complete transformation
process exists or, as will be shown in Chapter 6, can possibly exist.

The usual process in the engine can be followed by reference to Fig. 1.12.

Fig. 1.12 Thermodynamic engine

With all engines there must be a source of supply of heat and, with any quantity of
heat Q supplied from the source to the engine, an amount W will successfully be
converted into work. This will leave a quantity of heat (@ — W) to be rejected by the
engine into the sink.

The ratio

W _ Work done (]
(0] ~ Heat received

is called the thermal efficiency and determines what fraction of the heat input has
actually been successfully converted into work output. It will be evident that the
object in all engines is, or should be, to make the thermal efficiency as near to unity
as possible.

All engines use a working substance as the means of carrying out the conversion of
heat energy into work. The heat energy is usually obtained by burning a fuel or by
thermonuclear reaction. This heat energy is suitably transferred into the working
substance and, consequently, the pressure and temperature of the substance are
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usually raised above that of the surroundings. In this condition the substance is
capable of doing work. For example, it could be enclosed by using a piston in a
cylinder; if the piston were free to move, it would be pushed down the cylinder and
work would be done as the substance expanded. The substance would lose some of
its energy in doing this work. When the substance has performed as much work as is
practically possible, it could be removed from the cylinder and rejected to the sink.
By returning the piston to its original position and then introducing some more high-
energy-containing substance, the process could be repeated. This is what happens in
any piston engine. The intake and rejection processes of the working substance are
intermittent in this case.

In the majority of turbine engines, however, the working substance passes through
in a continuous flow.

There are two possibilities with regard to the introduction of the energy into the
working substance which, in most cases, is either a vapour or a gas.

The first possibility is to transfer heat into the substance outside the engine and
then to pass the high-energy-containing substance over into the engine. This is the
usual process carried out when using steam as the working substance which is formed
outside the engine in a boiler and is then passed to the engine. This is a case of a
vapour being used as the working substance.

The second possibility is to introduce the energy directly into the working
substance in the engine. This is the usual process carried out in petrol, oil and gas
engines in which the fuel is introduced directly into, and burnt in, the engine
cylinders. When this is the case, the engines are called internal combustion engines, IC
engines. Each method naturally has its own complexity. More will be said in later
chapters.

Now a further note about thermal efficiency. It has already been stated that the
process in the engine is that of receiving heat, converting some of it into work and
then rejecting the remainder. So it appears that, neglecting losses, the difference
between the heat received and the heat rejected is equal to the work done, or

Heat received — Heat rejected = Work done [2]
Now
Thermal 5 — —Vork done .o equation [1]) B3]

Heat received

(n, Greek letter eta, is the symbol usually used for efficiency.)
Using equation [2] in [3]

Heat received — Heat rejected
Heat received

Thermal n = [4]

—1- Heat rejected ' 5]

Heat received
From equation [3]

Work done = Heat received x Thermal 7 [6]
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Also

kd
Heat received = Work done M
Thermal 7

Now from equation [4]

Heat received — Heat rejected
Heat received

Thermal n =

Heat received x Thermal n = Heat received — Heat rejected

From which

Heat rejected = Heat received — (Heat received x Thermal 7)
= (1 — Thermal n) x Heat received [8]

Strictly, equations [1] to [8] will only apply to a system in which hfzat and work
only transfer across the system boundary, a heat engine in fact (see section 1.31). For
other systems, such as an IC engine, the thermal efficiency may be defined as

Work done [9]

ln=——————
Thermal 7 Energy received

It is useful to note here that the amount of energy liberated by a fuel when burnt is
defined by its calorific value (see Chapter 8).

The calorific value of a fuel is defined as the amount of energy liberated by
burning unit mass or volume of the fuel. Thus, if by burning 1 kg of petrol, 43 MJ/
kg are liberated then the calorific value of the petrol is 43 MJ/kg. Special
calorimeters have been developed for the determination of the calorific value of fuels.

They are described in Chapter 8.

Example 1.9 A petrol engine uses 20.4 kg of petrol per hour of calorific value 43 MJ/lfg. The
thermal efficiency of the engine is 20 per cent. Determine the power output of the engine and

the energy rejected/min.

SOLUTION

20.4 kg petrol/h = —— kg/s

: (204
Energy liberated petrol = (3600

x 43 x 106) J/s

Of this, only 20 per cent is successfully transformed into power output.

204 6
= x 43 x 10° x 0.2) J/s
Power output (3 600

_ (20.4 x43x02 103) W
3.6
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_ (20.4 x 43 x 0.2) KW
3.6
=48.7 kW

Energy rejected = (1 — thermal ) x Energy reccived (see equation [8])

204

=(1-02) (W x 43 x 106> J/min

= (0.8 x 2%)(')‘4 x 43 x 10") J/min

= (0.8 X 204 X 43)
60
= 11.7 MJ /min
It may be thought that a thermal efficiency of 20 per cent seems extremely low. It is

unfortunately the case that engine thermal efficiencies are very low; more on this later when
dealing with engines and plant.

Example 1.10 A steam plant uses 3.045 tonne of coal per hour. The steam is fed to a turbine
whose output is 4.1 MW. The calorific value of the coal is 28 MJjkg. Determine the thermal
efficiency of the plant.

SOLUTION
3.045 tonne/h = 3.045 x 10° megagram/h

3045
= 3045 kg/h = 2% _ 846 k
&/h = 3500 g/s

Energy liberated by coal = (0.846 x 28 x 10%) J/s
Power output from turbine = (4.1 x 106) W
=(4.1x10% J/s

Power output
Energy liberated by coal

Thermal 7 =

__ 4lx10f
0.846 x 28 x 10¢

=0.173 or 17.3%

1.31 The heat engine

Heat is defined as that transfer of energy which results from a difference in
temperature, so a heat engine must be an engine in which a transfer of heat occurs. If
heat is introduced into a system and, as the result of a cyclic process, some work
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appears from that system, together with some heat rejection from the system, then
this is a heat engine. This is illustrated in Fig. 1.12. In practice, such an engine is the
closed-circuit steam turbine plant of a power station.

On the other hand, the open-circuit internal combustion engine, such as a petrol
engine, is strictly not a heat engine; fuel and air are admitted across the system
boundary, combustion is internal, as the name implies, and combustion products and
heat are rejected, with some work crossing the system boundary.

However, nearly all thermodynamic engines are colloquially referred to as heat
engines.

1.32 Mechanical power

Power is defined as the rate of doing work, or

Power — Work done 0
Time taken

If the unit of work is the joule (J) and the time taken is in seconds (s), equation [1]
gives the unit of power as

! or joule/second.
s

The rate of doing work of 1 joule/second is called the watt (W), thus
1W=11Jjs (2]

The watt is named after James Watt (1736-1819) of steam engine fame.
In section 1.33 it will be shown that the unit of electrical power is also the watt,
thus giving a very convenient comparison between mechanical and electrical power.

Example 1.11 At a speed of 50 km/h the resistance to motion of a car is 900 N. Neglecting
losses, determine the power output of the engine of the car at this speed.

SoLuTION

3
Speed = 50 km/h = 202107 e
3600

Power = Work done/s = Resistance to motion (N) x speed (m/s)

3
:<900><50><10)Nm/S
3600

=(12.5 x 10°) N m/s = (12.5 x 10%) J/s
=(125x 10O W
= 125kW

The power output of the engine is 12.5 kW.




30 Basic engineering thermodynamics

1.33 Electrical power

The use of electricity is now so widespread that it is essential to have a knowledge of
electrical power. The fact that electrical energy can be converted into mechanical
energy can be readily observed in the electric motor. Again, electrical energy can be
converted into thermal energy using the common electric heater.

Since electrical energy can readily be converted into work, electrical energy input to
an electrical circuit is sometimes referred to as electric work transfer.

The effort which drives electricity through an electric circuit is called the potential
differace, symbol V. This effort is usually supplied by a generator or a battery. The
unit of potential difference is called the volt (V). An instrument called a voltmeter is
made to measure potential difference. To measure the potential difference of a
generator or battery a voltmeter is connected across the terminals of the generator or
battery.

The quantity of electricity being driven round a circuit is called the current,
symbol |. The unit of current is the ampere or amp (A). An instrument called the
ammeter is made to measure electric current. In order to measure the current, the
ammeter is connected in the circuit such that the current must flow through it.

Figure 1.13 illustrates the connections of the voltmeter and ammeter into an
electric circuit. Note that the voltmeter is connected across the circuit, thus measuring
the potential difference. If any electrical device is connected across a circuit in this
manner it is said to be connected in parallel.

Generator Electric

device

Fig. 1.13 Simple electric circuit

The ammeter, on the other hand, is connected actually in the circuit such that the
current must flow through it and hence the ammeter will measure the current. If any
device is connected actually in an electric circuit, such as the ammeter, it is said to be
connected in series.

In some generators, and in all batteries, the current delivered to any circuit is
always in the same direction. The connections to either the generator or battery are
made by means of terminals. Current flowing in one direction is said to be direct
current, abbreviated d.c. One of the terminals of either the generator or battery is
said to be positive, marked +, and the other is said to be negative, marked -.
Direct current is always considered as flowing from the positive to the negative
terminal. The generator of direct current electricity is referred to as a d.c.
generator.

Other generators generate electricity in which the current is continuously
changing its direction. Such current is called alternating current, abbreviated a.c. In
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this case, neither terminal can be designated as posltive or negative; both are
continuously changing in polarity. The type of meters to measure potential
difference and current are different in design in this case but they measure potential
difference in volts and current in amps, as before. The generator to develop
alternating current electricity is referred to as an alternator. Most electric power
developed in power stations is a.c.,, and in the United Kingdom the standard
number of current direction changes is 50 per second. Each change from positive to
negative and back is called a cycle. Thus, in the above case, the current is said to
have 50 cycles per second, which is called the current frequency. Now a frequency
of 1 cycle per second is called 1 hertz (Hz). Hence a frequency of 50 cycles per
second = 50 cis = 50 Hz.

The unit of power in an electric circuit is called the watt, and this is the rate of
working in an electrical circuit whose potential difference is | volt with a current flow
of 1amp.

Thus for any circuit

Vi=Ww 1

where V' = potential difference in volts
I = current in amps
W = power in watts

The unit of electric power, the watt, has the same magnitude as that of the unit of
mechanical power (1 W =1 J/s). This is arranged by the choice of the units of
potential difference and current.

Example 1.12 An engine drives an electric generator and 8 per cent of its power is lost in the
transmission to the generator. The generator has an efficiency of 95 per cent and its electrical
output is at 230 volts. It delivers a current of 60 amps. Determine the power output of the
engine.

SOLUTION

Power delivered by generator = VI watts
= (230 x 60)
=13800 W
=13.8 kW

But the generator is only 95 per cent efficient.

13.
0.

=2}

Power input from engine = = 14.53 kW

O

5

Also, 8 per cent of the engine power is lost in transmission. Hence, 14.55 kW represents
92 per cent of the available engine output.

Power output from engine = 10—49523 = 15.79 kW
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Example 1.13 A 4-kilowatt heater operates at 230 volts. Determine the current taken in amps.

SOLUTION
VI = W where W is in watts

_ W _ 4x1000
vy 230

! = 17.4 amps

Example 1.14 A power station output is 500 megawatts. During a test it is found that this
represents 28 per cent of the energy put into the plant by burning coal in the boilers. The coal
used liberates 29.5 MJ/kg. Determine the mass of coal burnt by the power station in 1 hour.
SOLUTION

500 MW = (500 x 10%) W

This represents 28 per cent of the energy available from the coal.

6
Energy from coal = (300 x 107
0.28

6
_ (500 < 10°%) 3/s
0.28

6
_ (500 < 10° x 3600) J/h
0.28

The coal liberates 29.5 Mi/kg = (29.5 x 10%) J/kg

500 x 10¢ x 3600

Mass of coal used/h =
0.28 x 29.5 x 108

_5x 10? x 3.6 x 10°
0.28 x 29.5

=(2.18 x 10°) kg
= 218 000 kg
= 218 t (tonne)

(1t=1 tonne = | megagram = 10" kg)

Questions

1. The temperature of 4.5 kg of water is raised from 15 °C to 100 °C at constant
atmospheric pressure. Determine the heat transfer required. Take the specific heat
capacity of water to be 4.18 kJ/kg K.

' [1598.9 kJ]

2. A gas turbine plant delivers an output of 150 MW. The gas consumption is

55 000 m*/h. The calorific value of the gas used is 38.3 MJ/m®. Determine the thermal
efficiency of the plant.

[25.6%]
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A car has a mass of 1600 kg. It has an engine which develops 35 kW when travelling
at a speed of 70 km/h. Neglecting losses, determine the resistance to motion in N/kg.
[1.25 N/kg]
A power station has an output of 800 MW and the thermal efficiency is 28 per cent.
Determine the coal consumed in tonne per hour if the calorific value of the coal is
31 MJ/kg.
[331.8 tonne/h]
A diesel engine uses 54.5 kg of fuel oil per hour of calorific value 45 MJ/kg. The
thermal efficiency of the engine is 25 per cent. Determine the power output of the
engine in kilowatts.
[170.3 kW]
An engine rejects 1260 MJ/h when running at a thermal efficiency of 22 per cent. The
calorific value of the fuel used is 42 MJ/kg. Determine the power output of the engine
in kilowatts and the mass of fuel used per hour.
[98.7 kW, 38.46 kg/h]
14.5 litres of gas at a pressure of 1720 kN/m? is contained in a cylinder. It is expanded
at constant pressure until its volume becomes 130.5 litres. Determine the work done
by the gas.
[199.5 kJ]
A quantity of steam, the original pressure and volume being 140 kN/m? and 150 litres
respectively, is compressed to a volume of 30 litres, the law of compression being
PV'2 = C. Determine the final pressure and the work done.
[966 kN/m? ~39.9 kJ]
A quantity of gas has an initial pressure of 2.72 MN/m? and a volume of 5.6 dm? ().
It is expanded according to the law PV'* = C down to a pressure of 340 kN/m2,
Determine the final volume and the work done.
[26.15 dm®; 18.2 kJ]



Chapter 2

Systems

2.1 General introduction

All physical things in nature have some form of boundary whose shape in general
identifies it as a particular object. Inside its boundary there are various features
which have particular characteristics and functions. This internal arrangement is
called a system. Outside the boundary of the object are the surroundings, and the
reaction between the system and surroundings in general controls the behaviour
pattern of the object. A human being and a tree are systems. Heat engines and allied
arrangements, which are the concern here, are other systems. It is not necessary that
at anyone time a complete object need be under investigation. Only part may be
under study and this part may then be considered as the system. In other words, a
system can be defined as a particular region which is under study. It is identified by
its boundary around which are the surroundings.

The boundary need not be fixed. For example, a mass of gas (the system) may
expand, so the boundary in this case will modify and interactions will occur with the
surroundings at the boundary. If the mass of a system remains constant, the system is
a closed system. If, on the other hand, the mass of a system changes, or is
continuously changing, the system is an open system. For example, an air compressor
is an open system since air is continuously streaming into and out of the machine, in
other words, air mass is crossing its boundary. This is called a two-flow open system.

Another example is air leaving a compressed air tank. This would be a one-flow
open system since air is only leaving the tank and none is entering. In any system,
energies such as work and heat could be arranged to cross the boundary. Closed and
open systems are illustrated in Fig. 2.1.

2.2 Control volume

If the volume of a system under study remains constant then this volume is called the
control volume. The control volume is bounded by the control surface.

A control volume and its surface are illustrated in Fig. 2.2. It is shown as a fixed
volume enclosing a steam turbine and condenser. Various masses and energies can be
investigated as they cross the control surface into, or out of, the control volume. The
control volume is similar in concept to the open system. In the case of the control
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volume both the volume and position are fixed, whereas with an open system the
volume could change both in size and position. The air compressor given as an example
of an open system in section 2.1 could also be considered as a control volume.

Boundary Boundary
can change Energy can change Energy
shape leaving shape leaving
/ Mass
Vi Surroundings leaving
J Energy
L7 E entering
Fixed mass nergy . Surroundings
ixe entering Mass entering

(a) (c}
Boundary can
Energy leaving change shape
Surroundings

Mass leaving
{could also enter)

Energy entering

Fig. 2.1 Systems: (a) closed; (b) open, one-flow; (c) open, two-flow

Heat lost to surroundings

Energy Ir |
input from | |
steam "~
. = Work output
m turbine )

Steamin | Steam turb Condenser —t» Cooling water out

| I Heat lost to

I | cooling water

Cooling water in

Control | _ =1
volume Energy lost Condensate out

to condensate
Control surface

Fig. 2.2 Control volume

2.3 The conservation of energy

The concept of energy was discussed in section 1.17. From this discussion it appears
that, by designing suitable devices, one form of energy can be transformed into another.
In a power station, the potential chemical energy in the fuel produces a high-
temperature furnace. Heat energy is transferred from the furnace into the steam being
formed, which is passed into a turbine where some of it is converted into work. The
work is put into an alternator where some is converted into electrical energy. The
electricity generated is then passed out of the station to the public. who use it in various
devices to produce heat, light and power. Not all the energy put into the furnaces of the
power station ultimately appears as electrical energy. There are many losses through the
plant, as indeed there are in any power plant.
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However, it is found that, in any energy transformation system, if all the energy
forms are totalled, including any losses which may have occurred, the sum is always
equal to the energy input.

Written as an equation, this becomes

Initial energy of + Energy entering Final energy of + Energy leaving

the system the system the system the system

Naturally, all the energies must be expressed in the same units.

The fact that the total energy in anyone energy system remains constant is called
the principle of the conservation of energy. This states that energy can neither be
created nor destroyed; it can only be changed in form.

As a further point, from work carried out in the field of nuclear physics, it appears
there is some relationship between energy and matter. This has been made manifest
by the fact that, during a nuclear reaction, some of the energy released can only be
accounted for by reference to the loss of nuclear matter which has occurred during
the reaction. Thus it appears that matter and energy are related in some way. From
this, the conservation of energy should strictly be modified to the conservation of
energy and matter. But any matter---energy transformation that occurs outside the
nuclear field is extremely small, if it occurs at all. Thus in the absence of nuclear
reaction, all energy transformation is discussed using the principle of the conservation
of energy.

2.4 Energy forms in thermodynamic systems

Various energy forms can exist in thermodynamic systems. In some systems they may
all be present. In other systems only some may be present. The various forms of
energy appearing in thermodynamic systems are listed below. The basic unit of
energy, in all forms, is the joule (1). Multiples such as the Kkilojoule (kJ) or the
megajoule (MJ) are often used.

2.4.1 Gravitational potential energy

If the fluid is at some height Z above a given datum level, as a result of its mass, it
possesses gravitational potential energy with respect to that datum. Thus, for unit
mass of fluid, in the close vicinity of the earth

Potential energy = gZ
~981Z

24.2 Kinetic energy
If the fluid is in motion then it possesses kinetic energy. If the fluid is flowing with
velocity C then, for unit mass of fluid

2
Kinetic energy = -

2.4.3 Internal energy
All fluids store energy. The store of energy within any fluid can be increased or
decreased as the result of various processes carried out on or by the fluid. The energy
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Itored within a fluid which results from the internal motion of its atoms and
molecules is called its internal energy and was discussed in section 1.23. It is usually
designated by the letter U. The internal energy of unit mass of fluid is called the
Ipecific internal energy and is designated by u.

2.4.4 Flow or displacement energy

Any volume of fluid entering or leaving a system must displace an equal volume
ahead of itself in order to enter or leave the system, as the case may be. The
displacing mass must do work on the mass being displaced, since the movement of
any mass can only be achieved at the expense of work.

Figure 2.3 illustrates a part of a system which can be considered as being the entry
or exit of the system. Consider unit mass of fluid entering or leaving the system. Let
the fluid be at uniform pressure P and enter or leave the system a distance lover a
uniform area A.

Flow entering —————

-+——Flow leaving

Entry or exitarea=A

Pres;;u re Pressure System

S —

Specific volume = v = A/

Fig. 2.3 System entry, system exit

Let the specific volume of the fluid be v, equal to the volume of unit mass.

Work done = force x distance [1]

Force = pressure X area
=PxA
- PA [2]

Work done = P4 x [
=P x Al
= Py (since Al =) [3]

This is called flow work or displacement work.

o At entry it is energy received by the system.
. At exit it is energy lost by the system.
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2.4.5 Heat received or rejected
In any system a fluid can have a direct reception or rejection of heat energy

transferred through the system boundary. Designated by @, it must be taken in its
algebraic sense.

. If heat is received then Q is positive.
. If heat is rejected then Q is negative.
. If heat is neither received nor rejected then 0=0.

2.4.6 External work done
In any system, a fluid can do external work or have external work done on it by

transfer across the system boundary. Designated by W, it must be taken in its
algebraic sense.

. If external work is done by the fluid then W is positive.
. If external work is done on the fluid then W is negative.
. If no external work is done on or by the fluid then W = 0.

2.5 The closed system

The idea of the closed system was discussed in section 2.1. Consider the possible
forms of energy which can be associated with such a system. The substance enclosed
by the system will possess internal energy U, resulting from the motion of its atoms
or molecules.

Furthermore, if the substance within the system is some type of fluid or gas, it may
experience some degree of turbulence. Any part of the substance, considered
separately, could therefore be experiencing its own changes in gravitational potential
energy (PE) when referred to some datum level and also changes in kinetic energy
(KE).

There could also be some other random energies such as electrical, magnetic and
surface tension, but these forms of random energy will be neglected here as being
insignificantly small.

In a closed system, the sum of all the energies possessed by the contained substance
is called the total energy (E).

E=U+3Y PE+ Y KE (1]

where 3 PE and 3" KE are the summation of the separate local gravitational
potential and kinetic energies.
Consider now a process carried out on a closed system. Let

Ey = initial total energy of the contained substance

E, = final total energy of the contained substance

O = heat transferred to or from the substance in the system
W = work transferred to or from the substance in the system

Then by the principle of conservation of energy (see section 2.3)

Initial energy of Energy entering  Final energy of Energy leaving
the system the system N the system the system
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or in this case

E+Q=E+W (2]
from which

Q=(E,—E)+ W [3]
also

Q-W=E,~E, {4

Note that in equation [2] it has been assumed that heat has been transferred into
the system, so @ is positive. Had the heat transfer been out of the system, Q would
have been negative. .

Similarly, the work transfer has been assumed to be from the system, 89 W is
positive. Had work been transferred into the system, W would have been negat.lve.

Note also, from equation [4], that 0 and W are the energy forms which are
responsible for the change of E in a closed system. Equation [4] is as statement of the
first law of thermodynamics (see Chapter 3).

Example 2.1 In a process carried out on a closed system, the heat transferred into the system
was 2500 kJ and the work transferred from the system was 1400 kJ. Determine the change in
total energy, and state whether it is an increase or a decrease.

SOLUTION
From equation [4]
E-E=0-W
= 2500 — 1400
= 1100 J

This is positive, so there is an increase in total energy.

Example 2.2 In a process carried out on a closed system, the work transferred into the system
was 4200 kJ and the increase in the total energy of the system was 3500 kJ. Determine the heat
transferred and state the direction of transfer.

SOLUTION
From equation [3]
O=(E-E)+ W
= 3500 + (—4200) (—4200 because work is transferred into the system)
= 3500 — 4200
= -700 kJ

This is negative, so heat is transferred from the system.
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2.6 The non-flow energy equation

Section 2.5 discussed energies associated with the closed system.
The sum of all the energies possessed by the contained substance was called the
total energy (E), where

E=U+3PE+ > KE

If the contained substance is considered to be at rest, there is no turbulence; in this
case the random potential and kinetic energies will be zero.

Thus, for a substance at rest, the contained energy will be only the internal energy U.

In this case, equation [2] of section 2.5 becomes

U+0=U,+w m
from which

O=U-Up+W=AU+W [2]
Also

Q-W=U,-U =AU [3]
where

AU=U, - U,

Because the system is closed, there is no flow of substance into or out of the
system.

Therefore the process in a closed system is called a non-flow process, and
equation [3] is referred to as the non-flow energy equation (NFEE). A typical non-flow
process is the expansion or compression of a substance in a cylinder.

Equations [1], [2] and [3] are further statements of the first law of thermodynamics
(see Chapter 3).

Example 2.3 During the working stroke of an engine the heat transferred out of the system

was 150 kJ/kg of working substance. The internal energy also decreased by 400 kJ/kg of

working substance. Determine the work done and state whether it is work done on or by the
engine.

SOLUTION
From equation [3], the non-flow energy equation

QO =Au+ W (Au because energies/kg are given)

From this
W=0Q—-Au
= —150 — (—400) (—400 because there is a decrease in internal energy)
= —150 + 400
=250 kJ /kg

This is positive, so is work done by the engine per kilogram of working substance.
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2.7 The open system

Section 2.1 discussed the concept of the open system. This section examines the two-
flow open system, in which an equal mass of fluid per unit time is both entering and
leaving the system, called continuity of mass flow.

Q 2 Fluid
mass
leaving

Exit system

Fluid mass

in system

1
Fluid
mass Entry
entering w
system

Fig.2.4 Open system
Consider the two-flow open system illustrated in Fig. 2.4. The forms of energy
which will be associated with the moving fluid mass entering the system will be
Internal energy = U,
Displacement or flow energy = P, V; (see section 2.4)
Kinetic energy = KE)
Gravitational potential energy = PE;

The forms of energy which will be associated with the fluid mass leaving the system
will be
Internal energy = U,
Displacement or flow energy = P, V>
Kinetic energy = KE,

Gravitational potential energy = PE,

As the fluid mass enters the system, let the total energy of the fluid mass actually
in the system be Eg;.

After passing through the system, as the fluid mass leaves the system, let the total
energy of the fluid mass remaining in the system be Eg,.

In its passage through the system let the fluid mass transfer heat be Q and the
transfer work be W.

For the two-flow open system

Energy of the fluid mass entering the system = U, + PV, + KE| + PE,
Energy of the fluid mass leaving the system = U, + P, V> + KE, + PE,
By the principle of conservation of energy

Initial energy of Energy entering _ Final energy of Energy leaving

the system the system the system the system
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or
Esy + Ui+ P \Vi+KE +PE +Q=Eg+ Uy + P,Vy + KE, + PE, + W [11
From section 1.29
U+ PV = H = Enthalpy [2]
So equation [1] can be written
Esi+Hy + KE, + PE\+ Q=Eg+ Hy+ KE, + PE, + W [3]
From equation [3]

Q- W=(Es, — Eg;) + (H, — H\) + (KE, — KE\) + (PE, — PE)) (4]

2.8 The steady-flow energy equation

In a steady-flow system it is considered that the mass flow rate of fluid or substance
throughout the system is constant. It is further considered that the total energy of the
fluid mass in the system remains constant.

If this is the case then

Es = Eg) [1]
hence
Esz - ES] = 0 [2]

Using this, equation [4] in section 2.7 becomes
Q- W = (H, - H)) + (KE, - KE\) + (PE, — PE,) (3]

This is known as the steady-flow energy equation (SF EE).
To put more detail into the steady-flow energy equation, consider equation [1] of
section 2.7 and assume that Eg; = Es;, as before, then

Ul+P|V1+KE1+PE1+Q:U2+P2V2+KE2+PE2+W [4]

This equation is for any mass flow rate. It is often convenient, however, to
consider the flow of unit mass through a system, in which case specific quantities are
used and equation [4] becomes

u|+P1V1+KE|+PE|+Q:142+P2V2+KE2+PE2+W [5]

Figure 2.5 illustrates a steady-flow open system into which a fluid flows with
pressure Py, specific volume v,, specific internal energy u, and velocity C;. The entry
is at height Z; above a datum level.

In its passage through the system, specific heat energy Q and specific work W are
transferred into or out of the system. The fluid leaves the system with pressure P,
specific volume v,, specific internal energy u, and velocity C,. The exit is at height Z,
above the datum level.

Using equation [5] the steady-flow energy equation for the system becomes

c? z .
u+ Pyvy + 7‘+ng +Q=u+ P» +% +8gZ, + W (see section 2.4) [6]
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Total energy of fluid mass
in system is constant

Ré *W fm =k,
U
Entry = System
Bv,
u, G
Z,

— -

4 1
|o Exit
Z,
l______oa_tumeyel_ _____ R

Fig.2.5 Steady-flow open system

In thermodynamic systems, any changes in gravitational potential energy are
mostly small compared with other energy forms. The gZ terms are therefore
neglected.

Equation [6] then becomes

C? c3 7
u1+P|V|+‘2—+Q:u2+P2V2+‘"2'+W {1

Also, since u; + P,v; = h = specific enthalpy (see section 1.29), equation be- [7]
comes

2 CZ
R 4 8]

Note that the various forms of the steady-flow energy equation, such as
equations [6], [7] and [8], are further statements of the first law of thermodynamics
(see Chapter 3).

2.9 Continuity of mass flow

During the discussion on the steady-flow open system in section 2.8, reference was
made to the continuity of mass flow.

For a fluid substance flowing through a steady-flow open system, the mass flow
rate through any section in the system must be constant.

At any section in the system, let

m = mass flow, kg/s
y = specific volume, m®/kg
A = cross-sectional area, m’
C = velocity, m/s
Consider the volume of fluid substance passing the section per second = Fm?/s.
Now

V = my (]

V=4C 21
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From this
V=riv=AC (3]
$0
m= AC [4]
v

This mass flow rate must be constant at all sections of the system for steady-flow.
(Note that to indicate a rate of flow a dot is placed over the appropriate symbol.
Thus,  indicates mass flow rate and V indicates volume flow rate.)

Example 2.4 In a steady-flow open system a fluid substance flows at the rate of 4 kg/s. It
enters the system at a pressure of 600 kN/m’, a velocity of 220 mjs, internal energy 2200 kJ/kg

and specific volume 0.42 m’lkg. It leaves the system at a pressure of 150 kN/in’, a velocity of

145 ms, internal energy 1650 kJjkg and specific volume 1.5 m’/kg. During its passage through
the system, the substance has a loss by heat transfer of 40 kJ/kg to the surroundings.

Determine the power of the system, stating whether it is from or to the system. Neglect any
change of gravitational potential energy.

SOLUTION
The steady-flow energy equation for the system is

C 2 2
uy + Pyv +%+Q:u2+P2v2+£§—+ w
From this
2_ 2
W= (u1 —uy) + (Pyv) — Pyvy) + (Cl—c—z) +Q

2
Working in kilojoules (kJ)

Specific work = W = (2200 — 1650) + (600 x 0.42 — 150 x 1.5) + ( 107
% 10

2 _ 2
220> - 145 ) w0

(Q is —40 kJ/kg because the heat transfer is a loss from the system.)

(48 400 — 21 025)

W = 550 + (252 — 225) +
2x 103

40

27375

:550-+—27+2 40

x 103

=550 +27 +13.69 — 40
= 550.69 kJ /kg

This is positive, so power is output from the system.
For a fluid substance flow rate of 4 kg/s

Power output from the system = 550.69 x 4
= 2202.75 kI/s
=2202.75kW (1 kJ/s=1kW)
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Example 2.5 Lead is extruded slowly through a horizontal die. The pressure difference across
the die is 154.45 MN/m’. Assuming there is no cooling through the die, determine the
temperature rise of the lead. Assume the lead is incompressible and 10 have a density of
11 360 kg/m® and a specific heat capacity of 130 Jikg K.

SOLUTION

Consider the steady-flow energy equation applied to the given extrusion process.

Since the die is horizontal then there will be no change in gravitational potential energy
from inlet to outlet. Hence the potential energy terms can be neglected.

The velocity is also low, in which case any change in kinetic energy will be small enough to
be sensibly neglected.

There is no cooling and no external work is done, so they too can be neglected.

From this the energy equation now becomes

P|V| +U] :P2V2+U2
SO
U= Uy = PV, - PV, {1

Capital letters are used to indicate that a mass other than unity is being considered.
If a substance experiences a temperature rise, the energy associated with this temperature
rise is given by
mass x specific heat capacity x temperature rise = mct [2]

The lead in this case is assumed to be incompressible, so no energy transfer will be associated
with work of expansion or compression.

Hence, the energy transfer associated with temperature rise in this case will appear as a
change of internal energy only

mct = U, — U, [31
Also, since it is assumed that the lead is incompressible
Vi=V,=V,say [4]
Substituting equations [3] and [4] in equation [1]
mct = V(P — P;)
from which

_re-p)
me

t

(3]

and considering 1 m> of lead

1 x (154.45 x 10%)
11 360 x 130

=104.6 K
= 104.6 °C

The temperature rise of the lead is 104.6 °C.
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Example 2.6 Air passes through a gas turbine system at the rate of 4.5 kg/s. It enters the
turbine system with a velocity of 90 m/s and a specific volume of 0.85 m’jkg. It leaves the
turbine system with a specific volume of 1.45 n’jkg. The exit area of the turbine system is
0.038 m°. In its passage through the turbine system, the specific enthalpy of the air is reduced
by 200 kJ]kg and there is a heat transfer loss of 40 kJ/kg. Determine

(a) the inlet area of the turbine in m’

(b) the exit velocity of the air in m/s

(c) the power developed by the turbine system in kilowatts

(@
At inlet
=G (see section 2.9 equation [4])
Vi
A = mv
C
445 0.85
90
=0.042 m’

The inlet area is 0.042 m>.

(b)
At exit
W= A2C2
V2
vy

C, =
2 Az

_A5x145
0.038

=171.71 m/s

The exit velocity is 171.71 m/s.

©
The steady-flow energy equation for this system is

C? C,? . .
hy + > +0=mh+ - + W (see section 2.8, equation [8])

from which

(€*-GH

W=(h —h
(h 2) + 2 % 10°

(energy in kJ/kg)

(902 — 171.712)

=200 +
2 x 103

—40 (loss by heat transfer)

(8100 — 29 484.3)

=200+
2 x 103

— 40
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— 200 — 213843 40
2 x 10
=200 —10.7 — 40
= 149.3 kJ /kg

Power developed = 149.3 x 4.5
= 671.85 kJ/s
=671.85kW (1kI/s=1k%kW)

Questions

1.

In a non-flow process there is a heat transfer loss of 1055 kJ and an internal energy
increase of 210 kJ. Determine the work transfer and state whether the process is an
expansion or a compression.
[~1265 kJ, a compression]
In a non-flow process carried out on 5.4 kg of fluid substance, there is a specific
internal energy decrease of 50 kJ/kg and a work transfer from the substance of 85 kJ/
kg. Determine the heat transfer.
[189 kJ, a gain]
Air enters a gas turbine system with a velocity of 105 m/s and has a specific volume of
0.8 m’/kg. The inlet area of the gas turbine system is 0.05 m®. At exit the air has a
velocity of 135 m/s and has a specific volume of 1.5 m®/kg. In its passage through the
turbine system, the specific enthalpy of the air is reduced by 145 kJ/kg and the air also
has a heat transfer loss of 27 kJ/kg. Determine
(a)  the mass flow rate of the air through the turbine system in kg/s
(b)  the exit area of the turbine system in m?
(¢)  the power developed by the turbine system in kW
[(a) 6.56 kg/s; (b) 0.073 m?; (c) 750.46 kW]
Air is compressed by a rotary compressor in a steady-flow process at a rate of 1.5 kg/s.
At entry, the air has a specific volume of 0.9 m*/kg and has a velocity of 80 m/s. At
exit, the air has a specific volume of 0.4 m*/kg and has a velocity of 45 m/s. In its
passage through the compressor, the specific enthalpy of the air is increased by 110 kJ/
kg and it experiences a heat transfer loss of 20 kJ/kg. Determine
(a) the inlet and exit areas of the compressor in m>
(b)  the power required to drive the compressor in kW
[(a) 0.0169 m?, 0.013 3 m?; (b) —191.72 kW]



Chapter 3

The laws of thermodynamics

3.1 General introduction

The laws of thermodynamics are really statements of thermodynamic behaviour.
They are natural laws which are based on observable phenomena. They are
designated as laws because they have never been shown to be contradicted.

3.2 The zeroth law (law number zero)
This law is concerned with thermal equilibrium. It states

If two bodies are separately in thermal equilibrium with a third body then they
must be in thermal equilibrium with each other.

Thus, in Fig. 3.1, if bodies B and C are in thermal equilibrium with body A then
bodies B and C must be in thermal equilibrium with each other.

Thermal equilibrium Thermal equilibrium

A B A c

Also thermal equilibrium

B C

Fig. 3.1 Thermal equilibrium

Thermal equilibrium means there is no change of state and hence the zeroth law
implies that the bodies A, B and C will all be at the same temperature and, furthermore,
that all bodies, if in thermal equilibrium, will be at the same temperature.

As an example, this situation arises when taking a temperature using a mercury-in-
glass thermometer. When the thermometer is steady, it is assumed that the mercury,
the glass container and the body whose temperature is being measured, are all at the
same temperature, so they are in thermal equilibrium.

The concept of this law was generally developed after the enunciation of the first,
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second and third laws of thermodynamics (see sections 3.3, 3.4 and 3.5). However,
the law is concerned with thermal equilibrium, a type of base, as it were. The other
laws have concern for possible work and energy transfers, plus the further possibility
of temperature difference, so they are involved with change. It is thus considered that
the law involved with thermal equilibrium should logically precede the other laws, so
it is called the zeroth law (law number zero).

3.3 The first law of thermodynamics

Section 1.28 established a relationship between heat and work of the form
W=g0 (1]

where W = work transfer
Q = heat transfer

The fact that there is a relationship between heat and work, as in equation [1), is a
statement of the first law of thermodynamics.

Equation [1] is not meant to imply that if a certain amount of work is done on a
system, it is all converted into heat or, conversely, if a certain amount of heat is
supplied to a system, it is all converted into work.

Equation [1] simply means that, if some work is converted into heat or some heat
is converted into work, the relationship between the heat and the work so converted
will be of the form W = Q.

It is possible to convert work completely into heat by friction, for example. The
reverse process of converting heat completely into work is impossible, as will be
discussed in Chapter 6 (see also section 3.4).

A further extension of equation [1] appears in work with thermodynamic cycles.
The cycle was discussed in section 1.13. To complete a cycle, a working substance is
taken through a sequence of events and is returned to its original state. If the
working substance is returned to its original state, its final properties are identical
with its original properties before the cycle.

If work is transferred during the cycle then, since there is no final change in the
properties of the working substance, the energy to provide the work must have been
transferred as heat and must exactly equal the work. During some processes in a
cycle, work will be done by the substance; during other processes, work is done on
the substance. Similarly, during some processes, heat is transferred out of the
substance; during others, it is transferred into the working substance.

Thus, for a cycle, since there is no net property change

Net heat transfer — Net work transfer = 0 (2]
or

Net heat transfer = Net work transfer {3]
or

YO=2W 4
or

fo—¢w 15

The symbo! ¢ means the summation round the cycle.
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Equations [2], [3], [4] and [5) are further statements of the first law of
thermodynamics. The first law implies that, in a cycle, there must be heat transfer for
there to be work transfer.

For example, an engine which could provide work transfer without heat transfer
would violate the first law because it would create energy. This is contrary to the
principle of conservation of energy (see section 2.3). No violation of the first law has
been shown.

An engine which could provide work transfer without heat transfer would run
forever; in other words, it would have perpetual motion! Such an engine would have
what is sometimes called perpetual motion of the first kind. Another impossible
perpetual motion engine is discussed in section 3.4 and Chapter 6.

Consider now a closed system which does not execute a cycle. If a process is
carried out on a substance in a closed system such that there is both heat and work

.transfer, it is not necessarily the case that the algebraic sum of these energy transfers
is zero. If this is the case, then

O#EYXW [6]
Now, the principle of conservation of energy states that
Energy in = Energy out (see section 2.3) 7

Thus, if the heat and work transfers are not equal, any energy difference must have
been added to the substance or have been lost from the substance.
This again introduces the concept of internal energy, energy residing within the

substance (see sections 1.23, 2.4, 2.6). With the inclusion of internal energy,
equation [1] becomes

0=AU+W (8]

where Q = heat transfer
AU = change of internal energy
W = work transfer

Equation [8] is the non-flow energy equation (see section 2.6); it is another
statement of the first law of thermodynamics.

Sec.tion 2.8 developed the steady-flow energy equation for an open system (see
equations [6], [7] and [8] of section 2.8).
The steady-flow energy equation was shown to be of the form

. C? 2
u1+P|v1+7'+gZ|+Q=u2+P2vz+%+gZZ+W [9]

where u = specific internal energy
Pv; = specific flow work
C = velocity (gives specific kinetic energy)
Z = height above given datum level (gives specific gravitational potential
energy)
0 = heat transfer
W = work transfer

The steady-flow energy equation is a further statement of the first law of thermo-
lynamics.
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3.4 The second law of thermodynamics

The second law of thermodynamics is a directional law in that it states that heat
transfer will occur of its own accord down a temperature gradient as a natural
phenomenon.

Heat transfer can be made to transfer up a gradient but not without the aid of
external energy (see Chapter 18).

Natural heat transfer down a temperature gradient degrades energy to a less
valuable level. A limit occurs when temperatures become equal, thus there is thermal
equilibrium (see section 3.2).

From the first law of thermodynamics, for a cycle, and hence for engines because
engines must work in cycles in order to continue in operation

Net work transfer = Net heat transfer [n
or
STW=3Q (see section 3.3) (2)
But experience always shows that
Net work transfer < Net heat transfer [3]
or
YW<YQ (4]
Since the work transfer is less than the heat transfer
YO-TW>0 [5]

and has some positive value.

This means that some heat transfer must be rejected and is lost. Therefore there
must always be some inefficiency.

Note that, from the second law of thermodynamics, unless there is a temperature
difference, there is no heat transfer. Equations [1], [2], [3], [4] and [5] require that
there is heat transfer in order that there shall be work transfer. Thus it is implied that
there can be no work transfer unless there is a temperature difference.

The concept of the second law of thermodynamics were put together in the past in
various forms, notably as follows.

Sadi Carnot (1796-1832)
Whenever a temperature difference exists, motive power can be produced.

Strictly, Carnot’s proposition was not given as a statement of the second law of
thermodynamics.

Carnot’s concept of heat was in error in that, at that time, heat was thought to
have the properties of a fluid which flowed into or out of a body. It was suggested
that as the result of this fluid flow, a body became hotter if it flowed in and colder if
it flowed out. Heat was not considered as an energy transfer process occurring
naturally as the result of temperature difference, now the accepted definition (see
sections 1.23 and 1.24). However, the suggestion that temperature difference is the
prerequisite of the ability to produce motive power is correct.
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The statement by Sadi Carnot is a positive statement in that it declares when it is
possible to produce motive power. The statements which follow are negative because
they declare impossibilities.

Rudolf Clausius (1822-1888)

It is impossible for a self-acting machine, unaided by any external agency, to
convey heat from a body at a low temperature to one at a higher temperature.

The implication of the Clausius statement is that, unless external energy is made
available, heat transfer up a gradient of temperature is impossible.

The fact that heat transfer can be made to occur up a temperature gradient is made
manifest in the refrigerator. However, the refrigerator is not self-acting. It requires
external energy in order that it can operate (see Chapter 17).

Lord Kelvin (1824-1907)

We cannot transfer heat into work merely by cooling a body already below the
temperature of the coldest surrounding objects.

Lord Kelvin (William Thomson) implies that when a body reaches the temperature of
the coldest surrounding objects no further heat transfer is possible, hence no further
work transfer is possible.

Max Planck (1858-1947)

It is impossible to construct a system which will operate in a cycle, extract heat
from a reservoir, and do an equivalent amount of work on the surroundings.

According to Planck, the complete conversion of heat transfer into work transfer is
an impossibility. The inference is that there must always be some heat transfer
rejection, which is a loss from the system.

Kelvin-Planck

It is impossible for a heat engine to produce net work in a complete cycle if it
exchanges heat only with bodies at a single fixed temperature.

The Kelvin-Planck combination implies that it is not possible to produce work
transfer if a heat engine system is connected only to a single heat energy source or
reservoir which is at a single fixed temperature. Note that if such a heat engine
system were possible it would have perpetual motion! This arrangement is said to
have perpetual motion of the second kind. No such arrangement exists (see section 3.3
for perpetual motion of the first kind).

In summary, the implications of the second law of thermodynamics are as follows:

. Heat transfer will only occur, and will always naturally occur, when a
temperature  difference exists, and always naturally down the temperature
gradient.

. If, due to temperature difference, there is heat transfer availability, then work

transfer is always possible. However, there is always some heat transfer loss.
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. Temperature can be elevated but not without the expenditure of external
energy. Elevation of temperature cannot occur unaided.

. There is no possibility of work transfer if only a single heat energy source or
reservoir at a fixed temperature is available.

. No contradiction of the second law of thermodynamics has been demonstrated.
. If work transfer is supplied to a system, it can all be transformed in heat
energy.

Examples of work being transformed into heat energy are seen in the cases of
friction and the generation of electricity. But heat energy transfer cannot all be
transformed into work transfer. There will always be some loss. Thus work transfer
appears to have a higher transfer value than heat transfer. It is important to attenuate
this last statement because it is usual that work transfer is only made available by the
expenditure of heat transfer.

From the second law of thermodynamics it follows that, in order to run all the
engines and devices in use at the present time and to maintain and develop modem
industrial society, a supply of suitable fuels is absolutely essential. It is by burning
and consuming these fuels that the various working substances (e.g. air and steam)
have their temperatures raised above the temperature of their surroundings, thus
enabling them to release energy by heat transfer in a natural manner according to the
second law of thermodynamics.

By virtue of the second law of thermodynamics it is essential that all fuels should
be used as efficiently as possible in order that fuel stocks may be preserved for as
long as possible. It must always be remembered that, once energy has been degraded
by heat transfer down a temperature gradient, further energy is only made available
at the expense of further fuel.

3.5 The third law of thermodynamics

This law is concerned with the level of availability of energy. Section 1.23 discussed
the concept of internal energy. This section suggests that the internal energy of a
substance results from the random motion of its atoms and molecules. Furthermore,
this motion is also associated with temperature, and from this develops the idea of an
absolute zero of temperature when all random motion ceases.

Chapter 7 develops the concept of entropy and shows how it is associated with
temperature and with the availability of thermal energy.

For a substance, if the random translational, rotational and vibrational types of
motion of its constituent atoms and molecules are reduced to zero, the substance is
considered to become perfectly crystalline and the energies associated with these
forms of motion will be reduced to zero. Thus, the energy within the substance is
reduced to the ground state. This neglects the energy within the basic atomic structure
of the substance, associated with electrons, neutrons and other particles.

These considerations led to the development of the third law of thermodynamics:

At the absolute zero of temperature the entropy of a perfect crystal of a
substance is zero.



Chapter 4

Steam and two-phase systems

4.1 General introduction

Before investigating the formation and properties of steam it will be useful to discuss
the various forms which matter can take and the relationship between them. Matter
can take the forms, solid, liquid, vapour or gas, and many substances can exist in any
one of these forms.

Consider, for example, a metal. In its natural state, metal is solid. If it is heated, at
some temperature the metal will melt and become a liquid. Further transfer of heat,
to the now liquid metal, will ultimately transform the liquid into a vapour and finally
a gas. If the temperature is now reduced, the gaseous metal will pass back through all
the stages it passed through until it finally becomes a solid once again.

Each change from one form to another is called a change of phase, and each
change of phase is accomplished by the addition or extraction of heat. The
temperature at which the changes of phase take place will vary according to the
substance being used.

A further point to be considered is that a change of phase is accompanied by a
change of volume.

Generally, the change of volume which accompanies a change from solid to liquid
is not very great. On the other hand, the change of volume during the change from
liquid to vapour or gas can be very large. The ability of a fluid readily to expand or
contract is the requisite feature for successful operation of a thermodynamic engine.
Thus both vapours and gases can be used in thermodynamic engines, but the
technique for vapours is somewhat different from the technique for gases. The
distinction between a vapour and a gas will be made late in this chapter, and
Chapter 5 is devoted to the properties of gases. For now the focus is on vapours.

A vapour results from a change of phase of a liquid due to a transfer of heat. The
bulk of the liquid is generally very much smaller than the bulk of the vapour formed.
It follows, therefore, that any liquid which can be easily obtained and handled can be
used as the generator of the vaporous working substance for use in an engine.

Water is such a liquid. It is in abundant supply, can be easily handled and readily
turned into its vaporous phase called steam. Consequently, the change of phase from
water into steam deserves closer investigation. But before doing this, it is useful to
note that any other liquid undergoing a change of phase into a vapour will follow the
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lame general features as the water-steam transformation. The difference lies in the
pressures, temperatures and energy quantities at which the various phenomena occur.

A system in which a liquid is being transformed into a vapour is a two-phase
lystem. The mixture of liquid and vapour is a two-phase mixture.

4.2 The formation of steam

In the following discussion it will be assumed that the water and ultimately the steam
are in some suitable container which can accommodate any changes of state. The
container is called a boiler, and the way in which it accommodates the changes will be
discussed in Chapter 10. Steam is almost invariably formed at constant pressure, so
that it is a good place to begin.

If a mass of water is heated then, like all other substances, its temperature
increases. There is also a small increase in volume. For a time, these are the only
changes which take place. After a while, small bubbles appear, clinging to the side of
the containing vessel. They are soon released then float to the surface and disappear.
These bubbles are the dissolved gases being driven off; as well as being able to
dissolve some solids, water can also dissolve some of the atmospheric gases. Further
heating produces further temperature rise but, apart from this, there is no other
apparent external change. Soon, however, signs of internal activity appear.

Small steam bubbles are formed on and near the heating surface; they rise a little
through the water and collapse. Their density is lower than the surrounding water, so
they rise through it. The surrounding water is cooler so it extracts some energy from
the steam bubble, which immediately collapses. This collapse of steam bubbles is the
reason for the singing of a kettle. The temperature continues to rise with the transfer
of heat and the bubble activity increases correspondingly. Finally, the water mass is
at such a temperature that the steam bubbles are able to rise completely through the
water, escaping from its surface. The water mass is now in an extremely turbulent
state; it is boiling. A rather more technical term used for boiling is to say that the
water is in a state of ebullition.

But what of the temperature now? As soon as boiling commenced the temperature
ceased to rise, remaining at what is commonly called the boiling point. This is
important  because, while boiling continues, the temperature will remain constant,
independent of the quantity of heat transferred to the water. In fact, so long as there
is water present, it is apparently impossible to increase the temperature beyond the
boiling point. A name is given to this boiling point; it is called saturation temperature.

And what of the nature of the steam being produced? The boiling water is now in
great turbulence as a result of the steam bubbles formed, forcing their way up
through the water to break through the surface. The turbulence can be increased or
decreased by increasing or decreasing heat energy supply. As the steam breaks away
from the water surface it will carry with it small droplets of water. The larger
droplets will tend to gravitate back to the water surface, but the smaller droplets will
continue on their way with the steam. Steam with these small droplets of water in
suspension is called wet steam. Steam formed from a water mass will always be wet to
a greater or lesser extent; wetness generally depends on the turbulence occurring in
the water. It is impossible to obtain dry steam while water is present.

Continuing the heating process will produce more and more wet steam until
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eventually the whole of the water mass disappears. The temperature, by the way, has
remained constant at saturation temperature. The water droplets in suspension make
the wet steam visible. Steam itself is a transparent vapour, but the inclusion of water
droplets in suspension gives it the white cloudy appearance. What really is being seen
is the cumulative effect of the water droplets reflecting light.

Further transfer of heat to the wet steam will convert the suspended water droplets
into steam and finally a state will be reached when all the water has been turned into
steam. The steam is then called dry saturated steam. It has now lost its visible
characteristic, it has become completely transparent; this condition marks the end of
the constant temperature intermediate phase.

Still further transfer of heat to the now dry saturated steam produces a
temperature rise and the steam now becomes superheated steam. This is the last phase
in the transformation of water into steam. It thus appears there are three distinct
stages in the production of steam from water.

4.2.1 Stage 1

Stage | is the warming phase in which the temperature of the water increases up to
saturation temperature. The energy required to produce this temperature rise is called
the liquid enthalpy.

4.2.2 Stage 2

Stage 2 takes place at constant temperature; it is when the water is transformed into
steam. Stage 2 begins with all water at saturation temperature and ends with all dry
saturated steam at saturation temperature. Between these two extremes, the steam
formed will always be wet steam. The energy required to produce the total change
from all water into all steam is called the enthalpy of evaporation. It is sometimes
colloquially known as latent heat because no temperature rise is produced in this
stage.

4.2.3 Stage 3

Stage 3 begins when all dry saturated steam has been formed at saturation
temperature.  Further transfer of heat produces superheated steam which is
accompanied by a rise in temperature. The amount of energy added in the superheat
phase is called the superheat enthalpy.

Note that temperature increase (or it could be decrease) only takes place during the
transfer of heat when a substance is in a single phase. In this case there has to be all
water or all dry steam before the temperature changes.

The phenomenon of temperature change happens with all substances but it only
occurs in a single phase, be it solid, liquid or vapour. If a two-phase mixture exists
(solid-liquid or liquid-vapour), the temperature remains constant until a complete
change from one phase to another has been completed.

A word here about the three phases of matter - solid, liquid and vapour (or gas) -
as they are related to atomic or molecular activity. In the solid phase the atoms or
molecules of a substance oscillate about a mean position. As the temperature
increases, the degree of oscillation increases until the atoms or molecules are able to
overcome interatomic or intermolecular attractions. When this occurs, the substance
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becomes fluid and the atoms or molecules are now able to move freely but not
independent of the main mass. The substance is now a liquid. The temperature
remains constant while the change from solid to liquid occurs; energy increase is
necessary to accelerate the atoms or molecules to the velocity required to produce
freedom of movement. When the substance is all liquid, energy increase produces an
increase in temperature once again and the atoms or molecules move about faster
and faster (see section 1.23 on internal energy). If the atoms or molecules of a liquid
move about faster and faster as the temperature increases, the liquid must become
turbulent. Eventually, some atoms or molecules must reach escape velocity; they are
able to escape from the liquid mass at its free surface because their velocity is
sufficient to overcome all internal interatomic or intermolecular attractions. This is
the phenomenon of boiling; once again the temperature remains constant while all
atoms or molecules absorb enough energy to attain escape velocity. Eventually, all
atoms or molecules attain this velocity and the whole mass is now a vapour. From
here on, further energy increases will increase the atomic or molecular velocities,
causing the temperature to rise.

4.3 Saturation temperature and pressure

The previous discussion centred round the fact that steam is usually produced at
constant pressure. This pressure can be higher or lower, as the case may be. Boiling
will occur at saturation temperature, and it is found that saturation temperature
depends upon the pressure exerted at the surface of the water. In other words, it
depends upon the pressure at which the steam is being formed. Chapter | discussed
the fixed points of the conventional thermometer; it explained that the upper fixed
point is the boiling point of water, which is taken as 100°C. But this is only the case
when atmospheric pressure is 760 mm Hg. If atmospheric pressure is increased, the
boiling point (or saturation temperature) increases. Conversely, if the pressure
decreases then so does the saturation temperature.

Figure 4.1 shows the type of curve obtained when saturation temperature is plotted
against absolute pressure. It is called the liquid-vapour equilibrium line.

It will be noted that the rate of increase of saturation temperature is not as great at
the higher pressures as at the lower pressures.

4.4 The triple point

Figure 4.1 represents changes in saturation temperature with pressure for steam.
Figure 4.2 enlarges this plot for the region of low temperatures and low pressures.
The line dividing the liquid and vapour phases is the liquid-vapour equilibrium line;
the line dividing the solid and liquid phases is the solid-liquid equilibrium line. The
two lines join at point 3, the triple point.

The solid-liquid equilibrium is shown as horizontal, indicating there is little change in
the solid-liquid (melting) point as a result of change in pressure. Actually, increase in
pressure very slightly depresses the freezing point of water up to about 200 MN/m®
The liquid-vapour equilibrium line shows the increase in saturation temperature with
pressure increase as already discussed.
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Referring to Fig. 4.2, at a pressure P; and at temperatures below point 1, the
substance is solid (ice). At point 1 a change from solid into liquid takes place
(melting point) and the solid is in equilibrium with the liquid. At temperatures above
point 1 and below point 2 the substance is all liquid (water). At point 2 a change
from liquid into vapour takes place (boiling point) and the liquid is in equilibrium

with the vapour. Above point 2 the substance is all vapour (superheated steam, see
section 4.2).
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At the triple point pressure Pjs, and at temperatures below point 3, the substance
is all solid. At point 3, the triple point, solid, liquid and vapour can exist in
equilibrium, hence the name. Above point 3 the substance is all vapour.

At pressure P,(<Pis), and at temperatures below point 4, the substance is all solid.
At point 4 a direct change from solid into vapour takes place and the solid is in
equilibrium with the vapour. This direct change from solid into vapour is called
sublimation. At temperatures above point 4 the substance is all vapour.

4.5 Enthalpy and the formation of steam at constant pressure

Consider unit mass of a substance and let heat energy Q be transferred at constant
pressure P, thus changing the state of the substance from specific internal energy u,
and specific volume v, to specific internal energy u, and specific volume v,.

By the non-flow energy equation

Q=Au+W (1]

For this case

Q=0 —u)+PO—w) 2]
= (uz + Pvy) — (uy + Pvy) 3]
or
Q = hy — h; = change of specific enthalpy [4]
since
h = u + Pv = specific enthalpy [5]

In section 4.2 it was mentioned that steam is aimost invariably formed at constant
pressure, so it follows that heat energy transferred during the formation of steam (or
some other vapour), at constant pressure, appears as a change of enthalpy in the
steam.

4.6 Enthalpy tables

Enthalpy values during the formation of steam and other vapours at constant
pressure are commonly set out in tabular form. In the case of steam, preparation of
tables began in about the middle of the nineteenth century, but most of the work has
been carried out since 1900. Notable early names in this connection are Callendar,
and Keenan and Keyes. There are now many others. Values shown in tables are the
result of experimental investigation.

Most tables are made out for the formation of unit mass (1 kg) of steam or
vapour. Enthalpy tables may be very extensive, but abridged tables in common use
give an appropriate selection of values.

4.7 Reference state for tables

In 1956 the Fifth International Conference on Properties of Steam recommended that
the liquid at the triple point (water) should be made the datum state for steam tables.
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At this datum, it was proposed that specific internal energy and specific entropy (see
Chapter 7) should be considered as zero. The triple point for water is at a pressure
Py, =0.6112 kN/m® and a temperature fig, = 0.01 °C (273.16 K).

It should be noted that enthalpy values as given in tables are not absolute values.
They are simply change values from the reference state. Above the reference state
values of enthalpy will be positive. Below the reference state values of enthalpy, if
given, will be negative. A similar situation arises with temperature measurement.
Above the zero of the conventional temperature scale, recordings will be positive but
below this zero, recordings will be negative.

Similar sets of tables are prepared for vapours other than steam. Each vapour has
its own reference state.

4.8 Liquid enthalpy

The first phase in the production of steam is the warming of water to saturation
temperature, 1. The energy added to the water in this phase is called liquid enthalpy.
For unit mass of steam, specific liquid enthalpy is written . The accurate value of &
at any given saturation temperature corresponding to a particular pressure is given in
steam tables.

The units of A are usually given as kJ/kg. In the absence of tables, an approximate
value for A; is given by

he = 4.186 8¢ kJ/kg where ¢ is in °C.

This equation is only approximately correct at lower pressures and temperatures.
For example, at 1 standard atmosphere = 0.101 35 MN/m?, ¢ = 100 °C

he = 4.186 8 x 100 = 418.68 kJ /kg
From the tables, the accurate value is
hy = 4175 kJ /kg

The calculated value is not very far out in this case.
As another example, at 1 MN/mz, tr = 1799 °C

hy 2 4.186 8 x 179.9 = 753.2 kJ /kg
From tables, the accurate value is
hy =762.2 kJ /kg

There is some error in this case and the error becomes even greater at higher
pressures and temperatures. It is always preferable to refer to tables for accurate
values.

4.9 Enthalpy of evaporation

The specific enthalpy of evaporation is written hg. As with specific liquid enthalpy, it
can be looked up in tables. The evaporation of a liquid into vapour takes place at
constant saturation temperature, as already stated. Thus hiy is added at constant
saturation temperature #¢ :
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Starting with unit mass of liquid at temperature #, the addition of Ay will
transform the liquid into dry saturated vapour, also at temperature ;. The units of
hgg are commonly kJ/kg. Enthalpy of evaporation used to be called latent heat; this
term has now largely been dropped.

4.10 Enthalpy of dry saturated vapour

The specific enthalpy of dry saturated vapour is written /,. In order that a vapour
shall become dry saturated, firstly the liquid enthalpy must be introduced and to this
must be added the enthalpy of evaporation. Thus

hy = hy + hy,

hg is commonly given in kJ/kg.

Example 4.1 Determine the specific liquid enthalpy, specific enthalpy of evaporation and
specific enthalpy of dry saturated steam at 0.5 MN/m’.

SOLUTION
Look up the values in steam tables.

Pressure Saturation Specific enthalpy (kJ/kg)

(MN/m?) temperature r (°C) - g hy

0.50 151.8 640.1 21074 2 747.5
Thus

Specific liquid enthalpy = 640.1 kJ /kg
Specific enthalpy of evaporation = 2107.4 kJ /kg
Specific enthalpy of dry saturated steam = 2747.5 kJ /kg

Note that

hg = h( + hfg
=640.1 +2107.4 = 2747.5kJ /kg

Note also that saturation temperature = 151.8 °C.

Example 4.2 Determine the saturation temperature, specific liquid enthalpy, specific enthalpy
of evaporation and specific enthalpy of dry saturated steam at a pressure of 2.04 MN/m?,

SOLUTION

If 2.04 MN/m? is looked up in abridged steam tables it will be found that a line is not given
for this pressure. There is a line for 2.0 MN/m? and another for 2.1 MN/m? When this
occurs, interpolated values for 2.04 MN/m? must be extracted. It is accurate enough to
assume that values between those actually given behave in a linear manner. Proportional
values are thus extracted between the given values. For the case given, the two lines,
2.1 MN/m? and 2.0 MN/m? are written down, top pressure first.
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Pressure Saturation Specific enthalpy (kJ/kg)
(MN/m?) temperature f, (°C)
o he higg hy

2.1 214.9 920.0 1 878.2 2 798.2

2.0 212.4 908.6 1 888.6 2797.2
Difference +0.1 +2.5 +11.4 -10.4 +1.0

. 0.04 0.04 0.04
Require +0.04 ——x25=1.0 —a— 1.4 = —— X — =— 0.04 =
ol ol x| +4.56 ol x —104 = —-4.16 o1 x 1.0 =+04
Adding 2.04 2134 913.16 1 884.44 2797.6

Hence, at 2.04 MN/m?

Saturation temperature = 213.4 °C
Specific liquid enthalpy = 913.16 kJ /kg
Specific enthalpy of evaporation = 1884.44 kJ/kg
Specific enthalpy of dry saturated steam = 2797.6 kJ /kg

4.11 Enthalpy of superheated vapour

From dry saturated condition, a vapour receives superheat and its temperature rises
above saturation temperature, f;. It has now entered the superheat phase.

The difference between the superheat vapour temperature, ¢, and the saturation
temperature, f, is called the degree of superheat. Thus

Degree of superheat = (¢ — ;) K (1]

The enthalpy added during the superheat phase is the superheat enthalpy. The
total enthalpy of superheated vapour will be the sum of the enthalpy of dry saturated
vapour and the superheat enthalpy, or

h = hy + superheat enthalpy [2]

An approximation of the value of the superheat enthalpy can be found as follows.
Let

¢p = specific heat capacity of superheated vapour at constant pressure
then
Specific superheat enthalpy = cp(t—1tp) 7 [3]
Hence, from equations [2] and [3]
h=hy+c,(t -ty [4]

An average value of ¢, for superheated steam is 2.093 4 kJ /kg K.

Accurate values of 4 are given in tables; equation [4] is used as an approximation
only.

Example 4.3 Determine the specific enthalpy of steam at 2 MN/m’ and with a temperature of
250 °C.

SoLuTION
At 2 MN/m?, from tables, f; = 212.4 °C

The steam must therefore be superheated because its temperature is above ;.
Degree of superheat = 250 — 212.4 = 37.6 K

The specific enthalpy can be looked up in steam tables under the heading superheated states.
From tables

Specific enthalpy of steam at 2 MN/m?® with a temperature of 250 °C = 2902 kJ /kg
Alternatively

h="h+c,(t—tp)
=2797.2 + (2.093 4 x 37.5)
=27972+78.7
=2875.9 kJ /kg

Note that this gives an approximation only.

Example 4.4 Determine the specific enthalpy of steam at a pressure of 2.5 MN/m’ and with a
temperature of 320 °C.

SOLUTION
Looking up steam tables shows that at 2.5 MN/m? the saturation temperature is 223.9 °C.

The steam is therefore superheated.
Degree of superheat = 320 — 223.9 = 96.1 K
The specific enthalpy could be estimated using

h=hg+c,(t 1)
= 2800.9 + (2.093 4 x 96.1)
= 2800.9 + 201.18
= 3002.08 kJ /kg

However, a more accurate value can be interpolated from tables giving specific enthalpy
against temperature. Looking up these tables will show that neither the pressure of 2.5 MN/m?
nor the temperature of 320 °C are given. Interpolation for both pressure and temperature is
therefore required. A note is made of values of specific enthalpy on either side of the pressure
and temperature.
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Pressure (MN/m?) 2 4

Specific enthalpy (kJ/kg)
Temperature (°C)

325 3 083 3031
300 3025 2 962
Difference +25 +58 +69
. 20 20
Require +20 25 x 58 = +46.4 25 x 69 = +55.2
Adding 320 30714 3017.2

This gives values of specific enthalpy at the temperature of 320 °C.
An interpolation is now required for the pressure.

Pressure (MN/m?) Specific enthalpy (kJ/kg)
4 3017.2
2 30714
Difference +2 -54.2
Require +0.5 % x =542 =-13.6
Adding 2.5 3057.8

Thus, the specific enthalpy of steam at a pressure of 2.5 MN/m? and with a temperature of
320 °C = 3057.8 kJ/kg.
Note that the estimated value of 3002.08 kJ/kg was not VEry accurate.

4.12 Wet vapour and dryness fraction

The vapour produced at saturation temperature in the transformation stage will
contain liquid droplets in suspension for as long as there is liquid present. Vapour so
produced is called wet vapour. It should be noted that vapour, as such, is dry. If the
vapour is made wet by liquid droplets in suspension, it is important to know the
degree of wetness.

Any mass of wet vapour will consist of some dry saturated vapour and some liquid
droplets in suspension. ‘

The ratio

Mass of dry saturated vapour
Mass of wet vapour containing the dry saturated vapour

is called the dryness fraction, symbol x.

Consider 1 kg of wet vapour of dryness fraction x. The 1 kg will be made up of
x kg of dry saturated vapour at saturation temperature # together with (1 — x) kg of
liquid droplets in suspension, also at saturation temperature f;. Evidently, then, only
x kg have received the enthalpy of evaporation.

Specific enthalpy of evaporation of wet vapour = Xhigg [1]
and

Specific entbalpy of wet vapour = 4 = i + Xhgy [2]
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Example 4.5 Determine the specific enthalpy of wet steam at a pressure of 70 kN/m® and
having a dryness fraction of 0.85.

SOLUTION
h= hf + xh[g
= 376.8 4 (0.85 x 2283.3) (values of 4 and kg, from tables)
=376.8 + 1945

=2321.8kJ /kg

4.13 Temperature—enthalpy diagram for a vapour

Figure 4.3 illustrates the type of curve obtained if temperature is plotted against
enthalpy for the constant pressure formation of steam. Consider some moderately
low-pressure formation of steam. At 273.16 K (0.01 °C) the enthalpy of water is
considered as being zero. Starting at this point on the temperature axis and plotting
the liquid phase will produce a curve such as AB. At B the specific liquid enthalpy A;
has been introduced for the pressure under consideration, and saturation temperature
tr has been reached. From here on, specific enthalpy of evaporation hy, is introduced
from B to C at constant temperature .
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2 o/ E F
)
§| &
= »,
ty |—a5
¥ { C
/1B
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0.01 °C VYA

Specific enthalpy Superheat

e ¢ fg —
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Fig. 4.3 T-sdiagram for a vapour

The superheat phase then follows from C in which superheat is added and the
temperature rises, producing a curve such as CD. Note that the three stages of
formation are very clearly shown on this graph. If the formation pressure is
increased, it produces curves like AEFG and AHJK. The line ABEH is called the
saturated liquid line.
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Fig.4.4 Complete T-h diagram for a vapour

Dry saturated steam points C, F and J appear to lie on a smooth curve. If a wide
range of pressures are considered and the results plotted at suitable pressure intervals,
the complete temperature-enthalpy  diagram is obtained (Fig. 4.4).

In this diagram it will be noted that the dry saturated steam points have been
joined by a smooth curve, called the saturated vapour line. This line and the saturated
liquid line enclose an area in which the steam is wet. To the right of the saturated
vapour line the steam is superheated. Inside the wet steam area can be drawn lines of
constant dryness (shown dotted). These lines are obtained by joining such points as
A, B, C, D and E, where the dryness is the same.

It is very important to realise that the liquid line and the saturated vapour line may
be continued upward until eventually they meet. The point at which the two lines join
is called the critical point. This point is found to occur at a pressure of 22.12 MNjm?
and a temperature of 374.15 0c. As the pressure increases toward the critical
pressure, the required enthalpy at evaporation is reduced until it finally becomes zero
at the critical point.

This implies that, at the critical point, the water changes directly into dry saturated
steam. The critical point is really the division between behaviour as a vapour and
behaviour as a gas. When a gas is compressed it does not liquefy in the normal
course of events. This can be explained with reference to the temperature-enthalpy
diagram and the critical point. The diagram shows that liquid, in this case water, can
only exist at temperatures below the critical point.

Consider the case of a compression above the critical point and, for simplicity, let
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the compression be at constant temperature. Such a compression would appear as
FGHJ, for example, moving from right to left. Inspection shows that, no matter how
much compression takes place, no liquefaction occurs or can occur. On the other
hand, if compression at constant temperature takes place below the critical point, it
will appear as KLMN, for example. This shows that compression passes out of the
superheat region into the wet region, thus liquefaction is taking place.

As long as the temperature is above the critical temperature, no change of phase
occurs during compression or expansion; the behaviour is similar to that of a gas.
In fact, at temperatures higher than the critical temperature, the vapour becomes a
gas.

It should again be noted here that, although the above discussion has concentrated
on the production of a temperature-enthalpy  diagram for steam, similar diagrams
can be developed for other vapours. The temperature-enthalpy  diagram and others
which will follow are called phase diagrams.

4.14 Volume of steam

As with all other substances, the volume of water and of steam incrcaseH as the
temperature increases. In the lower pressure ranges the volume of water is very small
compared with the volume of steam it produces. The main change of volume occurs
in the evaporation stage. But as the pressure and temperature approach the critical
point, the change in volume decreases until, at the critical point, there is no change of
volume from the water phase to the dry steam phase. However, the vast majority of
applications for steam use a pressure below the critical pressure, so the three stages of
formation have to be considered.

4.15 Volume of water

Steam tables quote the specific volume of water. At saturation temperature, for a
given pressure, the specific volume of water is tabulated as Vfmdjkg. Alternatively,
specific volume may be tabulated at a particular temperature against various
pressures.

Example 4.6 Determine the specific volume of water at saturation temperature for a pres.fure
of 4.0 MN/m?

SOLUTION
Look up the values in steam tables.

Pressure (MNjm?) Saturation temperature CC) Specmc volume vf(m?3jkg)

4.0 250.3 0.001 252
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Example 4.7 Determine the specific volume of water at a temperature of 175 DC and a
pressure 0f4.0 MN/m2

SOLUTION
Look up the values in steam tables.

Pressure (MN/m? 2 4 6

Specific volume (m3k

Temperature (0C) P . (ko)
150 0.001 089 0.001 088 0.001 087
175 0.001 120 0.001 119 0.001116
200 0.001 156 0.001 153 0.001 152
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418 Volume of superheated steam

Steam tables quote the specific volume of superheated steam, either with pressure
against actual steam temperature or with pressure against degree of superheat.
Volume is given in m3jkg.

So the specific volume of water at a temperature of 175oc and a pressure of 4.0 MN/m2 is
0.001 119m3/kg.

416  Volume of dry saturated steam

The specific volume of dry saturated steam is tabulated against its corresponding
saturation temperature and pressure in steam tables and is designated as v, Volume
is given in m3jkg.

417 Volume of wet steam

Consider 1 kg of wet steam at dryness fraction x. This steam will be made up of x kg
of dry saturated steam and (I - x) kg of water in suspension.

.. Volume of wet steam = v=xvy + (I - x) v

At the lower pressures the volume vr is very small compared with the volume 2
and (I - x) is generally small compared with x.
Hence the term (I - x) vi can be sensibly neglected, so

Volume of wet steam = v = A

Note that from this

This equation can sometimes be used to determine the dryness fraction.

Example 4.8  Determine the specific volume of wet steam ()f dryness fraction 0.9 at a pressure
of 1.25 MN/m?.

SOLUTION
From tables, at 1.25 MN/m? vy = 0.156 9 m%kg

v=xVy =0.9x0.1569 =0.1412 m3jkg

Example 4.9 Determine the specific volume of steam at a pressure of 2 MN/m? and with a
temperature 0of325 dc.

SOLUTION
Steam tables give pressures and temperatures near to the required state.

Pressure (MNjm? I 2 4

Specific volume (mdjkg)
Temperature ("C) .

300 0.257 7 0.1255 0.058 8.
325 0.270 3 0.132 1 0.062 8
350 0.282 5 0.138 5 0.066 4

This shows that the specific volume of steam at a pressure of 2 MN/m? and with a
temperature of 325: =0.132 1 m3kg.

Saturation temperature at 2 MN/m2 = 212.4 dc. The actual steam temperature is 325 "C,
so the steam is superheated. The degree of superheat is 325- 212.4= 112.6 K. Some
superheat steam tables give the degree of superheat instead of the actual steam temperature.

419 Density of steam

If the specific volume of any quality steam is v, then
Density = p =1. kgjm?3 [1
Vv
Thus the density of superheated steam in Example 4.9 is given by
Density = 1 = 7.57 kgjm®
Y 0132 1 Y
If the density, p, is known, then

Specific volume = v =1. m3jkg [2]
p

Example 4.10 Steam 0.95 dry at a pressure of 0.7 MN/m? is supplied to a heater through a
pipe of 25 mm internal diameter; the velocity in the pipe is 12 m/s. Water enters the heater at
19°C, the steam is blow into it and the mixture of water and condensate leaves the heater at
90 dc. Calculate

(a) the mass of steam entering the heater in kg/h

(b) the mass of water entering the heater in kg/h
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Extract from tables

Pressure Sat. temp. Spec. enthalpy (kJ/kg) Spec. vol.
2 o . 3

(MN/m?) I (°C) Py s ,,g v (m?/kg)

0.7 165 697.1 20649 27620 0.273

(a)

Specific volume of steam 0.95 dry and at pressure 0.7 MN/m? is

xvy = 0.95 x 0.273 = 0,259 m* /kg
Volume of steam passing/s = B x (25 107%)? x 12] m?
Volume of steam passing/h = [—} X (25 x 107%? x 12 x 3600} m?

7 x 252 x 1078 x 12 x 3600
4 x 0.259

Mass of steam entering/h =
=819 kg

(b)

Specific enthalpy of steam entering heater is

By + xhgg = 697.1 + (0.95 x 2064.9)
= 697.1+ 1961.7
= 2658.8 kJ /kg

Enthalpy gained by water = Enthalpy lost by steam
Let m = mass of water per hour

From steam tables

at 90 °C, hf = 376.8 kJ/kg
at 19°C, hf =79.8 kJ/kg

Hence

#(376.8 — 79.8) = 81.9 (2658.8 — 376.8)

i = 81.9 x (2658.8 — 376.8)
(376.8 — 79.8

_ 81.9x 2282
297

= 629.28 kg/h
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4.20 The pressure-volume diagram for a vapour

Figure 4.5 shows another phase diagram for a vapour; this time the axes are pressure
and specific volume. It plots a whole series of isotherms (lines of constant temperature).
At a temperature less than the critical temperature (T < Tc) an isotherm will appear as
ABCD. Note that points such as B will generate the saturated liquid line, whereas
points such as C will generate the saturated vapour line. These two lines will again join
at the top at the critical point F. The area enclosed by the two lines will be the wet
vapour area (liquidwvapour mixture area). The critical temperature isotherm (T = TC>is
shown dotted as line EFG. Between the critical temperature isotherm and the saturated
vapour line the vapour is superheated. At temperatures above critical (T> Tc), the
isotherms gradually lose their discontinuity and eventually become smooth curves such
as HJ. The behaviour then becomes that of a gas.

AE H

- Gasses
above Tc

Pressure

FanY
3

Specific volume

Fig. 4.5 P-V phase diagram

4.21 The internal energy of vapours

Heat energy transferred during the formation of vapour constant pressure appears as
a change of enthalpy in the vapour. And it has been shown that tables of properties,
such as enthalpy and specific volume, are prepared for a variety of vapours, including
steam. Now
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h=u+Pv (see section 4.5) [1]

u=h- Py (2]
where u = specific internal energy, Jjkg

h = specific enthalpy, Jjkg

P = absolute pressure, Njm?
v = specific volume, m?®jkg

Thus, by using tables of properties and by suitable substitution into equation [2],
the specific internal energy of a vapour at a particular state can be determined. Note
that some tables actually tabulate specific internal energy.

Example 4.11 1.5 kg of steam originally at a pressure of 1 MN/m? and temperature 225°C is
expanded until the pressure hecomes 0.28 MN/m2  The dryness fraction of the steam is then
0.9. Determine the change of'internal energy which occurs.

SOLUTION
At 1 MN/m? and 225 °C, from tables

hy = 2886 kJ /kg
v, = 0.212 m’/kg

106
uy =h — Pvi =2886 -1 xl—03><0.212
= 2886 — 212
= 2674 kJ/kg

At 0.28 MN/m? and dryness fraction 0.9

hz = hfz + thgz
=551.4 4+ (0.9 x 2170.1)
= 551.4 + 1953.09
= 2504.49 kJ /kg
V = XV = 0.9 x 0.646
= 0.581 4 m?/kg

6
Uy = hy — Pyvy = 2504.49 — <0.28 x :—83 x 0.581 4)

=2504.49 — 162.8
= 2341.69 kJ /kg

Hence

1y — uy = 2341.69 — 2674
= 33231 kJ/kg

This is a loss.
For 1.5 kg

Loss of internal energy = —332.31 x 1.5
= —498.47 kJ
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4.22 Throttling

If a gas or steam (or any other vapour) is passed through a fine orifice, as shown in
Fig. 4.6, it is said to have been throttled. The gas or steam will pass from the high-
pressure side to the low-pressure side, so throttling is a flow condition when applied
to the steady-flow energy equation developed in section 2.8.

Flow
direction /
Pviu Pvu,
High pressure ’_’ Low pressure
Fine orifice

Fig. 4.6 Throttling

The steady-flow energy equation was shown to be
c? C?
gZytu+ Pt =+ Q=g fup+ Py + 2 W 1

Now in throttling there will be no change in potential energy, so the terms gZ can
be neglected. Also there will be little or no change in kinetic energy, so the terms
C?/2 can be neglected. And, theoretically, there will be no heat transfer to or from
the surroundings (the system is adiabatic, Q =0); no external work is done. The
terms Q and W can therefore be neglected.

Hence, the energy equation for the throttling process becomes

u + Py =+ Povy 2]
or
hy = hy B3]
That is
Specific enthalpy before throttling = Specific enthalpy after throttling [4]

Also, more generally, for any mass of gas or steam

Enthalpy before throttling = Enthalpy after throttling [5]

4.23 The effect of throttling on a vapour

The pressure on the downstream side of a throttle orifice is lower than on the
upstream side, so the liquid enthalpy after throttling can be less than before
throttling. But the total enthalpy is the same before and after throttling.
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Let iy = specific enthalpy before throttling
hy = specific enthalpy after throttling
hp = liquid enthalpy before throttling
hey = liquid enthalpy after throttling

Now hy = h,, from section 4.23, so
if Aty < hyy then hy —hy < hy — hgo

The quantity & — A is the enthalpy available to the enthalpy of evaporation. Hence
the enthalpy of evaporation after throttle > the enthalpy of evaporation before

throttle. From this, if #, — Ay, > hgp then the vapour after throttle becomes
superheated.

Example 4.12  Steam at 1.4 MN/m’ and of dryness Sraction 0.7 is throtiled to 0.11 MN/m’.
Determine the dryness fraction of the steam after throttling.

SOLUTION
For a throttle
h] = h2

and in this case

b+ X by = Apy + Xohg
830.1 + (0.7 x 1957.7) = 428.8 + (x x 2250.8)

o 183014 (0.7 x 1957.7) - 428.8
: 2250.8

_ (830.1 + 1370.4) — 428.8
2250.8

17717
2250.8

=0.787

Note that the steam becomes drier in this case.

Throttling does not always dry the steam; this is illustrated in Fig. 4.7. Dry saturated
steam at about 4.0 MN/m? is throttled and immediately moves into the wet region
until, at about 3.0 MN/mz, it reaches its maximum wetness. This is because at about
3.0 MN/m? the enthalpy of dry saturated steam is at a maximum. After 3.0 MN/m?,
continuing the throttle, the steam becomes drier and, at about 2.4 MN/m?, it again
becomes dry saturated. Throttling to pressures lower than 2.4 MN/m? produces
superheated steam in this case.

This ability to produce superheated steam, given appropriate initial pressure and
dryness, is exploited in the throttling calorimeter.
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Fig. 4.7 Throttling and steam quality

‘Example 4.13  Steam at a pressure of 2 MN/m®, a temperature of 300 °C and flowing at a

rate of 2 kg/s is throttled to a pressure of 800 kN/m’. It is then mixed with steam at a pressure

of 800 N/m’ and 0.9 dry which flows at a rate of 5 kg/s. Determine

(a) the condition of the resulting steam mixture

(b) the internal diameter of the pipe to convey the steam at 2 MN|m?® if the velocity of the
steam is limited to 15 m/s

(Sap)eciﬁc enthalpy of steam at a pressure of 2 MN/m® and a temperature of 300 °C =
3025 kJ/kg.

At a pressure of 2 MN/m? the saturation temperature, t; = 212.4 °C. So at 300 °C the
steam is superheated.

For the throttling process

Specific enthalpy before throttling = Specific enthalpy after throttling
= 3025 kJ /kg

Total enthalpy of 2 kg of this steam = 2 x 3025
= 6050 kJ

Specific enthalpy of steam at a pressure of 800 kN/m? and with a dryness fraction of 0.9 is

720.9 + (0.9 x 2046.5) = 720.9 + 1841.85
= 2562.75 kJ /kg

Total enthalpy of 5 kg of this steam = 5 x 2562.75 = 12 813.75 kJ

Total mass of mixture =2+ 5 =7 kg/s
Total enthalpy of steam mixture = 6050 + 12 813.75
= 18 863.75 kJ /s

Specific enthalpy of steam mixture =18 863.75/7
= 2694.82 kJ /kg
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At a pressure of 800 MN/m?, hy = 2767.5 kJ/kg so the steam mixture is wet.
Now, for wet steam

h = h; 4 xhg,  (see section 4.12)
from this

h— by
b

_ 2694.82 - 720.9
2046.5

_ 1973.92
2046.5

= 0.964

The condition of the resulting mixture is 0.964 dry.

(b)

Now
. A
m= AC (see section 2.9)
v

where 4 = area of cross-section, m?
C = velocity, m/s
r = mass flow, kg/s

ry _2x0.1255
c 15

A=

=0.016 7 m?

dz
nT =0.016 7 x 10° where d = diameter in mm

From this

_ 00167 x 10 x 4
T

d = ,/(0.021 26 x 10%) = 145.8 mm

d? = 0.021 26 x 10° mm?

4.24 The determination of dryness fraction

4.24.1 The separating calorimeter

The separating calorimeter (Fig. 4.8) is really a mechanical device, not a
thermodynamic device. It has already been indicated that wet steam consists of dry
saturated steam and suspended water droplets. The density of water is higher than
the density of dry saturated steam. If a mass of wet steam is rotated, the water in
suspension will move outwards, by centrifugal action, and will separate from the dry
steam. This is the principle of the separating calorimeter.
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Fig. 4.8 Separating calorimeter

Figure 4.8 shows a collector tank that is fed with the steam under test. The entry
steam pipe feeds into the top of a perforated cup suspended in the collector tank. A
calibrated gauge glass fits into the side of the collector tank. A dry steam exit is provided
from the side of the tank at the top and a drain valve is provided at the bottom.

In operation, the steam passes into the calorimeter and is rapidly forced to change
its direction when it hits the perforated cup. This introduces vortex motion into the
steam and the water separates out by centrifugal action. Some drains through the
perforated cup, some falls as large droplets and some precipitates on the walls of the
tank and will drain down. Al will collect at the bottom of the tank, where the level
will be recorded by the gauge glass. The dry steam will pass out of the apparatus into
a small condenser for collection as condensate. The perforated cup shown in Fig. 4.8
is just one of many devices used to create a vortex in the steam.

Several precautions should be taken when using the separating calorimeter. It must
be adequately warmed up before starting any measurement, otherwise condensation
will occur on the interior of the apparatus, which will introduce an error into the
results. As far as is possible, care must be taken to ensure that the steam does not
come into contact with the water which has already been separated, otherwise a
certain amount of condensation will occur and this too will affect the results.

The calorimeter should have adequate thermal insulation to prevent condensation
due to heat loss. Theoretically the system should be adiabatic (Q = 0).

It is found in practice that not all the water is separated out; some passes out with
the assumed dry steam. Consequently, this apparatus can only give a close
approximation of the dryness fraction of the steam.

From the results obtained, let

M = mass of dry steam condensed
m = mass of suspended water separated in calorimeter in same time

then

Mass of dry steam

Dryness fraction = x = -
Mass of wet steam containing dry steam

M
M+ m
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Example 4.14 Estimate the dryness fraction of the steam entering a separating calorimeter if
the separated water collected is 0.2 kg and the mass of condensate in the same time is 1.8 kg.

SOLUTION

oM 18
M+m 18+02

~18 09
2

It can be noted here that a device called a separator is often fitted in series into a wet
steam main to help improve the steam quality (i.e. to make the steam dryer). It works
in a similar way to the separating calorimeter.

One such separator takes the full steam flow and induces a rapid V-turn change of
direction to the wet steam. This rapid change of direction precipitates some of the
suspended water from the steam. The precipitated water can then be removed
through a steam trap after it has drained to the bottom of the separator.

4.24.2 The throttling calorimeter

Figure 4.9 shows the throttling calorimeter. Steam is drawn from the main through a
sampling tube placed across the steam main. The tube is perforated by many small
holes and its end is sealed. Steam is forced through the small holes to obtain a
representative sample across the main. The sampling tube could be placed in any
direction across the main. But the steam to be analysed is wet, so the suspended
water tends to gravitate to the bottom of a horizontal steam main. A vertical
sampling tube will therefore pick off steam from the driest at the top to the wettest at
the bottom. Hence the average sample, which then proceeds to the throttling
calorimeter, will be more truly representative than for any other orientation of the
sampling tube. If the steam main is vertical, the dryness will be near enough constant
across the main, so the sampling tube can be placed in any direction.

Stop valve Throttle Thermometer
orifice

Thermometer
pocket

Sampling
tube

l-«——— Throttling
chamber

Water
manometer

Steam main Throttled steam
exhaust

Fig. 4.9 Throttling calorimeter
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From the sampling tube the steam under test proceeds, via a stop valve and a
pressure gauge, to the throttle orifice of the calorimeter. The stop valve is provided in
order that the calorimeter can be isolated from the main when not in use. After
throttling, the steam passes into the throttle chamber of the calorimeter where its
pressure can be determined using a water manometer and its temperature determined
using a thermometer. The steam then passes away to exhaust, either to atmosphere or
to a small condenser, where it can be collected as condensate and its mass determined
after condensation. The mass of the condensate need not be determined when using
the calorimeter alone. It will be noted that the manometer is a water manometer
because the pressure after throttling is usually similar to atmospheric pressure.
Mercury would be much too dense for this application; it would not be sensitive
enough to record the small pressure change that occurs.

To operate the throttling calorimeter the stop valve is fully opened, ensuring that
the steam does not experience a partial throttle as it passes through the valve. Steam
is then allowed to pass through the apparatus for a while in order that pressure and
temperature conditions become steady. As a general check on whether the steam is
being throttled to superheat condition, remember that the pressure after throttle will
not be greatly different from atmospheric pressure. Saturation temperature in this
case will be round about 100°C. If the temperature after throttle is somewhat above
100°C, it can be taken that the steam is being superheated.

After conditions have become steady, the gauge pressure before throttling is read
from the pressure gauge. The temperature and gauge pressure after throttle are
recorded from the thermometer and manometer, respectively. The barometric
pressure is also recorded. Let

Gauge pressure before throttle P kNjm®
Barometric height = h mm Hg

then
Absolute pressure before throttle = P, = (P + 0.133 4h) kN/m?

Let Ag = specific liquid enthalpy before throttle, kJ/kg
hg = specific enthalpy of evaporation before throttle, kJ/kg
x; = unknown dryness fraction before throttle

then
Specific enthalpy before throttle = (A + X1hig) kl/kg
For the condition after throttle, let
Manometer height = A, mm H,O
then

h
Absolute pressure after throttle = P, = 0.133 4 (h + F"%) kN/m?

Let the Celsius temperature after throttle be f. Then, from steam tables, at
pressure P, and temperature £,

Specific enthalpy after throttle = &, kJ/kg
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For a throttle

Specific enthalpy before throttle = Specific enthalpy after throttle
ho + X1 = hy

Hence

hy — by

X =22 8
higi

It is important to realise that, after throttling, the steam must be superheated. If it
is not, then an unknown dryness fraction will exist after throttling as well as the
dryness fraction to be determined before throttling. So unless the steam become
superheated after throttling, the calorimeter is of no value. This means that the
throttling calorimeter cannot be used to determine the dryness fraction of moderately
wet steam. The limit of its use is when the steam after throttle is just dry saturated, so
that

hga — hy
hfgl

where hg = specific enthalpy of dry saturated steam at pressure P, after the
throttle, kJ/kg

Dryness fractions below this value will produce wet steam after throttle, so no
calculation can be made. Strictly, for successful operation, there must be some degree
of superheat after throttling, because when the steam is dry saturated it is at
saturation temperature. Any quality of wet steam is also at saturation temperature,
so if the temperature after throttle were found to be saturation temperature, it would
be impossible to tell whether the steam had been dry saturated or wet. However, the
theoretical dryness limit is as determined by the above equation.

Example 4.15 The dryness fraction of steam at a pressure of 2.2 MN|m® is measured using a
throttling calorimeter. After throttling, the pressure in the calorimeter is 0.13 MN/m’ and the
temperature is 112 °C. Determine the dryness fraction of the steam at 2.2 MN/m’.

Extract from steam tables

Saturated steam
Pressure Sat. temp. ¢ Spec. enthalpy (kJ/kg)
(MN/m?) QY] Iy g hy
2.2 217.2 931 1 870 2 801
Superheated steam
Pressure (MN/m?)  Sat. temp. (°C) Spec. enthalpy (kJ/kg)

hy at 150 °C
0.1 99.6 2 675 2777

0.5 111.4 2693 2773
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SOLUTION
For a throttling process

Specific enthalpy before throttling = Specific enthalpy after throttling

After throttling, the steam is at a pressure of 0.13 MN/m? and a temperature of 112 "C. To
determine the specific enthalpy of this steam, linear interpolation is required from the
superheat steam tables.

Pressure (MN/m?)  Sat. temp. ; (°C) Spec. enthalpy (kJ/kg) o
hy at 150 °C

0.15 111.4 2 693 2773

0.1 99.6 2675 2777
Difference +0.05 +11.8 +18 ~4

0.03 0.03 003
i —_— = —_— = .8 4 x = -24

Require +0.03 +11.8 x 005 +7.08 +18 x 005 +10 X 0.05
Adding 0.13 106.68 2 6858 2774.6

The last line of the table uses linear interpolation to determine the specific enthalpy of the

steam at 0.13 MN/m? and 112 °C. The steam is superheated because the saturation

temperature at the pressure of 0.13 MN/m? has been determined as being at 106.68 °C. .
Thus, specific enthalpy at the pressure of 0.13 MN/m? and with a temperature of 112 °C is

(112 — 106.68)
_ 6 —2685.8) ———————
hy = 2685.2 + (2774.6 — 2685 )(150—106.68)
5.32
43.32

= 2685.2 + 88.8 x

= 26852+ 109
= 2696.1 kJ/kg

Now, for wet steam, before the throttle

hy = kg + x by where x| = required dryness fraction

— 931 + (x; x 1870)

For the throttling process
hy = hy
931 4 (x; x 1870) = 2696.1

L 2696.1 — 431
! 1870

_1765.1
T 1870

= 0.944
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Example 4.16 What is the minimum dryness fraction which can theoretically be determined
using a throttling calorimeter if the steam to be tested is at a pressure of 1.8 MN/m*? The
pressure after throttling is 0.11 MN/m’.

SOLUTION
The theoretical dryness fraction occurs when the steam is just dry saturated after throttling

(see section 4.25). At 0.11 MN/m? and just dry saturated the specific enthalpy = 2680 kJ/kg.
At 1.8 MN/m?

Specific enthalpy = 885 + (x x 1912) kJ/kg
where x = minimum dryness fraction
Now for the throttling process
Specific enthalpy before throttling = Specific enthalpy after throttling
Hence
885 4 (x x 1912) = 2680
from which

_ 2680 — 885
1912

=0.939

4.25 Various non-flow processes with steam

Steam involved in a non-flow process can be expanded or compressed. It can also be
associated with heat and work transfer during the process.
It follows, therefore, that the non-flow energy equation
Q=Au+ W
will apply to steam.
In the following cases, let
P, = original pressure P, = final pressure
v; = original specific volume v, = final specific volume
u; = original specific internal energy uy = final specific internal energy

hy = original specific enthalpy hy = final specific enthalpy

4.26 The constant volume process (isochoric)
The volume remains constant in this case, so
V=V, =V ‘ [1]

And there is no change of volume, so there can be no external work done. Hence,
W = 0 and the non-flow energy equation becomes

Q= Au 2]
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From this

OQ=u—u
:(hZ_PZVZ)_(hl - Pyvy)
= (hy — ) — (Poav, — Pyv1)
=(hy — ) — v(P, — P;) (from equation [1]) [3]

Q in this case is the transfer of heat per unit mass.

Example 4.17 A closed vessel of 0.8 m’ capacity contains dry saturated steam at 360 kN/m’.
The vessel is cooled until the pressure is reduced to 200 kN /m?. Calculate.

(a) the mass of steam in the vessel

(b) the final dryness of the steam

(¢) the amount of heat transferred during the cooling process

(a) ‘
At 360 kN/m?, v, = 0.510 m’ /kg
0.8

Mass of steam in vessel = ﬁ = 1.569 kg

(b)
At 200 kN/m?, v, = 0.885 m* /kg
The volume remains constant, so

Specific volume after cooling = Specific volume before cooling
x x 0.885 =0.510

20510 o sne

7 0.885

The final dryness fraction of the steam is 0.576.

(©

For a non-flow process, Q = Au+ W, and for a constant volume change W =0
Q=Au

Hence, the heat transferred is equal to the change of internal energy. Now u = h — Py, 80 at
360 kN/m?, dry saturated

uy = 2732.9 — (360 x 0.510)
=2732.9-183.6
= 2549.3 kJ /kg

At 200 kN/m?, dryness 0.576

hy = 504.7 + (0.576 x 2201.6)
= 504.7 + 1268.1
= 1772.8 kJ/kg

uy = 1772.8 — (200 x 0.510)
=1772.8 — 102
— 1670.8 kJ /kg
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Change in specific internal energy = u, —
= 1670.8 — 2549.3
= —878.5kJ/kg (a loss)

But there are 1.569 kg of steam in the vessel, so the amount of heat transferred during the
cooling process is

—878.5 x 1.569 = —1378.4 kJ (a loss)

4.27 The constant pressure process (isobaric)

This process follows the normal processes already discussed in the formation of
steam at constant pressure. The heat received or rejected is therefore equal to the
change in enthalpy.

The non-flow energy equation therefore becomes

Q=Au+ W
or
hy —hy = (uz —u)) + P(vy — )

These are energy conditions per unit mass.

Example 4.18 Steam at 4 MN/m? and dryness fraction 0.95 receives heat at constant pressure
until its temperature becomes 350 °C. Determine the heat received by the steam per kilogram.

SOLUTION
At 4 MN/m? and 0.95 dry

hy = 1087.4 + (0.95 x 1712.9)
=1087.4 + 16273
=2714.7 kJ/kg

At 4 MN/m? and temperature 350 °C
hy = 3095 kJ /kg
The steam in this case is superheated because saturation temperature at 4 MN/m® = 250.3 °C

Heat received = h, — h
= 3095 — 2714.7
= 380.3 kJ/kg

4.28 The hyperbolic process PV =C

In the hyperbolic process (Fig. 4.10) steam is assumed to be expanded or compressed
according to the law PV = C. This is the law of the rectangular hyperbola, hence
hyperbolic process. It was introduced in section 1.22 and will be encountered in
Chapter 11 on steam engines.
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PV=C

2
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Fig.4.10 Hyberbolic process, PV =C

Since PV = C, then

P V=PV {1
Also
Work done = W = PVIn2 for any mass [2]
4!
= Pyln?2 for unit mass [3]
Vi

The non-flow energy equation becomes
Q=Au+W

or

0= —u|)+PvlnE

Vi
— (hy — Pyvy) = (b — Pyv;) + PvIn 22
Vi
:(hz—h,)+Pvln~:£ 4]
i

because P,v; = P,v, from equation [1].

These are energy conditions for unit mass. But Fig. 4.10 has been illustrated using
any mass because the volumes are written as V; and V5.

The actual mass can be determined by the ratio ¥,/v; or ¥,/v, because v; and v,
are specific volumes. Note that v,/v; = V,/V;. Note also that Fig. 4.10 shows an
expansion; for a compression, 1 and 2 are interchanged.

Example 4.19 A quantity of dry saturated steam occupies 0.395 1 m’ at 1.5 MN/m’.
Determine the condition of the steam

(a) after isothermal compression to half its initial volume

(b) after hyperbolic (PV = C) compression to half its initial volume

In case (a) determine the heat rejected during the compression.
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Extract from steam tables

Pressure Sat. temp. Spec. enthalpy (kJ/kg) Spec. vol.
(MN/m?) 1% (°C) By hig h vg (m’/kg)
1.5 198.3 844.7 1 945.2 2 789.9 0.131 7
3.0 233.8 1 008.4 1 793.9 2 802.3 0.066 6
(@
vg at 1.5 MN/m” = 0.1317 m*/kg

. 0.3951 1

tity of ste: t = =

Quantity of steam presen 01317

The steam is operating in the evaporation region because the temperature remains constant.

Yo _ 01317 _ 40659 m®/kg
2 2
The final specific volume is 0.065 9 m>/kg, hence final condition is at 1.5 MN/m? with a

dryness fraction of

0.0659 —05
0.1317
Specific enthalpy = 844.7 + (0.5 x 1945,2)
=844.7 + 972.6
= 1817.3 kJ/kg

For 3 kg
Enthalpy = 3 x 1817.3 = 5451.9 kJ

The loss of heat during this process will be the loss of enthalpy of evaporation, changing
from dry saturated steam to wet steam of dryness fraction 0.5 at constant temperature.

Heat loss = 0.5k = 0.5 x 1945.2 = 972.6 kJ /kg
For 3 kg
Heat loss = 972.6 x 3 = 2917.8 kJ

(b)
If the compression is according to the law PV = C, then PV, = P,V,

p=PYi_15x2
V)

= 3.0 MN/m?
Specific volume after compression = 0.065 9 m*/kg

At 3.0 MN/m?
vg = 0.066 6 m® /kg
So the dryness fraction after compression is

0.0659
0.066 6

= 0.989
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Specific enthalpy = 1008.4 4 (0.989 x 1793.9)
= 1008.4 +1774.2
=2782.6 kJ/kg

For 3 kg

Enthalpy = 3 x 2782.6
=8347.8 kJ

4.29 The polytropic process PV" =C

In the polytropic process (Fig. 4.11) the steam is assumed to be expanded or
compressed according to the law PV” = C. It was introduced in sections 1.20 and
1.21.

Pl
PV"=C
P
P, 2
S |
v % vy

Fig. 4.11 Polytropic process, PV" =C

Since PV” = C, then

PV = P,V [
Also
Work done = W = M————?-V—z for any mass 2
n—
= L{)m for unit mass (3]
n—

The non-flow energy equation becomes

0=A4Au+W
or
0= (ur—u)+ (M)
n—1
— (s — Pava) — (1 — Pyv) + (Lf”z)
-
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= (b~ y)

=(h—Mm)

=(hh—h)

=(h - M)

— (Pyvy — Pyv)) + (M)
n—1

—(Pyvy — Pyv) + (M:%)
n—

+ <l +—]‘—>(P1V1 — P2v2)
n-1

-%ﬁiﬂymw&m
n—1

Q=%—MH7%ﬂﬁw—hm [4)

These are energy conditions for unit mass. The actual mass can be determined by

volume ratios V),

/vi or V,/v, because v; and v, are specific volumes. Note that

Fig. 4.11 shows an expansion; for a compression, | and 2 are interchanged.

Example 4.20 A quantity of steam at a pressure of 2.1 MN/m’ and 0.9 dry occupies a volume
of 0.427 m’. It is expanded according to the law PV '3 = constant to a pressure of 0.7 MN/m’.

Determine

(a) the mass of steam present

(b) the work transfer

(¢) the change of internal energy

(d) the heat exchange between the steam and surroundings, stating the direction of transfer

Extract from steam tables

Pressure Sat. temp. Spec. enthalpy (kJ/kg) Spec. vol.
(MN/m?) 1 (°C) e e hg vg (m’/kg)
07 - 165 697.1 2 064.9 2 762.0 0.273

2.1 214.9 920.0 1878.2 2798.2 0.094 9
(a)

Specific volume of steam at 2.1 MN/m? and 0.9 dry is

vi = x(vg = 0.9 x 0.094 9 = 0.085 4 m> /kg

Mass of steam present =

(b)

0427
0.0854

For the expansion, Pyv}?* = P,»,?

1/125 1/1.25
vy = wy (ﬂ) = 0.0854 x (2—1)
P, 0.7

=0.0854 x 31125
=0.0854 x 2.41
= 0.205 8 m’/kg
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The steam is wet after expansion; its dryness fraction is

¥y = Y2 0.205 8 — 0754
Vg 0.273
Work transfer = M
n—

10* x (2.1 x 0.0854 — 0.7 x 0.205 8)

1.25-1
_10° x(0.1793 - 0.144 1)
- 0.25
=108 x90P2 _ 197 % 0.1408
0.25
= 140.8 kJ/kg
Work transfer for 5 kg = 140.8 x 5
= 704 kJ
(©
W = h| - P]V|

h] = h(] + X]hfg| =920.0 + (09 X 18782)
=920.0 + 1690.4
= 2610.4 kJ /kg

106
u; = 2610.4 — 107 x 2.1 x 0.085 4

=26104 —179.3
= 2431.1 kJ/kg

U = hz - P2V2
hy = hp + x2he = 697.1 + (0.754 x 2064.9)

=697.1 +1556.9
= 2254.0 kJ /kg

10°
Uy = 2254.0 — — x 0.7 x 0.205 8
10°

= 2254.0 — 144.1
= 2109.9 kJ /kg

Change in internal energy = u, — u,
=2109.9 — 2431.1
= —321.2kJ/kg (a loss)

For 5 kg of steam
Loss of internal energy = —321.2 x 5§ = —1606 kJ

@

O=AU+W
= —1606 + 704
= 902 kJ (a loss to the surroundings)

89
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4.30 The adiabatic process

In section 1.27 the adiabatic process was defined as a process carried out such that
there is no heat transfer during the process, i.e. Q = 0.

It is possible to conceive of steam being expanded or compressed adiabatically.
Such a process with steam will be a particular case of the law P}V" = C. The value of
n will be the value which will satisfy the condition Q = 0.

Hence, for an adiabatic expansion or compression with steam from state 1 to
state 2

PV =PV} [1]
Also
Work done = w for any mass [2]
n_
= _P;v‘_—f’z_vz for unit mass [3]
n_

The non-flow energy equation becomes
OQ=Au+ W
and for an adiabatic process Q =0
O0=Au+ W
or

W=—Au [4]

This means that:

. Work transfer during an adiabatic expansion is done at the expense of the
internal energy of the substance, in this case, steam.
. Work transfer during an adiabatic compression increases the store of internal

energy of the substance.

From equation [4]

W=—-Au
or
Pyvy —P2V2> o
<—n—l (y —uy)
Py — Pz"z) _ _
(4"1_1 (4 —wp)
or
Pivi - P
(%iz—vﬂ = (= Pyw) = (hy — Pov) [5]
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The approximate values of n for the adiabatic compression or expansion of steam are

n =1.13 for wet steam
n = 1.3 for superheated steam

Energy conditions given above are for unit mass.

Example 4.21

(a) Determine the volume occupied by 1 kg of steam at a pressure of 0.85 MN/m’ and having
a dryness fraction of 0.97.

(b) This volume is expanded adiabatically to a pressure of 0.17 MN|n’; the law of expansion
is PV = constant. Determine
(i) the final dryness fraction of the steam
(ii) the change of internal energy of the steam during the expansion

Extract from steam tables

Pressure (MN/m?) Spec. vol. v, (m*/kg)

0.17 1.031
0.85 0.226 8
(a)

v = xvg = 0.97 x 0.226 8 = 0.22 m?/kg

(b)

@) Py =Pyl

<P1>l/|.|3
Vo =V —
P,

1/1.13
=022 % (@>
017

=0.22 x 5113
=0.22 x 4.15
=0.913 m*/kg

At 0.17 MN/m?, v, = 1.031 m®/kg
The steam is wet; its final dryness fraction is

x=2 =093 _ g g4
v 1031
(ii) For an adiabatic expansion, Ay = —W
Uy — uy = —(Pyv — Pyvy)
n—1
_ 10° (0.85x0.22 - 0.17 x 0.913)
TS 113 -1
- _10° x (0.187 - 0.155) _ 10° x 0.032
0.13 0.13
= -10° x 0.246

It

—246 kJ/kg (a loss of internal energy)
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The jsothermal process

Section 4.2.2 described the evaporation stage during the formation of a vapour from
a liquid. Throughout the evaporation stage the temperature remains constant at
saturation temperature, ¢. Since the isothermal process is defined as a process carried
out at constant temperature, the evaporation of liquid to vapour is an isothermal
process. It is also carried out at constant pressure, so the energy involved is the
enthalpy of evaporation. See sections 4.9 and 4.12 plus Example 4.19.

Questions

1.

Determine the enthalpy, volume and density of 1.0 kg of steam at a pressure of
5 MN/m? and with a dryness fraction of 0.94.
{2695.82 kJ/kg; 0.037 m*/kg; 27.03 kg/m?]
Determine the enthalpy, volume and density of 4.5 kg of steam at a pressure of
2 MN/m? and with a temperature of 300 °C.
[13 612.5 kJ; 0.562 5 m?; 7.97 kg/m?]
Determine the specific enthalpy and the specific volume of steam at a pressure of 18
bar and with a temperature of 320 °C.
[3075.16 ki/kg; 0.149 m>/kg]
Steam at a pressure of 28 kN/m? is passed into a condenser and leaves as condensate
at a temperature of 59 °C. Cooling waler circulates through the condenser at the rate
of 500 kg/min. It enters at 15 °C and leaves at 30 °C. If the steam flow rate is 14 kg/
min, determine the dryness fraction of the steam as it enters the condenser.
[0.942]
Steam at a pressure of 1.25 MN/m? and with a dryness fraction of 0.96 flows through
a steam main of 150 mm internal diameter with a velocity of 26 m/s. The steam is
throttled to a pressure of 0.12 MN/m?>. After throttling, 5 kg of the steam is blown
into a tank containing 98 kg of water, the original temperature of which is 16 °C.
Take the specific heat capacity of superheated steam at constant pressure as 2.09 kJ/
kg K and, neglecting heat losses, determine
(a)  the mass flow of steam through the steam main in kg/s
(b)  the temperature of the steam after throttling
(©)  the temperature of the water in the tank after receiving the 5 kg of blown steam

Extract from steam tables

Pressure Sat. temp.  Spec. enthalpy (kJ/kg) Spec. vol v,
(MN/m?) £ (°C) e ey e (m’/kg)
0.12 104.8 4394 22441 2 683.4 1.428

1.25 189.8 806.7 19774 2 784.1 0.156 9

[(a) 3.04 kg/s; (b) 115.1 °C; (c) 48.54 °C]
A quantity of steam at a pressure of 3 MN/m® has a dryness fraction of 0.72. The
steam occupies a volume of 0.4 m®. Heat is transferred into the steam while the
pressure remains constant at 3 MN/m? until the steam becomes dry saturated. The

" steam is then cooled at constant volume until the pressure becomes 1.8 MN/m?

Determine

(a)  the heat transferred during the constant pressure process

(b)  the percentage of the heat transfer which appears as work transfer
(c)  the heat transferred during the constant volume process
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Extract from steam tables

Pressure Sat. temp.  Spec. enthalpy (kJ/kg) Spt‘:c. vol v,
(MN/m?) 4 (°C) I i, h (m'/kg)
1.8 207.1 884.6 1910.3 2 794.8 0.110 3
30 233.8 1 008.4 17939 2 802.3 0.066 6

[(a) 4058 kJ; (b) 6.68%: (c) ~5526.7 kJ)
Water enters a heater at a temperature of 18 °C. Steam at a pressure of 1.2 bar and
0.95 dry is mixed with, and condensed in, the water. The mixture of water and
condensate leaves the heater as hot water. The mass of steam is 8 per cent of the
combined hot water leaving the heater. Neglecting heat transfer loss, determine the
temperature of the hot water output. Take the specific heat capacity of water at
constant pressure as 4.19 kJ/kg K.

Extract from steam tables

Pressure (bar) Sat. temp. ¢ ("C) Spé,(,:;é?tha]py (ktl/kg)

he hyy hy

0.12 104.8 439.4 2244.1 2 683.4

[65.7 °C]
A quantity of steam at a pressure of 2 MN/m? has a volume of 0.75 m* and an
enthalpy content of 21.5 MJ. Determine (a) the dryness fraction of the steam and
(b) the mass of the steam. If some of this steam is throttled to a pressure of 1.2 MN/m?,
determine (c) the quality of the steam after throttling.

Extract from steam tables

Pressure Sat. temp.  Spec. enthalpy (kJ/kg) Spgc‘.‘ vol v,
2 (o e - “ (m

(MN/m?) £ (°C) ke hsg hy (m’/kg)

1.2 188.0 798.4 1 984.3 2 787.7 0.163 2

2.0 212.4 408.6 1 888.6 21797.2 0.099 §

[(2) 0.943; (b) 8 kg; (c) 0.953)

Steam at a pressure of 2 MN/m? and with a temperature of 250 °C is expanded to a
pressure of 0.4 MN/m? the law of expansion is PV'2 = C. After expansion the steam
is cooled at constant volume to a pressure of 0.2/m”. Determine
(a)  the condition of the steam after expansion according to the law PV'? = C
(b)  the heat transferred per kilogram of steam during the expansion
(c)  the condition of the steam after the constant volume cooling
(d)  the heat transferred during the constant volume cooling

[(a) 0.921; (b) —91 kJ/kg; (c) 0.481; (d) =921 ki/kg]
Superheated steam at a pressure of 4 MN/m? and with a temperature of 375 °C enters a
desuperheater at the rate of 5 tonne/h. Water at a temperature of 75 “C is sprayed into
the superheated steam as it passes through the desuperheater to produce a combined
mixture of output steam at a pressure of 4 MN/m? and with a dryness of 0.96. Determine
(a)  the mass of the output steam in tonne/h
(b)  the internal diameter of the steam pipe required to carry the output steam if the

steam velocity is 20 m/s
[(a) 5.878 tonne/h; (b) 70.5 mm)]
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2.5 kg of steam at a pressure of 100 kN/m> and with a dryness fraction of 0.96 is
compressed hyperbolically to a pressure of 8.0 bar. Determine
(a)  the final condition of the steam
(b)  the heat transferred during the compression
[(a) 0.845; (b) —1182.5 k1]

A throttling calorimeter is used to determine the quality of steam which is at a

pressure of 2.2 MN/m?. The pressure and temperature after throttling are 0.12 MN/m?

and 109.6 °C, respectively. Determine

(a)  the dryness fraction of the steam at 2.2 MN/m?

(b)  the least dryness fraction which can be theoretically determined under the given
pressure conditions

Take the specific capacity of superheated steam as 2.1 kJ/kg K.

Extract from steam tables

Pressure (MN/m?) Sat. temp. ¢ ("C) Spec. enthalpy (kJ/kg)

he Iy he
0.12 104.8 439.4 2 244.1 2 683.4
2.2 2172 931.0 1868.1 2799.1

[(a) 0.943; (b) 0.938]

Steam at a pressure of l.5bar and with a dryness fraction of 0.9 is compressed
adiabatically to a pressure of 7bar. The law of compression is PV'-13 = C. Determine
(a) the final condition of the steam

(b) the final density of the steam

(c)  the change of specific internal energy of the steam

Extract from steam tables

Pressure (bar) Spec. vol. v, (m*/kg)

1.5 1.159
02728

[(2) 0.98; (b) 3.75 kg/m?; (c) +234.6 kJ/kg]

A refrigerant is at a pressure of 0.745 MN/m? and has a temperature of 45 °C. It is

cooled at constant pressure until it becomes liquid at saturation temperature. It is then

throttled down to a pressure of 0.219 MN/m?. Determine

(a)  the heat transfer during the constant pressure cooling process per kilogram of
refrigerant

(b)  the quality of the refrigerant after throttling

Extract from steam tables

Pressure (MN/mz) Sat. temp. # (°C)  Spec. enthalpy (kJ/kg)

he by, superheated
by 20 K
0.219 -10 26.9 183.2 195.7
0.745 30 64.6 199.6 2143

[(a) —146.03; (b) 0.241]

16.
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Steam at a pressure of 3 MN/m? and with a temperature of 250 "C is mixed with wet
steam at a pressure of 3 MN/m? and with a dryness fraction of 0.92 in the ratio of
1:2.5 by mass. Determine

(a) the quality of the steam mixture
(b) the density of the steam mixture \
[(a) 0.952; (b) 15.77 kg/m’]
Steam flows through a turbine at a rate of 3 kg/s. The steam enters the turbine at a
pressure of 4 MN/m? and with a temperature of 350 °C. The pressure at exhaust from
the turbine is 60 kN/m? and the dryness fraction is 0.92. Neglecting any change in
kinetic energy of the steam and any heat transfer loss, determine

(a) the theoretical power output from the turbine

(b)  the steam exit area at the turbine exhaust if the steam velocity at exit is 32 m/el2
[(a) 1875 kW; (b) 0.235 m”]



Chapter 5

Gases and single-phase systems

5.1 General introduction

This is an investigation into single-phase systems. The single-phase being considered
is that phase above the critical point when a substance is called a gas.

The wide use made of gases in the field of engineering makes it necessary to
investigate their behaviour when they are heated, cooled, expanded or compressed.
The beginning of any investigation, such as the behaviour of gases, is usually made
by conducting experiments; from the results obtained laws are determined which
govern their behaviour. The first two laws in this chapter were established by
experiment.

5.2 Boyle's law

With any mass of gas it is possible to vary the pressure, volume and temperature. In
this experiment it is arranged that the temperature of a fixed mass of gas remains
constant while corresponding changes in pressure and volume are observed. An
apparatus suitable for conducting such an experiment is illustrated in Fig. 5.1.

E
Enclosed
gasis
system

~nan]JLOop:

Lo o oo oo iyl

Fig. 5.1 Boyle's law apparatus
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An inverted glass pipette A is connected to a glass thistle funnel B by means of a
long rubber, or plastic, tube C. Both the pipette and the thistle funnel are mounted
vertically such that they can be moved up or down on either side of a vertical scale
D. With the tap E open, the apparatus is filled with a suitable quantity of mercury. It
is possible to adjust the height of the mercury columns, and hence the volume of gas
in the pipette - the system - by moving the thistle funnel up or down. If the tap is
then closed, a fixed mass of gas is trapped in the apparatus and modification to the
height of the thistle funnel will bring about pressure changes in the gas which will be
accompanied by corresponding changes in volume of the gas.

The pipette is calibrated to read the volume of gas contained in it; the vertical scale
serves to establish the difference in height h of the two mercury columns. The
absolute pressure of the gas will be given by the sum of the height h and the
barometer reading. In order to satisfy the condition that the temperature should
remain constant, a period of time is allowed to elapse after every change of condition
before any new readings are taken. After a suitable number of results are obtained,
the corresponding values of absolute pressure and volume are plotted on a graph; the
curve is shown in Fig. 5.2.

P, 1

2
a P 2
@
2
o

A

\ % v, v v,

Volume
Fig. 5.2 Boyle’s law graph

Taking any point on the curve, | say, the product of its corresponding pressure
and volume P and V will equal some number, C say. Investigation of other points,
such as 2 and 3, shows that, within the limits of experimental error, the products of
their corresponding pressures and volumes also equal this same number, or
Pl VI = P, V, = P3 V3 = C, a constant 1

Further experiments at different fixed temperatures, with different fixed masses and
with different gases yield the same result, although the constant C will be different
with each quantity of gas, each fixed temperature and each type of gas.

From the results of this experiment, a general statement may be made:

During a change of state of any gas in which the mass and the temperature
remain constant, the volume varies inversely as the pressure.

Expressed mathematically
PV = C, a constant [2]

This is known as Boyle's law, named after its discoverer, Robert Boyle (16271691),
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an English scientist. As a point of interest, a Frenchman, Edme Mariotte, made the
same discovery at about the same time while working quite independently of Boyle.

The graph of the law PV = C is a rectangular hyperbola. Note also that if PV = C,
then P = C/V. If P is plotted against 1/V the result will be a straight line passing
through the origin and of slope C as shown in Fig. 5,3. This method could be used as
a check of the above results; by plotting P against 1/V and obtaining a straight line
passing through the origin, PV = C would be proved.

The temperature is constant during a process carried out according to Boyle’s law,
so the process is isothermal (see section 1.14).

P

W
Fig. 5.3 Plot of P against 1/V

Example 5.1 During an experiment on Boyle's law, the original volume of air trapped in the
apparatus, with the two mercury levels of the same, as 20000 mm’. The apparatus was then
modified such that the volume of air became 17 000 mm>, while the temperature remained
constant. If the barometer reading was 765 mm Hg, what was the new pressure exerted on the
air in mm Hg? Also, what was the difference in the two mercury column levels?

SOLUTION
Since both levels of mercury are the same at the beginning, then

P, = atmospheric pressure = 765 mm Hg

Now Boyle’s law states that PV = C, a constant, from this

PVy =PV,
P, = P, _ 765 20000
V, 17000
=900 mm Hg

Notice that the pressure has been left in mm Hg during this part of the solution. This can be
done because there is a pressure term on both sides of the equation. As long as both terms
have the same units, the equality will hold. The final pressure P, = 900 mm Hg and the
atmospheric pressure = 765 mm Hg, so

Difference in height of the two mercury columns = 900 — 765
= 135 mm

This will be the height / which was mentioned in the work on Boyle’s law apparatus.
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Example 5.2 A gas whose original pressure and volume were 300 kN/m® and 0.14 m® is
expanded until its new pressure is 60 kN/m’ while its temperature remains constant. What is its
new volume?

SOLUTION
The temperature remains constant, so this is an expansion according to Boyle’s law.

P|V|:P2V2 or VZ:VIﬂ
P,
Vy = 0.14 x 20
60
=07 m’

5.3 Charles’ law and also absolute temperature

Consider now an experiment in which the pressure of a fixed mass of gas is kept
constant while the volume and temperature are varied. A simple piece of apparatus
on which to conduct such an experiment is illustrated in Fig. 5.4.

AI

cill [i=fo
<1 —B
- Enclosed
= gasis
a system
-
ai:

-~

Fig. 5.4 Charles’ law apparatus

A long glass tube A with one end sealed has a pellet of mercury B introduced;
the pellet acts as a piston enclosing a fixed mass of gas, the system, in the end of the
tube. Thermometer C and a volume scale D are attached along this tube and
the assembly is immersed in a water bath E. The temperature of the water bath is
then varied; this will be accompanied by changes in volume of the gas which will be
registered by the mercury pellet moving along the glass tube. The pressure of the gas
in the tube will remain constant because the open end of the tube is always presented
to the same external pressure conditions. The corresponding gas volumes and
temperatures observed during the conduct of the experiment are recorded and plotted
on a graph. The graph obtained is a straight line, as illustrated in Fig. 5.5, showing a
linear relationship between volume and temperature of a fixed mass of gas when the
pressure remains constant. This takes the form:
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T

V
Y
N

A %4

t

Fig. 5.5 Plotof V against ¢

V=Cr+ v, [

where V = volume
! = temperature
C = slope
Vo = intercept on V axis

Further experiments at different pressures, with different masses and with different
gases give similar results. An interesting point, however, is that if all the straight lines
obtained are extended back to cut the temperature axis, they all cut this axis at the
same point. This is illustrated in Fig. 5.6.
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Fig. 5.6 Extended Charles’ law plots
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If this is the case then perhaps it would be better to use this point as a new origin
and the law of the graph would then become

V=CT 2]

where T is the temperature recorded from the new origin. Equation [2] is of a better
form than equation [1] because the constant ¥, is now absent. But reading
temperature from this new origin has introduced a new temperature scale. Now the
graph cuts the temperature axis at approximately —273 °C. The value of T in

equation [2] is therefore determined by adding 273 °C to the value of ¢ as recorded
from the thermometer, or

T=(+273) = TK B3]

Temperature recorded in this manner is called absolute temperature and the new
zero is called the absolute zero of temperature. The reason for this can be seen by
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referring to Fig. 5.6. It will be noted that, at the new zero, all volumes have reduced
to zero. No further reduction seems possible because there is nothing left to reduce in
temperature! The fallacy of this argument is that extension of the straight lines to
determine the new zero assumes that the gas remains as a gas in the low-temperature
region. This is not true in practice because all gases, on being cooled, will eventually
liquefy and then finally solidify, thus losing their properties as a gas. Experiments on
the problem of an absolute zero of temperature have shown, however, that
approximately —273 °C appears to be the lowest temperature possible, and is
extremely difficult to reach.
From equation [2] it follows that

-; = C, a constant (4]

In words this may be stated as follows:

During the change of state of any gas in which the mass and pressure remain
constant, the volume varies in proportion with the absolute temperature,

This is known as Charles’ law.

Of historic interest, the law dealt with above is attributed to a Frenchman, Jacques
A. Charles (1746-1823). It is also interesting to note that another Frenchman,
Joseph-Louis Gay-Lussac (1778-1850), made the same discovery at about the same
time.

The concept of the absolute scale of temperature has already been discussed in
section 1.7.

Example 5.3 During an experiment on Charles’ law, the volume of gas trapped in the
apparatus was 10 000 mm® when the temperature was 18 °C. The temperature of the gas was
then raised to 85 °C. Determine the new volume of gas trapped in the apparatus if the pressure
exerted on the gas remained constant.

SOLUTION
Now according to Charles’ law

K = C, a constant
T
From this
h_n"n (1]
T] T2

In order to use this equation the temperatures 7 and 7, must be absolute temperatures,
T, =18+273=291K
and
T, =85+273 =358K
From equation [1]

T,
V, = £2 2
:z—hV1 21
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or

Vy = 10 000 x 328
291

= 12 302 mm*

Example 5.4 A quantity of gas whose original volume and temperature are 0.2 m* and 303 °C,
respectively, is cooled at constant pressure until its volume becomes 0.1 m*. What will be the
final temperature of the gas?

SOLUTION
Again, this is a change according to Charles’ law.

n_n
T T,
Va
T =T —= 1
2 'y {1]

The temperature is in degrees Celsius this time.
T, =303+273 =576 K
and from equation [1]

Ty = 576 x 2L
02

=288 K
1 =288-273=15°C

5.4 The characteristic equation of a perfect gas

In the previous two experiments it was arranged that, in each case, one of the three
conditions of state, pressure, volume and temperature, remained constant while a law
connecting variations in the other two was established. An investigation must now be
made into the more general change of state of a gas which neither pressure, volume
nor temperature remains constant. Consider a gas whose original state is pressure P,
volume ¥V, and temperature T, and let this gas pass through a change of state such
that its final state is P,, V3 and 7. Inspection of Fig. 5.7 will show that there are an
infinite number of paths which connect states 1 and 2 when the process is shown on a
P-V diagram.

The concern at the moment, however, is not in how the state changed from 1 to 2,
but in the fact that since states 1 and 2 can exist for the same mass of gas, is there any
law connecting them? This being the case, a choice of path from 1 to 2 is quite arbitrary,
and it is therefore reasonable to assume a path about which something is already
known. Boyle’s and Charles’ laws supply the answer. Figure 5.8 shows that it is quite
possible to move from 1 to 2 by first carrying out a Boyle’s law change down to some
intermediate state A, say, then carry out a Charles’ law change to the final condition.
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Possible paths
connecting 1 and 2

A

P, 2

v V2
1%

Fig. 5.7 Three of the infinite number of paths from 1 to 2

P, 1
Boyle's law
change
P Charles’ law
change
2
P,=Py A
| ]
) VoY% Va

Fig. 5.8 Getting from 1to 2 in two known stages

Consider the Boyle’s law change from 1 to A. In this case the temperature remains
constant at 7. Also

PV, =PV, (1]

All the pressure change must take place during this process because there will be
no change in pressure during the Charles’ law process which follows. In this case
Py =P,

Equation [1] becomes P, V| = P,V,
or

_ PV

V.
A P,

21

Consider now the Charles’ law change from A to 2. In this case the pressure
remains constant at P,. Also

Va_"

noT, [3]
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During the Boyle’s law change from 1 to A the temperature remained constant.
TA = T]

from which equation [3] becomes

Vv,
A _ 1€ [4]
T| T2
But
VA — PI Vl
P,

from equation [2] and substituting this in equation [4]

PV _ 1
P, T, T,
from which
Pl Vl — PZ V2 [5]
T T;

Now any change of state from state 1 would produce a similar result, and hence
equation [5] could be extended to read
PV, _PVo PV PV,
T, T T T,

=..., etc. 6]

where 3 and 4 represent other new conditions of state of the same mass of gas.
From equation [6] it follows that for any fixed mass of gas, changes of state are
connected by the equation

PV
—— = a constant 7
- 7]

Sooner or later it will be necessary to know the actual mass of gas used during any
particular process.

Let v = volume of 1 kg of gas, the specific volume (see section 1.9).

Then from equation [7]

Pv

— = a constant

= (8]
When 1 kg of gas is considered, this constant is written R and is called the

characteristic gas constant, sometimes, the specific gas constant. So for 1 kg of gas

Py _

=R o]

Now consider the case when there are m kg of gas. Multiply both sides of equation
[9] by m, then

P(mv)
— =

mR
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. But mv is the total volume of the gas being used, V, so for m kg of gas it follows
that

fz——-mR
T
or
PV =mRT [10]

This is known as the characteristic equation of a perfect gas.
The units of R can be obtained from equation [9]. If pressure is in N/m?, specific
volume is in m®/kg and temperature in K, then

Py N m_ 1 Nm J

o R B o -

T m? kg K kgK kgK

For air, the value of R is usually of the order 0.287 kJ/kg K.

Actually the value of R is numerically equal to the work done when | kg of gas is
heated at constant pressure through 1 degree rise of temperature. This can be shown
as follows. Consider 1 kg of gas at original state Py, V|, T, and let it be heated at
constant pressure through 1 degree. The new state will then be Py, V5, (T} + 1).

Now from the characteristic equation

PV, =RT, [11]
and

PV,=R(T + 1) [12]

Subtracting equation [11] from equation [12] gives
Pi(V,—-V))=R (13]

This is equal to the area under the graph of the process plotted on a P-V diagram
and this has been shown to be equal to the work done (see section 1.19).

Section 5.8 contains a further reference to the characteristic gas constant R and its
relationship with the specific heat capacity of a gas.

A further point to note about this work on the characteristic equation is that it is
now possible to predict the behaviour of a gas if the volume remains constant. If this
is the case then V|, = V3, and from equation [5], since P\V,/T| = P,V,/T>, it follows
that

A B [14]
T T

It may be wondered why use the term perfect gas? Very accurate experiment shows
that actual gases do not obey the above gas laws exactly. The deviation is very small,
however, and can be sensibly neglected in all general calculations. A perfect gas may
be defined as a gas which obeys the gas laws exactly. A further extension of the use
of the characteristic equation of a perfect gas is made in section 8.24.
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Example 5.5 A gas whose original pressure, volume and temperature were 140kN/m?’, 0.1 m’
and 25 °C, respectively, is compressed such that its new pressure is 700 kN/m’ and its new
temperature is 60 °C. Determine the new volume of the gas.

SOLUTION
By the characteristic equation

PV _PVa g 1 =254273 = 208K
T T,

also T, =60+273=333K

P
Py, 140333 00 00223 m®

V. -
T pT T 7007 298

Example 5.6 A quantity of gas has a pressure of 350 kN/m? when its volume is 0.03 m° and
its temperature is 35 °C. If the value of R = 0.29 kJ/kg K, determine the mass of gas present.
If the pressure of this gas is now increased to 1.05 MN/m’ while the volume remains constant,
what will be the new temperature of the gas?

SOLUTION
By the characteristic equation

PV =mRT

_ PV _ 350 x10* x 0.3

_PV_ — 0.118 k
RT 029 x 10° x 308 &

For the second part of the problem

V . .
~P1T—|' = P—ZTZVi and in this case, V, =V,
P, P P, 1.05 x 10°
—=—= or T, =T—==308 x ———
T, T ) 0.35 x 108
=308x3 (T, =35+273=308K)
=924 K

t; =924 - 273 =651 °C

5.5 The internal energy of a gas and Joule’s law

The internal energy term appears in the steady-flow energy equation and the non-
flow energy equation so an investigation is required into the way it applies to a gas.
Joule carried out an experiment on this subject from which he concluded:

The internal energy of a gas is a function of temperature only and is
independent of changes in pressure and volume.

This is known as Joule’s law.

Gases and single-phase systems 107

A sketch of Joule’s apparatus is shown in Fig. 5.9. Two copper vessels A and B were
connected together as shown and were isolated from each other by means of a gas tap
C. Vessel A was filled with compressed air to a pressure of about 21 atmospheres (about
2.1 MN/m?) and vessel B was exhausted to a condition of vacuum. This assembly was
immersed in a water bath D and temperature recordings were made by means of a
thermometer E. After leaving the apparatus for some time, in order to let the
temperature conditions become steady, the gas tap C was opened and some air from
vessel A expanded into vessel B while the pressure dropped, eventually to stabilise at
some new common pressure. The volume was then equal to the total volume of vessels
A and B. During this process no change in temperature was observed.

(X
L X o

Fig. 5.9 Jouie’s law apparatus

No work transfer occurred because this was a free expansion into a vacuum, 8o
W =0.

And no heat was transferred during the expansion, so Q = 0.

Applying this to the non-flow energy equation for the expansion of a gas

0=AU+W (1]

it follows that for this experiment
0=AU+0 2]
or

AU=0 [3]

Both the pressure and the volume changed during the experiment. But the
temperature did not change, nor did the internal energy, so it seemed reasonable to
assume that the internal energy of a gas was a function of temperature only.

Later experiments, carried out rather more accurately by Joule in conjunction with
William Thomson (Lord Kelvin), showed that there was a very small change in
temperature during such an expansion of a gas, but this temperature change is small
enough to be neglected. Joule’s law is assumed to hold in all normal practical cases.
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The problem now is to develop an expression which will give the magnitude of the
change in internal energy of a gas and, by Joule’s law, this expression must be a
function of temperature only. Before this can be accomplished, it is necessary to
discuss the specific heat capacities of a gas.

5.6 The specific heat capacities of a gas

The specific heat capacity of a substance may be defined as the amount of heat
transfer required to raise unit mass of a substance through 1 degree difference in
temperature (see section 1.25). Apply this statement to a gas and, at first sight, this
definition may seem reasonable. But consider Fig. 5.10.

Heat transferred from
external source = Q

Unit mass of gas is the system

Fig.5.10 Using a piston to determine specific heat capacity of a gas

The figure shows a piston enclosing unit mass of gas, the system, in a cylinder.
This unit mass of gas could be heated from some outside source such that the
temperature of the gas is raised by | degree. The amount of heat transfer to
accomplish this | degree rise in temperature will depend upon what happens to the
piston. For example, the piston could be fixed, then the gas would be heated at
constant volume and a certain quantity of heat would bring about the 1 degree rise in
temperature. Or the gas in the cylinder could be allowed to expand, moving the
piston and doing external work W. The extent to which the piston is allowed to move
is one of an infinite number of possible arrangements. The amount of heat transfer
will depend upon the piston movement, so there are infinitely many heat supply
quantities, each able to produce a 1 degree rise in temperature. It appears there are
an infinite number of possible specific heat capacities for a gas. If the specific heat
capacity of a gas is quoted, therefore, it is necessary to define the conditions under
which the specific heat capacity was measured. Two important cases are called the
principal specific heat capacities.

. The specific heat capacity at constant volume This is defined as the amount of
heat which transfers to or from unit mass of gas while the temperature changes
by 1 degree and the volume remains constant. It is written c,.

. The specific heat capacity at constant pressure This is defined as the amount of
heat which transfers to or from unit mass of gas while the temperature changes
by 1 degree and the pressure remains constant. It is written c,,.

The specific heat capacities at constant volume and constant pressure rise in value
with temperature. For calculations, it is usual to assume an average value of specific
heat capacity within the temperature range being considered.
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Table of average specific heat capacities of gases

Gas c,(kl/kg K) c(kd/kg K)
Air 1.006 0.718
Carbon dioxide 0.87 0.67
Carbon monoxide 1.04 0.74
Hydrogen 14.4 10.2
Nitrogen 1.04 0.74
Oxygen 0.92 0.66
Methane 2.29 1.74
Sulphur dioxide 0.65 0.52

5.7 The constant volume heating of a gas

Let a mass of gas m be heated at constant volume such that its temperature rises
from 7T, to T, and its pressure rises from P, to P, then

Heat received by the gas = mass x specific heat capacity at constant volume
X rise in temperature
=me(T, = T)) (1]

Constant volume heating is a particular case of a non-flow process carried out on a
gas. Consider the non-flow energy equation applied to constant volume heating.

Q=AU+W (2]

No external work is done during constant volume heating. This can be seen by
inspecting Fig. 5.11, in which pressure is plotted against volume. The process appears
as a vertical straight line. There is no area beneath this line, so no external work is
done.

wW=0
P
P, 2
P 1
D
T Vi=V, v

Fig. 5.11 Constant volume process on P-V diagram
Hence, equation {2] becomes
Q=AU
or

me (T, - T)=U—- U 3]
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which can be written
mce,AT = AU [4]

It follows, therefore, that all the heat added during constant volume heating goes
completely into increasing the stock of internal energy of the gas. Conversely, if a gas
is cooled at constant volume, the heat rejected will be at the expense of the stock of
internal energy of the gas. If the new pressure is required, it may be found by the
application of the characteristic equation of a perfect gas.

PV, _ BV, )
T T,
and for this case, V| = V.
PP
T (6]
or
T,
Py, =P —=
2=Pi (7]
If unit mass of gas is considered, equation [3] can be written
(T =T =u; —u (8]
from which
o, =to—u _ Au 9]
-1, AT

At any particular absolute temperature 7T, therefore, and as AT — 0, equation
[9] can be written

_ (Gu
o= (dr)y (1o}

The notation (), means that the process is being considered while holding the
volume constant.

Equation [10] is often used mathematically to define the specific heat capacity of a
gas at constant volume.

From equation [10]

du = ¢, dT (11}

A further very important point arises out of equation [3]. Remember how Joule’s
law states that the internal energy of a gas is a function of temperature only. An
inspection of equation [3] will show that this expression does, in fact, give the change
of internal energy as a function of temperature only since m is constant and c, is
assumed constant, being given an average value within the temperature range T to
T5. The expression U, — Uy = me,(T, — T;) will therefore give the change of internal
energy during any process where the temperature changes from original temperature
T to final temperature T>. It will be noted that, from this expression for the change
of internal energy, at any absolute temperature 7, it appears that the total internal

Gases and single-phase systems 111

energy of a gas, reckoned from the absolute zero of temperature, is given by
U =me,T. This seems to indicate that, at the absolute zero of temperature, a gas
possesses no internal energy, a point which is probably true. But the actual value of
the internal energy, U = mc,T, is probably not true, since this expression assumes
that the gas remains as a gas all the way down to the absolute zero of temperature.
This is actually not the case because a gas will liquefy and eventually solidify before
absolute zero is reached, thus its gaseous properties will be lost. But in general, only
the change of internal energy is required, so there is no need to enquire into its actual
value for a gas at any absolute temperature T'; the expression for the change of
internal energy, U, — U, = mc, (T, — T}), will give all that is required.

A further point about the internal energy of a gas concerns its graphical
representation. It has been suggested that the change of internal energy is all that is
generally required. Hence any graphical representation need only plot its change, not
its absolute value. In order to plot values of the change of internal energy, a common
origin must be chosen from which to reckon all changes. It is usual to choose the
origin as 0 °C at which temperature the internal energy is suggested as being zero.
This is really not true, but the overall change of internal energy from one
temperature to another is not affected by the choice of an origin for the graph, an
arbitrary choice, in any case. But with this choice of origin, all values of internal
energy at temperatures below 0 °C will appear as negative.

Consider the equation for the change of internal energy

Uy - Uy =me(T, =T))

If the origin is chosen as suggested, U; = 0 when T = 273.15 K; substituting in the
above equation gives

U =mc(T - 273.15)

where U (written U, above) = the value of the internal energy of the gas at
temperature T (written T, above)

This equation allows determination of the internal energy of a gas, from which a
graph may be plotted. It is also possible to produce a set of tables for the internal
energy of a gas by using the same method.

Example 5.7 2 kg of gas, occupying 0.7 m®, had an original temperature of 15 °C. It was then
heated at constant volume until its temperature became 135 °C. Determine the heat transferred
to the gas and its final pressure. Take c, = 0.72 kJ/kg K and R = 0.29kJ/kg K.

SOLUTION
Heat transferred at constant volume = mc (T, — T})
=2x0.72x (135~ 15)
=2x0.72 x 120
=172.8 kJ

Now PV, =mRT, and T, =(15+273)K = 288K

_mRT, _ 2x029x288 _167.04

= 238.6 kN/m?
v, 0.7 0.7

P,
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Since the volume remains constant, then

Po_B o p_p D ound T, =(1354273) K = 408K
T] T2 T|

—238.6 x 398 _ 338,02 kN/m?
288

5.8 The constant pressure heating of a gas

Let a mass of gas m be heated at constant pressure such that its temperature rises
from T, to T, and its volume increases from V| to V,, then

Heat received by the gas = mass x specific heat capacity at constant pressure
x rise in temperature
=mcy(T2 — Th) (1]

Constant pressure heating is another case of a non-flow process carried out on a
gas. Consider the non-flow energy equation applied to constant pressure heating

O=AU+W 2]
i 2
P = Py
D,
\ % v, v, v

Fig.5.12 Constant pressure process on P-V diagram

In this case external work is done by the gas. Figure 5.12 shows a graph of a
constant pressure process plotted on a P-V diagram. This graph has a definite area
beneath the constant pressure line, which gives the work done, P(V; — V), where P
is the constant pressure (P = P, = P;). In this constant pressure case, equation [2]
becomes

me,(Ty — Ty) = (U — Uy) + P(Vy — V) 3]
= (Uy + PVy) — (U, + PVy)
or
me,(Ty — Ty) = H, — H, (4]
ie.

Heat transferred at constant pressure = Change of enthalpy

This was shown to be the case when dealing with the constant pressure formation
of steam.
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Equation [4] could be written
me, AT = AH (5]

Also, if unit mass of gas is considered, equation [4] becomes

c(Th=T)=hy — hy (6]
from which
h — Ry Ah
T e — e 7
YT -T T AT 7

At any particular absolute temperature 7, therefore, and as AT — 0, equation
[7] can be written

(@
v (ar),, ol

The notation (), means that the process is being considered while holding the
pressure constant.
From equation [8)

dh = c,dT 191
From equation [3]
Uy - Uy = me(Tz -T)-PV, -V
or
Uy = U =me,(T, - T\) —mR(T, - T)) [10}
since
PV =mRT

This again gives an expression for the change of internal energy of a gas in terms
of temperature only, so this can also be used as a method for the determination of
the change of internal energy during any process when a temperature change from T
to T, occurs. The expression determined during the constant volume analysis,
U, — Uy = me(T, — Th), is of a simpler form and is usually used instead of equation
[10].

It should be noted that enthalpy tables could be made up for a gas, using equation
[4], in much the same way as indicated for internal energy tables discussed during the
constant volume analysis.

If the new volume is required after a constant pressure process, this too may be
obtained by using the characteristic equation of a perfect gas.

PV, _ PV, (1]
T, T,

and for this case,

Pr=pP [12]
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nh_n [13]
T, T

or

Vy=V,22 [14]

Example 5.8 A gas whose pressure, volume and temperature are 275 kN/m?, 0.09 m’ and
185 °C, respectively, has its state changed at constant pressure until its temperature becomes
15 °C. Determine the heat transferred from the gas and the work done on the gas during the
process. Take R = 0.29 kJ/kg K, ¢, = 1.005 kJjkg K.

SOLUTION
First determine the mass of gas used.

Now PV, =mRT, and T, =(185+273)K =458K

o PLVI_ 275 x10° x 0.09
RT,  0.29 x 10° x 458

= 0.186 kg

Heat transferred = mc,(T, — T) and 7, = (I15+273) K
=288 K

Heat transferred = 0.186 x 1.005 x (288 — 458)
= 0.186 x 1.005 x (—170)
= -31.78 kJ

Notice the negative sign, indicating that the heat has been transferred from the gas.
Since the pressure remains constant, then

nhn_n

n T,

Vo =1L = 009 x 28 _ 0.056 6 m’®
T, 458

Work done = P(V; — V)
=275 x (0.056 6 — 0.009)
=275 x (—0.0334)
=-9.19kJ

5.9 The difference of the specific heat capacities of a gas

It has been shown that if a mass of gas m has its temperature changed from T to 7>
then the change of internal energy can be determined by the expressions

U, - Uy =me(T, - Ty) (1]
and

Uy = Uy =me,(T\ - T)) —mR(T, - T)) 2]
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If the temperature change is the same for both expressions then it follows that
equation [1] equals equation [2] because the change of internal energy is a function of
temperature only, by Joule’s law.

me(Ty — Ty) = mc, (T — T1) —mR(T, — T1)
from which
c,=¢,— R
since m (T, — Ty) is common throughout.

¢ —c, =R 3]
_ P (since Py _ R> [4]
T T

5.10 The polytropic process and a gas

Section 1.20 discussed the general concept of the polytropic process. A gas is no
exception to this concept; if a mass of gas is expanded or compressed, the general law
of expansion or compression has the polytropic form

PV =C (1]

For two state points 1 and 2

PV =P V3 [2]
Furthermore
Work done = M [3]
n —

This was shown in section 1.21.
By the characteristic equation

PV = mRT [4]

Substituting [4] in [3]

Work done = mR(Ty = T5) {s]
n—1
Apply the non-flow energy equation

O=AU+W
=U,-U)+Ww
=me(T, — TY) +M (6]

n—1

= me(Ty — T) +M 7

n—1
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5.11 The combination of the polytropic law PV" = C and the characteristic
equation of a perfect gas

The law PV = C will enable calculations to be made of the changes in pressure and
volume which occur during a polytropic process. Combining this with the
characteristic equation of a perfect gas will enable variations in temperature to be
determined.

Consider a polytropic process in which the state of a gas changes from Py, V,, T
to Pz, Vz, T2.
By the polytropic law

PVi=PV} 1
By the characteristic equation

PV _ P
T, T, 2]

From equation [2]

L_hv
T, PV, ol

From equation [1]

P (ﬁ)
P 2 V] [4]

Substituting equation [4] in equation [3]

2G50 )
T, i) " Vi Vi

or
ﬂ _ ﬁ (n-1)
T v, (5]
Also, from equation [4]
I/n 1/n
7)o () L
Vi P, Vi Py

Substituting equation [6] in equation [3]

Ti_P (&)””: P (ﬁ)‘”"
T, P, \P P\ P

ﬂ _ £1— (n—1)/n
7, P, (7

Combining equations [5] and {7]

T _ <ﬁ)<n—n/n: v, (n-1)
7, p, Vi ¢l

or
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or in other words

Ratio of absolute temperatures = (Ratio of pressures)"” " D/n
= (Inverse ratio of volumes)” "

This expression gives the relationship between pressure; volume and temperature
when a gas state changes according to the law PV" = C.
From equation [8], by raising each term to the power n/(n — 1) it follows that

<£>n/(nl)_ <-&)(nl)/n-n/(n1)4 (ﬁ>(ﬂl)'/l/("])
T P, v,

- ()"
PZ V] T2

Also, by raising each term in equation [8] to the power 1/(n — 1) it follows that

<£>l/(nl): <—&)(nl)/'1~l/(n—l): (ﬁ>(nl)-l/(nl)
T, P, Vi

ﬁ: <£>l/(n1): <&>l/n [10]
Vi [ Py

Having developed these expressions, it might be useful to note that, initially, it may
be difficult to know which one to use for the solution of a particular problem. There
is no hard and fast rule, but notice that

or

PV, P,

T, T,

requires five conditions of state to be known before solving for the sixth. If five
conditions are not known, another expression may be more appropriate, such as

n n—1
ﬂ:<ﬁ> o ﬂz(ﬁ)( "
P, 12 T, Py

Example 5.9 A gas whose original pressure and temperature were 300 kN/m® and 25 °C,
respectively, is compressed according to the law PV'4 = C until its temperature becomes
180 °C. Determine the new pressure of the gas.

SOLUTION .
It has been shown that for a polytropic compression, the relationship between pressure and
temperature is

T, (ﬁ (n—=1)/n
T P,



118  Basic engineering thermodynamics

From this

P] Tl nf(n—1)
7 (%)

n/(n—1)
e (})
T,

Now

T =(25+273) K =298K

and
T, =(180+273) K =453 K
Hence
1.4/04
P, =300 x (ﬁ)
298
=300 x 1.523°
= 300 x 4.33

= 1299 kN/m? or 1.299 MN/m?

Example 5.10 A gas whose original volume and temperature were 0.015 m’ and 285 °C,
respectively, is expanded according to the law PV ' =C until its volume is 0.09 m’.

Determine the new temperature of the gas.

SoLUTION
The relationship between volume and temperature during a polytropic expansion of a gas is

Tl V2 (n—1)
= (—) and T, = (285 +273)K = 558 K
T 14

(n—1) (135—1)
T,=T (.V_‘> = 558 x (M)
V, 0.09

_ 558
T 6035

_ 558
1.87

=298.4 K
1 =2984-273=254°C
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Example 5.11 0.675 kg of gas at 1.4 MN/m’ and 280 °C is expanded to four times the
original volume according to the law PV '3 = C. Determine

(a) the original and final volume of the gas

(b) the final pressure of the gas

(c) the final temperature of the gas

Take R = 0.287 kJ/kg K.

(a)
Now PV, =mRT, and T, = (280 +273) K =553 K

_ mRT, _ 0.675 x 0.287 x 10° x 553
P, 1.4 x 106

Vi
=0.076 5m®

The original volume is 0.076 5 m".
Since the gas is expanded to four times its original volume, then

V, =4V, =4 x0.076 5= 0.306 m*

The final volume is 0.306 m>.

(b)
PV =PVt

n 1.3
P =P (ﬁ) - 1_4(1)
v, 4

FN

A=t
"

14

6.06
= 0.231 MN/m?
=231 kN/m?

The final pressure is 231 kN/m?.

(c)
PV, PV,
T, T,

_P ¥y 0231

T, = =
TP, T 14

x4 x 553 =365K

t, =365-273=92°C

The final temperature is 92 °C.
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Example 5.12 0.25 kg of air at a pressure of 140 kN/m? occupies 0.15 m> and from this
condition it is compressed to 1.4 MN/m’ according to the law PV 2 = C. Determine

(a) the change of internal energy of the air

(b) the work done on or by the air

(c) the heat received or rejected by the air

Take c, = 1.005 kJjkg K, c, = 0.718 kJjkg K

(@
Nowc¢, —c, =R
R =1.005-0.718 = 0.287 kJ /kg K
Also PV, =mRT,

_ PV, _ 140 x10° x0.15
mR 025 x 0.287 x 103

(n=1)/n
Also I = <ﬁ)

T =292.7K

(n=1}/n 6\ 0.25/1.25

| 140 x 10
=292.7 x 10'° = 292.7x/10
=292.7 x 1.585
=463.9K

Change of internal energy

AU = U2 - U] = mcv(Tz ht TI)
=0.25 x 0.718 x (463.9 — 292.7)
=025x0.718 x 171.2
=30.73kJ

This is positive, so it is a gain of internal energy to the air.

(b)
Work done. W — mR(T) — T>) _ 0.25 x 0.287 x (292.7 — 463.9)
' n—1 1251
_ 0.25x0.287 x (=171.2)
0.25
= —49.1kJ

This is negative, so the work is done on the air.

(©
O0=AU+W
0 =30.73 —49.1 = —18.37kJ

This is negative, so the heat is rejected by the air.

Gases and single-phase systems 121

5.12 The adiabatic process and a gas

When dealing with the general case of a polytropic expansion or compression, it was
stated that this process followed a law of the form PV" = C. Now the adiabatic
process can be a particular case of the polytropic process in which no heat is allowed
to enter or leave during the progress of the process. From this it appears there should
be a particular value of the index n which will satisfy this condition. An investigation
is therefore necessary to see if this is the case.

Consider an adiabatic expansion or compression in which a change of state occurs
from P|, Vl, T] to P2, V2, T2. Then

Change of internal energy = mc, (T, — T1) 1M
Also
Work done during the process = ﬁ%]——% 2]
’y -—
— mR(T] — TZ) [3]
G-D

where y (gamma) is the particular index which will satisfy the case of an adiabatic
process (sometimes the adiabatic index is written k).
From the polytropic law, if y is the adiabatic index

P V=PV, (4]

Also from the polytropic law

Ii: (i>(w-l)/v: (ﬁ)(v—l) [5]
T Py V,

and by the characteristic equation

PV, P,

Applying the non-flow energy equation
Q=AU+W
For an adiabatic process Q = 0 (see section 1.27)
0=AU+W
or
W=—AU M

Work is done at the expense of internal energy during an adiabatic expansion.
Internal energy increases at the expense of work during an adiabatic compression.
Substituting equations [1] and [3] in equation [7]

PRI — e (T, = T)
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mR(T, — Tz) _ .
_ﬁ(y Y =mc (T - T7)

from which

R =c
G-1n

(8]

since m (T} — T>,) is a common term on both sides.
From this

R
c—v-(v—l) [9]

or

R R
‘}):—+1: +Cv
Cy Cy

[10]

Now R = ¢, — ¢,; substituting in equation [8]

c,—c¢,+c¢

P v v

’})_—ﬁ
c,

or
Lo (11]

From this, then, the law for an adiabatic expansion or compression of a gas is
PVY = C, where y =cplc, the ratio of the specific heat capacities at constant
pressure and constant volume. The theoretical adiabatic process is sometimes said
to be a frictionless adiabatic process. The reason for this is perhaps best
understood by attempting to suggest a practical way of carrying out an adiabatic
process. If a piece of apparatus for carrying out an expansion or compression
could be constructed of a perfect heat insulating material then an adiabatic process
would be quite possible. But no perfect heat insulator exists, so perhaps the nearest
approach to an adiabatic process is to complete the process very rapidly, in which
case there is very little time for heat exchange between the gas and its
surroundings.

But, when such a process is carried out, it is found that with both the compression
and the expansion, the final temperature is slightly higher than the calculated value.
Now since the process is very rapid, the heat transfer required to increase the
temperature above the adiabatic temperature could not have transferred from the
outside. The answer to this is friction, turbulence and shock within the gas itself.
Energy is required to overcome these effects and it will appear as a slightly increased
temperature of the gas above its theoretical value. If these effects are neglected then
the adiabatic process is said to be frictionless.

The average value of y, the adiabatic index, for air is of the order of 1.4.
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Example 5.13 A gas expands adiabatically from a pressure and volume of 700 kN/m® and
0.015 m’, respectively, to a pressure of 140 kN/m?. Determine the final volume and the work done
by the gas. Determine, also, the change of internal energy in this case. Take, c, = 1.046 kJ/kg K,
¢, =0.752 kJ/kg K.

SoLUTION
Adiabatic index = y = ¢,/c, = 1.046/0.752 = 1.39

For an adiabatic expansion

P| V)l] = Pz V%
-5 o e ()"
v, P, v, P,
from which
1/y 1.39
Vv, =¥, (ﬂ> ~0.015 x <@>
P, 140

=0.015x 5'"% = 0.015 x"%/5
=0.015 x 3.18

= 0.048 m>
The final volume is 0.048 m>.

PV, - P

Work done =
y—1

_ (700 x 0.015) — (140 x 0.048)
139 — 1

~105-672 378

0.39 0.39
=9.69 kJ

For an adiabatic process
W=-AU
or
AU =-W
Change of internal energy = —9.69 kJ

This 1s a loss of internal energy from the gas.

5.13 The isothermal process and a gas

An isothermal process is defined as a process carried out such that the temperature
remains constant throughout the process. This is evidently the same as a process
carried out according to Boyle’s law. The law for an isothermal expansion or
compression of a gas is therefore
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PV = C, a constant [1]
Thus, for a change of state from 1 to 2

PV, =PV, {2]

T, = T, = T = constant temperature [3]

Now the law PV = (C is that of a rectangular hyperbola.
In section 1.22 it was shown that

Work done = PV ]n% (4]
)

This, therefore, is the expression which will give the work done during an
isothermal process on a gas.
From the characteristic equation

PV =mRT [5]

Substituting equation [5] in [4]

Work done = mRT ]nﬁ [6]
1

Applying the non-flow energy equation
Q=AU+ W.

For an isothermal process T = constant, and by Joule’s law, the internal energy of
a gas is a function of temperature only, so if T = constant, there is no change of
internal energy.

Hence, for an isothermal process

AU=0
So the energy equation becomes

o=Ww (71

=PVIn Ya_ mRTIn ¥a [8]
Vi Vi

It follows that, during an isothermal expansion, all the heat transferred is
converted into external work. Conversely, during an isothermal compression, all the
work done on the gas is rejected by the gas as heat transfer. This sometimes seems a
little odd at first, but remember the temperature must remain constant throughout,
so the internal energy before the process will be the same as the internal energy after
the process. For an expansion, external work is performed by the gas. During an
isothermal process the internal energy content of the gas must remain constant, so it
appears that any heat transferred to the gas must immediately be dissipated in
carrying out the external work. A similar analysis holds for the case of an isothermal
compression. The energy input is in the form of work done on the gas and is
immediately rejected as heat transfer.
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Example 5.14 A quantity of gas occupies a volume of 0.4 m* at a pressure of 100 kN/m® and
a temperature of 20 °C. The gas is compressed isothermally to a pressure of 450 kN/nt’ then
expanded adiabatically 1o its initial volume. For this quantity of gas determine

(a) the heat transferred during the compression

(b) the change of internal energy during the expansion

(c) the mass of gas

Assume that, for the gas, vy = 1.4, ¢, = 1.0 kJjkg K.

(a)
For the isothermal compression
PV, = PV,
V= v, B0 Z 0.4 x 199 _ 4 089 m?
P, 450

Now Q = AU + W and for an isothermal process on a gas AU =0
Q=W=PVInr= PVInﬂ
Py

=100x04 x In @
450

= —100><0.4><Inﬂ
100

=-40xIn45=-40x 1.5

= —600 kJ
This is heat rejected.
(b)
For the adiabatic expansion
PZ V% = P2 VZ;
b 14
o= (22 a0« (029)
Vs 0.4
_ 450
4514
450
821
= 54.8 kN/m?

Now @ = AU + W and for an adiabatic process 0 = 0

0=AU+ W
or
AU = 7W::(P2—V2__MQ
y—1
_ —(450 x 0.089 — 54.8 x 0.4)
a 1.4-1
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_ —(40.05-21.9)
0.4

_ —18.15
0.4

= 454 kJ

This is a loss of internal energy.

(©

¢, —c,=R and c¢,/c, =7, s0 ¢, =¢,fy
1
(cp~c,,/V):R:c,,(l—;>

1
R=10x <1 —1—4) = 1.0 x (1 — 0.714) = 0.286 kJ /kg K

PV, =mRT, and T, =(20+273)K =293K

PV, 100 x 10° x 0.4
m= = = 0477
RT,  0.286 x 10° x 293 ke

5.14 The non-flow energy equation and the polytropic law PV" = C

Consider the expansion or compression of a gas according to the law PV” = C in
which the state changes from Py, V|, T\, to P, V>, T5.

It has been shown that the change of internal energy is
o

AU =me (T, - TV) (1]
Also, the work done during the change is

_mR(T\ —-T))
n—1

w 2]

Substituting equations [1] and {2] into the non-flow energy equation

Q=AU+W

then
Q:]’;«]CV(T'2 — TO.*.M [3]
n—1
Now
¢—c¢, =R [4]
and
c
o =7 5
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From equation [5] ¢, = yc,; substituting into equation [4] gives

ye,—¢,=R or c¢(y—1)=R [6]

R
= 7
“To-n 7

Substituting equation [7] into equation {3]

Q—m(y_l)(Tz T|)+m(n_l)(Tl TZ)
—m(n_ ])(Tl T;_) m(y_ l)(Tl TZ)
- [(n— e 1)]'"R(T' k&
_[G=D-mn-1) _
”[ (n— Dy —1) ]'”R(T' &
_ (y—n) mR(T) — T5) (8]

-1 (-1
or
Q= y_:_t: x Polytropic work 1%

From this equation it is possible to examine what happens to the heat received or
rejected during an expansion or compression of a gas if the value of the index n is
varied. For a compression the work done is negative. In this case

If n > vy then YR s negative, so Q is positive, i.e. heat is received.
¥ 1 p

If n < y then ? _’1' is positive, so Q is negative, i.e. heat is rejected.

For an expansion the work done is positive. In this case

If n > y then TR s negative, so Q is negative, i.c. heat is rejected.
Y 1 g

If n < y then y= rll is positive, so Q is positive, i.e. heat is received.

Note that

If n = y then b 'll =0, so O =0, i.e. this is the adiabatic case.

Ifn=1then . _rll — 1, so Q = work done, i.e. this is the isothermal case.
y—
Note that this analysis has shown how to control the value of the index n. The
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control of the index n is obtained by the extent to which heat is allowed, or not
allowed, to pass out of, or into, the gas during the compression or expansion.
Substituting equation [6] in equation [8]

—n _
0=T=Dmeir-1) e
:mcvg—:’g—(ﬂ - T13) [10]
=me,(T) ~ T>) [11]
where
_ G=n
"M (12]

¢y 18 called the polytropic specific heat capacity.

Example 5.15 A gas expands according to the law PV '? = C from a pressure of 1 MN/m’?
and a volume 0.003 m’ 10 a pressure of 0.1 MN/m’. Determine the heat received or rejected by
the gas during this process. Determine the polytropic specific heat capacity. Take y = 14,
¢, =0.718 kJjkg K

SOLUTION
Now P| V'll = Png

\/n 113
v, =V, (ﬂ> —0.003 x (-
P, 0.1

=0.003 x 10"/'?
= 0.003 x 5.88
=0.017 6 m*

/

Heat received or rejected is

Q= G-n x work done
(-1
_b=m (PVi— PV
-1 n—1
_ (1.4 -1.3) « (1 x0.003 — 0.1 x 0.017 6)
(14-1) 13-1
_ 0.1 y (0.003 — 0.001 76)
0.4 0.3
_1 000124
4 0.3
_ 0.001 24
1.2
= 0.00103 MJ
= 1.03 kJ
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This is positive, so heat is received by the gas.

6=, 270 718 x 14213
(n—1 (13-1)
—0718 x 2L
0.3
= 0239 kJ/kg K

5.15 Air-steam mixtures (see also Chapter 19)

The problem of air-steam mixtures is solved by the use of Dalton’s law of partial
pressures. This states that the pressure exerted by a mixture of gases or a mixture of
vapours or both is equal to the sum of the pressures of each gas or vapour taken
separately if the quantity of gas or vapour in the mixture occupied alone the same
volume as that of the mixture and at the same temperature. Thus each constituent
behaves as if it occupied the volume alone and is independent of the presence of the
other constituents. The pressure of each constituent taken alone is known as its
partial pressure. Thus, if there is a mixture of air and steam, then

Pressure of mixture = Partial pressure of steam + Partial pressure of air

Example 5.16 A container is filled with a mixture of air and wet steam at a temperature of
39°C and a pressure of 100 kNim® (1 bar). The temperature is then raised to 120.2 °C, the
steam remaining wet. Determine

(a) the initial partial pressures of the steam and air

(b) the final partial pressures of the steam and air

(c) the total pressures in the container after heating

?r)om the steam tables, the pressure of wet steam at 39 °C is 7 kN/m”.
Initial partial pressure of the steam = 7 kN/m?

From this, by Dalton’s law of partial pressures, initial partial pressure of the air is
100 — 7 = 97 kN/m?

U]

At 120 °C, the pressure of wet steam is 200 kN/mz,
Final partial pressure of the steam = 200 kN/m?

For air, P,/T\, = P,/T, for a constant volume process.

Py=pP 0973832 _ 12224 kN/m?
T, 312

Final partial pressure of the air = 122.4 kN/m?
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©

Total pressure after heating is

200 + 122.24 = 322.24 kN/m?

Example 5.17 A vacuum gauge on a condenser reads 660 mm Hg and the barometer height is
765 mm Hg. Steam enters the condenser with a dryness fraction of 0.8 and has a temperature
of 41.5 °C. Determine the partial pressures of the air and steam in the condenser. If the steam
is condensed at the rate of 1500 kg/h, determine the mass of air which will be associated with
this steam. Take R for air as 0.29 kJjkg K.

SOLUTION

Absolute pressure in condenser = 765 — 660
= 105 mm Hg
= 0.01334 x 105
= 14 kN/m?

At 41.5 °C, from steam tables
Partial pressure of the steam = 8 kN/m?
Partial pressure of the air = 14 — 8 = 6 kN/m?
At 41.5 °C and with a dryness fraction 0.8, specific volume of the steam is
xv, = 0.8 x 18.1 = 14.48 m?/kg
The }associated with 1 kg of the steam will occupy this same volume.
For air, PV =mRT and T =(41.5+273)K =3145K

PV _ 6x1448 _ 8688
RT 029x3145 912

= 0.953 kg/kg steam
Mass of air/h = 0.953 x 1500 = 1429.5 kg

Example 5.18 A cylinder contains a mixture of air and wet steam at a pressure of 130 kNjm®

and a temperature of 75.9 °C. The dryness fraction of the steam is 0.92. The air-steam mixture
is then compressed to one-fifth of its original volume, the final temperature being 120.2 °C.
Determine

(a) the final pressure in the cylinder

(b) the final dryness fraction of the steam

(@)
At 759 °C
Partial pressure of the wet steam = 40 kN /m?

Partial pressure of the air = 130 — 40 = 90 kN/m?
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Specific volume of the wet steam at 75.9 °C and 0.92 dry is
0.92 x 3.99 = 3.67 m? /kg

For air
PV B,
T1 T2
PV, PV
—1="22 and T =(759+273)K = 3489K
T T,

7, =(120.2+273) K = 393.2K

v T 393.2
P,=P —L22_9g9 _ 2
2 v, T, x5 x 348.9 507.1 kN/m

The final pressure of the air is 507.1 kN/mZ
For the steam at 120.2 °C

Pressure = 200 kN/m?

Final pressure in the cylinder = 507.1 + 200
= 707.1 kN/m?

(b)

Final specific volume of steam in the cylinder is
3—'561 =0.734 m’ /kg

At 200 kN/m?
v, = 0.885 m*/kg

Final dryness fraction of the steam = w

0.885
= 0.83

6.16 General examples

Example 5.19 A gas at a pressure of 1.4 MN/m® and temperature of 360 °C is expanded
adiabatically 10 a pressure of 100 kN/m’. The gas is then heated at constant volume until it
again attains 360 °C, when its pressure is found to be 220 kNim®, and Sinally it is compressed
isothermally until the original pressure of 1.4 MN|m? is attained. Sketch the P-V diugram for
these processes and, if the gas has a mass 0f 0.23 kg, determine

(a) the value of the adiabatic index y

(b) the change in internal energy during the adiabatic expansion

Take cy, for the gas as 1.005 kJjkg K.
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SoLuTION )
Figure 5.13 is a sketch of the P-V diagram.

1400 —t, = 360 °C

- Isothermal

£

<

Y Adiabatic 3
220 \ ] ta=360°C
100

2

4

N v

Fig. 5.13 Diagram for Example 5.19

N\ 24

(a)

For the isothermal process, P\ V| = P,V
PL_Va_ 1400 oo
Py 220

For the adiabatic process, P,V | = P,V

P, Vi 77
1400 ,
— =06.36" 14 = 6.367
100 x or 6.36
From which
y = 1.426
(b)
Now ¢,/c, =y
¢ 1.005
y=—=——=0705 kJ/k
y 1426 /ke K

For the constant volume process, P3/T; = P,/ T,
Ty =T, = (360 4+ 273)K

- 633K
P, 100
Ty = 22T, = -2 x 633 = 287.7K
TR T 20

1, =2877-273=14.7°C
Change of internal energy during the adiabatic change is
Uy = Uy =me,(T, - Th)
0.23 x 0.705 x (287.7 — 633)

—(0.23 x 0.705 x 345.3)
= —55.99kJ

This is a loss of internal energy.

i

P A%
4:(—2) and LENEN £} since V3=V,
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Example 5.20 An oxygen cylinder has a capacity of 300 litres and contains oxygen at a
pressure of 3.1 MN/m® and temperature 18 °C. The stop valve is opened and some gas is used,
If the pressure and temperature of the oxygen left in the cylinder fall to 1.7 MN/m’ and 15 °C,
respectively, determine the mass of oxygen used.

If after the stop valve is closed the oxygen remaining in the cylinder gradually attains its
initial temperature of 18 °C, determine the amount of heat transferred through the cylinder wall
from the atmosphere. The density of oxygen at 0 °C and 0.101 325 MN/m* may be taken as
1.429 kg/m’® and vy for oxygen as 1.4.

SOLUTION
Consider the density condition given

PV =mRT

_ PV 0.101325x 10° x |

- =026 kJ/kg K
mT 1.429 x 273

R

For the initial conditions in the cylinder

P Vi =mRT,
= }1’2';/.1 - 3'lox.zleoi >;03302 ;(911073 - (iﬁléxx32()9()1 =123k
After some of the gas is used
— PV, _ 17x 106 x 300 x 107°  1.7x300 _ 6.8 kg

RT, 0.26 x 103 x 288  0.26 x 288

The mass of oxygen remaining in cylinder is 6.8 kg.

Mass of oxygen used = 12.3 — 6.8 = 5.5 kg

For a non-flow process
Q=AU+W
and since the volume of the oxygen remains constant, no external work is done.
W =0 hence Q=AU

This means that the heat transferred through the cylinder wall is equal to the gain of internal
energy of the oxygen, nm,c (T} — T2). Now

o=—R 026 _ 4 6ska/kg K
-1 04
Heat transferred = 6.8 x 0.65 x (291 — 288)
=68x0.65x3
=13.26 kJ
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Example 5.21 0.1 m’ of gas is compressed from a pressure of 120 kN/m’ and temperature
25 °C to a pressure of 1.2 MN/m’ according to the law PV'? = constant. Determine

(a) the work transferred during the compression

(b) the change in internal energy

(c) the heat transferred during the compression

Assume ¢, = 0.72 kJjkg K and R = 0.285 kJ/kg K.

(a)
PVi=PV!

By

) (5"
={—= or Vo=V, [—
P (Vl PN\ p,

0l
I
01
6.8
=0.0147 m®
Work done = i = PIVi = PaVa _ (120 x 0.1 — 1200 x 0.014 7)
n—1 0.2
_(12-17.64)
0.2
_ (=564
0.2
= -282kJ
(b)
PV, _ P, S s 147}
T T, T T,
_ 1200 00147 o0
120 0.1
=438 K

t, =438 — 273 =165 °C
Now PV = mRT, and considering the initial conditions

_ PV _ 120x0.1

m =
RT;  0.285 x 298

=0.141 kg

Change of internal energy is

me(Ty — T1) = 0.141 x 0.72 x (438 — 298)
=0.141 x 0.72 x 140
= 14.2kJ

Gases and single-phase systems 135

(©
O=AU+W
=14.2-282
= -14.0kJ

This is heat transferred from the gas.

Example 5.22 An air receiver has a capacity of 0.85 nm’° and contains air at a temperature of

15 °C and a pressure of 275 kN/m>. An additional mass of 1.7 kg is pumped into the receiver. It

is then left until the temperature becomes 15 °C once again. Determine

(a) the new pressure of the air in the receiver

(b) the specific enthalpy of the air at 15 °C if it is assumed that the specific enthalpy of the air
is zero at 0 °C.

Take ¢, = 1.005 kJjkg, ¢, = 0.715 kJ/kg K.

(a)
If m; = original mass of air, then
PV,
m=—-— and R=c¢,—c¢, =1005-0.715=029 kJ/kg K
1
my — 275 x 0.85 ~28kg
0.29 x 288

After 1.7 kg of air are pumped in, the final mass of air is

my; =28+ 1.7=45kg
Now PV = mRT, so

P:mRT
V

fl _ mzRTz/Vz _ ﬁ
P| mlRT]/VI ny

since R, T and V are the same in both cases.

Py= P2 =275 x 23 _ 42 kN/m?
m, 2.8

®»

For 1 kg of air, the change of enthalpy is
hy—h = Cp(Tz -T)

If 0 °C is chosen as the zero of enthalpy, then

h = c,(T — 273) = 1.005 x (288 — 273)
=1.005 x 15
=15.075kJ /kg
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Example 523 A gas has a density of 1875 kg/m® at a pressure of 1 bar and with a
temperature of 15 °C. A mass of 0.9 kg of the gas requires a heat transfer of 175 kJ to raise its
temperature from 15 °C to 250 °C while the pressure of the gas remains constant. Determine
(a) the characteristic gas constant of the gas

(b) the specific heat capacity of the gas at constant pressure

(c) the specific heat capacity of the gas at constant volume

(d) the change of internal energy

(e) the work transfer

(@)
For a gas, PV = mRT

R PV _ _100x1
mT 1875 x 288

(1 bar = 100 kN/m?)

= 0.185 kJ /kg K

(b)

For constant pressure heating

Heat transfer = mc,(t, — 1)
175 = 0.9 x ¢,(250 — 15)

from which

175
Cp =
0.9 x 235

©

Now ¢, —¢c, =R

= 0.828 kJ/kg K

¢, =c, — R=0.828 ~0.185 = 0.643 kJ /kg K
()]
Change of internal energy is

me,(t; — 1) = 0.9 x 0.643 x (250 — 15)
=0.9 x 0.643 x 235
=136 kJ

(e
Now Q=AU+ W

W=0Q-AU=175-136 =39kJ

Example 5.24 A quantity of air has a volume of 0.15 m’ ar a temperature of 120 °C and a
pressure of 1.2 MN/m’. The air expands to a pressure of 200 kN/m’ according to the law
PV'3? = C. Determine

(a) the work transfer

(b) the change of internal energy

(c) the heat transfer

Take ¢, = 1.006 kJ/kg K, c, = 0.717 kJjkg K.

(@
Pl 14 :,32 — P2 |14 5.32

p 1/1.32
VI <_l>
PZ

1/1.32
0.15 x (@>
200

=0.15% 6'/"%
=0.15 x 3.89
= 0.584 m?

I

Vy

Now
_ PV =P
n—1

w

(1200 x 0.15) — (200 x 0.584)
h (132-1

_ (180 —116.8)
- 0.32

_ 632
0.32

=197.5kJ
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m= and R=c¢,—¢, =1006-0717 =0.289 kJ/kg K

also T, = (120+273) K = 393K
Hence

_ 1200 x 0.15

=0T 158 kg
0.289 x 393

also

_T_L_ (ﬂ)("*l)/”
1 P,

from which

(n—1)/n (1.32-1)/1.32

P 200)

=1 (22 — 393 x (20
: '<P1> (1200

1\ 03/
=393 x (w>
6

393 393
64125 T 1544
=254.5K

137
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Now, for a gas

AU = mc,AT (see section 5.7)
or
U, — Uy =me(T, — Th)
=1.58 x 0.717 x (254.5 — 393)

1.58 x 0.717 x ( — 138.5)
~156.9 kJ

Note also that
¢, = R (see section 5.12)
y—1
hence
R PV, — PV
Uy-U =m—(T, - T)) L 22v2 vl
y—1 y—1

since PV = mRT (see section 5.4)

Now
y=Co = 1006 _ ) 403
¢, 0.717
(200 x 0.584) — (1200 x 0.15) _ —63.2
U2 - Ul = =
(1.403 — 1) 0.403
= —156.9 kJ
(©
0=AU+W
= -1569 + 197.5
= 40.6 kJ

Note also that

Q =mc,(T) - Ty) = me, (¢ =n) (T, — T;) (see section 5.14)

(n-1
158 x 0717 x AAB =132 595 5545
a32-1
—1.58 x 0717 x 2983 1385
0.32
— 40.6kJ

Example 5.25 A pressure vessel contains a gas at an initial pressure of 3.5 MN/m’ and at a
temperature of 60 °C. It is connected through a valve to a vertical cylinder in which there is a
piston. Initially there is no gas under the piston. The valve is opened, gas enters the vertical
cylinder, and work is done in lifting the piston. The valve is closed and the pressure and
temperature of the remaining gas in the cylinder are 1.7 MNin? and 25 °C, respectively.
Determine the temperature of the gas in the vertical cylinder if the process is assumed to be

adiabatic. Take y = 1.4.
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Cylinder
—a

Pressure
vessel
Volume =V
Mass = m | I I

Piston—{[| | []]

Volume =V,

Cylinder—» Mass=m,

1

initial condition Final condition

Fig.5.14 Diagram for Example 5.25

SOLUTION
Firstly, draw a diagram (Fig. 5.14).
Let

Volume of pressure vessel = V

Initial mass of gas in pressure vessel = m
Initial temperature of gas = T

Initial pressure of gas = P

Then, for initial condition in pressure vessel
PV =mRT
from which

_ PV _35x10°x V¥

R =
mT m x 333
For final condition in pressure vessel, let

Final pressure = P,
Final temperature = T

then
P,V =(m—m)RT,
where m; = mass of gas bled from vessel into cylinder
From this

PV LIx10°xV
T m-m)T,  (m—m)x298

Equating equations [1] and [2]

35x108x ¥V 17x108xV
m % 333 (m — my) x 298

35 1.7
333m  298(m — m,)

From which

3.5 x 298(m — my) = 1.7 x 333m
1043m — 1043m; = 566.1m
(1043 — 566.1)m = 1043m,

139

(1

(2]
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476.9m = 1043m,

1043
m=——m
476.9

=2.19m, (3]

The mass of gas in the system remains constant.
Hence, using the non-flow energy equation

Q=AU+W

Q = 0 since the process is adiabatic.

0=AU+W
or
W=-AU=-—(U, -U)
W=U-U, 4]
Let
Final pressure in cylinder = P,
Final temperature in cylinder = T;
Final volume in cylinder = ¥,
Then

W = PV, = m RT, = work required to lift piston {51

Note that this assumes the pressure of the gas remains constant in the vertical cylinder as the
piston is lifted.
Now

U=me,T (6]
and

U =(m-m)e,Tr +me, T (71
So from equations [4], [5], [6] and [7)

m RTy =me, T —-[(m—my)c,T> +mc,T] [8]
But R = ¢, — ¢,; substituting into equation [8]

mi(c, = ¢ )T\ = ¢, [mT — (m —m))T, —m T}
m(y — DIy =mT —(m—m)T, —m T, [9]

Substituting equation [3] in equation [9] and y = 1.4

0.4m Ty = 2.19m; x 333 — (2.19m; — m;) x 298 — m, T
047, =729.3 -652.6 +298 - T,

14T, = 374.7
T, =374.7/14
=267.6K
1y = 267.6 — 273
=-54°C
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Example 5.26 A pressure vessel is connected, via a valve, to a gas main in which a gay Iy
maintained at a constant pressure and temperature of 1.4 MN/m’ and 85 “C. respectively. The
pressure vessel is initially evacuated. The valve is opened and a mass of 2.7 kg of gas puasses
into the pressure vessel. The valve is closed and the pressure and temperature of the gas in the
pressure vessel are then 700 kN/m’ and 60 °C, respectively. Determine the heat transfer to or

from the gas in the vessel. Determine the volume of the pressure vessel and the volume of the

gas before transfer.
For the gas, take c, = 0.88 kJlkg K, ¢, = 0.67 kJ/kg K. Neglect the velocity of the gas in
the main.

y oo T I
~fman |l o
,/‘I‘E§:Evacuated &@E—E —;r—>0
L : )| Dotted lines
10 | she s e,
---a 1 v 1V 1 |o____ 1
Initial condition (1) Final condition {2)

Fig.5.156 Diagram for Example 5.26

SOLUTION
Firstly, draw a diagram (Fig. 5.15). This problem can be analysed by the use of the steady-
flow energy equation.

C? C?
u|+P|V|+71+Q=u2P2V2+TZ+W Y]

This is neglecting the potential energy terms.

There is no external work done, hence W = 0. Also there is no change in kinetic energy,
hence the terms C2/2 can be neglected.

There is no energy required for displacement in the pressure vessel since it is initially
evacuated. Hence the term P,v, = 0.

Thus, for unit mass of gas, equation [1] becomes

uy+ Pvi+Q0=u 2]
0 = (uy —uy) — Py,
=¢,(Th —T)) =Py [3]

For unit mass of gas
Pyvy = RT, =(c, — ¢,)T) 4]
Substituting equation [4] into equation [3]

OQ=c(T,-T))— (Cp = )Ty
= 0.67 x (333 — 358) — 358 x (0.88 — 0.67)
= 0.67 x (— 25) — 358 x 0.21
=-16.75-75.18
= —91.93 kJ/kg

This is heat transferred from the vessel. So for 2.7 kg of gas
Heat transferred = 2.7 x 91.93 = —-248.2 kJ
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From equation [4]

021 x 358

= 0.0537 m*/k
1400 m”/kg

T
vi = (¢, — CV)F:

V, =27 x0.0537=0.145m’

The volume of gas before transfer is 0.145 m®.

No

w PPV

T, T,
v, :QQV. _ 1400 333 6145
P, T, 700 ~ 358
=027 m’

The volume of the pressure vessel is 0.27 m>.

Questions

1.

A quantity of gas has an initial pressure of 140 kN/m? and volume 0.14 m®. It is then
compressed to a pressure of 700 kN/m? while the temperature remains constant.
Determine the final volume of the gas.
[0.028 m?]
A quantity of gas has an initial volume of 0.06 m® and a temperature of 15 °C. It is
expanded to a volume of 0.12 m® while the pressure remains constant. Determine the
final temperature of the gas.
[303 °C]
A mass of gas has an initial pressure of | bar and a temperature of 20 °C. The
temperature of the gas is now increased to 550 °C while the volume remains constant.
Determine the final pressure of the gas.
[2.81 bar]
A mass of air has an initial pressure of 1.3 MN/m?, volume 0.014 m> and temperature
135 °C. It is expanded until its final pressure is 275 kN/m? and its volume becomes
0.056 m>. Determine
(a)  the mass of air
(b) the final temperature
Take R = 0.287 kJ/kg K.
[(a) 0.155 kg; (b) 72 °C]
A quantity of gas has an initial pressure and volume of 0.1 MN/m* and 0.1 m’,
respectively. It is compressed to a final pressure of 1.4 MN/m? according to the law
PV1% = constant. Determine the final volume of the gas.
{0.0123 m® (= 12.35 litres)]
A quantity of gas has an initial volume and temperature of 1.2 litres and 150 °C,
respectively. It is expanded to a volume of 3.6 litres according to the law
PV'4 = constant. Determine the final volume of the gas.
[0°C]
A mass of gas has an initial pressure and temperature of 0.11 MN/m? and 15 °C,
respectively. It is compressed according to the law PV'3 = constant until the
temperature becomes 90 °C. Determine the final pressure of the gas.
[0.299 MN/m?|
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0.23 kg of air has an initial pressure of 1.7 MN/m? and a temperature of 200 °C. It is
expanded to a pressure of 0.34 MN/m” according to the law PV'* = constant.
Determine the work transferred during the expansion. Take R = 0.29 kl/kg K.

{30.02 kJ]

0.1 kg of gas is heated by means of an electric heater for a period of 10 min, during
which time the pressure of the gas remains constant. The temperature of the gas is
increased from 16 °C to 78 °C. The power used by the heater is 20 watts. Assuming no
losses, determine
(a) the specific heat capacity of the gas at constant pressure
(b)  the specific heat capacity of the gas at constant volume
(c)  the characteristic gas constant
(d) the density of the gas at a temperature of 16 °C and with a pressure of
0.12 MN/m?

For the gas, take y = 1.38.

{(a) 1.065 kJ/kg K; (b) 0.772 kJ/kg K; (c) 0.293 kJ/kg K;

(d) 1.417 kg/m®]

An engine has a swept volume of 15 litres and a volume ratio of compression of 14:1.
The air in the engine at the beginning of compression has a temperature and pressure
of 30 °C and 95 kN/m?, respectively. The air is compressed according to the law
PV13 = C. At the end of the compression the air is heated at constant volume
through a pressure ratio of 1.6:1. Determine
(a) the temperature and pressure of the air at the end of the compression
(b) the temperature and pressure of the air at the end of the constant volume
process

(c)  the heat transfer required to carry out the constant volume process
For the air, take ¢, = 1.005 kJ/kg K, R = 0.24 kJ/kg K.

[(2) 469.4 °C, 3262.3 kN/m?; (b) 915 °C, 5214.7 kN/m?; (¢) 2.24 kJ]

One kilogram of gas at an initial pressure of 0.11 MN/m? and a temperature of 15 °C.
It is compressed isothermally until the volume becomes 0.1 m°>. Determine

(a) the final pressure

(b) the final temperature

(¢c)  the heat transfer

If the compression had been adiabatic, determine
(d) the final pressure
(e) the final temperature
(f)  the weork transfer
For the gas, take ¢, = 0.92 kJ/kg K, ¢, = 0.66 kJ/kg K.
[(a) 0.748 MN/m?; (b) 15 °C; (c) —143.8 kJ; (d) 1.591 MN/m?;
(e) 339.9 °C; (f) —214.4 kJ]

A gas has an initial pressure, volume and temperature of 140 kN/m?, 0.012 m* and

100 °C, respectively. The gas is compressed to a final pressure of 2.8 MN/m? and
volume of 0.001 2 m”. Determine
(@) the index of compression if the compression is assumed to follow the law
pPy"=cC
(b) the final temperature of the gas
(¢)  the work transfer
(d) the change of internal energy of the gas
For the gas, take R = 0.287 kJ/kg K, ¢, = 0.717 kJ/kg K.
[(@) n = 1.3; (b) 471 °C; (c) —5.6 kJ; (d) 4.2 kJ]
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A gas has a density of 0.09 kg/m> at a temperature of 0°C and a pressure of
1.013 bar. Determine
(a)  the characteristic gas constant
(b) the specific volume of the gas at a temperature of 70 °C and a pressure of
2.07 bar
If a volume of 5.6 m® of the gas at an initial pressure of 1.02 bar and temperature
0 °C is heated at constant pressure to a final temperature of 50 °C, determine
(c)  the heat transfer
(d)  the change of internal energy of the gas
(e)  the work transfer
For the gas, take ¢, = 10.08 kJ/kg K.
[(a) 4.13 kJ/kg K; (b) 6.84 m*/kg; (c) 304 kJ; (d) 215 kJ; (¢) 88.3 kJ ]

A gas has an initial pressure, volume and temperature of 95 kN/m?, 14 litres and
100 °C, respectively. The gas is compressed according to the law PV ! = C through a
volume ratio of 14:1. Determine
(a)  the work transfer
(b)  the change of internal energy
(c)  the heat transfer
For the gas, take R = 0.29 kJ/kg K, ¢, = 0.72 kJ/kg K.
[(a) —5.35 kJ; (b) 4.015 kJ; (c) —1.335 kJ ]

A gas at an initial pressure of 690 kN/m? and temperature of 185 °C has a mass of
0.45 kg. The gas is expanded adiabatically to a final pressure of 138 kN/m? with a fall
of temperature of 165 °C. The work transfer during the expansion is 53 kJ. For the
gas, determine
(a)  the specific heat capacity at constant volume
(b)  the adiabatic index
(c) the specific heat capacity at constant pressure

[(a) 0.714 kJ/kg K; (b) 1.385; (c) 0.989 kJ/kg K]

An air receiver has a volume of 4.25 m® and contains air at a pressure of 650 kN/m?
and a temperature of 120 °C. The air is cooled to a temperature of 40 °C. Determine
(a) the final pressure of the air
(b)  the change of internal energy of the air
For the air, take R = 0.29 kJ/kg K, ¢, = 0.717 kl/kg K.

[(a) 517.7 kN/m?; (b) —1390 kJ]

An internal combustion engine has a cylinder bore of 165 mm and a piston stroke of
300 mm. The volume ratio of compression is 8:1. At the commencement of the
working stroke the pressure of the gas in the clearance volume is 4.5 MN/m? and the
temperature is 400 °C. The gas expands at constant pressure while the piston moves a
distance of 45 mm down the cylinder. Determine
(a)  the temperature of the gas at the end of the piston movement
(b)  the work transfer during the piston movement
(c)  the heat transfer during the piston movement
For the gas, take R = 0.29 kJ/kg K, ¢, = 1.005 kJ/kg K.

[(a) 1102 °C; (b) 4.32 kJ; (c) 14.82 kJ ]

An engine has a volume ratio of compression of 12:1. At the beginning of compression
the gas in the cylinder has a pressure, volume and temperature of 110 kN/m?, 0.28 m>
and 80 °C, respectively. The gas is compressed according to the law PV!2% = C.
Determine

(a)  the pressure of the gas after compression

19.

20.
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22.

23.
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(b)  the temperature of the gas after compression
(c)  the work transfer during compression
(d)  the heat transfer during compression
For the gas, take ¢, = 1.0 kJ/kg K, ¢, = 0.71 kJ/kg K.
[(a) 2.647 MN/m?; (b) 433 °C; (c) —107.5 kJ; (d) —34.9 kJ |

A quantity of gas has an initial pressure, volume and temperature of 1.4 MN/m?,
0.14 m® and 300 °C, respectively. The gas is expanded adiabatically to a pressure of
280 kN/m?. Determine
(a)  the mass of gas
(b)  the temperature of the gas after the expansion
(¢)  the work transfer
(d) the change of internal energy of the gas
For the gas, take ¢, = 1.04 kJ/kg K, ¢, = 0.74 kJ/kg K.
[(a) 1.14 kg; (b) 87.4 °C; (c) 179.5 kJ; (d) —179.5 kJ]

0.45 kg of gas is expanded adiabatically until the pressure is halved and the
temperature of the gas falls from 220 °C to 130 °C. During the expansion there is a
work transfer from 27 kJ. Determine
(a)  the adiabatic index of the gas
(b)  the characteristic gas constant

{(a) 1.408; (b) 0.272 kJ/kg K]

A quantity of gas has a mass of 0.2 kg and an initial temperature of 15 °C. It is
compressed adiabatically through a volume ratio of 4:1. The final temperature after
compression is 237 °C. The work transfer during compression is 33 kJ. For the gas,
determine
(a)  the specific heat capacity at constant volume
(b) the adiabatic index
(c)  the specific heat capacity at constant pressure
(d)  the characteristic gas constant

[(a) 0.743 kJ/kg K; (b) 1.412; (c) 1.049 kJ/kg K; (d) 0.306 kJ/kg K]

The cylinder.of an engine has a stroke of 300 mm and a bore of 250 mm. The volume
ratio of compression is 14:1. Air in the cylinder at the beginning of compression has a
pressure of 96 kN/m? and a temperature of 93 °C. The air is compressed for the full
stroke according to the law PV = C. Determine
(a)  the mass of air
(b) the work transfer
(c)  the heat transfer
For the air, take y = 1.4, ¢, = 1.006 kJ/kg K.
[(a) 0.0145 kg; (b) —6.15 kJ; (c) —1.54 kJ]

A quantity of air has a pressure, volume and temperature of 104 kN/m?, 30 litres and
38 °C, respectively. The temperature of the air is raised (i) by heating while the volume
remains constant until the pressure becomes 208 kN/m% and (ii) by adiabatic
compression to a volume of 6 litres.
For both cases, determine
(a)  the final temperature
(b)  the work transfer
(c)  the change of internal energy
(d) the heat transfer
For the air, take R =0.29 kJ/kg K,y — 1.4.

[(i) (a) 349 °C; (b) 0; (c) 7.8 kJ/kg; (d) 7.8 kJ

(ii) (a) 319 °C; (b) —7.05 kJ; (c) 7.05 kJ; (d) 0]
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A mass of gas has a pressure, volume and temperature of 100 kN/m?, 0.56 m? and
20 °C, respectively. It is compressed to a volume of 0.15 m> according to the law
PV'36 = C. The gas is then cooled at constant pressure until the volume becomes
0.1 m®. Determine
(a) the final pressure, the final temperature and the work transfer for the
compression
(b)  the final temperature and the work transfer for the constant pressure process
For the gas, take ¢, = 1.006 kJ/kg K, R = 0.287 kJ/kg K.
{(a) 600 kN/m?, 197.6 °C, —94.4 kI; (b) 40.7 °C, —105.1 kJ}
An air main is connected to a cylinder through a valve. A piston slides in the cylinder.
The air in the main is maintained at a constant pressure and temperature of 1 MN/m?
and 40 °C, respectively. The initial pressure and volume of air in the cylinder are
140 kN/m? and 3 litres, respectively. The valve is opened, 0.11 kg of air enters the
cylinder then the valve is closed. As a result of this mass transfer, the pressure in the
cylinder becomes 700 kN/m? and the volume becomes 15 litres. Assuming the process
to be adiabatic, determine the work done on the piston.
For air, take ¢, = 1.006 kJ/kg K, ¢, = 0.717 kJ/kg K.
[7.8 kJ]
A cylinder contains a mixture of air and wet steam at a pressure of 130 kN/m? and a
temperature of 69.1 °C. The temperature is then raised to 151.8 °C. Determine the
final pressure in the cylinder if the steam remains wet.
(624 kN/m?
A condenser deals with 900 kg of steam per hour with a dryness fraction of 0.9 and
temperature 45.8 °C. The air associated with this steam in the condenser is 225 kg/h.
The barometric height is 766 mm Hg. Determine the vacuum gauge reading in
mm Hg.
For air, take R = 0.29 kJ/kg K.
[678 mm Hg)

Chapter 6

Thermodynam ic reversi bility

6.1 General introduction

If a substance passes through the stages of a process in such a manner that, after the
process, the substance can be taken back through all the stages in reverse order until
it finally reaches its original state, then the process is said to be reversible. After
carrying out a reversible process, there would be no evidence anywhere that the
process had ever taken place. No such process exists in practice.

Within the substance during any process it is probable that eddies will be set up.
Also, due to the viscosity of the substance, however slight, there will be some internal
friction. It is also very likely that there will be some small irregularity with regard to
the distribution of temperature throughout the substance. The degree to which these
occur must have some bearing on the final state of the substance after the process.
From here, however, it is unreasonable to assume that these various internal
phenomena can be repeated in an exactly reversed sequence in order that the reversed
process will return the substance to its original state. For these reasons alone, no
actual process can be considered as being truly reversible.

A point to raise here, however, is that the effect of these internal phenomena is not
likely to be great, and from a theoretical standpoint, it is possible to neglect them.
This being so, it is necessary to consider what else will affect the concept of
reversibility. As an example, consider the expansion of a gas.

During any expansion of a gas there will be heat transfer into or out of the gas,
with the exception of the adiabatic case in which, by definition, there is no heat
transfer (see section 1.27). Now the second law of thermodynamics states that heat
transfer will only occur down a temperature gradient as a natural occurrence.

During the expansion, assume that there is some heat transfer from the gas to the
surroundings.  If this is the case, then by the second law of thermodynamics, the
surroundings are at a lower temperature than that of the gas. What if an attempt is
now made to reverse the process?

This now means compressing the gas, which is easy enough. However, it is not
possible to return the energy lost by heat transfer to the surroundings because the gas
is at a higher temperature than the surroundings. The original pressure and
-temperature could not be attained, however, because of the energy loss by heat
transfer to the surroundings during the original expansion.
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This energy loss cannot be returned because of the limitations imposed by the
second law of thermodynamics. Notice that there would also be some heat transfer
loss during the reversed process of a compression because, again, the temperature of
the gas would be above that of the surroundings.

Another point to consider is the effect of pressure imbalance. If a substance at a
high pressure expands into surroundings, which are at a lower pressure, then the
reversed process of the low-pressure surroundings returning the substance to its
original high pressure is impossible without the aid of external energy. Thus if
pressure imbalance occurs, the process cannot be reversible.

As an extreme example of pressure imbalance, consider the free expansion of air in
the Joule's law experiment, discussed in section 5.5.

In this case, the compressed air expanded into a vacuum, so no work was transferred.
The reverse of this process would be impossible without the aid of external energy.
Hence, the original free expansion process is irreversible. It follows that practical
thermodynamic processes are irreversible.

Now irreversibility evidently involves loss, so it appears that reversibility is bound
up with efficiency. A truly reversible process involves no loss and is therefore the
most efficient thermodynamic process possible.

No external energy is required to return a substance to its original state in a truly
reversible process. It is important, therefore, to investigate whether any processes
may be considered to be theoretically reversible.

6.2 The adiabatic process

No heat is transferred during an adiabatic process. Thus the effect of the second law
of thermodynamics between the substance and its surroundings is eliminated.

If the effects of pressure imbalance, internal friction, non-uniform temperature
distribution, etc., are neglected, it follows that the adiabatic process is theoretically
reversible.

For an adiabatic non-flow process it is shown that W = -1:1U. Thus, during an
adiabatic expansion, external work is done which equals the decrease in internal energy.
If this same amount of work is done on the working substance during the reversed
process of adiabatic compression, the work will appear as an increase of internal energy
of the substance, and this increase will just equal the loss which occurred during the
expansion. Thus the substance will be returned exactly to its original state.

The adiabatic process is therefore theoretically reversible.

6.3 The isothermal process

An isothermal process is carried out at constant temperature. For an isothermal,
non-flow process, it was shown that the necessary energy exchange was that Q = w.
This means that, during an isothermal expansion, the working substance must receive
an amount of heat equal to the external work done. It follows that if, during the
reversed process of compression, an amount of heat equal to the work done on the
substance is rejected then, neglecting the effects of pressure imbalance, internal
friction, non-uniform  temperature distribution, etc., the isothermal process is
theoretically reversible.
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With regard to the transfer of heat into or out of the substance, it must be
remembered that an isothermal process is carried out at constant temperature.
Assuming that the external surroundings are at this temperature, heat transfer is
equally possible in either direction, namely, into or out of the substance. Actually, by
the second law of thermodynamics, a temperature difference is required in order to
promote a natural heat transfer. Therefore, during an isothermal expansion, it could
be considered that the surroundings are at a slightly elevated temperature above the
substance, so the necessary condition that the substance shall receive heat would be
met.

Similarly, it could be considered that the substance has a slightly elevated
temperature above the surroundings during an isothermal compression. In this case
the necessary condition that the substance should reject heat would be met. Since the
temperature difference in each case would be small, the rate of heat transfer would be
very slow, so from a practical point of view, the isothermal process is very slow.
Actually it is all but impossible as a practical process. However, theoretically it exists
and, neglecting the effect of internal friction, etc., it is theoretically reversible.

6.4 The polytropic, constant volume and constant pressure processes

In all these cases heat is received or rejected by the substance during the progress of
the process, and the temperature changes continuously throughout the process. If the
temperature of the surroundings remains constant then, by the second law of
thermodynamics,  heat transfer between the substance and surroundings s
unidirectional, being a function of whether the substance is at a higher or lower
temperature than the surroundings.

Also, apart from the constant pressure process, in which the pressure of the
substance could be made the same as the pressure of the surroundings, in these
processes where pressure interaction occurs between the substance and the
surroundings, there is pressure imbalance. In these cases, in which there is pressure
and temperature difference between the substance and surroundings, the processes
are irreversible.

These processes could be considered reversible if the temperature and pressure
of the surroundings could be made to vary in the same way as the temperature
and pressure of the substance. In this way, in a similar manner to the isothermal
case, mutual heat transfer in either direction would be possible, and there would
be no pressure imbalance. The processes could then be considered reversible. In
the main, these conditions are impossible to achieve, although the constant
pressure process can be made to approach the reversible condition in a contraflow
heat exchanger.

Figure 6.1 illustrates the principle of the contraflow heat exchanger. A hot fluid
enters at temperature 11 and is progressively cooled at constant pressure until it leaves
the heat exchanger at lower temperature 12. The cool coolant is made to enter at the
same end of the heat exchanger at which the cool fluid leaves and passes through the
heat exchanger in an opposite direction from the fluid being cooled. The hot coolant
thus leaves at the same end at which the hot fluid is entering. The opposite flows
account for the name conlraflow.
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Fig. 6.1 Contraflow heat exchanger

If the fluid and coolant are considered as being at the same temperature at each
section of the heat exchanger, then reversible heat transfer is possible; the process
could be considered reversible. Thus, if the fluid and coolant flows were reversed, and
neglecting losses, the cool fluid at temperature 7, would be returned to its original
state as hot fluid at temperature ¢;, and the hot coolant at temperature ¢, would be
returned to its original state as cool coolant at temperature .

This ideal of keeping the temperature of the fluid and surroundings the same
cannot be achieved in practice. But it illustrates the necessary conditions in order to
convert an irreversible process into a reversible process.

6.5 The non-flow energy equation and reversibility

The non-flow energy equation connecting the initial and final states of a substance
has the form

Q=U—U)+W 3

This equation can be used for a reversible process or an irreversible process, as
long as the initial and final states are in equilibrium, i.e. there is pressure and
temperature equilibrium throughout the substance and no random internal energies
exist due to such things as turbulence. The true amount of external work done must
also be known exactly.

If, however, the differential form of this equation is used

dQ =dU +dw (2]

then this only applies to a reversible process. To explain this, firstly consider the
work done.
For calculation, the work done has been determined by integrating the expression

dw = PdV 3]

To use this expression it must be assumed that the pressure P is always resisted by
an opposing pressure equal to P. Consider a cylinder—piston arrangement. If the
substance pressure is higher than the opposing pressure, produced by an external
load upon which work is being done, then there will be less work done than deV
would indicate. In the extreme case when the expansion is free, such as when a
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substance expands into a vacuum as in Joule’s internal energy experiment, no
external work is done, even though a change in pressure and volume occurs. In any
event, considering the reverse process in which external work is required to compress
the substance, a lower external pressure cannot be made to compress a substance
already at a higher pressure. If, however, the internal pressure and the external
pressure are the same, the compression is theoretically reversible and [ PdV gives the
external work done exactly.

With regard to the change of internal energy, given by [dU, this is only valid if the
substance has passed through a series of equilibrium states, thus there have been no
random internal energies such as turbulence. This is only possible in a reversible case.

The heat transfer during a non-flow process is dependent upon the change of
internal energy and the external work done, and to use the expression

dQ = dU+dW

dU and dW must be reversible, so it follows that dQ must also be reversible. This
implies that the external surrounding temperature must vary exactly with the
substance temperature, as explained for the isothermal case.

And since the heat transfer during a non-flow process is usually calculated using

Q=[dU+ [dW [4]
= [dU+ [PdV (5]

this calculated heat transfer is for a reversible case only.
To indicate this, the heat transfer is written Q. Thus

Orev = [dU+ [PdV [6]

If, for reversible heat transfer, the external temperature must vary exactly with the
substance temperature, then as explained in the isothermal case, the process would be
very slow. In fact, to operate at all, it must be a theoretical process of infinite
slowness. All practical processes take a finite time; this alone makes them irreversible.

From this discussion, it follows that calculations of heat transfer, change of
internal energy and external work done are close approximations only; the calculated
results apply only to ideal reversible cases.

6.6 Carnot’s principle

It has already been suggested that a reversible process is an efficient process, since it
involves no loss. Reversibility, as it applies to the thermodynamic engine, was
discussed by a Frenchman, Sadi Carnot, in a paper entitled ‘Reflections on the
motive power of heat’ which was published in 1824. Carnot conceived of an engine
working on thermodynamically reversible processes, and from this concept deduced
what has since been called Carnot’s principle:

No engine can be more efficient than a reversible engine working between the
same limits of temperature.

Section 1.30 showed that the principle of the thermodynamic engine is that it
receives heat at some high temperature from a heat source. The engine then converts
some of this heat into work and rejects the remainder into a sink.
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Consider a thermodynamically reversible engine R working between the
temperature limits of source 7, and sink 75. In some period of time let this engine
receive Q units of heat from the source at temperature 7. It will convert Wy units of
this heat into work and then reject (Q — Wy) units of heat into the sink at lower
temperature T5,. This is shown in Fig. 6.2(a).

I Source T;
({@-8qQ)

Q

Fig. 6.2 Energy changes for (a) a reversible engine R and (b) when R is driven by a
hypothetically more efficient engine E

Now assume that some other engine E can be found which is more efficient than
the reversible engine R. Since it is more efficient, engine E will require less heat to
perform the same amount of work Wg. Let this engine E drive engine R reversed and
let them both work between the same source and sink. This is shown in Fig. 6.2(b).

Engine E, being more efficient, will require (Q - bQ) units of heat supplied from
the source at temperature T\. It will convert Wr of this into work and it will reject
(Q - bQ) - Wg units of heat into the sink at temperature Tz

Now the work Wg will drive engine R reversed, which now becomes a heat pump.
Thus it will take up (Q - Wg) units of heat from the sink at lower temperature Tz. It
will convert Wg units of work into heat then reject (Q - Wg + Wgr = Q units of
heat into the source at higher temperature TI'

Investigation of this system will show that, during the time period considered, there
has been a gain of heat to the source of Q- (Q - bQ) = bQ units of heat. Also the
sink has lost (Q- W) - [(Q - bQ) - Wgl =bQ units of heat. This means that the
source at higher temperature TI is receiving heat from the sink at lower temperature
Tz

Now this arrangement is self-acting and has apparently managed to make more
heat transfer up the gradient of temperature than has moved down. This would mean
that eventually all the heat would be transferred to the source at temperature T\
while the sink at lower temperature Tz would have its energy content reduced to zero!
This is contrary to the second law of thermodynamics, so the system is impossible.

If, however, the engine E has the same efficiency as the reversible engine R, then
Fig. 6.3 shows that the thermodynamic system balances, in which case both the
source and sink gain as much heat as they lose. This means that the energy level of
both the source and the sink would remain constant. Once started, this system would
continue to run indefinitely, so it would have perpetual motion! (See sections 3.3 and
34)
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Source T;
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@-wy @-wy)
Sink T,

Fig. 6.3 Energy changes when E drives R with E assumed to have the same efficiency as
R, i.e.0Q=0

No such system exists because no engine can be made to have the same efficiency
as a reversible engine. In any case, the above system has assumed no loss, also
impossible. However, the important criterion which has been established is that the
thermodynamically reversible engine has the maximum efficiency possible.

An alternative analysis showing that the thermodynamically reversible engine has
the maximum efficiency possible is as follows. Again, consider a reversible engine R
and assume that there exists an engine E which has a higher efficiency than reversible
engine R.

Consider Fig. 6.4(a). In this case let engine E receive heat Q from the source at
temperature 7. It will produce work Wy which is greater than Wy because it is more
efficient. It will reject heat (Q — Wg) to the sink at temperature 75.

[ Source T, J

Wa

(b} Sink T, 4]

Fig. 6.4 Alternative analysis of Carnot's principle: the source in (a) can be omitted in (b)
but this contradicts the second law of thermodynamics
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Engine E is arranged to drive engine R reversed. Engine R will require work
Wr(Wr < WE) to drive it and will take up heat (Q - Wg from the sink at
temperature Tz while it rejects heat Q into the source at temperature T,.

Now since the reversible engine R rejects heat Q, which is exactly the requirement
of engine E, theoretically it would be possible to dispense with the heat source at
temperature T,. This is shown in Fig. 6.4(b). Consider this new arrangement. Here,
apparently, is a self-acting machine which is producing net work output (WE - Wp),
while exchanging heat with only a single reservoir, the sink at temperature Tz. This is
contrary to the second law of thermodynamics as stated in the combined concept of
Kelvin-Planck (see section 3.4).

This analysis once again shows that the thermodynamically reversible engine has
the maximum efficiency possible within the given limits of temperature.

For the given temperature limits of source TJ and sink Tz, it is now necessary to
determine this maximum efficiency. To establish it, all processes must be
thermodynamically reversible and the arrangement of the process must be such that
they are capable of cyclic repetition in order that, having been started, an engine may
continue to run by the process of repetition of the cycle (see section 1.13).

Carnot conceived of a cycle made up of thermodynamically reversible processes.
By determining the thermal efficiency of this cycle it is possible to establish the
maximum possible efficiency between the temperature limits of the cycle. The Carnot
cycle will be analysed as it applies to steam plant in Chapter 10, and as it applies to
gases in Chapter 15.

Chapter 7

Entropy

7.1 General introduction

During many processes it is necessary to investigate the degree to which heat is
transferred during the process. The heat transferred during a process can affect any
work transfer which may occur during the process and also the end state after the
process. Furthermore, it has been shown that the theoretical amount of heat
transferred, determined by calculation, is transferred reversibly.

Suppose a graph could be developed such that the area underneath a process
plotted on the graph gave the amount of heat transferred reversibly during the
progress of the process. Such a graph might perform a useful function. The idea is
analogous to the area of the pressure-volume graph, which gives the work done
during a reversible process.

The problem now is to decide upon the axes of the graph. Let one axis be absolute
temperature T and the other some new function s as shown in Fig. 7.1(a). Absolute
temperature is chosen as one axis because it has a very close relationship with the
energy level of a substance, notably internal energy and enthalpy.

Also, when a substance is at the absolute zero of temperature, it is assumed that its
internal energy content is also zero. And remember that heat is defined as energy
transfer which will occur as the result of a temperature difference.

T T
1
T
T
T, 2
4 37
s S _s.| L-Ss S, s
(a) (b)

Fig. 7.1 Entropy: (a) absolute temperature plotted against another function so that area =
heat transferred reversibly; (b) a small change in this new function during a process
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Now consider Fig. 7.1(b) which shows a process plotted on the graph where a
change has occurred from state 1 to state 2. Consider some point on this graph where
the coordinates are T and s. Let the state change from this point such that there is a
small change in s, Js, then

Heat transferred reversibly = Area swept out by this small change
= Tds (very nearly)

From this, heat transferred reversibly from 1 to 2 is equal to
§= 8
Total area under graph from | to 2 = Z Tos

s=15

In the limit as ds — 0, heat transferred reversibly from 1 to 2 is

[ as=0u (1]
Si
Differentiating equation [1]
dQre, = Tds
or
ds = 40y 2]
T

This equation gives the relationship which must exist between s, T and Q. in
order that the area of the graph shall be heat transferred reversibly.

Now it has already been shown that it is possible to calculate the amount of heat
transferred reversibly during a non-flow process. Thus, by using equation [2], changes
in s can be determined. It is this function s which is called entropy.

Inspection of equation [2] will show that if heat is received, which makes Orev
positive, then the entropy of the receiving substance has increased.

Conversely, if heat is rejected, which makes Q,., negative, then the entropy of the
rejecting substance is decreased.

Thus, positive and negative changes of entropy show whether heat has been
received or rejected during the process considered.

Now consider an isolated system in which an amount of heat energy Q is
transferred from a hot source at temperature 7, into a cooler sink at temperature 75.

The loss of entropy from the hot source is Q/T; whereas the gain of entropy to the
cooler sink is Q/T;.

The amount of heat transferred is the same for both the source and the sink but,
since T| > Ty, it follows that the gain of entropy to the cooler sink is greater than the
loss of entropy from the hot source. This is because

£.2 B3l
T2 T]

Now, by the second law of thermodynamics, heat transfer will only occur down a
temperature gradient as a natural occurrence. This makes the natural transfer of heat
an irreversible process.
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Thus a process occurring in an isolated system such that there is an increase in
entropy appears to be irreversible.
This leads to the statement of the principle of increase of entropy:

An isolated system can only change to states of equal or greater entropy.
Expressed mathematically
Asz0 (4]
where A s = change of entropy

The higher the temperature of a system above its surroundings, the greater
becomes the availability of the energy obtained by heat transfer.

Since entropy is a function of temperature (see equation [2]), it follows that
entropy is associated with the usefulness of energy.

The method of calculation of changes of entropy will now be investigated. The
expressions for change of entropy are developed assuming the processes to be
reversible. It must be remembered, however, that a change is dependent only upon
the end states; it does not matter how the change occurred. Thus the expressions for
change of entropy can also be used for irreversible processes.

Note, from equation [2], if unit mass of substance is considered, the unit of specific
entropy becomes J/kg K or, very often, kJ/kg K.

7.2 The entropy of vapours (two-phase systems)

Like enthalpy, entropy is treated separately in the three stages of the formation of a
vapour from a liquid.

7.3 Entropy of liquid

Consider unit mass of a liquid which will ultimately be raised to unit mass of vapour
at constant pressure. For the unit mass of liquid

dQ = ¢, dT [

where ¢, = specific heat capacity of the liquid at constant pressure.

Dividing equation [1] throughout by T gives

since ds = dQ/T, for this case

dT

Ll (3]
T

ds=¢,,

Integrating this equation from initial state | to final state 2

57 T
J ds=¢,, J ar
5 Ty T
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or
5 T
Ms. + ¢y [ln T] .
from which
Sy — 851 = ch[ln Tz —In T]]
or

T
Sy — 8§ :chln—f?— 4]

In the same way as the zero of internal energy and enthalpy are arbitrarily chosen,
so the zero of entropy is arbitrarily chosen.

In the case of steam, this arbitrary zero is chosen at the triple point (section 4.4),
whose temperature is 273.16 K (273 K is accurate enough for most calculations).

Hence, in equation [4] let

51=0 when T, =273.16K
then

T,
273.16

55—0=¢, In

Dropping the subscript 2

=, IHWT.ls [5]
If it is assumed that for water
¢y, =4.187 kJ/kg K
equation [5] becomes

T
273.16

5s=4.1871n

(6]

Actually, c,, for water varies with temperature, but 4.187 kJ/kg K is an average
value at normal low-range temperatures.

Maximum liquid entropy is reached at saturation temperature for the particular
pressure under consideration. The specific entropy is then written s;.

Thus, at saturation temperature for water

T;
¢, In
L7973.16

or, if ¢, is assumed to be 4.187 kJ/kg K

(71

S =

T;
273.16

Its units will be kJ/kg K.

st =4.187In

(8]
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Example 7.1 Determine the value of the specific entropy of water at 100 "C.

SOLUTION
From equation [8]

5= 4187 —1 _ 41871020
273.16 273.16

— 4.1871n1.366

— 4187 x 0.312

= 1.306 kJ /kg K

From tables, the accurate value of s; in this case is 1.307 kJ/kg K.

7.4 Entropy of evaporation

Consider Fig. 7.2. It shows a temperature—entropy (7-s) diagram of the formation of
vapour at constant pressure. Curve ab represents the introduction of the liquid
enthalpy to the water. At b the water reaches saturation temperature ;. Horizontal
line bc represents the introduction of the enthalpy of evaporation at constant
temperature ¢. There is all liquid at b and all dry saturated vapour at c¢. Curve cd
represents the introduction of the superheat. Note that line abcd has a similar
appearance to that obtained in the temperature—enthalpy diagram.

Now it has been shown that the area under a T-s diagram gives heat transferred
(reversibly). Also, at constant pressure

d
T
b c
T;
a
h; hyy \sup
g f e
( S¢ Sy s

Fig.7.2 T-s diagram for a vapour at constant pressure
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Heat transferred = Change of enthalpy
Hence from Fig. 7.2

Area abgo = /i = specific liquid enthalpy
Area bcfg = hy, = specific enthalpy of evaporation
Area cdef = sup = specific superheat

From the diagram
Area befg = by, = Ti(sy — s¢)
where s, = specific entropy of dry saturated steam

Hence

h . .
Sg — S¢ = ?rf = specific entropy of evaporation = Stg [1]

Also, from equation [1]

Sg = 8¢ + Stg [2]
= ¢+ (8 — sp) (3]
From equation [2], in the case of steam
Tf hfg
S =¢p, In +—=
£ 7306 T, 4

Accurate values of s, and sig are given in tables,

If the vapour formed is wet, having a dryness fraction x, the specific enthalpy of
evaporation introduced is x/y,.

If the specific entropy of the wet vapour is s, then

_ g _
5= 8+ X F = 5+ XS [5]
T;

=S¢+ x(8y ~ 51) {6]

Example 7.2 Determine the value of the specific entropy of wet steam at a pressure of 2 MN/m?>
(2 MPa) and 0.8 dry:

(a) by calculation
(b) by using values of entropy from steam tables

(@)

Ty heg
= In +x—=
e My316 T,

— 418710 854 (0.8 « 1888.6
273.16 4854

= (4.187 x In1.78) + 3.11
= (4.187 x 0.577) + 3.11
=242 +3.11
=5.53kJ/kg K
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(b)

S =8+ XStg
= 2.447 4 (0.8 x.3.89)
=2.447 + 3.11
=5.557kJ/kgK

This is the accurate value.

7.5 Entropy of superheated vapour

Let ¢,, = specific heat capacity of superheated vapour at constant pressure. Heat
received in the superheat region is

¢,y dT = area cdef in Fig. 7.2

Hence, for the superheated vapour
ds = C,,v —7:“

Integrating this equation from saturation temperature 7 to superheated steam
temperature 7, then

, T
* dT
ds=c,, | &
J~ : C"VJTf T

bs
or
K T
], =[],
hence
§— 58y =Cp,[In T —In Ty
5 — 85 = Cp, lan
from which
T
§ =55+ ¢y lan [
or for superheated steam
Tf hfg T
=¢p, 1 +—=+4c¢,, In— [2}
N TR T P

Accurate values of s for superheated vapours are given in tables.

Example 7.3 Determine the value of specific entropy of steam at 1.5 MNjm® (1.5 MPa) with
a temperature of 300 °C:

(a) by calculation

(b) from steam tables
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(»)
Tr hf T
s =4.1871 +—=L 4, In—
"6 T YT
= 41871213 +%+2.o93 4D
273.16 4713 471.3
=4.187In1.73 +4.127 + 2.093 41n 1.216
= (4.187 x 0.548) + 4.127 + (2.093 4 x 0.196)
=2.294 +4.127 + 0.41
= 6.831 kJ/kg K
(b)

From tables, s = 6.919 kJ /kg K
This is the accurate value.

7.6 The temperature—entropy chart for vapours

Extending Fig. 7.2 to take into account a wide pressure range in the formation of a
vapour, the complete temperature—entropy chart for the vapour has the appearance
shown in Fig. 7.3. Note its similarity with the temperature-enthalpy diagram shown
in Fig. 4.4,

Critical point
Constant
dryness
lines Constant
pressure
Flines
Su perheated
sfeam
)
=
[«:]
[723
(7]
c
o

Temperature

Constant volume
lines

Specific entropy
Fig.7.3 T-sdiagram for steam

Once again the liquid line and the saturated vapour line are drawn, which together
enclose the wet vapour region. Again they join at the top of the critical point. Note,
however, that the dry saturated vapour line is concave; in the case of the
temperature-enthalpy diagram it was convex. On this chart, lines of constant dryness
and of constant volume are often plotted in the wet region. The chart may be further
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extended by the introduction of a pressure axis, as shown. An importimt point is that
this pressure axis will only correspond to pressures in the wet region. This will
become clear if reference is made to Fig. 7.2, where a constant pressure line is shown.

Note that the line rises up to the transformation stage, is horizontal in the
transformation  stage then rises from this level into the superheat region. All along
this line the pressure is constant. Because the section in the transformation stage is
horizontal, a vertical scale of pressure can be arranged to correspond with the
pressures associated with these horizontal lines. To determine pressures in the
superheat region and along the liquid line, the lines concerned must be traced along
to the transformation stage; then the corresponding pressure is determined from the
vertical scale.

The large area in the lower-temperature region below the triple point is not usually
shown in the temperature-entropy  chart for steam since it has little value in the
solution of problems concerning steam.

Figure 7.3 inset shows an exaggerated section of the saturated liquid line, A, B, C.
The saturated liquid line appears as a locus through points A, Band C, whereas the
liquid sections of the constant pressure lines below saturation temperature, such as
DB, appear as separate lines. To normal scales, however, these separate liquid lines
would very nearly merge into a single line, the saturated liquid line in the main
diagram of Fig. 7.3.

7.7 The isothermal process on the temperature-entropy chart

By definition, an isothermal process is a process carried out at constant
temperature. Consider the vapour at state A in Fig. 7.4. Here the vapour is wet.
Expansion from A will proceed as illustrated; the temperature will remain constant
and, since it is in the wet region, the pressure will also remain constant until point
B is reached, where the vapour becomes dry saturated. Further expansion takes the
vapour into the superheat region shown as point C. But in the superheat region
the pressure drops. The pressure-volume diagram of the process is shown inset. The
vapour in the superheat region can be approximately considered to behave as a gas,
so the isothermal expansion BC could be considered as expanding according to the
law PV = C, approximately.

T

A_‘KC

Fig. 7.4 Isothermal process on T—s diagram
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7.8 The frictionless adiabatic process on the temperature-entropy chart

An adiabatic process is defined as a process carried out such that there is no heat
transferred during the process. The adiabatic process, neglecting friction, shock, etc.,
must therefore have no area underneath it when plotted on a temperature--entropy
diagram. It appears as a vertical line showing it to have constant entropy. A line of
constant entropy is called an isentrope. The frictionless adiabatic process is therefore
an isentropic process.

Process AB in Fig. 7.5 shows the frictionless adiabatic expansion of very wet
vapour. Note that at B the vapour has a higher dryness fraction than at A.

T
c
A
D
B E

Fig. 7.5 Frictionless adiabatic (isentropic) process on T—s diagram

Process CDE shows the frictionless adiabatic expansion of superheated vapour. It
illustrates the fact that superheated vapour, if adiabatically expanded, will become
dry saturated, as at D, and eventually wet, as at E.

Since the frictionless adiabatic process is isentropic, then

Entropy before expansion = Entropy after expansion
or from Fig. 7.5

SA = Sp
and

Sc = Sp = Sg

Example 7.4 Steam at 2 MN/m? and with a temperature of 350 °C is expanded adiabatically
until its pressure becomes 0.28 MN/m’. Determine the final dryness fraction of the steam. The
adiabatic expansion may be assumed to be isentropic.

SOLUTION
At 2 MN/m? and 350 °C the steam is superheated because the saturation temperature at
2 MN/m? is 212.4 °C.

From tables, at 2 MN/m? and 350 °C

51 = 6.957 kJ /kg K
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For an isentropic process
5| =8
and
S = Sr2 + XaSg2
6.957 = 1.647 + 5.368 x;

_ 6.957—1.647

: 5.368

_ 5310
5.368

= 0.989

Example 7.5 Steam ar 2.0 MN/m’ and 250 °C is expanded isentropically to 0.36 MN/m? and
it is then further expanded hyperbolically to 0.06 MN/m’. Using steam tables, determine

(a) the final condition of the steam

(b) the change in specific entropy during the hyperbolic process

(a)

s;=s, and s = 6.545kJ/kg K
At 0.36 MN/m?, 5, = 6.930 kJ/kg K

So after isentropic expansion, steam is wet.
Hence

) = Sr2 + X282
6.545 = 1.738 4+ 5.192 x;

. _6545-1.738 4807
: 5.192 5.192

v =X = 0927 x 0.510 = 0.473 m*/kg

=0.927

For the hyperbolic process

Pyvy = Pyv;
vy=Fa2 036 5493 284 m¥ kg
P, 006

From tables, at 0.06 MN/m? and with a specific volume of 2.84 m*/kg, steam is superheated
and has a temperature of 100 °C.

()
At this condition, s; = 7.609 kJ /kg K.

53— 8 = 7.609 — 6.930 = 0.679 kJ /kg K
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945.6
=—"x0.576
Example 7.6 4.5 kg of steam has an initial pressure of 3 MN/m® and temperature of 300 °C. 2
The steam then expands reversibly to a new pressure of 0.1 MN/m’ with a dryness fraction of — 472.8 % 0.576
0.96. The expansion of the steam appears as a straight line when plotted on a temperature— _ 272'3 kJ /'kg

entropy chart. Determine

(a) the heat transfer during the expansion Heat transfer for 4.5 kg is

b) t ing the i

() the work done during the expansion 372.3 x 4.5 = 1225.4 kJ (received)

T ’ (b)

1 Qrev =Au+ W
W= Qrev — Au
2 :Qrcv 7(”2_ul)

= 2723 — (2422.1 — 2751)
—272.3 - (- 328.9)

rea
=2723+ 3289

Orev
= 601.2 kJ /kg
.. Work done by 4.5 kg is
$q

601.2 x 4.5 = 2705.4 kJ

Py

S; s

Fig.7.6 Diagram for Example 7.6
7.9 The enthalpy—-entropy chart for vapours

SOLUTION
First draw a diagram (Fig. 7.6) A commonly used vapour chart is the enthalpy—entropy chart as illustrated in Fig. 7.7.
For state point 1 Here the axes of enthalpy and entropy are used. The saturated liquid line and the
5 = 6.541 KJ/kg K saturated vapour line appear, meeting at the critical ppint. Lines of constant pressure
T, = (300 + 273) K = 573 K cross the chart and lines of constant dryness fraction appear in the wet vapour
u = 2751 kJ/kg region. In the superheated vapour region are drawn lines of constant temperature and
lines of constant degree of superheat.

For state point 2

52 = 52 + X252 = 1.303 + (0.96 x 6.056) hl fm g - — =~ — -
=1.303 4 5.814 Constant
=7.117 kJ/kg K : pressure

T, = (99.6 +273) K = 372.6 K |

hy = hey + Xshegy = 417+ (0.96 x 2258) N | Area ally
=417+ 2167.7 Critical le— used for
=2584.7 kl/kg point ™ I 2?:;"

Uy = hy — Pyxyvgr = 2584.7 — 100 x (0.96 x 1.694) “Constant
temperature

= 2584.7 — 162.6
= 2422.1 kJ/kg
Constant degree of
superheat lines

(a)

Oy = area of T—s diagram
T+ T
= (%) (52— s1)

_ (573 +372.6
2

Constant
dryness
Constant lines
pressure

lines

A 4 s

x (7.117 — 6.541)
) Fig. 7.7 h-s chartfor a vapour
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This chart is very useful for the determination of property changes, such as change
of enthalpy during an isentropic process, illustrated as a vertical line on this chart. A
throttling process becomes a horizontal line on this chart. Isothermal and constant
pressure processes can be traced on the chart.

In the case of the enthalpy--entropy chart for steam, only the dotted area of
Fig. 7.7 is usually illustrated. This is because a steam plant, e.g. the steam turbine,
it is only steam of good quality (high dryness fraction or superheated) which is
useful, so the expansions which occur can be easily plotted within the chart area
illustra ted.

This chart is sometimes called a Mollier chart, after Richard Mollier (1863%935),
a German scientist who introduced it in about 1904.

7.10 The pressure-enthalpy chart for vapours

A chart which is often used for substances, called refrigerants, required in the process
of refrigeration is the pressure-enthalpy chart. Again, the saturated liquid and the
saturated vapour lines appear and they join at the critical point as shown in Fig. 7.8.
Lines of constant temperature (isotherms), constant entropy (isentropes), constant
volume (isochors) and constant dryness are drawn on the chart.

Constant temperature
lines {isotherms)

L1

7/ %

Constant entropy
lines (isentropes)

Constant volume
lines (isochors)

Constant temperature
lines {(isotherms)

Constant dryness
8 lines

4
1 h

Fig.7.8 P-s chart for a vapour

This chart is particularly useful in the determination of property changes during
constant pressure (isobaric) processes. The constant pressure process commonly
occurs in the process of refrigeration, and change of enthalpy during the constant
pressure process is often required. This accounts for the choice of pressure and
specific enthalpy as axes on a chart for refrigerants.
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7.11 Changes of entropy

7.11.1 The change of entropy for a gas (single-phase systems)
For a gas, the heat transferred during a non-flow process can be determined by using
the non-flow energy equation

dQ = dU + dw 1

Consider unit mass of gas and let its state change from pressure P, specific volume
v; and temperature T, to new state P,, v, T5.
From equation [1]

dQ = ¢, dT+ Pdv [2)
Divide throughout by 7, then

a9 _ cvdT+ Pdv

T T T 2

But dQ/T = ds, so equation {3] now becomes

_ CVdT+ Pdv
T

ds (see section 7.1) [4]

Now to obtain the change of entropy, equation [4] must be integrated. However, it
cannot be integrated as it stands because the expression Pdv/T contains too many
variables. But this can be changed by using the characteristic equation.

For unit mass of gas
P_R

Pv=RT or —
T v

and substituting this in equation [4]

:cvdT+Rﬂ
T v

ds (5]

Hence

53 T2 v2
J ds = ¢, J E + RJ ﬂ
T

1 T w V

Integrating
52 T v2
[s] = cv[ln T] + R[lnv]
Sy T\ 2
or
S — 85 = Cv[lll T2 - lnTl] + R[ll’le - lnvl]
or

57 — 8 :cvlnﬁ—k Rln2 [6]
T, Vi

Equation [6] determines the change of specific entropy of a gas from a knowledge
of temperature and volumes.
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Now ¢, — ¢, = R; substituting this into equation [6] gives

Sy — 8§ = cvlnﬂ—kc,,ln-vl— c n2
T, Vi Vi
=0 In2 + ¢ (lnIz - n2>
Vi T, Vi
—omZpemBin 7]
Vi T v
Now from the characteristic equation
Pivi _ Pony
T T,
from which
Liwn = ) (8]
v, P
Substituting equation [8] into equation [7]
si—si=cm’2 ¢ lnf2 [9]
4 1

Equation [9] determines the change of specific entropy of a gas from a knowledge
of volumes and pressures.

Again, from ¢, —c, = R, it follows that ¢, = ¢, — R and substituting this into
equation [6] gives

Sy — 8§ = c,,lnﬂ— Rln£+ Rln22-
Tl T] \4
=cp, lnﬁ—— R( nﬂ— ln12—>
T] Tl Vi
—¢,n2 - RmIz M ' [10]
T T v
Substituting equation [8] into equation [10]
sz—slzc‘,,lnzwl—Rlnﬁ (11]

1 1

Equation [11] determines the change of specific entropy of a gas from a knowledge
of temperatures and pressures.

Note that for any given change of state from Py, v;, T} to P, v,, T, each of the
equations [6], [9] and [11] will give the same result. The choice of equation is a matter
of convenience only.

7.11.2 The change of entropy during a constant temperature
(isothermal) process for a gas
Here T\, = T, and hence In 75, /7| = In 1 = 0; so from equation [6]

$-5=Rn2 2]
Vi

Entropy 171

and from equation [11]

SZ—S]:_RIH&
)
or
Py
$5— 5 = Rln— 13
2= 8| P, [13]

From equation [9]

S —51 = ln% + ¢, ln% (no change)
1 |

7.11.3 The change of entropy during a constant volume (isochoric) process for
a gas
Here v; = v, and hence lnv,/v; = In 1 = 0; so from equation [6]

!
8§ —8 =¢ln— 14
2 1 IIT (14]

1

and from equation [9]

P,
Sy — 5 =¢,In— : 15
2= S 7 [15]

1

From equation [11]

$— 8 =¢p ln% — Rln& (no change)
1 i

7.11.4 The change of entropy during a constant pressure (isobaric) process for
a gas
Here P, = P; and hence In P,/ P, = In 1 = 0; so from equation [4]

$H— 8 =c,,ln2 (16]
41
and from equation [11]
T
5 =5 =¢p lnﬁ (17
From equation {6]

S2— 8 = ¢ lnﬂ +RIn 2 (no change)
T] Vi

7.11.5 The change of entropy during a polytropic process (PV" = C) for a gas
For the polytropic process it has been shown in section 5.14 that

y—n
-1

Heat transferred = x Polytropic work
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or for unit mass of gas

y-—n
do=-—-2Pd
0 o) v [18]

Divide equation [18] throughout by T, then
d—Q—ds— (y —n) Pdv

=ds= 19
T -1 T 191
Again, for unit mass of gas
Pv=RT or L = R
T v
and substituting into equation [19]
(y—n) ,dv
ds = R— 20
-0 v 20
from this
53 _ V2
[[as=ti=np[
5 ('Y - 1) nw vV
Integrating

[SL‘ g_I;R[lnv]:

or
@ —n
5 — 51 =-"——=R|lnv; —lnvy)]
-1 ‘
or
@—n V2
§$;— 8§ =—=Rln—= 21
Ty 21

Now ¢, —¢,=R and ¢,/c, =y or ¢, =y¢,; s0 y¢,—¢,=R or ¢,(y—1)=R
Substituting this into equation [21] gives

_ G-n .
Sy — 8§ = (_l)cv()’ 1)1 "
or
S —s1=c¢,(y —n) In22 [22]

Vi

This expression gives the change of entropy in terms of volumes.
Now

n_ (£>1/(n—l): <ﬁ>1/n 23]
v T, Py
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Substituting the temperature-volume relationship into equation [22]
1/(n-1)
T
s — 8 =¢,(y—n)ln
2 1 (& ) (Tz)

gl =my
52 S = (,V( —l) T2 [24]

This expression gives the change of entropy in terms of temperatures.
Also, substituting the pressure—volume relationship from equation [23] into
equation [22] gives

1/n
P
s —8 =c¢,(y—n)In| —
2 1=y ) <P2>

G=—m P
n P2

or

or

$H— 8 = ¢y [25]

This expression gives the change of entropy in terms of pressures.

It should again be noted that for a given polytropic change from Py, v,, T} to P,
v;, T,, each of the equations [21], [22], [24] and [25] will give the same result. The
choice is simply a matter of convenience.

It is important to remember that all the above expressions for the change of
entropy are for unit mass of gas only. In any particular problem these expressions
must be multiplied by the actual mass of gas being considered in order to determine
the actual change of entropy which has occurred.

And note that in the above expressions, specific volume v has been used. Now for a
mass m of the gas, its volume ¥ = mv. The volume in the above expressions for the
change of entropy appears in the ratio v, /v,.

Now

va/vy = mvy/my) = V, [V,

Thus, when calculating changes of entropy, it is not always necessary to find the
ratio of the specific volumes. The ratio of the actual volumes will give the same
result.

7.12 The entropy chart for a gas

In order to make up a chart, numerical values of entropy must be known so that points
can be plotted on the chart. The entropy equations already determined are for changes
of entropy and therefore do not give individual values at any particular state. The
absolute value of entropy for a gas is not known because of the discontinuity of state as
the gas is cooled. The gas liquefies then solidifies before absolute zero of temperature is
reached. However, it is the change of entropy which is important when discussing a
process with a gas. This change of entropy is quite independent of any zero which may
exist, so when making up charts, it is usual to choose an arbitrary zero for entropy.
Thus, for air, it is commonly arranged that its entropy is considered zero when its
pressure is 0.101 MN(m? and its temperature is 0 dc.
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Consider the effect of this choice of zero on the equations for the change of
entropy already determined.
Take equation {11], section 7.11, for example.

1, Py
S, — 8§ =¢,In—— RlIn—=
2 1 P Tl P]
Assume that s; = 0, then by the choice of the arbitrary zero T| = 273.15 K (say
273 K) and P, = 0.101 MN/m?.
Since s, = 0, this equation becomes
I RIn i
273 0.101

or, more generally, neglecting the subscript 2

szchln%—Rlnﬁl— 1

Thus, from equation [1] it is possible to determine the value of specific entropy s
for a gas at any absolute temperature T and corresponding pressure P.

A similar arrangement is made for the other expressions. In the case of equations
containing volume, the volume at the arbitrary zero condition is calculated, vy say,
and this is substituted in place of v;. Thus in the case of equation [6], section 7.11, the
value of entropy becomes

1 v
= vl —— 4+ RIn— 2
s=¢,n 3 nv0 [2]

Also, from equation [9]

schlnl-f-cvln

3
Yo 0.101 B3]

Using these equations for the value of specific entropy, it is now possible to make
up a temperature—entropy chart, as shown in Fig. 7.9.

The chart usually has the axes of absolute temperature vertical and specific entropy
horizontal. On the chart is drawn a network of constant volume and constant
pressure lines, as shown. These lines can be drawn by making use of the expressions
already determined. Using equation [2] the constant volume lines can be drawn. By
selecting a suitable constant volume and substituting into equation [2] the part of the
expression In (v/vy) remains constant. Thus, by selecting a number of values for the
absolute temperature T, a series of values of s can be determined for the constant
volume v. These values can then be plotted to form a constant volume line. Taking
various new values of v, a series of constant volume lines can be drawn.

A similar procedure is adopted when drawing the constant pressure lines. Here
equation [3] can be used. On selecting a constant pressure P, the part of the
expression In(P/0.101) now becomes constant. The procedure then follows that
adopted for the constant volume lines. The chart can be made more useful if two
vertical axes of specific internal energy and specific enthalpy are introduced.

When dealing with gas laws, it was shown that the internal energy of a gas is a
function of temperature only (see section 5.5). Thus the internal energy axis is parallel
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Fig. 7.9 Entropy chart for a gas

to the temperature axis. Now the change of specific internal energy for a gas is
¢,(T, — Ty). Assuming an arbitrary zero of internal energy at 0 °C, the value of
internal energy above 0 °C can be obtained from

u=c(T-273)
Using this equation, the scale of specific internal energy can be introduced.
With regard to enthalpy, it was shown in the chapter on gases that the change of

specific enthalpy for a gas is ¢,(T, — T). Using a similar analogy as that used for the
internal energy of a gas, the value of the enthalpy above 0 °C can be obtained from
h=c,(T - 273)

Thus the scale of specific enthalpy can now be introduced.

Looking at Fig. 7.9 and selecting, say, point A, it will be observed that the
constant volume and constant pressure lines cross, thus identifying the volume and
pressure of the gas at this point. Further from the axes of the graph, it is possible to
identify the temperature, specific internal energy, specific enthalpy and specific
entropy of the gas for the point A. Thus a complete knowledge of the state of the gas
is known at point A when it has been identified on the chart.

Again, reference to Fig. 7.9 will show that various processes, and the changes
which occur throughout, are readily determined on the chart. An isothermal
compression AB is shown as a horizontal straight line. It will be observed that line
AB finishes on a constant pressure line and the new pressure can be read from the
value on the line. Point B does not coincide with a given constant volume line. The
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point B does, however, lie between two given constant volume lines. The volume at B
is thus interpolated from these two given values. The change of specific entropy
during the process can be determined from the specific entropy axis. The chart also
shows that, during the isothermal process, no change in internal energy or enthalpy
occurs because the temperature remains constant.

In the case of the frictionless adiabatic process, it must be remembered that no
heat is transferred during the process. Now the area under a process plotted on a
temperature—entropy chart gives the heat transferred during the progress of the
process. No heat is transferred during the frictionless adiabatic process, so there must
be no area under the graph of the process when plotted on the temperature—entropy
chart. For this to be so, the graph will appear as a vertical straight line, which shows
that the frictionless adiabatic process is carried out at constant entropy. A line of
constant entropy is said to be an isentropic line, thus the frictionless adiabatic process
is an isentropic process. Such a process is shown as AC in Fig. 7.9. The process starts
at point A; the new pressure, volume and temperature can be determined from
point C. The change of specific internal energy and specific enthalpy can be
determined from the axes of the chart.

A constant volume process from point A will appear as AD. The new pressure and
temperature can be determined from the point D. Also, the change in specific internal
energy, specific enthalpy and specific entropy can be determined from the axes.

A constant pressure process from point A will appear as AE. The new specific
volume and temperature can be determined from the point E. Also, the change in
specific internal energy, specific enthalpy and specific entropy can be determined
from the axes.

Note that the chart is usually made out for unit mass of gas, usually 1 kg. Thus, in
any particular problem, the values obtained from the chart for the specific volume
and changes in specific internal energy, specific enthalpy and specific entropy must be
multiplied by the actual mass of gas being used.

Example 7.7 A quantity of gas has an initial pressure, volume and temperature of 140 kN/m’,

0.14 m® and 25 °C, respectively. It is compressed to a pressure of 1.4 MN/m® according to the

law PV '3 = constant. Determine

(a) the change of entropy

(b) the approximate change of entropy obtained by dividing the heat transferred by the gas by
the mean absolute temperature during the compression

Take c, = 1.041 kJ/kg K, ¢, = 0.743 kJjkg K.

(@
R=c,—c, = 1041 —0.743 = 0.298 kJ /kg K
P\Vi=mRT, and T, =(25+273)K =298K

PV, 140 x0.14

m =
RT, 0.298 x 298

=0.221kg
For 1 kg of gas

S — 8§ = cpln%-i—cvln%
1 1

Entropy

AlSO, Pl V'; = Png

/n 1/1.25
v, =V (-”—‘) =0.14 x (ﬁ>
P, 1400

014
T 10'/125
0.4
631
—0.0222m®
53— 51 = 104110 29222 | ¢ 7431, 1400
140
= 104121 4 074310 1400
00222 140

~1.0411n6.31 +0.7431n 10
—1.041 x 1.842 + 0.743 x 2.303
~1.918 4+ 1.711

= -0.207 kJ/kg K

Il

But there is 0.221 kg of gas.

Change of entropy = —0.207 x 0.221
= —0.045 7 kJ/K (a decrease)

(b)

PV, - PV,

Polytropic work =
n—1

(140 x 0.14) — (1400 x 0.022 2)
B 125-1

_19.6-31.08 1148
T 025 0.25

= —45.92 kJ (work transfer to the gas)
G=n

| x polytropic work, and

Heat transferred =

y = c,/c, = 1.041/0.743 = 1.401
(1401 —125)

Heat transferred = (—45.92)
(1.401-1)
OIS 4592
0.401

= —17.29 kJ (heat transfer from the gas)

I

R
T, \FV,

177
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(n—1)
T,=T, (ﬂ> =298 x 63111
V,

=298 x 6.319%
=298 x 1.585
=472.3K

4723 4298 7703
2 T2

=385.15K

Mean absolute temperature =

Hence approximate change of entropy is

1729
385.15

= —0.044 9kJ/K

Note that in this problem the other expressions could have been used for the determination
of the change of entropy. For example

S — 8 :cpln%len%
1 1

— 1041 n 2723 _ 2951, 1400
298 20

=1.0411n1.585 —0.2981n 10

= (1.041 x 0.46) — (0.298 x 2.303)
=0.479 - 0.686

= —0.207 kJ /kg K (as before)

Alternatively
S5 —85 =c¢ lnﬂﬂ— Rlnﬁ
Tl 1

4723 0.0222
= 0.743] 0.2981
"8 T i

= (0.743 x 0.46) — (0.298 x 1.842)
= —0.207 kJ /kg K (as before)

Alternatively
V)
s —851=c¢,(y—nln—=
2 1 ] ) v,

0.022 2
0.14

=0.743 x 0.151 x ( — 1.842)
= —0.207 kJ /kg K (as before)

=0.743 x (1.401 — 1.25)In
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Alternatively
Yz—SIICV(y n)lﬁ
n=-1 T,
— 0743 x (1.401 — 1.25) In 298
(1.25-1) 472.3
=0.743 x 0.151 x —0.46
0.25

= —0.207 kJ/kg K (as before)

Alternatively

Sy — 8 = c,,uln&
h Pz
— 0.743 x (1.401 — 1.25) In 140
1.25 1400
= (0.743 x 0.151 x —2.303
1.25

= —0.207 kJ/kg K (as before)

Example 7.8 0.3 kg of air at a pressure of 350 kN/m? and a temperature of 35 °C receives
heat energy at constant volume until its pressure becomes 700kNn?. It then receives heat
energy at constant pressure until its volume becomes 0.228 9 ni’. Determine the change of
entropy during each process. Take ¢, = 1.006 kJjkg K, ¢, = 0.717 kJjkg K.

CONSTANT VOLUME PROCESS

R=c¢,—c,=1.006-0.717 = 0.289 kJ /kg K
P[ V1 :mRTl

_ mRT, _ 0.3 x 0.289 x 308
P, 350

Vi =0.076 3 m®

For a constant volume process, P, /T, = P,/ T

7, =T,%2 2308 x 190 _ 308 x 2 = 616 K
P, 350
Also 5 — s = ¢, Inf2 = 071710 1%
P, 350
~ 0717102
— 0.717 x 0.693
— 0.497 kJ /kg K

for 0.3 kg

Change of entropy = 0.497 x 3
= 1.491 kJ/K (an increase)
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Alternatively

$H—85 =¢ an: 0.7]7lnﬂ
T, 308
=0.717In2

= 0.496 kJ /kg K (as before)
Alternatively
§y — 8§ = c,,ln% - Rlnﬁ

1.006 10 818 _ 02891 790
308

350

I

=1.006In2 — 0.2891n2

= (1.006 — 0.289)In 2
=0.717In2

= 0.497 kJ /kg K (as before)

CONSTANT PRESSURE PROCESS
For a constant pressure process, V3 /T3 = V5 /T,

T; = Tzﬁ=616><0'2289 =616 x3 =1848K
Vs 0.076 3
Also 53-8 =¢, lnﬁ = 1.006 In 0.228 9
V, 0.076 3
=1.0061n3
= 1.006 x 1.099
=1.105 6 kJ /kg K
for 0.3 kg
Change of entropy = 1.105 6 x 0.3
=0.332kJ/K
Alternatively
S3—85H=¢ lni = 1.006ln—1848
T, 616
=1.0061n3
= 1.105 6 kJ/kg K (as before)
Alternatively
T3 V2
s3—8 =¢In—+ Rln—=
3 — 8 = ¢, in T + Rln v,
=0.717In3+0.2891n3
=(0.717+0.289)In 3
= 1.0061n3

= 1.105 6 kJ/kg K (as before)
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Example 7.9 A quantity of gas has a pressure of 700 kNjm? and it occuples a volume of
0.014 m’ at a temperature of 150 °C. The gas is expanded isothermally to a volume of
0.084 n’. Determine the change of entropy.

SOLUTION
This problem is solved by going back to the original theory that the area under a process
plotted on a T-s diagram is equal to the heat transferred reversibly during that process (sec
section 7.1).

Also

Heat transfer = PVln% (see section 5.13)
1

T
423K ! 2
Heat tra_nsfer/red
PVIn 4 7
Vi
A4 ry s S,

Fig.7.10 Diagram for Example 7.9

Isotherm 1-2 in Fig. 7.10 is a horizontal line of length s, — 5, and it occurs at a temperature
of 423 K.

Area under this line = 423(s, — 5,) kJ

423(sy — 81) = PVln% (PV = C for an isothermal process on a gas)
1
or
PV, .V,
S — 85 = ——In—
423 T

_ 700 x 0.014  0.084
T 423 0.014

700 x 0.014
423

Iné6

_ 700 x 0.014 x 1.792
423

=0.041 5kJ/K
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Questions

1.

Steam initially at a pressure of 700 kN/m® with a dryness fraction of 0.65 passes
through a reversible process which appears as a semicircle when plotted on a
temperature-entropy chart. The final pressure is 100 kN/m? and the final temperature
is the same as the initial steam temperature at the pressure of 700 kN/m?2 During the
process the maximum temperature is 230 °C. For this process, determine
(a)  the heat transfer per kilogram of steam
(b)  the work done per kilogram of steam.

[(a) 1282 kJ/kg; (b) 591.7 kJ/kg]

Steam at a pressure of 2 MN/m? and temperature 250 °C is expanded to a pressure of
0.32 MN/m? according to the law PV'% = constant. For this expansion, determine
(a) the final condition of the steam
(b)  the specific heat transfer
(c) the change of specific entropy

[(a) 0.847; (b) —163.9 kJ/kg; (c) —0.383 kJ/kg K]

Steam at a pressure of 1.9 MN/m? and with a temperature of 225 °C is expanded
isentropically to a pressure of 0.3 MN/m?>. It is then further expanded hyperbolically
to a pressure of 0.12 MN/m?. Using steam tables, determine
(a) the final condition of the steam
(b)  the change of specific entropy during the hyperbolic process

[(a) 0.954; (b) 0.572 7 kJ/kg K, an increase]

Steam initially at a pressure of 1.4 MPa and having a specific volume of 0.12 m3/kg is
throttled to a pressure of 0.7 MPa then expanded hyperbolically to a pressure of
0.11 MPa. For each process, determine the change in specific entropy.

[0.256 kJ/kg K; 1.09 kJ/kg K]

Steam at a pressure of 6.8 MN/m> and at a temperature of 375 °C is isentropically
expanded to a pressure of 1.0 MN/m?. It is then reheated at constant pressure until it
has a temperature of 300 °C. It is then further isentropically expanded to a pressure of
0.14 MN/m?. Using steam tables, determine
(a) the condition of the steam after both isentropic expansions
(b) the heat transfer per kilogram of steam to carry out the constant pressure
reheat
Sketch the T-s and A—s diagrams for the processes.
[(a) 0.953, 0.979; (b) 370.4 kJ/kg]

A quantity of gas has an initial pressure, volume and temperature of 130 kN/m?,
0.224 m? and 21 °C, respectively. It is compressed to a volume of 0.028 m® according
to the law PV'? = constant. Determine the change of entropy and state whether it is
an increase or decrease.
Take ¢, = 0.717 kJ/kg K, R =0.287 kJ/kg K.
[-0.051 8 kJ/K, a decrease]

1 kg of air has a volume of 56 litres and a temperature of 190 °C. The air then
receives heat at constant pressure until its temperature becomes 500 °C. From this
state the air rejects heat at constant volume until its pressure is reduced to 700 kN/m?.
Determine the change of entropy during each process, stating whether it is an increase
or decrease.
Take ¢, = 1.006 kJ/kg K, ¢, = 0.717 kJ kg K.
[0.516 kJ/kg K, an increase; —0.88 kJ/kg K, a decrease]

1.
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A quantity of air has an initial pressure, volume and temperature of 2.72 MPa, 3 litres
and 260 °C, respectively. It is expanded to a pressure of 0.34 MPa according to the
law PV'? = constant. Determine the change of entropy and state whether it is an
increase or decrease.
Take ¢, = 1.005 kJ/kg K, ¢, = 0.715 kJ/kg K.
[0.009 77 kJ/K, an increase)]
A quantity of gas has an initial pressure, volume and temperature of 1.1 bar, 0.16 m*
and 18 °C, respectively. It is compressed isothermally to a pressure of 6.9 bar.
Determine the change of entropy.
Take R =0.3 kJ/kg K.
[-0.111 kJ/K, a decrease]
0.5 kg of air is expanded according to the law PV'? = constant from initial conditions of
a pressure of 1.4 MN/m? and a volume of 0.06 m* to a final pressure of 0.35 MN/m>.
Determine the heat transferred by the air during the expansion. Show that this amount
of heat transfer is approximately equal to the change of entropy multiplied by the mean
absolute temperature.
Take v, = 1.006 kJ/kg K, ¢, = 0.717 kJ/kg K.
[43.6 kJ, 43.79 kJ]
0.3 m® of air at a temperature of 15 °C and pressure 100 kN/m? is compressed to a
volume of 0.03 m® according to the law PV'? = constant. Determine the change of
entropy.
Take y = 1.41, ¢, = 0.72 kJ/kg K.
[—0.058 6 kJ/K, a decrease]



Chapter 8

Combustion

8.1 General introduction

Until the advent of atomic energy, all thermodynamic engine processes derived their
energy supply either directly or indirectly from the combustion of fuel. Combustion
means burning and a fuel is a substance which, when burnt, liberates a large amount
of energy for a given bulk. A fuel can be a solid, a liquid or a gas. It should be
obtainable in abundant quantity, it should be relatively easy to handle and its
combustion should allow satisfactory control.

The vast majority of fuels are based on carbon, hydrogen or some combination of
carbon and hydrogen. Called hydrocarbons, these C-H combinations occur as solids,
liquids and gases. Coal, oils and natural gas are natural fuels that were laid down
many millions of years ago, so they are often called fossil fuels.

The acquisition of fossil fuels presents practical difficulties, such as mining and
drilling. However, oil and gas have been, and are, the source of much international
tension. Wars have been fought to obtain them because industrial society largely
depends upon the use of fuel as its fundamental energy base.

The increasing use of fossil fuels also produces immense amounts of atmospheric
pollution as the products of combustion are dispersed into the earth's atmosphere in
ever increasing quantities. This is having an adverse effect on the planet's flora and
fauna.

Coal has largely been displaced by oil for political and economic reasons and
because oil is easier to extract. Both coal and oil exist in finite quantities, so perhaps
at some time in the future, as the oil supply diminishes, coal will probably be brought
back on stream, and used in a more refined form than at present.

In the vast majority of engines, the burning of fuel is the prerequisite of
thermodynamic processes, so it is important to understand the chemical reactions
which take place during combustion.

8.2 Exothermic and endothermic reactions

In many chemical reactions energy is liberated; in others energy is absorbed. A chemical
reaction in which energy is liberated is called an exothermic reaction. Thus, fuel-burning
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reactions are exothermic reactions. A chemical reaction in which energy is absorbed is
called an endothermic reaction. For example, in the manufacture of coal gas there is a
reaction between carbon and carbon dioxide which produces carbon monoxide. Energy
is required to carry out this reaction, so it is an endothermic reaction.

8.3 Elements, compounds and mixtures

The basic materials of matter are called elements. Elements cannot be subdivided into
any other substances. Oxygen and hydrogen cannot be subdivided into any other
substances, so they are elements.

Substances which are made from elements are called compounds. The elements in
compounds lose their original identity; they are in chemical combination with each
other. The properties of a compound may be quite different from the original
properties of its constituent elements. Water is a compound which occurs naturally as
a liquid. Its constituent elements, hydrogen and oxygen, occur naturally not as
liquids but as gases.

A mixture occurs when several elements or compounds, or both, are mixed
together but no new substance is formed. Air is a mixture of gases, mainly oxygen
and nitrogen.

8.4 The atom and relative atomic mass (atomic weight)

Matter is currently thought to consist of extremely small particles. These particles
are, as it were, the bricks from which the greater bulk of matter is made. The small
particles of elements are called atoms. The atoms of each element have different
characteristics which make them what they are. Apart from an obvious difference of
substance, another characteristic is that their masses are different. To identify this
difference, a relative scale of masses has been compiled. The reference of an element
to this relative scale of mass is commonly called its atomic weight. It is now
recommended that it be called the relative atomic mass.

The lightest of all elements is hydrogen and, for the relative atomic mass scale, its
mass was originally taken as unity. The other elements were then compared for mass
against the relative atomic mass of hydrogen. An oxygen atom was found to be 16
times the mass of the hydrogen atom, so the relative atomic mass of oxygen was 16.
A carbon atom was found to be 12 times the mass of the hydrogen atom, so the
relative atomic mass of carbon was 12.

More accurate work on relative atomic masses, assuming the relative atomic mass of
oxygen to be 16, has shown that small corrections are necessary. For example, with the
relative atomic mass of oxygen as 16, the relative atomic mass of hydrogen is 1.008.

More recently it has been suggested that the relative atomic mass scale be based on
an atomic mass unit (a.m.u.) which is equal to 1/12 the mass of the neutral carbon
atom 12c. For the general analysis of the combustion of fuels in thermodynamic
engines, this degree of accuracy is not required.

8.5 The molecule and relative molecular mass (molecular weight)

Some elements do not normally exist as structures of single atoms but form
themselves into structures of minute particles containing two atoms; examples are
oxygen, hydrogen and nitrogen.
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In a similar way, when compounds are formed, they are again made up of minute
particles, and each of these particles is made up of two or more atoms. For example,
a particle of carbon dioxide is made up of one atom of carbon in chemical
combination with two atoms of oxygen. Such minute particles, which contain more
than one atom, are called molecules.

A molecule is made up of atoms, so its mass relative to the relative atomic mass
scale can be established. The mass of a molecule so determined is commonly called its
molecular weight. It is now recommended that it be called the relative molecular mass.

Take the case of carbon dioxide.

Relative mass of one atom of carbon = 12
Relative mass of two atoms of oxygen = 2 x 16 = 32
Relative molecular mass of carbon dioxide = 12+ 32 = 44

Molecules containing two atoms, such as oxygen, hydrogen and carbon monoxide,
are diatomic. Molecules containing three atoms, such as carbon dioxide and water,
are triatomic. Molecules containing more than three atoms are polyatomic.

8.6 Chemical symbols

To save writing them out in full, chemical names are abbreviated using conventional
symbols.

Carbon is written C
Sulphur is written S

To indicate the structure of a molecule, subscripts may be written on one or more
of its symbols. Single atoms, such as carbon and sulphur (above), take no subscripts.
The figure' I' should be there but is never written.

The element symbols for oxygen, hydrogen and nitrogen are 0, Hand N
respectively. But these gases form diatomic molecules, so

Oxygen is written 0Oz
Hydrogen is written Hz
Nitrogen is written Nz

In a similar way, compounds have subscripts given to their constituents indicating
the number of atoms of each constituent per molecule.

Carbon dioxide is written COz

indicating that there is one atom of carbon combined with two atoms of oxygen to
produce one molecule of carbon dioxide.

Water is written HzO

indicating that two atoms of hydrogen combined with one atom of oxygen produce
one molecule of water. In the water molecule a single atom of oxygen can exist in
equilibrium with two atoms of hydrogen, but on its own, oxygen forms into
molecules of two atoms.
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The number of molecules under discussion is written in front of the chemical formula.

2HzO means two molecules of water
4COz means four molecules of carbon dioxide

Table of some relative atomic and molecular masses

Substance Symbol Relative atomic mass Relative molecular mass
Elements

Carbon C 12

Hydrogen Hz 1 2
Oxygen Oz 16 32
Nitrogen Nz 14 28
Sulphur S 32

Compounds

Carbon monoxide CO 28
Carbon dioxide COz 44
Water HzO 18
8.7 Air

During combustion a fuel always reacts with oxygen and liberates energy. The supply
of oxygen is nearly always obtained from air. A knowledge of the constituents of air
is therefore required to find the amount of oxygen in a given bulk.

Now air contains many gases as well as oxygen; nitrogen, argon, helium, neon,
krypton, xenon and carbon dioxide are also present, together with some water
vapour. Of all these constituents, oxygen and nitrogen make up the main bulk. So
much so, in fact, that for most combustion purposes it is usual to assume the air
consists entirely of oxygen and nitrogen.

Oxygen is the reacting agent during the combustion of a fuel. This oxygen cannot be
obtained without it being accompanied by nitrogen. Now nitrogen is an inert gas,
meaning that it does not take part in the combustion reaction. But it will slow down the
combustion reaction because it will interfere with the necessary contact between
the oxygen and the fuel. Nitrogen will also absorb some of the energy liberated
by the combustion and will therefore be responsible for a lower combustion
temperature. But the presence of nitrogen is not exclusively detrimental. Combustion
with pure oxygen would be very rapid and would produce extremely high
temperatures. Very rapid combustion would probably produce control difficulties and
excessive combustion temperatures would produce damage to materials.

A gas has both mass and volume. The constituents of air are therefore given as
percentage composition by mass and by volume. Neglecting all other gases but
oxygen and nitrogen, the composition is given in the table.

By mass By volume
Oxygen 23.2% 21%
Nitrogen 76.8% 79%
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But it is very common in problems to be given a mass analysis

Oxygen 23%
Nitrogen  77%

8.8 Combustion equations - stoichiometry

The chemical process of combustion is written out in the form of equations. Consider
the combustion of carbon, C, with oxygen, 02. which results in the production of
carbon dioxide, COz, if the combustion is complete. Begin the combustion equation
by writing

C+0y

This means that oxygen is reacted with carbon. The product of combustion is
introduced by writing

C+0z =CO;

This means that oxygen is reacted with carbon to produce carbon dioxide. But now
a check is made to see whether the numbers of carbon and oxygen atoms on the left-
hand side are the same as the numbers of carbon and oxygen atoms on the right-
hand side. A check is made because the amount of matter present must always be the
same.

In the equation

C +0z = COz

there is one atom of carbon on each side and two atoms of oxygen on each side. This
equation balances so it is the complete equation for the combustion of carbon with
oxygen to form carbon dioxide.

A balanced chemical equation is called a stoichiometric equation; the carbon
combustion equation represents the correct balance between the amount of fuel
provided and the amount of oxygen supplied. Nitrogen will also appear in the
stoichiometric equation when the combustion of a fuel in air is considered.

Now take the case of the combustion of hydrogen, Hz, with oxygen, Oz, to form
water, H20. Begin by writing

Hz +0z = HzO

This means react oxygen with hydrogen to form water. Note that hydrogen is
written Hz and oxygen is written O, because they are diatomic molecules. In their
free state, it is impossible to have single atoms of hydrogen or oxygen.

Now check the balance of atoms on both sides of the equation. On the left-hand
side there are two atoms of hydrogen. On the right-hand side there are two atoms of
hydrogen. The hydrogen balances.

On the left-hand side there are two atoms of oxygen. On the right-hand side there
is only one atom of oxygen in combination with the hydrogen. The oxygen does not
balance. The oxygen molecule contains two oxygen atoms whereas the water
molecule contains only one oxygen atom, so the oxygen molecule will form two water
molecules.
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To accommodate this, the combustion equation may be extended to
H, + O, = 2H,0
The oxygen atoms balance but now there are four hydrogen atoms on the right-

hand side, which does not balance on the left-hand side. This may be corrected by
writing

2H, + 0, = 2H,0

Now the atoms on both sides completely balance so this is the stoichiometric
combustion equation of oxygen with hydrogen to produce water.

Now consider a hydrocarbon such as methane, a gas, whose chemical symbol is
CH,. Sometimes called marsh gas, it contains both carbon and hydrogen. For the
complete combustion with oxygen, the carbon will form carbon dioxide and the
hydrogen will form water. Begin by writing

CH,; + O, = CO, + H,0

Check the balance of atoms. In the molecule of CH, there is one atom of carbon;
this will produce one molecule of CO, because there is one atom of carbon in a
molecule of CO,. One molecule of CHy4 also contains four atoms of hydrogen. In a
molecule of water there are two atoms of hydrogen, so the four atoms of hydrogen
will form two molecules of water. Thus the combustion equation may be modified as

CH4 + O, = CO, + 2H,0

Now to balance the oxygen. On the right-hand side there are four atoms of oxygen
which may be balanced on the left-hand side by writing 20,. Hence the
stoichiometric combustion equation of methane with oxygen is written

CH, + 20, = CO, + 2H,0

Methane, CH,4, commonly forms the larger part of natural gas piped to domestic

and industrial users.
As a further example, consider the combustion of hexane, C¢H 4, a paraffin, with

oxygen. Again this may be started by writing
C¢Hyy + O, = CO, 4+ 2H,0

indicating that the carbon will form CO, and the hydrogen will form H,O.

Now C¢H 4 contains six carbon atoms which will form 6CO,; it also contains 14
hydrogen atoms which will form 7H,O. Hence the combustion equation may be
extended to

CsHys + O, = 6CO, + TH,0
Now to balance up the oxygen from that now shown on the right-hand side.

With the CO, there are 60,
With the H,O there are 3.50,

Hence the total oxygen is 9.50;. The combustion equation may now be written

Ce¢Hys + 9.50, = 6CO;, + TH,0
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Although the atoms on both sides are balanced, it is impossible to have half a
molecule as suggested in 9.50,. This can be corrected by multiplying throughout by
2. Hence the equation becomes

2C¢H 4 + 190, = 12CO, + 14H,0

This equation is now correct; it is the stoichiometric combustion equation of
hexane with oxygen.

It must be remembered that chemical reactions always follow definite natural laws,
consequently, definite natural substances are formed. For example, the reaction of
oxygen with carbon could not be considered as forming C30,¢! The reaction of oxygen
with carbon either forms carbon monoxide, CO, if incomplete, or carbon dioxide, CO,,
if complete. The reactions are fixed by natural laws and cannot be altered.

8.9 Combustion analysis by mass and by volume

A primary objective of combustion analysis is to determine the amount of air required
to burn a fuel and then to determine how much of each combustion product has been
formed. Some analyses are made by mass, some by volume and some by both.

8.9.1 Analysis by mass — gravimetric analysis
All chemical substances are given a relative atomic mass or relative molecular mass.
These relative masses are used in determining the combining masses and product
masses associated with combustion.

For example, consider the combustion of hydrogen with oxygen to form water.
This has the combustion equation

2H, + 0O, = 2H,0

The relative atomic mass of hydrogen is 1. Thus the relative mass of the hydrogen
present here is

2x2=4
Similarly, the relative mass of the oxygen present here is
2x16=232
The relative mass of the water is
2x(24+16)=2x18=36
Thus, it appears that
4 masses H, combined with 32 masses O, = 36 masses H,O
Dividing throughout by 4, then
1 mass H, + 8 masses O, = 9 masses H,O

Now the mass chosen can be on any mass scale. Assume the mass to be in
kilogrammes, then

1kg H, + 8 kg O, = 9 kg H,0

These are the necessary combining masses. Note that the mass of the product
formed, in this case H,O, is the same as the combined masses of the constituents.
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Oxygen is contained in air and is 23.2 per cent by mass, so the 8 kg O, above is
23.2 per cent of the mass of air theoretically necessary for the complete combustion
of the H,.

Hence the mass of air required to completely burn 1 kg Hy is

8/0.232 =34.5kg
Of this 34.5 kg, there are 8 kg O, so the nitrogen, N», present is
345 -8=126.5kg

But this N, is inert; it does not take any part in the combustion process itself,
There is as much N, after combustion as there was before. The above analysis shows

If | kg H, is burnt in 34.5 kg of air then the products of combustion will be 9 kg
H,O together with 26.5 kg No.

The mass of oxygen or air calculated above is called the stoichiometric mass
because it is the minimum mass required to completely burn 1 kg H,. It is sometimes
called the theoretical mass, the correct mass or the minimum mass.

8.9.2 Analysis by volume
Before the analysis by volume can be carried out, it is necessary to investigate
Avogadro’s hypothesis; this states:

Equal volumes of different gases at the same pressure and temperature contain
the same number of molecules.

From this it follows that proportions by numbers of molecules are also proportions
by volumes. Thus, if there are twice the number of molecules present for gas 1 than
for gas 2, gas 1 has twice the volume of gas 2, at the same pressure and temperature.
This hypothesis can be used in the solution of combustion volumetric analysis.

Consider the complete combustion of hydrogen. The combustion equation is

2H2 + 02 = 2H20

The numbers in front of the chemical symbols are the numbers of molecules of
those chemicals. Thus

2H, means two molecules of Hj
0O, means one molecule of O,
2H,0 means two molecules of H,O

From Avogadro’s hypothesis, proportions by molecules are also proportions by
volume, so the above combustion equation suggests that

2 volumes H, combine with 1 volume O, to produce 2 volumes of H,O
Dividing throughout by 2
1 vol H; + 0.5 vol O, = 1 vol H,O
Assume that volume is measured in cubic metres, then

1 m3H; +0.5m? 0, = 1 m® H,0
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Note that there has been an overall volumetric contraction of 0.5 m* from 1.5 m?
of gas before combustion to 1 m® of water vapour after combustion. It is important
to realise that after combustion the substance is water vapour and this phase has a
volume of only 1 m>. If it condenses then its volume is negligible compared with its
volume as a vapour; the overall volumetric contraction is almost 1.5 m>.

The reason for this contraction in volume after combustion is due to the
recombination of the atoms from their original form as diatomic molecules, H, and
Q,, into the new triatomic form of H,O. There are the same numbers of atoms
before and after combustion, so there will be fewer triatomic molecules formed
than the original diatomic molecules. From Avogadro’s hypothesis, proportions by
molecules are proportions by volume; in this case there are fewer molecules after
combustion than before, so the volume after combustion is smalier than before
combustion.

Once again, an analysis of the air and its associated nitrogen can be made, this
time by volume. Air contains 21 per cent O, by volume. Hence 0.5m’ O, is
contained in

0.5/0.21 = 2.38 m? air
In this air there will be
2.38-0.5=188m?N,
Hence
Im*H,+238m?air=1m* H,O+ 1.88 m* N,

And once again, the N, plays no part in the combustion; it has the same volume
before and after.

The volume of oxygen or air calculated above is called the stoichiometric volume
because it is the minimum volume required to completely burn | m*H,. It is
sometimes called the theoretical volume, the correct volume or the minimum volume.

In a later section it will be shown that combustion analysis can be made using a
quantity known as the mole (mol). For now the present analysis technique will be
adopted. The solution in either case will be the same.

8.10 Complete combustion of carbon to carbon dioxide

8.10.1 Analysis by mass

Combustion equation: C + O, = CO,

Proportion by mass: 12+ (2 x16) =12+ (2 x 16)
12 432 =44

Divide through by 12: 1+ 2% =32

or
lkgC+2% kg02=3% kg CO,
Hence

22 kg O, = stoichiometric mass of O,
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Now 22 kg O, are contained in

2%/0.232 = 11.5 kg air
= stoichiometric mass of air

This air will contain
11.5—-2.66 = 8.84 kg N,
Hence

1 kg C+ 11.5 kg air = 33 kg CO, +8.84 kg N,

8.10.2 Analysis by volume
Combustion equation: C+ O, = CO,

Now carbon, in its natural state, is a solid, but Avogadro’s hypothesis is concerned
with gases, so it will not apply to carbon. On the other hand, O, and CO; are gases,
so they can be analysed.

In each case the combustion equation shows one molecule of each of these gases, so

1 m* O, when reacted with C, during complete combustion, will produce 1 m
CO;
1 m® CO, is contained in
1

— =476 m® air
0.21

This air will contain
476 -1=376m> N,
Hence

4.76 m® air when reacted with C, during complete combustion, will produce 1 m*
CO, together with 3.76 m* N,

8.11 Incomplete combustion of carbon to carbon monoxide

The combustion of carbon to carbon monoxide is incomplete. This is because carbon
monoxide is a fuel, so it is capable of being burnt to produce carbon dioxide. When
carbon is burned to carbon monoxide, only part of the available energy is obtained,
so the combustion is said to be incomplete. It should be noted that carbon monoxide,
CO, is a very toxic gas that should not be inhaled and should be treated with care
and caution.

8.11.1 Analysis by mass

Combustion equation: 2C + O, =2CO

Proportion by mass: (2 x 12) 4+ (2 x 16) = 2(12 + 16)
24 +32 =56

Divide through by 24: 1 + 114 =24

or

1kgC+11 kg0, =21 kg CO
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Hence
11 kg O, = stoichiometric mass of O,
Now 14 kg O, are contained in

11/0.232 = 5.75 kg air
= stoichiometric mass of air
This air will contain
575-133=443kg N,

Hence

1 kg C+5.75 kgair =21 kg CO +4.42kg N,

8.11.2 Analysis by volume
Here

1 m*® O, when reacted with C, during incomplete combustion, will produce 2 m?

CO

1 m® O, is contained in

L 476m air
0.21

This will contain
476 —1=376m> N,

Hence

4.76 m® air when reacted with C, during incomplete combustion, will produce

2 m® CO together with 3.76 m> N,

8.12 Complete combustion of carbon monoxide to carbon dioxide

8.12.1 Analysis by mass
Combustion equation: 2C + O,

=2C0O,

Proportion by mass:  2(12+4 16) + (2 x 16) = 2[12 + (2 x 16)]

56 + 32
Divide through by 56: 1 + 4
or
1kg CO+4 kg0, = 14 kg CO,
Hence

4 kg O, = stoichiometric mass of O,
Now % kg O, is contained in

4

————— = 2.46 kg air
7 x 0.232

= stoichiometric mass of air

=88
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This air will contain

246 — 4 =2.46-0.57
=189kg N,

Hence
1 kg CO + 2.46 kg air = 1.57 kg CO, + 1.89 kg N,

8.12.2 Analysis by volume
Carbon monoxide is a gas so a complete volumetric analysis is possible.

Combustion equation: 2CO + O, = 2CO,

Proportion by volume: 2 + 1 =2
Divide through by 2: 1+0.5 =1
or
1 m®CO+0.5m* 0, =1m’ CO,
Hence

0.5 m® O, = stoichiometric volume of O,

Note that there is a volumetric contraction of 0.5 m® after combustion. Now
0.5 m? is contained in

93 _ 538 m? air
0.21

= stoichiometric volume of air

This air will contain
238-05=188m’ N,
Hence

1 m® CO +2.38 m? air = 1 m* CO, + 1.88 m* N,

8.13 Complete combustion of methane

Methane, CHy, is the major constituent of Natural Gas obtained from oilfields.

8.13.1 Analysis by mass

Combustion equation: CHy4 + 20, = CO, + 2H,0

Proportion by mass: (12 +4) +2(2 x 16) = (12 4+ 32) + 2(2 + 16)
16 + 64 =44 436

Divide through by 16: 1+ 4 =23+24
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or
1 kg CH, +4kg O, =22 kg CO, + 24 kg H,O
Hence
4 kg O, = stoichiometric mass of O,

Now 4 kg O, is contained in

4
_ % 1724kgai
0.232 gair

= stoichiometric mass of air
This air will contain
17.24 -4 =1324 kg N,
Hence
1kg CHy + 1724 kg air = 23 kg CO, + 21 kg H,O +13.24 kg N,
=275kg CO, +2.25kg H,O0 + 13.24 kg N,

8.13.2 Analysis by volume
Methane is a gas so a complete volumetric analysis is possible.

Combustion equation: CH4 + 20, = CO; + 2H,0

Proportion by volume: 1 + 2 =142
or
1m*CH;+2m’ 0, =1m? CO, +2m?® H,0
Hence

2 m? O, = stoichiometric volume of O,

Note that there is no volumetric contraction. Now 2 m* O, is contained in

2 =9.52m? air
0.21

= stoichiometric volume of air
This air will contain
9.52-2=752m3 N,
Hence

1m? CH; +9.52m’ air= 1 m® CO, + 2 m?® H,0+7.52m* N,

In this volumetric analysis, it is again assumed that the H,O formed remains as a

vapour.
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8.14 Complete combustion of sulphur to sulphur dioxide

It should be noted that sulphur dioxide is a toxic gas; it is a serious atmospheric
pollutant in some industrial areas and places of high motor traffic density. Over long
periods it can produce extensive surface damage to building material.

8.14.1 Analysis by mass
Combustion equation: S + O, = SO,
Proportion by mass: 32+ 32 = 64
Divide through by 32: 1 +1 =2

or
1kgS+1kgO, =2kgSO;

Hence

1 kg O, = stoichiometric mass of O,

Now 1 kg O, is contained in

1 4.3 kg air
0.232

= stoichiometric mass of air
This air will contain
43—-1=33kgN,
Hence

1kgS+4.3kgair=2kgSO; +33kgN,

8.14.2 Analysis by volume
Here again sulphur is a solid, so

1 m? O, reacted with S will produce 1 m* SO,

1 m® O, is contained in

0% = 476 m? air
This air will contain

476 — 1 =376 m*> N,
Hence

476 m® air when reacted with sulphur will produce 2 m* SO, together with
3.76 m* N,.
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8.16 Stoichiometric mass of air for the complete combustion of a fuel

If the analysis of a fuel is given by mass, then proceed as follows:

. Determine the mass of oxygen required for each constituent. From this, find
the total mass of oxygen by adding all the separate masses required.

° Subtract any oxygen which may be in the fuel because this does not have to be
supplied.

. Stoichiometric mass of air = O, required/0.232.

Example 8.1 A fuel consists of 72 per cent carbon, 20 per cent hydrogen and 8 per cent
oxygen by mass. Determine the stoichiometric mass of air required to completely burn 1 kg of
this fuel.

SOLUTION
A convenient form of solution here is to tabulate results.

Constituent Mass of constit. O, required O, required
(kg/kg fuel) (kg/kg constit.) (kg/kg fuel)

C 0.72 21 0.72x22=1.92

H, 0.2 8 02x8=16

0, 0.08 - —0.08

0, required = 1.92 + 1.6 — 0.08 = 3.44 kg /kg fuel

Stoichiometric air required = % = 14.8 kg/kg fuel

Suppose the fuel contained carbon and hydrogen only. As 1 kg carbon requires
11.5 kg air and 1 kg hydrogen requires 34.5 kg air, it follows that

Stoichiometric mass of air = (11.5C + 34.5H;) kg

where C and H; are the masses of carbon and hydrogen per kilogram of fuel.

Example 8.2 Determine the stoichiometric mass of air required to completely burn 1 kg of
heptane, C7H16.

SOLUTION
The first part of the problem is to determine the masses of carbon and hydrogen per
kilogram of fuel. This is achieved by an analysis of its relative molecular mass.

Relative molecular mass of C;H;q = (7 x 12) + (1 x 16)
=84+16
=100
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From this it appears that the fuel is made up of
84 o
-—— parts carbon = 84% by mass
100
and
16 o
o0 parts hydrogen = 16% by mass

Hence in every 1 kg of fuel there is 0.84 kg C and 0.16 kg H,.
Thus

Stoichiometric mass of air = (11.5 x 0.84) + (34.5 x 0.16)
=9.66 +5.52
= 15.18 kg/kg fuel

This problem could also have been solved by using the combustion equation.

Combustion equation: C;H¢ + 110, = 7CO, + 8H,0
Proportion by mass: 100 + (11 x 32)

100 + 352
Divide through by 100: 1+3.52

Hence

1 kg C;H ¢ requires 3.52 kg O,

. 3.52
ichi tri f air = ——
Stoichiometric mass o 0232

= 15.18 kg/kg fuel

8.16 The products of combustion by mass

After burning, a fuel will produce certain quantities of combustion products. The
products of combustion of individual constituents such as carbon and hydrogen have
already been dealt with. The combustion products of a fuel are best illustrated by an
example.

Example 8.3 A fuel oil consists of the following percentage analysis by mass:
82%C, 12%H,, 2%0,;, 1%S, 3%N,
Determine the stoichiometric mass of air required to completely burn 1 kg of this fuel and

determine the products of combustion both by mass and as a percentage.

SOLUTION
Again, the tabular form is suitable for this calculation.
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Products of combustion (kg/kg fuel)
CO,

O, required
(kg/kg fuel)

Constituent Mass of constit.

N,

SO,

H,O

(kg/kg fuel)

0.82 x 8.84 =725
0.12 x 26.5=3.18

082x22=219 082x3%=3.01

0.82
0.12

0.12x9=1.08

0.12 x 8 =0.96

H,

0.232
0.01 x 3.3 =0.033

—0.02 x 0.768 _ —0.066
0.03

—0.02

0.02

02

0.02

0.01 x2

0.01 x t =0.01

0.01
0.03

2
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From the table

Total O, required = 2.19 + 0.96 + 0.01 - 0.02
=3.16 -0.02
= 3.14 kg/kg fuel

Stoichiometric air = 314 13.54 kg/kg fuel
0.232

The products of combustion need a little explanation. Consider the carbon. It has been
shown that when 1 kg C is burnt with the stoichiometric air, the products of combustion
will be 32 kg CO, and 8.84 kg N,.

Hence with 0.82 kg C, the products will be

0.82 x 31 =3.01 kg CO,
and

0.82 x 8.84 =7.25 kg N,
The same procedure has been adopted in the case of the H, and the S. Note that the N,
originally in the fuel will appear as the same quantity in the products. Note also that since
there is 0.02 kg O, present per kilogram of fuel, so the N, content in the products of

combustion must be reduced by the amount of N, associated with this 0.02 kg O, because it
was not supplied by the air.

Now the air associated with 0.02 kg O, = 0.02/0.232 kg. But 1 kg air contains 0.768 kg
N,, hence

N, associated with 0.02 kg O, = 0.02 x 0.768

0.232
= 0.066 kg

This is the quantity of N, which must be subtracted from the total N, that assumes all the
O, was supplied from the air.
Hence, actual N, from the air is

7.25+3.18 +0.033 + 0.03 — 0.066 = 10.493 — 0.066
= 10.427 kg/kg fuel

Hence the products of combustion per kilogram of fuel are
3.01 kg CO,, 1.08 kg H,O, 0.02 kg SO,, 10.427 kg N,
The total mass of combustion products per kilogram of fuel is
3.01 + 1.08 + 0.02 + 10.427 = 14.537 kg

Hence, percentage analysis of products by mass is

0o, = 9L 5 100 = 20.7%
14.537

H,0 = L% 100 = 7.43%
14.537

~0.02
14.537

) x 100 = 0.14%

10427
14.537

) x 100 = 71.73%
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Note that from the total mass of products per kilogram of fuel it is possible to obtain the
mass of air per kilogram of fuel; it is

14.537 — 1 = 13.537 kg
This is so because

Mass of fuel + Mass of air = Mass of products

Note also that the N, in the products could also have been obtained from the fact that
13.54 kg of air is required per kilogram of fuel.
Now air contains 76.8 per cent N, by mass

N, in 13.54 kg air = 13.54 x 0.768 = 10.397 kg
But there is 0.03 kg N, per kilogram of fuel
N, in products = 10.397 + 0.03 = 10.427 kg

This is as before.

8.17 Stoichiometric volume of air for the complete combustion of a fuel

If the analysis of a fuel is given by volume, then proceed as follows:

° Determine the volume of oxygen required for each constituent. From this, find
the total volume of oxygen by adding all the separate volumes required.

. Subtract any oxygen which may be in the fuel because this does not have to be
supplied.

. Stoichiometric volume of air = O, required/0.21.

Example 8.4 The analysis by volume of a producer gas is as follows:
14% H,, 2% CH,, 22% CO, 5% CO,, 2% 0O,, 55% N,

Find the stoichiometric volume of air required for the complete combustion of 1 m® of this gas.

SOLUTION
Again, it is convenient to draw up a table.

Constituent Volume of constit. O, required O; required
(m*/m? fuel) (m3/m? constit.) (m3/m’> fuel)

H, 0.14 0.5 0.14 x 0.5 = 0.07

CH,4 0.02 2.0 0.02 x 2.0 =0.04

CO 0.22 0.5 0.22 x 0.5=0.11

CO, 0.05 — -

0, 0.02 - —0.02

N> 0.55 - -

O, required = 0.07 +0.04 + 0.11 — 0.02
=0.22-0.02
= 0.2 m*/m> fuel
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Stoichiometric air required = g% =0.952 m>/m’ fuel

Suppose the fuel had contained only H,, CO and CH,. Since 1 m® of H, and CO require
2.38 m? air each and 1 m® CH, requires 9.52 m? air for complete combustion, it follows that

Stoichiometric volume of air = [2.38(H; 4+ CO) + 9.52CH,] m3

where H,, CO and CH, are the volumes of hydrogen, carbon monoxide and methane per
cubic metre of fuel.

Example 8.5 A fuel contains 45 per cent H,, 40 per cent CO and 15 per cent CH, by volume.
Determine the volume of air required to burn 1 m° of this fuel.

SOLUTION

Stoichiometric volume of air = 2.38 x (0.45 + 0.4) + (9.52 x 0.15)
=(2.38 x 0.85) + (9.52 x 0.15)
=2.023+1428
= 2.451 m*/m? fuel

8.18 The products of combustion by volume

The products of combustion are always gaseous so they allow volumetric analysis to
be performed. The combustion products of carbon and hydrogen have already been
analysed; a fuel is best dealt with by an example.

Example 8.6 A gas consists of
14.2% CHa, 5.9% CO,, 36% CO, 40.5% H,, 0.5% O,, 29% N,

Determine the stoichiometric volume of air for the complete combustion of 1 m’ of this gas and
also the products of combustion both in m’/m’ of gas and as a percentage.

SOLUTION
A table is again a useful way of setting out this problem.
From the table

Stoichiometric volume of O, required = 0.284 + 0.18 + 0.202 5 — 0.005

= 0.666 5 — 0.005
= 0.661 5 m*/m? fuel
Stoichiometric volume of air required = 006211 >

=3.15m*/m? fuel

The products of combustion are dealt with as follows. Take the CH,4 for example. When
1 m* of CH, is burnt with the stoichiometric air, it will produce 1 m* CO,, 2 m* H,0 and
7.52 m® N,. Hence for 0.142 m*® CH,, the products will be
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Products of combustion (m>/m> fuel)

O, required

Constituent Volume of constit.

N,

H,O

CO,

(m3/m? fuel)

(m3/m? fuel)

0.142 x 7.52 = 1.068

0.142 x 2 =10.284

0.142x 1 =0.142

0.059

0.284

0.142 x 2

0.142
0.059
0.36

CH,
CO,
CO
H,

0.36 x 1.88 = 0.676
0.405 x 1.88 = 0.762

036 x1 =036

0.36 x0.5=0.18

0.405 x 1 = 0.405

0.405 x0.5=0.202 5

—0.005

0.405

—0.005 x (0.79/0.21) = —0.019

0.029

0.005

2

0.029
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0.142x1 =0.142m’ CO,
0.142x2 =0.284m’ H,0
0.142 x 7.52 = 1.068 m® N,

The products for the CO and H; are dealt with in a similar manner. The CO; and the N; in
the fuel appear as the same quantity in the products.

Note that there is O, in the fuel, so the N, in the products of combustion must be reduced
by an amount proportional to this O, because it is not supplied by the air.

Air associated with 0.005 m* O, = _%'02015 m
N, associated with this air = 0.005 x 8;?
=0.019 m3

This N, must be subtracted from the total N, that assumes all the O, was supplied by the
air. Hence

N, in products = 1.068 + 0.676 + 0.762 + 0.029 — 0.019
=2.535-0.019
= 2.516 m3/m> fuel

CO; in products = 0.142 + 0.059 + 0.36
= 0.561 m*/m? fuel

H,0 in products = 0.284 + 0.405
= 0.689 m’/m? fuel

Total volume of products = 2.516 + 0.561 + 0.689
= 3,766 m*/m? fuel

The percentage analysis of the products by volume is

co, = 2201 100 = 14.9%
3.766

1,0 = 2682 100 = 18.3%
3.766
2516

N; = x 100 = 66.8%

2 TRA

8.19 Conversion of volumetric to gravimetric (mass) analysis

From Avogadro's hypothesis, proportions by molecules are also proportions by
volume. And equal volumes of different gases at the same pressure and temperature
contain the same number of molecules, so the mass of equal volumes will be
proportional to the relative molecular masses of the gases. It follows that for a gas

Proportion by mass = Proportion by volume x Relative molecular mass (RMM)

Using this relationship, conversion of volumetric analysis to gravimetric analysis
proceeds as follows, assuming the volumetric analysis is given as a percentage
analysis. Multiply the percentage by volume of each constituent by its relative
molecular mass. Then determine the sum of all the products, and hence determine the
percentage analysis by mass.
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Example 8.7 A gas consists of 20 per cent CO;, 70 per cent N5 and 10 per cent O; by volume.
Determine the percentage analysis of the gas by mass.

SOLUTION
The conversion is conveniently displayed in tabular form.

Constituent Percentage by volume Percentage by volume x RMM Percentage by mass

o, 20 20 x44= 880 880 L 100= 279
3160

N, 70 70 x 28 = 1960 1960 x 100 = 62.0
3160

0 10 10x32= 320 320 j00= 10.1
3160

Total 100 3160 100

8.20 Conversion of gravimetric (mass) to volumetric analysis

This is the reverse of conversion from volumetric to gravimetric analysis. Remember
that it applies only to gaseous fuels or products.

To convert mass to volumetric analysis, divide the percentage mass by the relative
molecular mass and sum the quotients, hence obtain the percentage by volume.

Example 8.8 A gas consists of the following percentage analysis by mass:
30% CO, 20% N,, 15% CH,, 25% H,, 10% O,

Determine the percentage composition of the gas by volume.

SOLUTION
The conversion is conveniently displayed in tabular form.

Percentage by mass

Constituent Percentage by mass RMM Percentage by volume
30 1.071
3 — = 1.071 x 100= 6.9
co 0 28 15.536
N, 20 20_ o714 D714 0= a6
28 15.536
CH, 15 B_ 0.938 0938 x 100 = 6.0
16 15.536
H, 25 B 12.5 125 x 100 = 80.5
2 15.536
0, 10 10_ 0.313 0313 x100 = 20
32 15.536
Total 100 15.536 100
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8.21 Dry flue or exhaust gas

The analysis of flue or exhaust gas is required to determine whether or not a fuet is
being burnt efficiently. If a fuel contains hydrogen, H,0 will be formed and this will
appear initially as steam in the combustion products. If a fuel contains carbon, this
can appear in the combustion products as CO, CO or both.

The analysis of the combustion products will depend upon the amount of air
being supplied to the fuel and the type of fuel. If too little air is supplied, the
initial fuel-air mixture is rich, meaning rich in fuel. Most fuels are hydrocarbons
and all the hydrogen is nearly always burnt off to H,0. Hence for a rich mixture,
this leaves the carbon deficient in air. Although some carbon will be burnt off to
CO,, the remainder will form CO, showing incomplete combustion. The N2 from
the air will also appear in the products. There may also be a small amount of
oxides of nitrogen (NOy in the products.

If too much air is supplied, the initial fuel-air mixture will be weak or lean,
meaning weak or lean in fuel. For a hydrocarbon fuel, the hydrogen will burn off to
H,0, the carbon will all burn off to CO, and there will be some Oz left, which will
appear in the products together with the N, associated with the air.

If a percentage analysis of dry flue or exhaust gas is made from very weak to very
rich mixtures of fuel and air, the graph obtained will have the general shape of
Fig. 8.1. This shows that from a weak mixture the percentage CO; increases while the
O, decreases. The CO, is at a maximum at the stoichiometric fuel-air ratio, where
the O, has theoretically reduced to zero. Over to the rich side shows the CO:2
percentage decreasing and CO begins to appear; it increases as the richness increases.
In practice, the O, and CO lines generally overlap slightly.

C
O
]
= 9 \
|l o
t 9
] g -
5 ol.=
=K
a §_|
o o2 O
e Al S
- —— -
s Weak Rich
Fuel-air ratio

Fig. 8.1 Dry flue or exhaust gas analysis

It appears that, since all the hydrogen is nearly always burnt off to H20, the
efficiency of combustion is generally a function of the degree to which CO2, CO and
O, appear in the products of combustion. As a practical point, no combustion in a
furnace or engine is perfect. This is mainly due to the presence of N2 in air, which
limits the degree of intimacy between the fuel and oxygen. The mixing of the fuel and
air, to improve intimacy, is achieved by the introduction of some turbulence to the
air and atomisation or pulverisation of the fuel. Nevertheless, it is always possible
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that some oxygen will get through to the flue or exhaust uncombined with the fuel
and will probably produce a small amount of CO. But this effect is generally small
compared with the effect of deficient or excess air. Very often the CO content of the
products is taken as a measure of the combustion efficiency. If the CO is high, there
is a deficiency of air. The air is therefore increased until the CO is eliminated or all
but eliminated. The introduction of too much air can be detected by the appearance
of O3 in the products.

Now because CO2 CO and O in the product show up the efficiency of
combustion, very often they are the only gases to be considered in the flue or exhaust
gas analysis. There is no H20, hence it is called dry flue analysis or dry exhaust gas
analysis.

8.22 Excess air

If O2 appears in a dry flue gas analysis it means that air has been supplied to the fuel
beyond that required for complete combustion. From the dry flue gas analysis it is
possible to determine the mass of excess air supplied.

The first procedure is to determine the mass of dry flue gas formed per kilogram of
fuel burnt. First the volumetric analysis of the dry flue gas is converted into a mass
analysis. From this an analysis is made of the mass of carbon per kilogram of flue
gas; this is compared with the mass of carbon per kilogram of fuel. The comparison
is relevant because, the carbon in the fuel ultimately appears in the flue gas combined
with Oz to form either CO, or CO, so it must be the same quantity.

Now the relative molecular mass of CO, = 44. This is made up of 12 parts C and
32 parts Oz Hence in every | kg CO, there is 12/44 = 3/11 kg C. Similarly the
relative molecular mass of CO = 28. This is made up of 12 parts C and 16 parts O,.
Hence in every 1kg CO, there is 12/28 = 3/7 kg C. Thus in every 1kg dry flue gas,

if mco, and meo are the masses of carbon dioxide and carbon monoxide, respectively,
then

Mass of C/kg flue gas = (3/11mco, + 3/Tmco,) kg
If m = mass of C/kg fuel, then

m

Mass of dry flue gas/kg fuel = k
(/limeo + 3/Tmeo) ©

Now from the mass analysis of the dry flue gas, the amount of O, per kilogram of
dry flue gas is known, hence

Mass of excess O,/kg fuel = Mass of O,/kg dry flue gas x Mass of dry flue gas/kg fuel
From this

Mass of excess O,/kg fuel
0.232

Mass of excess air/kg fuel =

If the stoichiometric air is calculated for the fuel in the usual manner, then

Total mass of air/kg fuel = Stoichiometric air + Excess mass of air
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Example 8.9 The dry exhaust gas from an oil engine had the following percentage composition
by volume.

8.85% CO,, 1.2% CO, 6.8% O,, 83.15% N,
The fuel oil had a percentage composition by mass as follows:
84% C, 14% H,, 2% O,
Determine the mass of air supplied per kilogram of fuel burnt. Air contains 23 per cent O, by mass.

SOLUTION
First draw up a table.

Constituent Mass of constit. O, required O, required
(kg/kg fuel) (kg/kg constit.) (kg/kg fuel)
C 0.84 2% 0.84 x 2% =2.24
H, 0.14 8 0.14x8=1.12
0O, 0.02 - —0.02
Theoretical total O, required = 2.24 + 1.12 — 0.02
=3.36 -0.02
= 3.34 kg/kg fuel

Theoretical mass of air = 3.34/0.23 = 14.5 kg/kg fuel

Using a new table, convert the volumetric analysis of the flue gas into a mass analysis.

Constituent  Percentage by Percentage by Percentage by mass
volume volume x RMM

Co, 8.85 885x 44— 3804 o4 j00=13.12
2968.8

co 1.2 12x28= 336 -0 . 100=1.13
2968.8

0, 6.8 6.8x32= 2176 217.6 x 100 = 7.33
2968.8

N, 83.15 83.15x 28 =2 3282 2328.2 x 100 = 78.42
2968.8

Total = 2 968.8

Mass of C/kg of dry flue gas = (0.131 2 x 12/44) + (0.011 3 x 12/28)
= 0.035 78 + 0.004 84

=0.04062 kg
Mass of C/kg fuel = 0.84 kg
Mass of dry flue gas/kg fuel = 084 _ 20.68 kg
y e gaske 004062



210 Basic engineering thermodynamics
Hence
Mass of excess O,/kg fuel = 20.68 x 0.073 3 = 1.516 kg

Mass of excess air = 10—5213—6 = 6.6 kg/kg fuel

From this
Mass of air supplied/kg fuel = 14.5 + 6.6 = 21.2 kg
Alternatively
N, in the dry flue gas = Total N, from the air
Mass of Ny/kg fuel = 20.68 x 0.784 6 = 16.22 kg

Mass of air/kg fuel = 1622 21.1kg

077

Example 8.10 A certain petrol consists of 86 per cent carbon and 14 per cent hydrogen by
mass. If the fuel is burnt with 20 per cent excess of air and the combustion is complete, estimate
the volumetric composition of the products of combustion, including the water vapour formed.
Assume air contains 23 per cent of oxygen by mass.

SOLUTION
Stoichiometric O, required = (0.86 x 22) + (0.14 x 8)
N et N et

for CO;, for Ha
=2293+1.12
= 3.413 kg /kg petrol

Stoichiometric air required = 3.413

03 = 14.84 kg/kg petrol

Products of combustion by mass per kilogram of petrol are

CO,=086x33 = 3.153 kg
H,0=0.14x9 = 1.26kg
Excess O, =3.413 x 0.2 = 0.683 kg

N, = 1484 x 1.2x0.77 = 13.712 kg
Total = 18.808 kg

Therefore percentage analysis of products by mass is

3.153
0, = 100 = 16.76°
2= 18.808 © %
,0=-20 00— 67%
18.808
, = 0683 00— 3.63%
18.808
Ny = B712 100 = 72.9%
18.808
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Using a table, convert products by volume.

Percentage by mass

Constituent  Percentage by mass Percentage by volume

RMM
co 16.76 1676 _  38) 0381 100= 1098
4 347
H,0 6.7 87 _ 0372 0372 1o0= 1072
18 3.47
0, 363 - 363 _ o113 0113 100= 3.6
2 3.47
N, 72.9 729 _ 5 604 2604 100 = 75.04
28 3.47
Total 100 347 100

Therefore the composition of the combustion products by volume is

10.98% CO,, 10.72% H;0, 3.26% O, 75.04% N,

Example 8.11 The fuel supplied to a boiler contains 78 per cent carbon, 6 per cent hydrogen, 9
per cent oxygen, 7 per cent ash by mass as fired. The air supplied is 50 per cent in excess of
that required for theoretically correct combustion. If the boiler house temperature is 20 °C and
the flue gas temperature is 320 °C estimate the energy carried away by the dry flue gas per
kilogram of fuel burned.

Assume air contains 23 per cent oxygen by mass and the mean specific heat capacity of the
dry flue gas is 1.006 kJ/kg K.

SOLUTION
For 1 kg of fuel

0.78 kg carbon requires 0.78 x 22 = 2.08 kg O,
0.06 kg hydrogen requires 0.06 x 8 = 0.48 kg O,
Stoichiometric O, required = 2.08 4 0.48

= 2.56 kg/kg fuel

But thgre is 0.09 kg O, in fuel

Stoichiometric O, required from air = 2.56 — 0.09

= 2.47 kg/kg fuel
Stoichiometric air required = 2.47/0.23

= 10.74 kg /kg fuel
Actual air supplied/kg fuel = 10.74 x 1.5

=16.11kg

Ffom this, the total mass of flue gas per kilogram of fuel is

li
16.11+1=17.11 kg
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Now 0.06 kg H, will produce
0.06 x 9 = 0.54 kg H,0
So the mass of dry flue gas per kilogram of coal is
17.11 — 0.54 = 16.57 kg
Hence, the energy per kilogram of coal carried away by the dry flue gas is

16.57 x 1.006 x (320 — 20) = 16.57 x 1.006 x 300
= 5000 kJ

Example 8.12 A natural gas consists of the following volumetric composition

Nitrogen (N,) 1.8%
Methane (CHy) 94%

Ethane (CoHg)  3.5%
Propane (C3Hg) 0.7%

For this gas, determine
(a) the stoichiometric volume of air for the complete combustion of 1 m’
(b) the percentage volumetric analysis of the products of combustion

(@)

For the methane
CH, + 20, = CO; + 2H,0
Proportions by volume
l+4=1+2
Thus
1 m3 CH, +2m? O, = 1 m* CO, 4 2 m® H,0 (vapour)

Stoichiometric volume air = % =9.52m’/m® CH,

This air will contain 9.52 x 0.79 = 7.52 m* N,
For the ethane

2C,H¢ + 70, = 4CO; + 6H,0
Proportions by volume
24+7=4+6
Thus

2m? CHg + 7 m® O, = 4 m® CO, + 6 m® H,0 (vapour)

Stoichiometric volume air = T 16.7 m*/m® C,H;
2 x 0.21
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This air will contain 16.7 x 0.79 = 13.2 m* N,
For the propane

C;Hg + 50, = 3CO; + 4H,0
Proportions by volume
1+5=3+4
Thus
1 m?® C3Hgy + Sm?® 0, =3 m’ CO, 4+ 4 m? H,0

Stoichiometric volume air = % =23.8m’ C;H;g

This air will contain 23.8 x 0.79 = 18.8 m* N,
From this

Stoichiometric volume of air required = (0.94 x 9.52) + (0.035 x 16.7) + (0.007 x 23.8)
= 8.949 + 0.585 + 0.167
=9.701 m*/m? gas

®)

The products of combustion can be tabulated.

Constituent Volume of constit. Products of combustion (m®*/m> fuel)
(m*/m? fuel)

CO, H,O N,
CH, 0.94 094 x1=09%4 094 x2 =188 0.94 x 7.52 =1.07
C,H, 0.035 0.035x2=0.07 0.035x3=0.105 0.035x 13.2 =0.462
C;Hg 0.007 0.007 x 3 =0.021 0.007 x 4 = 0.028 0.007 x 18.8 =0.132
N, 0.018 - - 0.018

Thus, for the combustion of 1 m* of the natural gas, the products will be

CO,; =0.94 +0.07 4 0.021 = 1.031 m?
H,O = 1.88 4 0.105 + 0.028 = 2013 m?
N, = 7.07 + 0.462 + 0.132 + 0.018 = 7.682 m?

Total = 10.726

Hence, as percentages

co, = L9 100 = 9.6%
10.726

,0=203  100=188%
10.726

N, = 2687 100 = 71.6%
10.726
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Example 8.13 The analysis, by mass, of the coal fired to a boiler is,
82% carbon, 8% hydrogen, 3% oxygen, 7% ash

The boiler uses 0.19 kg/s and air is supplied to the furnace by a fan; the air supply is 30 per

cent in excess of that required for theoretically correct combustion. Calculate

(a) the volume of air taken in by the fan per second when the pressure and temperature of the
air at the fan intake are 100 kNim’ and 18 °C, respectively (R for air = 0.287 kJjkg K)

(b) the percentage composition by mass of the dry flue gases

Air contains 23 per cent oxygen by mass. Relative atomic masses: hydrogen, 1, carbon, 12;

oxygen, 16.

(@)
For 1 kg of coal

0.82 kg carbon require 0.82 x 22 =2.19 kg O,
0.08 kg hydrogen require 0.08 x 8 = 0.64 kg O,

Stoichiometric O, required = 2.83 kg/kg coal
But there are 0.03 kg O, in the coal

O, actually required = 2.83 — 0.03 = 2.8 kg/kg coal
Hence

Air theoretically required = % = 12.17 kg /kg coal

But 30 per cent excess air is supplied
Actual air supplied = 12.17 x 1.3 = 15.82 kg/kg coal

Air supplied/s = 0.19 x 15.82
=3.01 kg

Now PV =mRT and T= 18 +273 =291 K

_ mRT _ 3.01 x 0.287 x 291
p 100

=251 md/s

4

(b)
0.82 kg carbon will produce

0.82 x 32 =3.01 kg CO,
Also there will be
28x03=084kg 0O,
together with
1582 x 0.77 = 12.18 kg N,
So the dry flue gas per kilogram of coal will be

CO, = 3.01 kg =18.78%
0, = 0.84kg= 524%
N, =12.18 kg = 75.98%

Total = 16.03 kg
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Example 8.14 A single-cylinder, four-stroke, compression-ignition oil engine gives 15 kW at

5 rev/s and uses fuel having the composition by mass: carbon, 84 per cent; hydrogen 16 per

cent. The air supply is 100 per cent in excess of that required for perfect combustion. The fuel

has a calorific value of 45 000 kJjkg and the brake thermal efficiency of the engine is 30 per

cent. Calculate

(a) the mass of fuel used per cycle

(b) the actual mass of air taken in per cycle

(¢) the volume of air taken in per cycle if the pressure and temperature of the air are 100 kN|
m’ and 15 °C, respectively

Take R = 0.29 kJ/kg K

(a)
Work done/s = 15kJ (1 W =1J/s)
2
Work done/cycle = 15 x 3= 6kJ
. 6
Energy supplied/cycle = el =20kJ
20
Mass of fuel used/cycle = ——— = 0.000 44 kg
45 000
=0444¢
(W]
1 kg C requires 22 kg O,

0.84 kg C requires 22 x 0.84 = 2.24 kg O,
1 kg H, requires 8 kg O,

0.16 kg H, requires 8 x 0.16 = 1.28 kg H,

Total O,/kg fuel =2.24 4 1.28 = 3.52 kg
Stoichiometric air required = 3.52/0.23 = 15.3 kg/kg fuel
Actual mass of air supplied = 15.3 x 2 = 30.6 kg/kg fuel

Mass of air supplied/cycle = 30.6 x 0.000 444 = 0.013 6 kg

(©

PV=mRT and T=15+273=288K

_ mRT _ 0.013 6 x 0.29 x 288
TP 100

=0.0114m?

vV

The volume of air taken in per cycle is 0.0114 m®,
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Example 8.15 A boiler generates 900 kg of steam per hour, 0.96 dry at a pressure of 1.4 MN/m’
from feedwater at 52 °C; the boiler efficiency is 71 per cent and the calorific value of the coal is
33 000 kJjkg. The coal has a composition by mass: carbon, 83 per cent; hydrogen, 5 per cent;

oxygen, 3 per cent; ash, 9 per cent,; and the air supply is 22 per cent in excess of that required for
perfect combustion. Determine

(a} the mass of coal used per hour

(b) the mass of air used per hour

(c) the percentage analysis of the flue gases by mass

Air contains 23 per cent O, by mass. Specific heat capacity of water is 4.187 kJ/kg K.

Extract from steam tables

Pressure (MN/m?) Sat. temp. # (°C) Specific enthalpy (kJ/kg) Spec. vol. Vg (m®/kg)
he hrg hy

1.4 195 830.1 1957.1 2787.8 0.1407

(a)
Specific enthalpy of steam generated by boiler

he + xhg, = 830.1 + (0.96 x 1957.7)
=830.1 x 1879
= 2709.1 kJ /kg

Specific enthalpy of feedwater = 4.187 x 52
=218 kJ /kg
Energy to steam generated = 2709.1 — 218 = 2491.1 kJ /kg
Energy to steam/h = (900 x 2491.1) kJ

900 x 2491.1)kJ

Energy required from fuel = ( 071

900 x 2491.1
0.71 x 33 000

=957 kg

Mass of coal/h =

(b)
Consider 1 kg coal

0.83 kg C requires 0.83 x 22 =221kg O,
0.05 kg H, requires 0.05 x 8 =0.4kg O,

Total O, = 2.61 kg
But there is 0.03 kg O, in coal

Actual O, supplied = 2.61 — 0.03
= 2.58 kg/kg coal
2.58

Theoretical air = 0 11.22 kg/kg coal

But there is 22 per cent excess air supplied

Actual air supplied = 11.22 x 1.22
= 13.69 kg/kg coal

Hence, the mass of air supplied per hour = 13.69 x 116 = 1588 kg
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©
Consider 1 kg of coal

0.83 kg C produces 0.83 x 3% = 3.043 kg CO,

0.05 kg H, produces 0.05 x 9 = 0.45 kg H,0

Mass of excess O, in flue gas = 2.58 x 0.22
= 0.568 kg

Mass of N, in flue gas =13.69 x 0.77
= 10.54 kg

So the flue gas composition is

CO, = 3.043 kg = 20.84%

H,0 = 045kg = 3.08%

0, = 0.568kg= 3.89%

N, = 10.54kg =72.19%
14.601 kg

8.23 The universal gas constant

The following work concerns gases and gas mixtures together with some combustion
analysis. Consider two gases A and B both with the same pressure P, volume V and
temperature 7. Let their masses be ma and mg, respectively.

By the characteristic equation of a perfect gas

Py .—_mARA:mBRB []]

where R = characteristic gas constant

Let the relative molecular masses of the gases be M and Mp, respectively. By
Avogadro’s hypothesis, the masses of equal volumes of different gases at the same
pressure and temperature are proportional to their relative molecular masses.
Equation [1] requires

mARA = mBRB
so it follows that
MARA = MRy (2]

It appears that the product of the relative molecular mass and the characteristic
gas constant of all gases is always a constant.

This constant is called the universal gas constant or molar gas constant; it has the
symbol R.

Hence

MR =R 3]

Thus for air, the values R = 0.287 kJ/kg K and M = 28.95 kg (which is 1 kmol of

air, see next section) give

R = 0.287 x 28.95
= 8.309 kJ/kmol K

The accurate value of R is 8.314 3 kJ/kmo! K.
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8.24 The mole

The mole is used in physical chemistry and molecular physics; it is the unit for
‘amount of substance’. Its abbreviation is mol. One mole is described here as an
amount of substance of a system which contains as many elementary entities as
there are carbon atoms in 0.012 kg of '*C (carbon-12). The elementary unit must
be specified and may be an atom, a molecule, an ion, an electron, etc., or a
specified group of such particles. A mole of substance is defined as the mass of
the substance equivalent to its relative molecular mass and is called the molar
mass, M.
If the unit of mass is taken as the kilogram, then

1 kmol O, =32kg O,
1 kmol H; =2 kg H,
I kmol CO, = 44 kg CO,

1kmolC=12kg C
1 kmol S=32kg8S

Since the kilogram mass has been used, the amount of substance is in kilomoles,
written kmol.

To determine the number of moles of gas, for example, it is necessary to divide the
mass of gas by its molar mass. Thus

n:m/]\jl [

where n = number of moles
m = mass of gas, kg
M = molar mass of gas, kg/kmol

From this,
m=nM 2]
Also, since
MR =R
then
R=R /1\~4 [3]

Now from the characteristic eﬁuation of a perfect gas
PV =mRT 4]
Substituting equations [2] and [3] into equation [4]

pv=nit XL
77

or

PV = nRT [5]
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8.25 Volume of one mole of gas

Since
PV =nRT
then
V= nRT
P

which for 1 mol of gas becomes

~

V:E since n = 1
P

This equation is independent of any particular gas, so it shows that the volume of
one mole of any gas at the same pressure and temperature is constant.

Thus, for any gas at a pressure of 101.325 kN/m? and a temperature of 0 °C, the
volume of 1 kmol is

83143 x273.15
B 101.315

=2241 m°

8.26 Average molar mass of a gas mixture

It has been shown that

Mass of gas
Molar mass of gas

(1]

Number of moles of gas =

or
m
M

n=

From this

Mass of gas
Number of moles of gas

Molar mass of gas =

or

3

=" 2]
n

For a gas mixture, equation {2] can be used to determine the average molar mass
of the gas mixture. The mass of a gas mixture is made up of the masses of the
individual amounts of gas present.

From equation [1}

m=nM 3]
Thus the mass of a gas mixture is given by
n1A711+n21\712+n31\23+... [4]

where 1, 2, 3, etc., represent the different gases in the mixture.



220 Basic engineering thermodynamics

Also, the number of moles of gas mixture is given by
nmotn o+t [5]
Hence, from equation [2] the average molar mass of a gas mixture, M av, 18 given by

M _n]A71| +n2A712+n31l~43+...
av —
m+n+n+...

or

~ > nM
M, = Yn [6]

In using this equation it is not essential to determine the number of moles of each
gas present in any given gas mixture. The solution can also be determined from a
percentage analysis of the gas by volume. One mole of any gas at the same pressure
and temperature occupies the same volume, so it follows that a percentage analysis

by volume is also a percentage analysis by moles. If a percentage analysis is used then
3 n = 100. Thus, for air, the volumetric analysis is

21% O,, 78.05% N,, 0.95% other gases
The relative molecular masses are
0, =32, N, =28, other gases = 39.9

For air, then

= b)) nlljl_ (21%32)+(78.05% 28) +(0.95x39.9)
=TT 100

= 28.95 kg/kmol

8.27 The density of a gas mixture

From the volumetric analysis of a gas mixture, the average molar mass is

~ Y nM
M, = 1
n {1

By definition, one mole of the gas mixture will have a mass of A/?.dv kg.

The volume of one mole of the gas mixture at its pressure and temperature can be
calculated from

_Rr
== 2

From equations [1] and [2]

vV

Density = p = % kg/m® 3]
From this
. Vo 3
Specific volume = v = —<=— m’ /kg {4]
M,
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8.28 The average value of the characteristic gas constant for a gas
mixture

The average molar mass of the gas mixture is

Mav _ Zn]\71
Xn

(1]

For a gas, it has been shown that
MR =R (2]
From equations [1] and [2]
R, = ~R [3]
M,

8.29 Molar heat capacity

The definition of molar heat capacity is similar to the definition of specific heat
capacity, except that molar heat capacity considers one mole of gas instead of unit
mass of gas. Thus

Molar heat capacity at constant volume, C,, is defined as the amount of heat
which transfers to or from one mole of gas while the temperature changes by
one degree and the volume remains constant.

Also

Molar heat capacity at constant pressure, Cp, is defined as the amount of heat
which transfers to or from one mole of gas while the temperature changes by
one degree and the pressure remains constant.

In both cases the units are J/kmol K
Since there are M kg in one mole, it follows that

Mec, = C~’v [t
and
Me, =&, 2

Now it has been shown for a gas that
¢—¢, =R (3]
Multiplying equation [3] throughout by M gives
Ajlc,, — A71(3v = MR
which from equations [1] and [2] becomes,

~C,= MR (4]
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And ¢,/c, = v, the adiabatic index. Multiplying top and bottom by M gives
#e,

e, !

From equations [1] and [2]

_ [6]

o

From equation [5]
C,=C,+83143
and substituting in equation [6]

_ G, +83143
V= 7 (7]

Also from equation [5]
C,=C,+83143

and substituting in equation [6]

~

G

T=C, "83143 18]

8.30 Average molar heat capacity of a gas mixture
For any gas mixture, let

Total number of moles of gas mixture = ny

Average molar heat capacity at constant volume = C~,,av

Number of moles of each individual gas in the mixture = ny, ny, n, ...
Molar heat ca~paci1ies at constant volume of each individual gas in the

~

mixture = C,), C,, Cy3, ...

Now the amount of heat required to raise » moles of gas through one degree rise
of temperature while the volume remains constant is nC b

Hence, for the gas mixture, the amount of heat required to raise the temperature
through one degree rise of temperature is

n Gy + n2cv2 + n35v3 +...= nl&vav
z(nl +n2+n3+--')cvav
From this

6 - nlel +n2C~v2 +n36v3 + ...
vav
ny +n2—|—n3+...

or

P (1]
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By similar analysis, it can be shown that the average molar heat capacity at

constant pressure is given by
~ Ené,,
pav— Y

2]

Example 8.16
(a) Given that standard pressure and temperature (STP) may be taken as 101.32 kN/m’ and
0 °C, respectively, calculate the volume of 1 kmol of a perfect gas as STP.
(b) Assuming that air contains 21 per cent oxygen by volume, the rest nitrogen, determine
(i) the average molecular mass of air
(if) the value of R, the characteristic gas constant, in kJjkg K
(iii) the mass of one cubic metre of air at STP
Molar gas constant R = 8.314 3 kJJkmol K

6)) N .
PV = nRT and for 1 kmol PV = RT

_RT _83143x213

Vv =
P 101.32
=224 m’
(b) N
. ~  NaM (21 x 32)+ (79 x 28
® My= . = ( st )
Y 100
_ 672 x 2212
100
_ 2884
100
= 28.84
B R 83143
Rav: ~ = :0.288k k K
@ M, 2884 g/ke
M, 2884 3
- =229 _ 1288k
(i) = T s g/m

Example 8.17 A vessel contains 8 kg of oxygen, 7 kg of nitrogen and 22 kg of carbon dioxide.
The total pressure in the vessel is 416 kN/m’ and the temperature is 60 °C. Calculate

(a) the partial pressure of each gas in the vessel

(b) the volume of the vessel

(c) the total pressure in the vessel when the temperature is raised to 228 °C

Molar gas constant R = 8.314 3 kJ/kmol K.
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(a)

Number of moles O, = —385 =025=n

Number of moles N, = gg =025=mn,

Number of moles CO, = % =05=n

Total number of moles of gas in vessel, #, is given by

n=0254+025+05=1

Now
PV = nRT
nﬁT
P== [

The partial pressure of each gas is as if the gas occupied the complete volume of the vessel.
Also, each gas is at the same temperature so RT/V is constant for each gas. From equation

(1
Poxn

Let P, = partial pressure of O,
P; = partial pressure of N,
P; = partial pressure of CO,
P = total pressure

then
H_m
P
or
P .
P, _mP _(025x416) _ 104 kN/m?
n 1
Similarly
py =P Q25 X416) _jo0p
n i
P= f’;’—) = (05x 416) Xl 416) _ 208 kN/m?
(b)

PV =nRTand T=60+273 =333K

nET: 1 x 8.3143 x 333
P 416

= 6.655 m’

Vv

The volume of the vessel is 6.655 m>.
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(©)

For a fixed mass of gas at constant volume P/T = constant.

Pi_P gnd 1,=2284273=501K
T, T,
P, =P _ 416, 20

T, 333

= 626 kN/m?

Example 8.18 The coal supplied to a boiler has the following composition by mass
carbon: 0.84, hydrogen: 0.04, oxygen: 0.05, remainder: ash

When 635 kg of coal are burned per hour, the air supplied is 25 per cent in excess of the
theoretical minimum required for complete combustion.

Calculate the actual mass of air supplied per kilogram of coal and, assuming complete
combustion, estimate the velocity of the flue gas in m/s if it is at a pressure of 100 kN/m’® and
temperature 344 °C at a section in the flue where the cross-sectional area is 1.1 m°.

The volume ofl\?l kg of any gas at 101.325 kN/m? and 0 °C can be assumed to be 22.4 m’,
where M is the molar mass of the gas. Use the following relative molecular masses: C = 12,
H; = 2,0, =32, N, = 28. Air contains 23 per cent oxygen and 77 per cent nitrogen by mass.

SOLUTION
First draw up a table.

Constituent Mass of constit. (kg/kg fuel) O, required (kg/kg fuel)
C 0.84 0.84x23=224

H; 0.04 0.04 x 8 =0.32

0, 0.05 —-0.05

Ash 0.07 -

Total theoretical O, required = 2.24 4+ 0.32 — 0.05
=2.56 - 0.05
= 2.51 kg/kg coal

Stoichiometric mass of air = 3—;—; = 10.91 kg/kg coal

But 25 per cent excess air is supplied.

Actual mass of air supplied = 10.91 x 1.25
= 13.64 kg/kg coal

Products of combustion by mass per kilogram of coal

CO,= 084x32 = 3.08

H,O = 0.04x9 0.36
0, = 2.51%0.25= 0.628
N, = 13.64 x 0.77 = 10.5

Total = 14.568 kg
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Percentage analysis of products by mass

CO; =21.14%

H,O0 = 2.47%
0, = 431%
N, = 72.08%

Using a table, convert the analysis of the products of combustion from mass to volume.

Percentage by mass

Constituent ~ Percentage by mass RMM Percentage by volume
CO, 21.14 M = 0.481 14.46

44
H,O 2.47 247 =0.137 4.12

18
0, 431 431 _ o135

2 . 4.06
N, 72.08 72.08 =2.574 77.36

28
Total 100 3.327 100

Average molar mass of the products is given by

7= 2 "M _ (14.46 x 44) + (4.12 x 18) + (4.06 x 32) + (77.36 x 28)

M,,=
Yon 100
_ 63624742 +129.9 4 2166.1
100
_ 3006.4
100
= 30.064 kg /kmol

Volume of AZ,V kg of products at 100 kN/m? and 344 °C is given by

PV _ PV,
Tl T2
P VT 101.325 x 22.4 x 617
y, =8Nt _ _ 3
PiT, 100 x 273 13m
635
Mass of coal used/s = —~_ k
5= 3600 k&
Mass of products of combustion/s = 635 x 14.568
3600
=2.57kg
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But
Volume of 30.064 kg of products = 51.3 m?

51.3

x 2,57 = 4.39 m*/s
30.064

Volume of 2.57 kg of products =

Volume of gas flowing/s = area x velocity/s

Velocity = volume flowing/area

4.39

L
=3.99m/s

Example 8.19 A gas mixture has the following composition by volume
26% CO, 16% Hy, 7% CHy, 51% N,

This gas is mixed with air in the ratio 1 volume of gas to 2 volumes of air. The mixture is
enclosed in a cylinder at a pressure of 103 kNjm’ and a temperature of 21 °C. It is then
compressed adiabatically through a volume compression ratio of 7:1. Determine

(a) the temperature of the gas after compression

(b) the density of the air-gas mixture at the initial condition of 103 kNjm’ and 21 °C

Use the following molar specific heat capacities at constant volume: diatomics = 21 kJjkmol K,
CH, = 36 kJ/kmol K. Air contains 21 per cent O3 by volume.

(a) Gas Air
~ — e
o - 2nC _ (26 x21) +(16 x 21) + (7 x 36) + (51 x 21 + {200 x 21)
Sn 100 + 200
Gas Air

_ (293 x 21) + (7 x 36)
300

_ 6153 +252
300

6405
300

= 21.35 kJ/kmol K

_C,+83143 2135483143
c, 21.35

_29.664 5
2135

= 1.389
T /T, = (Vo/VD)U™Y and T, =21+273=294K
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AR
I,=T (—1> =294 x 703%

2 =294 x 2.132
= 626.8 K
1, = 626.8 — 273
= 353.8°C
b
N Gas Air
A}av _ %:HM _ (26 x 28) + (16 x 2) + (7 x 16) + (51 x 28) + (42 x 32) + (158 x 28)
n 300

_ 728+ 324 112 + 1428 + 1344 + 4424
300

_ 3068
300
=26.89
For 1 kmol of gas
y - RT
P

_ 83143 <294
103

=2373 m®

Density = p = % = %ﬁg = 1.133 kg/m’

8.31 Solution of combustion problems by the mole method

Now that the concept of the mole has been introduced, a second method of solving
combustion problems will be discussed. It consists of writing out the combustion
equation, this time in terms of numbers of moles, then equating the number of moles
of each constituent before combustion to the number of moles of products after
combustion. The solution often involves the use of simultaneous algebraic equations.
A few examples will best illustrate the method. First, consider the formation of two
stoichiometric equations from section 8.8.

Example 8.20 Form the stoichiometric equation for the combustion of hydrogen.

SOLUTION
The equation is firstly written out in the following form.

H, + a0, +§aN2 :szo+£aN2
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The equation must now be balanced for the number of moles of each constituent.

Equating H, coefficients: 5 = 1 mol
Equating O, coefficients: @ = b/2 = 0.5mol

So the equation becomes

o791 79 1
Hoalo, + P2 wln, =H,0+ 2 x =N
R TR T TR R

Bring the numbers of moles to whole numbers by multiplying throughout by two. The

equation now becomes

2H, + O, + 3.76N; = 2H,0 + 3.76N,

Example 8.21 Form the stoichiometric equation for the combustion of hexane, CsH 4.

SOLUTION
Write out the equation using algebraic coefficients

C6H|4+a02 +%?aN2 =hCO, +dH20+£(1N2

Equating carbon coefficients: b = 6 mol

Equating hydrogen coefficients: d = 14/2 = 7Tmol

Equating oxygen coefficients: ¢ = b + d/2 =6+3.5=9.5mol
So the equation becomes

CeHys + 9.50; + (3.76 x 9.5)N; = 6CO; + TH,0 + 35.7TN;
Multiplying throughout by 2

2CH 4 + 190, + 714N, = 12CO; + 14H,0 + 71.4N,

Example 8.22 A gaseous fuel has the percentage analysis by volume:

12% CO, 41% H,, 27% CHa, 2% Oz, 3% CO;, 15% N

Determine the percentage gravimetric analysis of the total products of combustion when the air
supplied is 15 per cent in excess of the minimum theoretically required for complete combustion.

Air contains 21 per cent O3 and 79 per cent N, by volume.

SOLUTION
Write out the combustion equation by numbers of moles

12CO + 41H, + 27CH, + 20, + 3CO; + 15N, + a0, + %aNz

= hCO, + dH,0 + e 0, + 15N, +%aN2
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Equating C coefficients: b = 12 + 27 + 3 = 42 mol
Equating H, coefficients: d = 14 + (27 x 2) = 41 + 54 = 95 mol

Example 8.23 A single-cylinder, single-acting oil engine operates on the four-stroke cycle; it

Now O, is 15 per cent in excess of mini has a bore of 300 mm, a stroke of 460 mm and runs at 200 revimin. The fuel oll has a
? P ot minimum composition by mass of 87 per cent C, 13 per cent H; it is consumed at a rate of 6.75 kglh. The
e _0.15 volumetric composition of the dry exhaust gases is 7 per cent CO,, 10.5 per ('t’l’ll 0,, 82.5 per
a-e cent N,. Atmospheric temperature and pressure are 17 °C and 100 kN/m*, respectively.
e=0.15a - 0.15¢ Determine
(a) the actual quantity of air supplied per kg of fuel
1.15e = 0.154 (b) the volumetric efficiency of the engine
0.15 Take R for air as 0.287 kJjkg K
=——a=0.13a
1.15
Equating 0, coefficients (=) -
2 Write out the combustion equation in terms of moles
2434a=b+ ‘—1 )
2t %C+%H2+a02+;—?al\lz:bC02+dH20+eOZ+fN2

95
S+a=42+240.13 Equating carbons

a—0.13a=42+475-5=2845 b:%=7425m01
1
0.87a=84.5
Consider the volumetric analysis of the dry exhaust gas
84.5
a=—= =971 mol b
0.87 CO;: reir™ 100 =7 (m
e=0.13x 97.1 = 12.62 mol rerd
. . . e p—
Products of combustion in moles per 100 moles of fuel “bie +f x 100 =105 -
=42C0; + 95H,0 + 12.620; + 15N, + (3.76 x 97.1)N, f
Ny ——— % 100 = 82.5 [3]
= 42C0; + 95H,0 + 12.620, + 15N, + 365N, btetf
= 42CO; + 95H,0 + 12.620, + 380N, Divide [2] by [1]
Gravimetric analysis of products e 105 1.5
= (42 X 44)CO, + (95 x 18)H,0 + (12.62 x 32)0, + (380 x 28)N, b
Sooe=15=1. .25 = 10.875 mol
= 1848CO, + 1710H,0 + 403.80, + 10 640N, ¢TI = T e
Total = 1848 4 1710 + 403.8 + 10 640 Divide Bl by [1]
— 14601.8 kg %:_82'5 —1138

And the percentage analysis is f=11.85 = 11.8 x 7.25 = 85.5 mol
=11.85=11.8 x 7.25 = 85.5 mo

1848 .
CO, = Taeors < 100 =12.65% Equating N,
1710 79
H,0=—"" x100= 0 —a=2855
2 146018 x 100 =11.71% 21
21
403.8 . a=855x= =227 mol
O = — 1 = 2. 0 79
2 126018 x 100 = 2.77%
10 640 So the fuel side of the combustion equation becomes

2 =10040 60 = 72.87%
14 601.8 %c+1§ﬂz +22.70, + 85.5N,




232 Basic engineering thermodynamics
Convert to gravimetric analysis
87 13
T x 12 )C+ > x 2 JHy 4+ (22.7 x 32)O, + (85.5 x 28)N,

Fuel Air
87C + 13H; + 7260, + 2 394N,

Air/100 kg fuel = 726 + 2394 = 3120 kg
Air/kg fuel = 3120/100 = 31.20 kg

(b
Mass of air/min = 31.20 x 675 _ 3.51 kg
60
Y mRT _ 351 x 0.287 x 290 _ 2.92 m*/min

P 100
where T =17+ 273 =290 K

2
Swept volume/min = 7 x % x 0.46 x 100 = 3.25 m®

Volumetric p = % x 100 = 89.8%

Example 8.24 This is the same as Example 8.9 but now it is solved by the mole method.
The dry exhaust gas from an oil engine had the following percentage composition by volume:

8.85% CO,, 1.2% CO, 6.8% O,, 83.15% N,
The fuel oil had a percentage composition by mass as follows:
84% C, 14% H,, 2% O,
Determine the mass of air supplied per kilogram of fuel burnt. Air contains 23 per cent O, by
mass.
SOLUTION
Convert the air mass analysis to a volumetric analysis.

Moles O, = 23 =0.718
32

77
Moles N, = — = 2.75
oles Ny 28

Total moles = 0.718 + 2.75 = 3.468

So the volumetric analysis is

0, = 0'712 x 100 = 20.7%
275
N, = =2 _ 7939
> 73468 ’

Combustion
Write out the combustion equation for the fuel in terms of moles.
84 14 2 79.3 .
— —H,+=0 0, + == aN, = bCO; + dCO; + e O, + fN; + gH,0
pCty Mty QataDatoggam 2 prethw/Th

Equating carbon coefficients

84
b+d=—="7mol
+ 12

From the volumetric analysis of the dry flue gas

b

COy; ——— x 100 = 8.85
“brdte+f
co. — 4 c100=12
b+d+e+f
0, — &  x100=638
T brdtetf
Ny L . 100=83.15
b+d+e+f

Divide [2] by [3]

b_88 53
d 12
b=1737d

Substitute [6] in [1]
731d+d="17
837d =17

d= T = 0.836 mol
8.37

b=7.37xd="137 x 0.836 = 6.16 mol
Divide [5] by [3]

S _815_ (54

d 1.2
=693 x d=69.3 x 0.836 = 58 mol

Equating N, coefficients

3 _383a=58
207
a=3% _ 1514 mol
383

So the fuel side of the combustion equation becomes

84 . 14 2
3 4y, + 2.0, 415140, + 58N
PRI ’ 2
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Convert to gravimetric analysis

(% x 12>C x (% x 2>H2 + (%x 32)02 +(15.14 x 32) O, + (58 x 28) N,

Fuel Air
84C + 14H; + 20, + 4840, + 1 624N,

Air/100 kg fuel = 484 + 1 624 = 2108 kg

. 2108
Air/kg fuel = —— = 21.08 k
ir/kg fue 190 g

8.32 Heat energy release by the complete combustion of a fuel

The heat energy released by the complete combustion of unit quantity of fuel is called
the calorific value of the fuel. The conditions under which the combustion is carried
out must be specified and the calorific value so determined is for the said conditions.
Calorific value is used in the gas and solid fuel industries as a contractual and legal
term. An alternative term in the oil industry is heat of combustion. Calorific value is
also called specific energy.

The determination of the calorific value of fuels is carried out in specially designed
calorimeters. The type of calorimeter used will depend upon the form which the fuel
takes. In the case of solid and some liquid fuels the calorific value is usually
determined in a bomb calorimeter. In the case of gaseous and some liquid fuels the
calorific value is determined in a gas calorimeter.

The definition of calorific value will depend upon whether the fuel is tested at
constant volume or constant pressure.

8.33 Definitions of calorific value

8.33.1 Gross calorific value at constant volume (Qgr, v)
Gross calorific value at constant volume is the amount of heat liberated per unit
quantity of fuel when burned in oxygen (02) in a bomb calorimeter under standard
conditions and the products of combustion are cooled to the original standard
conditions. The international thermochemical reference temperature is 25°C.
Correction should be made for products of combustion such as oxygen (02),
carbon dioxide (C02), sulphur dioxide (S02), nitrogen (N2), liquid water (H20),
hydrogen chloride (HCI), oxides of nitrogen (NO,) and acids of sulphur.

8.33.2 Net calorific value at constant volume (Qnet,v)

Net calorific value at constant volume is the amount of heat liberated per unit
quantity of fuel when burned in oxygen (02) in a bomb calorimeter under standard
conditions and the products of combustion are cooled to the original standard
conditions. Corrections are made for the products of combustion but the water
(H20) formed remains as vapour (i.e. it remains uncondensed).

8.33.3 Gross calorific value at constant pressure (Qgr, p)

Gross calorific value at constant pressure is used mostly in the case of gaseous fuels
and is the amount of heat liberated per unit volume of fuel when burned in oxygen
(02) at constant pressure.
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The products of combustion are carbon dioxide (CO,), sulphur dioxide (SO,),
oxygen (0O,), nitrogen (N3) and liquid water (H>0).

The standard conditions for measurement are 15°C and 101.325 kPa. In the
United Kingdom this is set by the UK Gas Act 1986.

8.33.4 Net calorific value at constant pressure (Qq )
Net calorific value at constant pressure is used mostly in the case of gaseous fuels and
is the amount of heat liberated per unit volume of fuel when burned in oxygen (O,)
at constant pressure.

The products of combustion are CO,, SO,, 0,, N, and H,0O; in this case the H,O
remains as vapour (i.e., it remains uncondensed). The standard conditions for
measurement are 15 °C and 101.325 kPa.

8.34 Determination of net calorific value (Q,,)

Most fuels contain some hydrogen and maybe some moisture. When burnt, the
hydrogen will form H,O and this, together with any moisture in the fuel, will appear
as steam in the exhaust or flue. Now, in general, it is not convenient to cool the
exhaust products sufficiently, so the H,O leaves as steam. The steam leaves without
giving up its enthalpy of evaporation to be used in the plant. For this reason, the
lower or net calorific value of a fuel has been introduced. It is determined by
reducing the higher calorific value by the amount of the enthalpy of evaporation
leaving in the H,O in the products. .

In the case of solid and liquid fuels, the mass of H,O in the products of
combustion per kilogram of fuel burned is

(m +9mn,) kg

where m = mass of moisture per kilogram of fuel
my, = mass of H, per kilogram of fuel

The specific enthalpy of evaporation steam which leaves with the products of
combustion is taken as 2442 kJ/kg. This is the specific enthalpy of evaporation of
steam at 25 °C (see section 8.33.1). From this

Onerv = [Qgr,» — 2442(m + 9my,)} kI kg (1]
For gaseous fuels, let

Vs = volume of gas used, converted to standard reference conditions 15 °C and
1.01325 kPa (760 mm Hg)

i = mass of condensate (H,O) collected from combustion products in same
time as gas, kg

then

Vﬂ — mass of condensate/standard m’ gas
s

The specific enthalpy of steam at the standard reference condition is taken as
2466 kJ/kg (see section 8.33.3). From this

Onetp = (ng, — 2466 %) kJ/standard m’ 2]
S
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8.35 Practical determination  of calorific value

8.35.1 The bomb calorimeter

In the bomb calorimeter a small quantity of the fuel under test is burnt at constant
volume in a high-pressure container, hence its name. It is sometimes called the
oxygen bomb calorimeter. Oxygen is admitted to the bomb under pressure in order
that the fuel may be burnt. The energy liberated is measured and the calorific value
of the fuel determined.

A Schole's stainless steel bomb calorimeter is illustrated in Fig. 8.2. Named after
its designer, it consists of a thick wall, stainless steel, high-pressure cylinder A into
the top of which is introduced a non-return, oxygen admission valve B and a pressure
release valve C. On to the bottom of this cylinder is screwed a base cap D and the
seal between this and the cylinder is made by a V-section washer E made of rubber
or plastic. Set into base cap D and protruding up into the bomb are two pillars F and
G. Pillar F is set directly into the base whereas pillar G is electrically insulated from
the base and is connected to an electrical contact which protrudes from the base cap
at the bottom. On to pillar F is fitted a support ring H which can be slid up or down
the pillar. Both pillars have a slot at the top into which a piece of fuse wire J can be
wedged. A crucible K is mounted in the support ring. Crucibles may be made from
quartz, Inconel, stainless steel and platinum.

In use the calorimeter is mounted in a water-container can L, into the bottom of
which is set a mount M for the calorimeter. In this mount there are registers for the
feet of the bomb and also electrical contacts which mate with the corresponding
contacts in the base of the bomb. Electrical power is fed to the mount via lead-
covered wire N from a plug and socket O. The can L is itself mounted in another
outer can P which serves as a heat insulator. Into the base of outer can P is set a
wooden platform Q which serves as a register for the can L.

The apparatus is covered by cover plate R into which is set a stirrer S. This stirrer
is designed to be spring-loaded and is horseshoe-shaped round the bomb. Other
stirrer designs may incorporate an electrically driven mechanism. The cover plate is
also pierced by a hole through which is inserted a thermometer T, usually a
Beckmann. The thermometer must have a high degree of accuracy. Recommended
devices include the platinum resistance thermometer, the mercury-in-glass
thermometer (probably Beckmann) or Thermistor, and the quartz crystal resonator.

The electrical circuit for firing the fuse J is shown in Fig. 8.2(b). The fuse is in
series with an ammeter, a power supply (battery or mains), a rheostat and a switch.
A voltmeter is in parallel, across the circuit.

Apparatus is also required to prepare specimens for the bomb calorimeter: a pestle
and mortar (for coal), a small press (for compressing powdered coal into a small
pellet) and a chemical balance. A high-pressure oxygen supply, usually from a high-
pressure cylinder, is also required along with a stop-clock.

8.35.2 Using the bomb calorimeter - solid fuel

Assume that it is coal under test. The coal is first crushed in a pestle and mortar until
it is a fine powder. According to the relevant British Standard (BS 1016: Part 5), the
coal should be ground to pass through a 210 1im (72 mesh) sieve. The crucible from
the calorimeter is then weighed. The powdered coal is pressed into the small press to
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Fig. 8.2 Bomb calorimeter: (a) apparatus and (b) fuse-firing circuit

form a pellet then approximately 1 g is placed in the crucible. The crucible plus coal
is weighed; the weight of coal is determined by subtracting the known weight of the
crucible.

The top and bottom of the bomb are then separated and the crucible is set
centrally in the base of the bomb in the support ring. A fuse is set across the support
pillars and adjusted so it touches the coal in the crucible. Sometimes the fuse wire is
set tightly across the pillars then a piece of cotton is tied at the centre of the wire, its
free end hanging down into the coal.



258 Basic engineering thermodynamics

A smallmeasured quantity of distilled water (1 ml) is poured into the base, which
is then reassembled with the top and screwed home tightly by hand. Care is needed to
keep the bomb upright so as not to upset its contents. The bomb is then charged with
oxygen to a pressure of 3 MN/m? without displacing the original air content. After
charging, the valves at the top of the bomb are carefully sealed. The charged bomb is
now inserted into the water-container can, making sure that the bomb feet and the
electrodes register correctly in the base of the can.

A measured quantity of water is now poured into the can, such that it just covers
the bomb. The temperature of the water should be such that the final temperature
reached is within a degree of the standard reference temperature, 25°C. The cover
and its stirrer are now assembled and the thermometer inserted through the cover. If
the thermometer is a Beckmann, it is adjusted so that the mercury in the thermometer
is just on the lower part of the thermometer scale. Electrical connections are then
made, making sure that the switch is open circuit. The rheostat in the circuit is then
adjusted for a moderate current and the experiment is then ready to proceed.

Stirring is begun at a moderate pace and continued throughout the experiment.
After a period of not less than 5 min the thermometer is read to an accuracy of
0.001 °C and at the same time the stop-clock is started. The thermometer is then read
at intervals of 1min for the next 5 min. After exactly 5 min the switch is closed to
fire the bomb. The ammeter may be quickly observed here to see if the bomb fuse has
fired. This is detected by the meter swinging up to a maximum value then quickly
returning to zero, showing that the fuse wire has broken. If the meter stays at a
maximum value, the current must be quickly increased using the rheostat until the
fuse does fire. This marks the end of the preliminary period and the beginning of the
chief period.

The thermometer will now commence to rise fairly rapidly, showing successful
firing of the bomb. The thermometer is read every minute to a minimum accuracy of
0.01 °C and this continues for the remainder of the experiment. When the maximum
temperature has been reached this marks the end of the chief period and the
heginning of the after period. The temperature fall in the after period may, at first, be
very slow. When the temperature fall shows a steady rate, temperature recordings are
made for a period of not less than 5 min.

After this the bomb is removed from the apparatus and the pressure release valve
is opened to reduce the pressure in the bomb to atmospheric. The bomb is then
opened and the crucible is inspected to check for a complete absence of sooty deposit,
showing that the coal has been completely fired. If this is so, the calorific value of the
coal can be determined from the experimental results.

8.35.3 Results and calculations

After the bomb has been fired, the temperature inside the apparatus will rise, so some
energy will be lost to the surroundings. A cooling correction must therefore be
applied. BS 1016: Part 5 recommends the Regnault-Pfaundler cooling correction.
This cooling correction takes the following form:

4

-1
. v —y! n
Correctlonznv'—#t” y E (0 + 5t +1,) —nt’
- 1

=nv+kS

Combustion 239

where S = expression within the brackets
n = number of minutes within chief period
v’ = rate of fall of temperature per minute within the preliminary period; if
the temperature rises during this period then v is negative
v" = rate of fall of temperature per minute in the after period
t"and t” = average temperature during the preliminary and after periods
respectively

n—1

Z (1) = sum of the temperature readings during the chief period
]

%(lu +t,) = mean of the firing temperature # and the first temperature ¢, after
which the rate of change is constant

" '
v

k=2—"Y — cooling constant of the calorimeter (if the total water equivalent is not

1" = 1" jess than 2500 g and with adequate heat insulation, k should not
exceed 0.0025)

The cooling correction can be illustrated using a table of typical results.

Preliminary period Chief period After period
Time Temp. (°C) Time Temp. (°C) Time Temp. (°C)
0 1.249 6 345 10 = ¢, 3.868
1 1.251 7 3.86 11 3.864
2 1.253 8 3.871 12 3.860
3 1.256 9 3.811 13 3.857
4 1.258 14 3.853
5=t 1.260 15 3.849

n—1
¢ = 1255 > (0 =14992 " =3858

1

v/ =-0.0022 (1o — 1,) = 2.56 y" =0.0038
n=5 | —nt’ = —6.275 k= Vt” — : =0.0023
nv' = —0.011 S=11.277

From the table

Cooling correction = nv + kS
= —0.011 4+ 0.026
=0.015°C

Uncorrected temperature rise = f, — fy
= 3.868 — 1.26
=2.608 °C

Corrected temperature rise = 2.608 + 0.015
=2.623°C
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Assume that the water equivalent of the apparatus is 2600 = 2.6 kg, then
Energy liberated by coal = (2.6 x 2.623 x 4.186 8) kJ
Assume that there was 0.98 g = 0.98 x 10-? kg of coal

2.6 x 2.623 x 4.186 8
0.98 x 10-3

Calorific value of coal =

=29 136 kd /kg

According to BS 1016: Part 5 the difference between duplicate determinations
should not exceed 125 kJjkg.

In the above determination, no corrections have been applied as a result of acid
formation, etc., during combustion. Accurate calorific value determination includes
this. An analysis of the solution in the base of the bomb is made in this case. This
started as the small quantity of distilled water originally placed in the bomb on
assembly.

The water equivalent (sometimes called the mean effective heat capacity) of the
bomb may be determined by burning a known weight of pure benzoic acid in the
bomb in the same way as described above. The calorific value of benzoic acid is
26500 kJjkg. The only unknown in the experiment with benzoic acid is the water
equivalent of the bomb which may thus be determined.

To determine the calorific value of a volatile fuel, such as petrol, a small quantity
of the fuel is sealed in a crucible. In this condition it is introduced into the bomb and
the cotton hanging from the fuse wire passes through the seal into the petrol. The
seal prevents loss due to evaporation. The seal at the top of the crucible is usually
made using adhesive tape. The liquid fuel can be introduced through the adhesive
tape using a hypodermic syringe.

The calorimeter arrangement described above is as an isothermal jacket calorimeter.
The air gap is recommended as being 10 mm all round the calorimeter. This air gap
should remain at a uniform temperature with a maximum variation of 0.05 OC.

Another arrangement is the adiabatic calorimeter. This is capable of circulating
water continually through both jacket and lid. The system is fitted with heating and
cooling devices so that the jacket water temperature is rapidly adjusted to that of the
water in the calorimeter.

8.36 The gas calorimeter

Figure 8.3 shows the fundamental principle behind the construction of one kind of
gas calorimeter used for the determination of the calorific value of a gaseous fuel.
The basic elements are a central funnel surrounding a burner at its base. A cooling
coil is fitted around the outside of the funnel: in some calorimeters the coil is replaced
by a nest of tubes. Underneath the coil and arranged round the funnel is a
condensate trap. Round the outside is fitted a cover, and the whole apparatus is heat
insulated by lagging. The cooling water inlet passes through the cover at the bottom;
the outlet is at the top. Thermometers are installed to measure the cooling water inlet
and outlet temperatures.
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Fig. 8.3 Fundamental type of gas calorimeter

The gas products are arranged to pass out at the bottom through an exhaust.
The exhaust is fitted with a thermometer to measure its temperature. Most gases
under test contain Hy during combustion this will form H,0, which will condense
as it passes over the cooling coils. The coils are arranged so that H,O will drip
from the coils into the condensate trap. A small tube is fed out from this trap
through the cover and a beaker is placed underneath to collect the H,O as it leaves
the apparatus.

The calorimeter uses a constant head water-tower to maintain a constant flow of
water. There is also a gas governor to maintain a constant gas pressure, and a water
manometer to measure the pressure of the gas as it enters the apparatus. The energy
gain by the cooling water is the energy liberated by burning the gas. Using this
information it is possible to find the calorific value of the gas. A further point
concerns the density of the gas under test. The density of a gas depends upon its
pressure and temperature. Now the calorific value of a gaseous fuel is given per unit
volume. The volume taken is the standard cubic metre. This is 1 m® of gas when at a
temperature of 15°C and a pressure of 760 mm Hg, sometimes called standard
reference conditions (SRC), see section 8.33.3.

Here is an example calculation of the calorific value of a gas.

Volume of gas used, |4 = 0.008 5 m® = 8.5 litres

Temp. of gas =18°C
Gas manometer height = 100 mm H,0
Barometric height =755 mm Hg
Mass of cooling water used in the same time as gas, M = 4.26 kg
Mass of conductance in same time as gas, m =0013kg=13¢g
Temp. cooling water in, ¢, =14°C
Temp. cooling water out, f, =32°C
Absolute pressure of gas = 755 + Tl;)—%

=755+7.35

=762.35 mm Hg
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The volume of gas used must be converted to the volume at SRC (15 °C and
760 mm Hg). Let this volume be Vs

Then
P 288
V = — —_— 1 =
5= X T x V (since PV/T = constant)
_762.35 288
= %0 X 501 x 0.008 5
= 0.008 44 m’
Now

Energy transferred by gas = Energy gained by water
Vs X Qgrp = M(hy — hy)

_ M —hy)

Qgr, P Vs

_ 4.26 x (134 — 58.8)
0.008 44

_426x752
0.008 44

= 37 456 kJ/standard m’

(Values of /#, and h, from steam tables)

m
Now — = Mass of condensate/standard m?
s

From this Qe , is given by
Qrerp = (Qw LN 2466)
Vs

0.013

= 37456 - ———— x 24
0.008 44 x 2466

= 37456 — 3798

= 33 658 kJ /standard m?

The British Standard Specification is BS 3804: Part 1, The Determination of
Calorific Value of Fuel Gas. The recommended type of calorimeter is the Boys gas
calorimeter. This method is now largely obsolete, especially commercially (section
8.37 contains a list of specifications).

The gas calorimeter can also be used for the determination of the calorific value
of some fuel oils. A suitable burner is placed in the calorimeter and a pipe feeds
the oil from a container outside the calorimeter. The oil is usually fed under
pressure in a similar manner to a Primus stove. The calorific value of the fuel can

be determined from a knowledge of the quantity of fuel burnt and the readings on
the calorimeter.
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In the gas calorimeter the fuel is burnt at constant pressure whereas In the bomb
calorimeter it is burnt at constant volume. Some fuels can be tested In both
calorimeters. If a fuel is burnt at constant volume the energy evolved will all go Into
the stock of internal energy of the products of combustion; this is because no external
work is done. So this calorific value is sometimes called the internal enerKY Of
combustion or the internal energy of reaction.

If a fuel is burnt at constant pressure, the calorific value will depend on whether
the volume increases, decreases or remains the same. If there is an increase in volume
then some energy will be used up in performing the work of expansion; the calorific
value will be decreased. If there is no change of volume, the calorific value remains
unchanged. If there is a volumetric contraction, the calorific value is increased by an
amount equal to the contraction work. Whichever the case, the process occurs at
constant pressure and the energy evolved will appear as a change of enthalpy. So this
calorific value is sometimes called the enthalpy of combustion or the enthalpy of
reaction.

If a gas consists mainly of methane (CHg), as is the case with natural gas obtained
and refined from oil wells, it is considered reasonable to estimate the net calorific
value as being 10 per cent less than the gross calorific value. In this case

Qnetp = 0.9Qgrp [1]

And if the chemical compositlOn of a fuel is known then the higher and lower
calorific values can be estimated (see specifications in section 8.37),

8.37 Fuel testing specifications

BS 7420: 1991 British Standard guide for the determination of the calorific value
of solid, liquid and gaseous fuels (a general publication, it
includes definitions and useful references)

BS 1016: Part 5 Methods of analysis and testing of coal and coke: gross calorific
value of coal and coke

BS 2000: Part 12 Methods of test for petroleum and its products: heat of
combustion of liquid hydrocarbon fuels

BS 3804: Part 1 Methods for the determination of the calorific value of fuel gases:
non-recording methods (largely obsolete industrially)

ASTM D 1826-88 American Society for Testing and Materials test method for the
calorific value of gases in natural gas range by the continuous
recording calorimeter

ASTM D 4891-89 Test method for heating values of gases in natural gas range by
stoichiometric combustion

8.38 Principal solid fuels

8.38.1 Wood

Wood is generally obtained from trees. It is considered a low-grade fuel, having a
relatively low calorific value. It has the advantage of being renewable by the
cultivation of new trees.
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8.38.2 Peat
Peat is formed by the partial carbonisation of vegetable matter in boggy areas. It is
considered a low-grade fuel.

8.38.3 Lignite (brown coal)
Lignite is a fossil fuel somewhere between peat and bituminous coal. It can display
some characteristics of the wood from which it was originally laid down.

8.38.4 Coal

Coal is a fossil fuel laid down from moist vegetable matter and compacted under
pressure and temperature within the surface of the earth. It is the most widely used of
the commercial solid fuels.

There are various grades of coal. They vary from anthracite (hard coal), composed
mostly of carbon, through the bituminous coals (eft coals), containing medium
quantities of volatile matter, to cannel coals which contain higher amounts of volatile
matter.

All coals have an inherent moisture (H,0) content. The coal can be air-dried to
reduce the quantity of moisture. Bituminous and cannel coals contain volatile matter.
This takes the form of a black mixture of hydrocarbons which distils off and burns,
usually brightly, as the coal is heated. Unless controlled correctly, this volatile matter
can produce smoke, releasing unburnt combustible gas, thus increasing atmospheric
pollution.

Table of some approximate characteristics of solid fuels

Fuel Volatile matter (%) Calorific value, Qgr, v (kJ/kg)
Wood 15 800

Peat 55-80 20 900-26 000

Lignite 35-60 26 000-29 000

Anthracite 0-8 34900-38 500

Bituminous coal (average) 30-50 32 000-35 000

Cannel coal 60-80 35 000-38 500

8.39 Solid fuels versus liquid or gaseous fuels

All solid fuels will leave some ash to be disposed of after burning. The use of solid
fuel, especially coal, is widespread throughout the world. However, in some industrial
societies, the use of oil and natural gas has largely replaced the use of coal. The
reasons are mostly political and economic. A caveat should be added here. Oil,
natural gas and coal are all fossil fuels. Their supply and reserves may appear large
but are progressively diminishing. However, they are in finite quantities, and will
ronout eventually. Short-term attitudes mostly prevail; more emphasis on long-term
management is "required. More will be said about the use of fossil fuels later in the
text.

Table of properties for some gaseous fuels: single gases
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Gas Molar mass
(kg/kmol)
Carbon 28.01

monoxide (CO)
Hydrogen (Hz) 2.02
Methane (CH4) 16.04
Ethylene (CzH4) 28.05
Ethane (CzHsy  30.07
Propane (CsHg  44.1
Butane (C4HIO) 58.12
Pentane (CsHI1z) 72.15
Benzene (CeHs)  78.12
Hexane (C¢HI4) 86.16
Octane (CgH 1) 114.23

Density at
15°C and
101.325kPa
(kg/m?3)

1.19

0.085
0.679
1.19
1.27
1.87
2.46
3.05
3.3
3.65
4.83

Relative
density
(air=1)

0.967

0.07
0.55
0.97
1.04
1.52
2.01
2.49
2.7

2.97
3.94

Calorific vltluc Itl 15"C
and 1(LU25 Wu

(MJ/m?)
Gross

11.97

12.10
37.71
59.72
66.07
93.94
121.80
149.66
139.69
177.55
233.29

Nct

11.97

10.22
33.95
55.96
60.43
86.42
112.41
138.39
134.05
164.4
216.38

Table of average properties for

some gaseous fuel mixtures

Gas constituents Natural gas Liquid petroleum gas
(vol%) (commercial)
Propane (vol %) Butane (vol %)

Nitrogen (Nz) 15
Methane (CH4) 94.4 0.1
Ethane (CzHe) 3.0 15 0.5
Propane (C3Hg) 0.5 91.0 7.2
Butane (C4HIO) 0.2 25 88.0
Pentane (CsHI2) 0.1
Hexane (C¢H 14) 0.1
Propylene (CsHe) 5.0 4.2
Density at 15°C and
101.325kPa (kg/im® 0.72 1.87 2.38
Theoretical air (vol/vol) 9.75 23.76 29.92
Calorific value at 15°C and
101.325kPa (MJ/m?®/gas)

Gross 38.62 93.87 117.75

Net 34.82 86.43 108.69
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Table of average properties for some oil fuels

Diesel Paraffin  Gas oil  Fuel oil
k .
(kerosene) Light Medium  Heavy
Carbon, C (%) 86.5 85.8 86.1 85.6 85.6 85.4
Hydrogen, Ha (%) 13.2 14.1 13.2 11.7 115 11.4
Sulphur, S (%) 0.3 0.1 0.7 2.5 2.6 2.8
02 Np, ash (%) 0.2 0.3 0.4

Stoichioimetric mass 14.55 14.69 14.44 13.95 13.88 13.84
dry air/mass fuel

Volume dry air/mass 11.25 11.36 11.17 10.79 10.75 10.70
fuel (m%kg)

Calorific value (MJ/kg)

Gross 457 46.5 45.6 43.5 43.1 42.9
Net 42.9 435 42.8 41.1 40.8 40.5

Table of average properties for petrol (gasoline)

Composition by mass (%)

Carbon (C) 85.0---88.5
Hydrogen (Hy) 11.5-15.0
Sulphur (8) <01
Freezing point COC) < -40
Calorific value (MJ/kg)

Gross 44.8-46.9
Net 41.9-44.0

8.40  Atmospheric and ecological  pollution

The combustion of fuels pollutes the atmosphere. And fuels are burned in increasing
amounts, so the problems of pollution, both atmospheric and ecological, need serious
consideration.

8.40.1 Carbon monoxide (CO)

Carbon monoxide is produced by the incomplete combustion of carbon with oxygen.
If breathed in, it reacts with the haemoglobin in the blood and prevents the uptake of
oxygen. It impairs thought, alertness and reflexes. It is toxic enough to Kkill in
sufficient dosage.

8.40.2 Carbon dioxide (CO2Y

Carbon dioxide is produced by the complete combustion of carbon with oxygen.
Large masses are now emitted into the atmosphere from the various combustion
processes. This is especially true of motor car and lorries. It has become possibly the
main contributor to the greenhouse effect, producing global warming.
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8.40.3 Sulphur dioxide (S02Y

Sulphur dioxide is produced by the complete combustion of sulphur with oxygen. It
is an atmospheric pollutant mostly from diesel engines and flue gas emission in
industrial areas. It is a toxic gas and can be a respiratory irritant. It can produce
atmospheric acid, a precursor of acid rain.

8.40.4 Oxides of nitrogen (NO,.)

Various oxides of nitrogen can be produced from the nitrogen in the air reacting with
the oxygen in the air as the result of high temperatures obtained during the
combustion of a fuel. The oxides are toxic and can be respiratory irritants. They can
produce atmospheric  acids, precursors of acid ram. They also contribute to
photochemical smog.

8.40.5 Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) come from the evaporation of fuels from petrol
stations, petrol tanks, leaks of hydrocarbons, etc. They contain cancer-forming
compounds, carcinogens, e.g. benzene. They also contribute to photochemical smog.

8.40.6 Photochemical smog

Photochemical smogs occur on sunny, windless days, which perhaps have a
temperature inversion in the lower atmosphere (i.e. when atmospheric temperature
increases with height instead of falling as normal). If there are high concentrations of
NO, and VOCs, they may react with the ultraviolet light from the sun to produce
ozone (03 an irritating, bluish gas with a pungent smell. Ozone in the very high
atmosphere is formed naturally and protects the earth from some of the sun's
ultraviolet radiation. But near to the ground it is photochemical smog.

8.40.7 Particulates

Particulates are small particles which mix with atmospheric air. They are produced
during inefficient fuel burning (e.g. black, sooty smoke from some diesel engines, coal
and oil burning). Dust particles may be thrown up by moving vehicles or may come
from their brakes. Like many pollutants, particulates can be carcinogenic and
produce breathing difficulties.

8.40.8 Lead (Pp
Small quantities of lead compounds, such as tetraethyl lead, Pb(C2Hs)4, and
tetramethyl lead, Pb(CHs), continue to be added to petrol to improve combustion
characteristics (octane rating, section 16.19). After combustion the lead leaves with
the exhaust and appears as a toxic pollutant in the atmosphere. Apart from its
general toxicity, lead appears to be capable of retarding brain development in
children.

The pollutant effect of lead in the atmosphere has prompted the development of
unleaded petrol (ULG, unleaded gasoline) or green fuel. Unfortunately, aromatic
additives are included to help improve the combustion efficiency of ULG, but
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additives such as benzene can be toxic (see VOCs). Many cars are now fitted with
catalytic converters in the engine exhaust system. The exhaust gases must pass
through the catalytic converter, which removes some of the nitrous oxides, unburnt
hydrocarbons and carbon monoxide. But it does increase the emission of carbon
dioxide. The catalysts are based on rhodium (Rh) and platinum (Pt); they require
high temperatures to be effective so the converter must run hot.

8.40.9 Ecological considerations

The aquisition and use of coal and oil present ecological problems. Coal has to be
mined, both on the surface and in deep mines. Mining scars the earth's surface,
produces subsidance and creates large mounds of earth spoil and coal storage. After
burning, coal can produce atmospheric particulates and quantities of ash which need
disposal.

In the case of oil, both land and sea rigs are used for drilling and for receiving the
acquired oil. Large tanks are used for storage. Inevitably, some spillage occurs;
tanker disasters during sea transport cause large oil discharges into the sea and may
severely damage the local ecology.

Another important problem is acid rain. If enough acid rain falls into lakes and
onto forests, for example, it can cause serious, even disasterous, damage to flora and
fauna.

A further problem occurs when an oil or gas field becomes depleted. The rig used
for drilling the well and receiving the oil or gas is of no further use and requires
careful disposal.

Questions
I.  The coal supplied to a boiler has the following composition by mass: hydrogen 4 per
cent, carbon 84 per cent, moisture 5 per cent, the remainder ash.

The air supplied is 40 per cent in excess of that required for complete combustion
and coal is burned at the rate of 2000 kgjh. Assuming that the specific volume of the
flue gases at entrance to the flue stack is 1.235m%kg and that the maximum
permissible flue gas velocity is 7.75 mjs, find the cross-sectional area of the stack
entrance.

Assume that air contains 23 per cent of oxygen by mass.

[1.47 m2,
2. A single-cylinder, four-stroke cycle, petrol engine is supplied with a fuel having an
analysis by mass of carbon 84 per cent and hydrogen 16 per cent. Assuming the air
supplied isjust sufficientto burn completely the whole of the hydrogen to H,0, 91 per
cent of the carbon of CO, and the remaining 9 per cent of the carbon to CO,
determine per kilogram of fuel
(@) the mass of each of the actual exhaust gas constituents
(b)  the actual mass of air supplied
If the engine develops an indicated power of 9 kW at 42 revjs and uses 0.25 kg fuelj
kWh, find the volume of air at 20°C and 0.1 mNjm? drawn into the engine per cycle.
Air contains 23 per cent O, by mass, R for air is 0.287 kJjkg K.
[(a) 1.44kg H,0, 2.8 kg CO,, 0.176 kg CO, 11.45kg N;
(b) 14.87kg airjkg fuel; 3.72 x 10-4 m3
3. The following results were obtained during an experiment with a continuous flow gas
calorimeter. Calculate the higher calorific value of the gas at SRC (i.e. 15°C and
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760 mm Hg). Determine the lower calorific value of the gas, allowing 2466 kJ/kg of
steam formed.

Volume of gas burned at 16 °C and 120 mm water pressure = 0.007 m*

Volume of cooling water flowing during test =4.12x 10 * m?
Temperature of cooling water at inlet to calorimeter =14°C
Temperature of cooling water at outlet from calorimeter =28°C

Water collected during test =35x10%m’
Barometer = 758 mm Hg
Specific gravity of mercury =13.6

[Qg = 36.34 MI/m?; Qe = 34.26 MI/m*]
During a boiler trial, a sample of coal gave the following analysis by mass: carbon 89
per cent, hydrogen 4 per cent, oxygen 3 per cent, sulphur 1 per cent, the remainder
being incombustible.

Determine the stoichiometric mass of air required per kilogram of coal for
chemically correct combustion. If 60 per cent air is supplied, estimate the percentage
analysis by mass of the dry flue gas.

Air contains 23 per cent oxygen by mass.

[14.09 kg air/kg coal; CO, 14.44%, SO; 0.09%, O, 8.59%, N, 76.88%]
The following readings were obtained from a gas calorimeter during a test to
determine the calorific value of a gas:

Water collected =47 x 1073 m?
Inlet temperature of cooling water = 16 °C

Outlet temperature of cooling water = 21 °C

Gas consumed =0.002 8 m’
Gas temperature =17°C

Gas pressure = 786 mm Hg

Determine the calorific value of the gas in MJ/standard m® (measured at 15 °C and
760 mm Hg).

(34.13 MJ/m?]
A bomb calorimeter was used to determine the calorific value of a sample of coal and
the following results were recorded:

Mass of coal sample =1 g

Mass of water in calorimeter = 2500 g

Water equivalent of apparatus = 744 g

Initial temperature of water = 17.48 °C

Maximum observed temperature of water = 20.07 °C
Cooling correction = +0.015 °C

From these results, determine the calorific value of the coal. Take the specific heat
capacity of water as 4.18 kJ/kg K.
{35 324 kJ/kg]

The analysis by mass of a coal used in a boiler furnace is C 70 per cent, Hz 10 per
cent, O, 9 per cent and the remainder ash. A boiler using this coal is supplied with
17 kg of air/kg of coal. The temperature of the air entering the furnace and of the
gases entering the chimney are 16 °C and 354 °C, respectively. Determine
(a)  the energy carried away by the dry products of combustion per kilogram of coal
(b)  the percentage by mass of the CO, in the dry products of combustion

[(a) 5743 kJ; 15.1%])
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10.

The analysis by mass of a fuel is carbon 72 per cent, hydrogen 12 per cent, oxygen 8

per cent and the remainder ash.

(a) Determine the higher and lower calorific values of this fuel assuming that the
calorific value of C to CO, is 35 000 kJ/kg, the higher calorific value of H, to
H,0 is 143 000 kJ/kg and the specific enthalpy of evaporation of the moisture
formed by combustion is 2442 kJ/kg.

(b) Calculate, from first principles, the minimum mass of air required for the
complete combustion of 1 kg of this fuel.

Air contains 23 per cent oxygen by mass.

[(a) Oy = 42 360 kl/kg; Qnei= 39 273 kJ/kg; (b) 12.17 kg/kg fuel]

A fuel has the following percentage composition by mass C 85 per cent, H, 15 per

cent. If air contains 23 per cent oxygen by mass: determine

(a)  the stoichiometric mass of air required for complete combustion of 1 kg of this
fuel

(b)  the percentage composition by mass of the dry products of combustion

(¢)  the lower calorific value of the fuel, given the following data

Lower calorific value of H, to HO = 121 000 kJ/kg
Calorific value of C to CO, = 35000 kJ/kg

[(a) 15.1 kg; (b) CO, 21.15%, N, 78.85%; (c) 47 900 kJ/kg]

A sample of anthracite coal has the following composition by mass: carbon 89 per
cent, hydrogen 3.5 per cent, oxygen 3.0 per cent, nitrogen 1.0 per cent, sulphur 0.4 per
cent, the remainder ash. Determine the stoichiometric air required for the complete
combustion of 1 kg of this fuel. If 16 kg air is supplied, determine
(a)  the percentage excess air
(b)  the masses of the constituents of the wet flue gases per kilogram of fuel burnt
Air contains 23 per cent oxygen by mass.

[13.89 kg; (a) 15.2%; (b) 3.26 kg CO,, 0.315 kg H,0,

0.008 kg SO,, 0.495 kg O,, 12.32 kg N,]

An oil engine develops 37.5 kW at a specific fuel composition of 0.255 kg/kWh. The
air supply to the engine flows through a 75 mm diameter pipe at a velocity of 9 m/s;
the air is at a pressure of 96.5 kN/m? and a temperature of 15°C. The fuel
composition by mass is carbon 85.8 per cent, hydrogen 14.2 per cent. Determine
(a)  the mass of air supplied per kilogram of fuel
(b)  the percentage excess air
(c)  the percentage analysis by mass of the exhaust gases if combustion is complete
For air, R = 0.287 kJ/kg K. Air contains 23 per cent oxygen by mass.

f(a) 17.4 kg; (b) 16.8; (c) CO, 17.1%; H,0O 6.9%,

0, 3.1%, N, 72.9%]

An oil engine uses fuel oil having a composition by mass of C 86 per cent and H, 14
per cent. The fuel oil is used at the rate of 55 kg/h. The air supply is 20 per cent in
excess of the stoichiometric requirement. The air is supplied to the engine at a pressure
of 96.5 kN/m? and a temperature of 17 °C through a pipe of 150 mm diameter.
Determine
(a)  the percentage analysis of the exhaust gas by mass
(b)  the velocity of the air in the supply pipe in m/s
For air, take R = 0.287 kJ/kg K.

[(a) CO, 16.7%, H,0 6.7%, Oz 3.8%, Ny 72.8%; (b) 13.3 m/s]

15.

17.
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A boiler uses coal at a rate of 910 kg/h. The coal is of the following composition by
mass: carbon 82 per cent, hydrogen 6 per cent, oxygen 3 per cent, ash 9 per cent. The
air is supplied by a forced draught fan at a pressure of 100 kN/m® and a temperature
of 13 °C. If the total quantity of air is 25 per cent in excess of that theoretically
required for the complete combustion, determine
(a)  the mass and volume of the air taken in by the fan per minute
(b)  the percentage composition of the flue gases by mass
Assume air contains 23 per cent oxygen by mass. For air, R = 0.287 kJ/kg K.
[(a) 217.3 kg; 178.3 m>; (b) CO, 19.8%, H,0 3.5%, O, 4.3%,
N, 72.4%]
A fuel oil consists of 86 per cent C and 14 per cent H, by mass. During a test on an
engine using this oil, the dry exhaust gas analysis by volume was 11.25 per cent CO,,
1.2 per cent O,, 2.8 per cent CO and the remainder N,. Estimate the air—fuel ratio by
mass being supplied to the engine.
[15.7]
The volumetric analysis of a gas is as follows: CO 30 per cent, H, 60 per cent, CH, 10
per cent. This gas is mixed with air in the proportions 1 volume of gas to 1.5 volumes
of air. For the air—gas mixture, determine
(a)  its mean relative molecular mass
(b) its density in kg/m> at a temperature of 27 °C and a pressure of 138 kN/m?
(c) its adiabatic index
(d)  its characteristic gas constant
Use the following molar specific heat capacities at constant volume: CHy = 36 kJ/
kmol K, diatomics = 20.9 kJ/kmol K. Air contains 21 per cent oxygen by volume.
[(2) 21.78; (b) 1.205 kg/m>; (c) 1.387; (d) 0.382 kJ/kg K]
Determine the composition by mass and by volume of the dry products of the
combustion mixture from 1 kg of coal and 18 kg of air. Composition of the coal by
mass is C 80 per cent, H, 6 per cent, O, 8 per cent, ash 6 per cent.
[Mass: CO; 15.9%; O 8.8%; N3 75.3%;
Vol: CO, 10.8%; O, 8.3%; N, 80.9%]
Hexane (C¢H,4) is mixed with air in the correct stoichiometric proportions. For this
mixture, determine:
(a) its average relative molecular mass before combustion
(b) its density before combustion in kg/m® at a temperature of 15 °C and a pressure
of 100 kN/m?
(c)  the adiabatic index for the products of combustion
Molar specific heat capacities at constant volume

Diatomics = 21 kJ/kmol K
Triatomics = 31.4 kJ/kmol K
R =8.314 4 kJ/kmol K

Air contains 21 per cent Oy, 79 per cent N, by volume.
[(a) 30.1; (b) 1.257 k/m™ (c) 1.349]



Chapter 9

Heat transfer

9.1 General introduction

The transfer of heat can take place by two phenomena known as conduction and
radiation. These phenomena may take place in a given system on their own or they
may occur simultaneously.

As the result of conduction and/or radiation occurring into a fluid media then a
transport of heat may occur called convection.

These various phenomena will be discussed separately.

9.2 Conduction

This is the form of heat transfer which takes place when heat transfers through a
material. It is considered that energy transfer occurs due to atomic or molecular
impact which results from atomic or molecular vibration in the case of solids, or
movement in the case of liquids or gases. It is also probable that there is some free
electron drift showing an energy flux in the direction of reducing temperature. So
metals, with their more compact molecular structure, will show greater thermal
conductivity than liquids, with their greater molecular dispersal, and then gases, with
their even greater molecular dispersal.

As an example of heat transfer by conduction, consider the transfer of heat from
steam in a pipe to the outside. The heat must pass through material of the pipe. The
heat being transferred through the pipe is said to be conducted through the pipe.

9.3 Conduction through a flat plate or wall
The transfer of heat by conduction is found to depend upon the following factors:

The area through which heat transfer takes place.

The temperature difference of the faces through which the heat is passing.
The time taken for the heat transfer.

The thickness of material through which the heat is passing.

The type of material.
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Now the greater the area and temperature difference, the greater will be the heat
transfer. The heat transfer is therefore proportional to area and temperature difference.

On the other hand, the greater the thickness of material, the smaller the heat
transfer. Heat transfer is therefore inversely proportional to thickness.

Consider a flat plate, or wall, of thickness x and heat transfer area A. Let the
temperatures of its faces be #; and 1, respectively. This is shown in Fig. 9.1.

77

3] 9%
X
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Heat transfer area A */44
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Fig.9.1 Conduction through flat plate or wall

Consider now an elemental thin slice within the material of thickness dx. Let the
temperature fall across this elemental thin slice = ér.

Then
0 Afi [
X
or
0= k4 g—’ 2]
X

where k = constant of proportionality

In this case & is called the coefficient of thermal conductivity.

The minus sign in equation [2] indicates that the heat transfer occurs in the
direction of diminishing temperature (—d7/6x) or, in other words, this is an
association with the second law of thermodynamics that heat will only transfer down
a temperature gradient as a natural occurrence.

Assuming the temperature fall to be linear through the material of thickness x,
equation [2] can be written

Q: —kA(t, — ) [3]
X

_kA@ —n) [4)
X

Let the transfer of heat be Q J/s = O W, then

S kA@t — 1)

Y (5]
X

This is known as Fourier’s equation, determined in about 1822. It is named after
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Baron Jean-Baptiste-Joseph Fourier (1768-1830), a French physicist, mathematician _ kAl - 13) f3) 2]
and politician. 2
In this equation kyA(t; — ty)

3]

k = coefficient of thermal conductivity, W/mK

A = area of transfer, m>

t; = inlet face temperature, °C

t, = exit face temperature, °C

x = thickness, m b

From the Fourier equation

71

7

. t.
k= Ox [6] Area A ——— y
At — 1)
from which the units of & become . ‘5,. -Q
“Z m_ i or Wm'K™'
m’K mK I-——X1 NP A

Table of average values of coefficients of thermal conductivity Fig.9.2 Conduction through composite wall

Substance Coefficient of thermal conductivity
(W/m K) As it stands, none of these equations are soluble since the interface temperatures #,
Air, still, at 15 °C 0.025 and 1, are, as yet, unknown.
Aluminium 206 Transposing equations [1], [2] and [3] gives
Brass 104 Qx
Brick, common 0.6 h—1t= k—/; (4]
Concrete 0.85 !
Copper 380 0x
Cork, ground 0.043 h=h= kz_A 2
Diatomaceous earth 0.086 .
Felt 0.038 fh—tg = Ox3 (6]
Glass 1.0 k3A
gfj’s’cfsbtre 78'04 Adding equations [4], [5] and [6]
Magnesia 0.06 ot = 2 X1 X2 X3 7
Plastic, cellular 0.04 PR 4 ky ky k;
Steel 60
Vermiculite 0.065 From equation {7]
Wood 0.15
Wallboard, paper 0.076 Q= A - 1) (8]

xl/k1 +X2/k2 +X3/k3

From this equation, it can be inferred that if there are n layers, then
9.4 Conduction through a composite wall

Q':A(tl—tn+l) [9]
Consider the composite wall shown in Fig. 9.2; in this case there are three layers. S x/k

If O W are passing through this wall then Q W are passing through each layer. .
Thus, the heat transferred per second can be calculated. When this is known, by

— kAt — 1) (1] substituting back into equations [1], [2] and [3], the interface temperatures can be
X calculated.

0
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Example 9.1 A brick wall 250 mm thick is faced with concrete 50 mm thick. The brick has a
coefficient of thermal conductivity of 0.69 Wim K and the concrete 0.93 W/m K. If the exposed
brick face is at a temperature of 30 °C and the concrete at 5 °C, determine the heat lost per
hour through a wall 10 m long and 5 m high. Determine the interface temperature.

SOLUTION

_ A(-1) _ (10x5)x(30-5)
xi1/ki +x2/ky  0.25/0.69 +0.05/0.93

. 50%25
0.362 + 0.054

1250

T 0416

= 3005 W
= 3005 J/s
=3.005kJ/s

Heat lost/h = 3.005 x 3600 = 10 818 kJ
For the brick wall

0= kAt —0)

X1

b=t Ox1 _ 5, 3005 x0.25
kyA 0.69 x 50
=30-2138

=82°C

The interface temperature is 8.2 °C.
Alternatively, for the concrete

0- kaA(tr — 13)

X2

— +0x% 5, 3005 x 0.05
Y koA 0.93 x 50

=5+32
=8.2°C

9.5 Conduction through a thin cylinder

There is no hard and fast rule as to what constitutes a thick cylinder and what
constitutes a thin cylinder. A thin cylinder may be considered as a cylinder whose
internal surface area is very nearly the same as its external surface area.

From the viewpoint of heat transfer, if this is the case, then the area through which
the heat is passing is always very nearly the same.
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For a thin cylinder of radius r (either internal or external or mean, since they are
all very nearly the same) and thickness x, the area of heat transfer for a length of
cylinder L = 2nrL.

Hence

Q':kXZTU'LX(t[—Iz)

X

where k = coefficient of thermal conductivity
t, t; = surface temperatures

9.6 Conduction through a thick cylinder

In the thick cylinder the internal surface area is considerably smaller than the
external surface area, so the thick cylinder does not admit of the simple treatment
given in the case of the thin cylinder. However, part of the solution follows the
treatment for the thin cylinder. Figure 9.3 shows a thick cylinder of internal radius r,
and external radius r,. The cylinder length is L, its internal surface temperature is ¢,
and its external surface temperature is ¢,.

t N

! ~«— Cylinder length L

Fig. 9.3 GConduction through thick cylinder

Assume that heat transfer is from inside to outside, in which case 1, > 1,.

Let the heat transfer per second be Q.

Consider an elemental cylinder within the cylinder at radius r and with thickness dr.
Let the change of temperature across this elemental cylinder be 1.

From work on the thin cylinder

0= ~k2an% (1]

The sign of d¢/6r is negative because there is a temperature fall across the cylinder.
From equation [1]

=2 9o
kK2rnlL r
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Integrating across the thick cylinder
) ' 8 r
J dr=— Q J dr
4 k2zL ), r

[, =~z [,

or

(tz - t|): “E%*Z [lnrz —lnh]

multiplying throughout by —1 and using Inr, — Inr; = In(r,/ry) gives

Y #)
Hh—t)=—2—In"%
(=) k2nL " n
From which
- K2rL(t, — 1)
0="T0 =)
In(ry/r1)

(2]

Example 9.2 A steam pipe is 75 mm external diameter and 80 m long. It conveys 1000 kg of
steam per hour at a pressure of 2 MN|m’. The steam enters the pipe with a dryness fraction of
0.98 and is to leave the other end of the pipe with a minimum dryness fraction of 0.96. This is to
be accomplished by suitably lagging the pipe; the coefficient of thermal conductivity of the
lagging is 0.08 Wim K. Assuming that the temperature drop across the steam pipe is negligible,
determine the minimum thickness of the lagging required to meet the necessary conditions. Take

the temperature of the outside surface of the lagging as 27 °C.

SOLUTION
At 2 MN/m? the enthalpy of evaporation is

hs, = 1888.6 kJ /kg
The heat loss per kilogram of steam passing through the pipe is

(0.98 — 0.96) x 1888.6 = 0.02 x 1888.6
=37.77TkJ

So the heat loss per second through the pipe is

0= 1000 3797
3600

=10.5kJ
For a thick cylinder

Q' :'kan(t| - 12)
In (ry/ry)
From this

k27[L(t| — t2)

In(ra/r) = 0

Heat transfer
The saturation temperature at 2 MN/m? is 212.4 °C

0.08 x 27 x 80 x (212.4 — 27)

In(ry/r)) =
(r2/r1) 10.5 x 103
_ 0.08 x 21 x 80 x 185.4
10.5 x 103
=071
From this
ry/ry =2.03
Hence
ry = 2.03r
—203x 2
2
=76.1 mm
Minimum thickness of lagging = 76.1 — 75/2
=76.1-37.5
= 38.6 mm

259

9.7 Conduction through a composite thick cylinder

The solution to this arrangement is similar to that used on the composite wall.

If Q heat units per second pass through the composite thick cylinder, then Q heat
units per second pass through each separate thick cylinder. For the composite thick

cylinder in Fig. 9.4.

-+— Cylinder length L

Fig. 9.4 Conduction through composite thick cylinder
H klan(tl — tz)
Q=" Y
In(ry/r)

_ kzan(tQ - t3)
In (ry/ry)

(1]

(2]
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Again, neither of these equations is soluble due to the lack of knowledge of the
interface temperature ¢,.
Hence transposing equations [1] and {2]

L Qln(r,/n)

=ty = ki 2L [3]
. _Qln(r/r)

by~ 13 = ko2nL (4]

Adding equations [3] and {4]
Q [In(r/r) n In(ry/ry)

Ho— b=

- 2nL k] k2
from which
_ 2Lt — 1) 5]
In(ry/r) + In(rs/ry)
ky ks

The solution to a composite thick cylinder with more than two thicknesses follows
the same procedure.

Since Q is known from equation [5], substitution into either equation [1] or [2]
determines the interface temperature ¢,.

Example 9.3 A 100 mm diameter steam main is covered by two layers of lagging. The inside
layer is 40 mm thick and has a coefficient of thermal conductivity of 0.07 Wim K. The outside
layer is 25 mm thick and has a coefficient of thermal conductivity of 0.1 Wim K. The main
conveys steam at a pressure of 1.7 MN/m’ with 30 K superheat. The outside temperature of the
lagging is 24 °C. If the steam main is 20 m long, determine

(a) the heat lost per hour

(b) the interface temperature of the lagging

Neglect the temperature drop across the steam main.

(2)
Q _ 27'[L(f1 - f3)
T n(ry/r) N Inry/r;
ky k,

The saturation temperature at 1.7 MN/m? is 204.3 °C
t) =204.3+30=12343°C
21 x 20 x (234.3 — 24)

€= T790/50 | In115/90
0.07 0.1

_ 2mx20x210.3
T Inl8 Inl.28

0.07 * 0.1

Heat transfer 261

_ 2mx20x2103 2mx20x210.3
844247 10.87

=2431' W

Heat lost/h = (2431 x 3600) J

_ 2431 x 3600
103
= 8752 kJ
(b)
s 2nk L(t) —t
Q — lI ( 1 2)
nry/ry
anrz/r,
t2 - t| _——
27'[le
2343 24311n90/50
21 x 0.07 x 20
=2343 — 2431 x 0.588
27 x 0.07 x 20
=2343-162.5
=718 °C

The interface temperature is 71.8 °C. Alternatively, the solution could have been determined
using

_ 27[k2L([2 — t3)

¢ In (r3/r2)

9.8 Radiation

Radiation is an electromagnetic phenomenon of v.arying wavelengths closely allied to
the transmission of light and radio. It proceeds in straight lines at the speed of light,
(2.998 x 108 m/s).

Unlike conduction, radiation requires no transfer medium between the emitting
and receiving surfaces. In fact, any material medium between such surfaces could
impede radiation transfer of energy.

The classic example of energy transmission by radiation is the sun, which transmits
abundant energy to the earth by this means.

Radiation is independent of mass, except for nuclear reactions.

The amount of energy (heat) transferred by conduction largely depends upon
temperature  difference rather than temperature level. But in radiation it is the
temperature of the emitting surface that controls the quantity and the quality of the
energy transmitted.

Radiation is very much a surface phenomenon and will leave the transmitting
surface through a wide wavelength band.

A surface will emit or absorb radiant energy without a temperature difference. but
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in order for energy transfer to occur there must be a temperature difference between
the exchange surfaces.

Figure 9.5 shows the general shape of the spectromagnetic curve of radiant power
against wavelength for a black bedy. A body which is defined as being black is a
perfect radiator of energy.

High radiation temperature

Intermediate radiation temperature

Low radiation temperature

Radiant power

Wavelength

Fig. 9.5 Spectroradiometric curves

In Fig. 9.5 the height of the curve determines the quantity, and the general shape
shows the quality of the emitted radiant energy. At the lower radiation temperatures
there is a shift towards emissions of lower wavelength.

A radiating surface at a high temperature, perhaps over 800 °C, will emit some
wavelengths which are within the visible light spectrum, approximately 10-° to 107
metres. At lower temperatures, less than 800 °C, the radiation will be in the infrared
range, approximately 1072 to 10-% metres.

If a body emits energy across the black body wavelength spectrum but only a
fraction of the power of the black body, then it is called a grey body.

The terms black and grey do not necessarily refer to the colour of the body; they
merely describe its effectiveness as a radiator. A black body is a perfect radiator; a
grey body is not a perfect radiator.

9.9 Stefan—Boltzmann law and radiation surface parameters

9.9.1 Stefan-Boltzmann law

Joseph Stefan (1835-1893), an Austrian physicist, showed experimentally that the
energy, E, transmitted by thermal radiation is proportional to the fourth power of
the absolute temperature .

Ex T? [1]
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Ludwig Boltzmann (1844-1906) was also an Austrian physicist and he, too,
worked on the problem of thermal radiation.

The work of these two physicists, resulted in what is now termed thc Stefan-
Boltzmann law. For a perfect black body this law has been shown empirically to have
the form

g=oT* (W/m?) (2
where ¢ = Stefan’s constant
=5.6697x 107 W/m? K*
~5.67 x 1078 W/m? K*
¢ = rate of energy emitted, W/m?

2
For surface area A m

Q = aT*4g (W) (3]

9.9.2 Radiation surface parameters
Surfaces are capable of emitting, absorbing, reflecting or transmitting radiant energy.

It can be shown that the emissivity and absorptivity of any given surface are of
equal value.

For any given surface, the radiation received must be reflected, absorbed or
transmitted through the material.

For a black surface, therefore, the net sum of the maximum reflected, absorbed
and transmitted energy must be equal to unity when used in the Stefan-Boltzmann
equation,

proa+t=1 [4]

where p = reflected energy
o = absorbed energy
7 = transmitted energy

For materials that are opaque, the transmissivity is zero, so 7 = 0 and equation
[4] becomes

p+a=1 [5]
which becomes
pte=1 (6]
where & = emissivity

Because emissivity and absorptivity can be shown to be equal, for a perfect black
surface, the reflectivity is also considered to be zero. Thus from equation [6] the
emissivity of a perfect black surface, ¢g is unity.

ep =1 (7]

For a grey surface the emissivity, ¢, which is the ratio of the grey surface emission
to the black surface emission, must therefore be of the form

s = Eg/Eg < 1 (8]
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For a grey surface with emissivity es the Stefan-Boltzmann equation (equation [3])
becomes

Q =GsaT4As watts (W) [

Emissivity, and hence absorptivity, vary somewhat with surface temperature and
are also a function of surface finish.

Generally, highly polished surfaces have low emissivities whereas rough and
oxidised surfaces have much higher emissivities.

Table of average emissivities

Substance Average emissivity cs
Aluminium 0.25
Brick, rough 0.93
Carbon 0.85 _
Chromium 0.4
Copper, oxidised 0.7
Copper, polished 0.02
Glass 0.94
Iron (steel), oxidised 0.7
Iron (steel), polished 0.15
Paints, all colours 0.85
Water 0.95

9.10 Some further radiation phenomena

If a radiant energy system is completely enclosed then its emissivity is I, independent
of the nature of its surfaces. This occurs in a boiler furnace. The reason for this is
that, although the emissivity of each individual furnace wall is less than unity, heat
energy will radiate backwards and forwards from wall to wall until they absorb it
completely. That is why radiant heat boilers have been developed, because the
maximum amount of radiant heat is absorbed under the closed conditions that exist
in a boiler furnace. This same phenomenon occurs in any enclosed furnace or oven.

It can be noted that, in very sunny climates, buildings are often painted white in
order to reflect some of the energy received by radiation from the sun. Thick walls
are also often used in order to attenuate conduction energy penetration, thus leaving
the interior of the building relatively cool.

Thick, white, loose-fitting clothing is also worn to reduce radiation energy influx,
thus keeping the person wearing the clothing relatively cool. This coolness remains so
long as the person is not too physically active.

An important energy radiation level is that of the infrared waveband. This occurs
at wavelengths between the approximate limits of 10-2 and 10-6 metres. This is below
the visual limit of the colour red, hence its name.

Because it is not detectable by the human eye, special detectors are required to
record its presence. This has led to the development of infrared thermography and
photography.
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In infrared thermography, a detector is aimed at a surface. The infrared radiant
energy is received and, through subsequent apparatus, is translated into a visual
screening (bright for high temperature through to dark for low temperature). Energy
loss by radiation can then be assessed and calibrated. This apparatus is particularly
useful in the detection of heat transfer loss from buildings.

Infrared energy received from an object can be translated into a photographic
image; infrared cameras can be used at night because no direct visual wavelengths are
required from the original energy-transmitting object. Infrared binoculars have also
been developed, enabling an observer to see at night.

Example 9.4 A rectangular surf'ace has a height of 3 m and a width of 4 m. The emissivity of
the surf'ace is 0.9 and its surface temperature is 600°C. Determine the energy emittedfrom the
surface in kilowatts.

SOLUTION
Area of surface =3 x 4 = 12m?
From equation [9]

Q= GS(JT4As
=0.9 X 5.67 X 10-8 X (600 +273)4 x 12
=0.9 X 5.67 X 10-8 X (873)4 X 12
=355 700 W
=355.7 kW

Example 9.5 A cubical furnace has internal dimensions 1.25m X 1.25m X 1.25m. The
internal surf'ace temperature is 800 DC. At the internal centre is placed a sphere of radius 0.2 m
which has an emissivity (}f'0.6 and a surface temperature of 300°C. Determine the rate (}f'
energy transfer between the furnace walls and the sphere; determine its direction.

SOLUTION
For the furnace

Internal surface area = 1.25 x 1.25 x 6 = 9.45 m®

The internal furnace can be considered as black.

5.67 4945

=" x (800 + 273)" x ——

Or ™ ( ) 0
=710.25 kW

For the sphere

Surface area = 4nr?
=47 x 0.22
= 0.503 m?
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Thus the sphere will emit radiation

5.67 4 0.503
= 0.6 x = x (300 + 273)" x
Os 108 (300 + 273) 10°
= 184.5 kW

Thus the transfer of energy will be from furnace to sphere at the rate

Qr — Q, = 710.25 — 184.5
= 525.75 kW

9.11 Convection

Convection is the heat transfer which occurs as the result of the movement of a fluid.
It cannot take place in a solid.

Heat will transfer by conduction through the walls of the fluid container. From the
container walls, the heat will transfer by conduction and radiation into the fluid,
causing convection currents to be set up in the fluid.

Figure 9.6 shows a vessel with a pipe leading from its top. This pipe bends round
to re-enter the vessel at the bottom. Consider the system full of water. If heat is
transferred through the base of the vessel, the water in the immediate vicinity of the
heat supply will receive heat and will therefore expand. Its density will decrease as a
result of the expansion, so it will begin to rise through the main water bulk. Its place
at the bottom will at once be taken by cooler water which, upon being heated, will
itself begin to rise.

Convection current

\@LHeat supply

Fig.9.6 Formation of a convection current

Most of the hot water will eventually pass up into the pipe and, in its passage
through the pipe, will lose some heat. It will therefore fall through the pipe as its
density increases and will eventually reappear at the bottom of the vessel, once again
to receive heat. Thus a circulation of water has been created called a convection
current.

The pipe was arranged so as to assist the formation of the convection current. This
is always the case in any heating device of high efficiency. In domestic heating plant
and boilers the pipework is always arranged to give the greatest possible assistance to
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the formation of convection currents. In this way, rapid heat trunsfer i. mi&de
possible.

Convection, as described, is called natural or thermo-syphon convection. To
improve heat transfer the convection currents may be further assisted by using it
circulating pump; this is called forced convection. Most motor vehicle engines and
heating systems have a pump in the cooling system to help create convection
currents; they use forced convection.

It will appear from the following that the solution of convection problems can be
quite complex. The transfer of heat from the hot source to the fluid will depend upon
many factors.

° the direction of flow of the fluid across the retaining wall surface

° the nature of the fluid

. the nature of the retaining wall

° the velocity of the fluid across the retaining-wall surface

° the degree of turbulence of the fluid

° whether a change of state occurs within the fluid, i.e. from liquid to vapour or

from vapour to liquid
° whether the fluid flow is natural or forced

Convection is an energy transport process because the heat transferred into the
convecting fluid (liquid or gas) is transported by the convection current to another
part of the fluid-containing circuit.

9.12 Heat insulation

Unless precautions are taken, heat losses in any thermal system can be considerable.
The system can be heat insulated, or lagged, to cut these losses to a minimum.
Lagging means the application to such things as pipes, walls and engines of some
form of heat insulating material.

A heat insulating material will be a material which has a low thermal conductivity.
Apart from its heat resisting properties it must also be able to withstand high or low
temperatures, it must be relatively easy to apply, it should have a long life, it should
withstand a moderate degree of rough handling and its cost should not be excessive.
It should present no fire risk.

Insulating materials are made up from several substances:

. Asbestos  Use of ashestos (a mined mineral) is now largely deprecated due to
its health hazard.

° Diatomaceous earth Formed from small algae which are part of marine and
freshwater plankton. The earth is composed of the hard shell skeletons of the
dead organisms. The skeletons are composed of silica.

° Glass and rock-wool Formed by making wool of the fine fibres made from
silica minerals.

Magnesium carbonate Made from dolomite limestone.
Cork Bark stripped from the cork-oak tree.
Expanded polystyrene A synthetic plastic material.

These insulating materials, and others, generally owe their low thermal
conductivities to their cellular structure. It so happens that air has a low thermal



268 Basic engineering thermodynamics

conductivity, which makes it good as a heat insulator except for convection. If the air
can be kept static, it is a good thermal insulator. In the insulating materials the air is
locked up in their cellular structures, so the property of the materials as thermal
insulators really belongs to their static air content rather than the material itself. The
heat insulation of clothing is really due to the layer of static air that a person puts on,
air trapped by the cellular structure of the clothing; very little is due to the clothing
itself.

Insulating materials are generally manufactured as fibres, pastes, sheets or
granules. Such items as pipes and boilers often have their lagging applied as paste
held in place by wire mesh and fabric coverings.

Alternatively, pipes may be lagged with sectional covering. This is preformed,
semicylindrical lagging which is simply fitted round the pipe and held in place by
clips on fabric. Large surfaces can be lagged with prefabricated blankets or boards
made of various insulating materials.

Yet another form of insulation is to pack rigid spaces with granular insulation such
as granular cork or vermiculite.

The rigid spaces may also be filled with glass wool or expanded polystyrene.

For high thermal efficiency of any plant, lagging is an absolute essential. But the
Dewar flask achieves successful heat insulation without the use of lagging. Named
after Sir James Dewar (1842-1923), a Scottish chemist and physicist, it is more
commonly known by the trade name Thermos flask.

The Dewar flask is used for maintaining fluids, normally in liquid form, either hot
or cold over long periods. It is used domestically as a picnic flask and commercially
for the bulk transport of liquid gases. Due to the high volatility of the liquid gas, the
commercial flask, which is rather large, remains uncorked. This is also the case with
any other highly volatile fluid.

Figure 9.7 shows it to consist of two glass vessels, one sealed inside the other
leaving a space between them. The inside surface of the outer vessel and the outside
surface of the inner vessel are silvered. The space between the two vessels is pumped
to vacuum and then sealed. The Dewar flask accomplishes heat insulation in several
ways.

9.12.1 Dewar flask - conduction

Heat loss by conduction can only take place through the glass. For heat loss from
inside to out, the heat must pass up through the thin glass section to the top. The
reverse is true for a heat gain to the inside from the outside. Now glass has a low
thermal conductivity and the area presented for heat transfer is small. Also the path
of heat transfer through the glass becomes progressively longer from the top to the
bottom of the flask. Thus, heat loss due to conduction is very low.

9.12.2 Dewar flask - convection

The space between the two flasks is evacuated to vacuum, so there is no convecting
medium and no convection loss. There may be some convection loss above the
surface of a fluid contained in the flask; the convection currents may pass out
through the neck of the flask. This neck is often sealed using a cork or stopper,
which itself has a low thermal conductivity. Under corked conditions, convection
currents will be confined to the interior of the flask.
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Inside
sitvered :I——Two glass vessels
surfaces 1<

Sealing pip

Fig. 9.7 Dewar flask

9.12.3 Dewar flask - radiation

As with light, a mirror surface is a good reflector of radiant heat energy. Thus any
radiant energy passing from the internal flask will be nearly all reflected by the
mirror surface on the inside of the outer flask. This, in turn, is reflected to a large
extent by the mirror surface on the inner flask, and so on. In this way heat loss due
to radiation is reduced to a minimum.

9.13 Surface and overall heat transfer

The examples so far have only considered surface temperatures. However, the control
temperatures in any heat transfer system will be the surrounding, or ambient,
temperatures. Now there must be a temperature difference between a surface and its
surroundings if there is to be any heat transfer (second law of thermodynamics). The
transfer of heat at a surface can include conduction, radiation and convection and
any analysis of this transfer could be very complex.

A simple solution can be obtained by using experimental methods to determine the
heat transfer through known and commonly used systems. Many commonly used
systems appear in buildings, refrigerators, heat exchangers, etc. These systems tend to
be solved experimentally, not analytically.

Consider the composite wall shown in Fig. 9.8.

As before, if heat transfer Q passes through the wall, then Q passes through each
layer of the wall.

Let

tal = ambient temperature on the inlet side of the wall
= inlet face temperature
= interface temperature
f3 = exit face temperature
= ambient temperature on the exit side of the wall

_h_.
N P
[

_h
&
2
|

Now fa > and 3 > 2 because there must be a temperature difference in order
that heat transfer can take place.
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Fig. 9.8 Overall heat transfer through composite wall

The solution at the surfaces is obtained from
0 =UyA(tg - 1) [1]
= UpA(t; — t2) (2]
In each case U is called the surface transfer coefficient and has the units
0w
AAr m?K

s

U, is determined experimentally and will include the effects of conduction,
radiation and convection at the considered surface.

Again consider the composite wall shown in Fig. 9.8. Two thicknesses are shown
but the solution is similar for a single or any multithickness wall.

For this wall

0 =UgA(ty — 1) [3]
- ’ﬂ%ﬁﬂ [4]
- %22-’3) (5]
= Upd(ty — t) (6]
From this
(tar — 1) = UfA M
(h—1)= % (8]
(t— (3) = % [0
(s —t) = US y [10]

Adding equations [7], [8], [9], [10]
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(,al_,az)IQ(L+ﬁ+ﬁ+L) [

A\Ug Kk kb U
From which
Q — A(ta] - ta2) “2]
(L+ﬁ+ﬁ+L>
Uy ki k Ug
=UA(tg — tp) {13]
where
U= !

U is called the overall transfer coefficient and sometimes the U coefficient or U value.
The units of U will be W/m? K, as for the surface transfer coefficient. The overall
transfer coefficient can be determined directly for known systems by experiment. For
building construction a U value of not more than 0.6 W/m? K is recommended.

Example 9.6 A composite wall is made up of an external thickness of brickwork 110 mm thick,
inside which is a layer of fibreglass 75 mm thick. The fibreglass is faced internally by an insulating
board 25 mm thick. The coefficients of thermal conductivity for the three materials are

Brickwork 0.6 Wim K
Fibreglass 0.04 Wim K
Insulating board 0.06 Wim K

The surface transfer coefficient of the inside wall is 2.5 Wim® K; that of the outside wall is
3.1 Wim® K.

Determine the overall transfer coefficient for the wall and, using the coefficient, determine the
heat lost per hour through such a wall 6 m high and 10 m long. Take the internal ambient
temperature as 27 °C and the external ambient temperature as 10 °C.

SOLUTION
1

1 X, . X3, X3 ])
— L2y
(Us] ky ko ky Ug

1

:(L 0.025__0.075 , 0.110 L)
2.5 006 004 06 3.1

U=

1
0.4+ 0.417 4 1.875 + 0.183 + 0.322

1

T 3197
= 0.313 W/m? K
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0 = UA(ty — 1x2)
=0.313x6x10 x (27 — 10)
=0.313 x 60 x 17

—319W
—319J/s
. Heat lost/h — L9l><63§60_0 — 1148 kJ

Example 9.7 A steam pipe, which is 150 mm external diameter, carries wet steam at a pressure

of 3.6 MN/m’. It is covered with two layers of lagging each 40 mm thick. The coefficients of

thermal conductivity for the two layers are 0.07 Wim K for the inner layer and 0.1 Wim K for the
outer layer. The surface transfer coefficient for the outer surface is 7.0 Wim’ K. Estimate the heat
loss per hour for a 50 m length of the lagged pipe. The ambient temperature is 27 °C. What would
be the surface temperature of the lagging? Neglect the thickness of the steam pipe and assume that

its temperature is constant throughout and, together with the inside surface of the inner layer of

lagging, is at the same temperature as the wet steam.

Ambient

A temperature =27 °C =1,
3

Fig. 9.9 Diagram for Example 9.7

SOLUTION
First draw a diagram (Fig. 9.9).

. klan(t] — tz)
_k2nL(h — 1)) 1
C= "t t
_ka2nl(t; - 1) 2]
In(ry/ry)
= U2nrsL(t; — t,) (3]
From this
_ ’L' In(r,/r1)
h—1t)= Lk [4]
v _ Q@ In(/r)
(t3 t2) N 2nL k2 [5]
h-1)=-2 _1 [6]

2aLl Ugrs
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Adding equations [4], [5] and [6]

0 [In(ra/r)  In(rs/r2) ;]
(=50 [ o Tk Un
Hence
0= 2nL(t, — t,)
= [m(rz/r.) + In{r;/ry) n L]
ky k» Usrs

From steam tables, saturation temperature at 3.6 MN/m2 is t, =244.2 °C and

ry =75 mm
r,=75+40=115mm =0.115m
r3y=75+40+40 =155 mm = 0.155 m

So from equation [7]

0= 21 x 50 x (244.2 — 27)
_<ln115/75+ln155/115+ 1 )

0.07 0.1 3 x0.155
B 1007 x 217.2
~ /In1.533 1n1.348 1 >
0.07 0.1 7 x 0.155
B 1007 x 217.2
T (0427 0.3 1
( 0.07 tort 0.922>
_100% x 217.2
T 6.1+3+1.085
_ 1007 x 217.2
T 10.185
= 6700 W
= 6700 J/s
Heat loss/h = &01;}6—09 =24120KkJ

From equation [3}
Q= U2arsL(t; — t,)
0

b= +—"
} 1 U2nnL

6700

=2
7+7><27r><0.155><50

=27+19.7
= 46.7 °C

The surface temperature of the lagging is 46.7 °C.

(7]
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Questions

1.

A wall is made up of two layers of bricks each 100 mm thick with a 50 mm air space
between them. The coefficients of thermal conductivity are

Inside brick 0.6 W/m K
Air 0.025 W/m K
Outside brick 0.8 W/m K

The wall is 6.15 m long and 5.5 m high. Determine the heat loss per hour through the
wall if the inside face temperature is 24 °C and the outside face temperature is 7 °C.
Determine the interface temperatures.
{902.7 kJ; 22.76 °C; 7.93 °C]
A refrigerator room has a wall 6.0 m long and 3.0 m high. The wall is built of 120 mm
thick brick, insulated on the inside with an 80 mm layer of cork faced with a thin
metal sheet. The coefficient of thermal conductivity of the brick is 0.7 W/m K; that of
the cork is 0.043 W/m K. The exterior brick surface temperature of the wall is 21 °C
and that of the interior metal-faced surface is —4 °C. The temperature of the metal
sheet can be considered as —4 °C throughout. Estimate the heat leakage through the
wall in 24 hours and also the temperature of the interface between the cork and the
brick.
[19 155 kJ; 18.9 °C]
During a test on pipe lagging a 2 m length of pipe, 80 mm external diameter was
covered with a 40 mm thickness of lagging. The pipe was then coupled to a steam
main which supplied steam at a pressure of 7 bar and 0.9 dry. As a result of heat loss
through the lagging, 0.365 kg of condensate was collected from the pipe in 1 hour.
The condensate was at saturation temperature for a pressure of 7 bar. The outside
surface temperature of the lagging was 38 °C. Assuming that the inside temperature of
the lagging was the same as the saturation temperature for the steam, estimate the
coefficient of thermal conductivity of the lagging in W/m K.
[0.082 W/m K]
A steel pipe 150 mm external diameter conveys steam at a temperature of 260 °C and
it is covered by two layers of lagging, each 50 mm thick. The thermal conductivity of
the inside layer of the lagging is 0.086 W/m K; that of the outside layer is
0.055 W/m K. The outside surface temperature of the steel pipe can be taken as being
the same as the temperature of the steam; the temperature of the outside layer of
lagging is 27 °C. Determine
(a)  the heat lost per hour for a pipe length of 30 m
(b) the interface temperature between the two layers of lagging.
[(a) 13 111 kJ; (b) 145.2 °C]
A cold room has internal dimensions 6 m x 6 m x 3 m high. Each containing wall,
including the ceiling and floor, consists of an inner layer of 25 mm thick wood,
backed up with a 75 mm layer of fibreglass and, on the outside, a 100 mm layer of
brick. The coefficients of thermal conductivity are

Wood 0.2 W/m K
Fibreglass  0.04 W/m K
Brick 0.75 W/m K

Surface transfer coefficients are

Wood to still air 2.5 W/m? K
Moderately turbulent air to brick 5 Wm?K

Average external ambient temperature can be taken as 15°C. It is required to
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maintain the interior ambient temperature of the cold room at —15 "C. The enthalpy
of evaporation of the refrigerant in the evaporator is 158.7 kJ/kg. The refrigerant is
0.1 dry at entry to the evaporator and is dry saturated at exit. Determine
(a)  the overall transfer coefficient in W/m?> K
(b)  the mass flow of refrigerant through the refrigeration plant in kg/h
(c)  the temperature of the exposed surfaces and of the interfaces
Neglect corner effects at surface joints.
[(a) 0.364 W/m? K; (b) 39.6 kg/h; (c) surfaces 12.82 °C, —10.62 “C:
interfaces 11.22 °C, —9.25 "C]
Wet steam at a pressure of 2 MN/m? flows through a pipe 20 m long. The pipe has an
external diameter of 80 mm. The pipe is covered with lagging 35 mm thick which has
a coefficient of thermal conductivity of 0.065 W/m K. The surface transfer coefficient
is 4.5 W/m® K and the ambient temperature is 15 °C. The steam flow rate is 300 kg/h
and it enters the pipe with a dryness fraction of 0.97. Assuming there is no
temperature drop across the pipe, determine
(a)  the dryness fraction of the steam as it leaves the pipe
(b)  the surface temperature of the lagging
[(a) 0.958; (b) 61.3 °C]
A steam pipe, 100 mm external diameter, is to be lagged with two layers of different
lagging material, each 25 mm thick. Material A has coefficient of thermal conductivity
0.052 W/m K; material B has coefficient 0.086 W/m K. Determine which of the two
lagging materials must be on the inside to produce the best insulation arrangement. If
the internal surface temperature is 320 °C and the external surface temperature is
20 °C, determine the heat loss per hour for a 10 m run of lagged pipe with the best
lagging arrangement.
[Best, A inside; 6037 kJ/h]
A composite wall is made up of material A, thickness 3 cm and coefficient of thermal
conductivity 0.6 W/m K, and material B, thickness 2 cm and coefficient of thermal
conductivity 0.15 W/m K. The external surface temperature of material A is 100 °C.
The external surface temperature of material B is 30 °C and its surface has an
emissivity of 0.9. The wall has an area of 25 m%. Neglecting edge effects, determine
(a)  the rate of heat transfer through the wall
(b) the interface temperature
(c) the percentage of the heat transfer lost by radiation from the surface of
material B
[(a) 9562.8 W; (b) 81 °C; (c) 87.5%]
Wet steam at a pressure of 20 bar flows through a pipe of 0.06 m diameter and 20 m
long. Assuming that the surface emissivity of the pipe is 0.72 and that the surface
temperature of the pipe is the same as that of the wet steam, determine the rate of
energy lost by radiation from the surface of the pipe.
[8.544 kW]
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The general arrangement of the basic elements of a steam plant are illustrated E%% 33 3 5
diagrammatically in Fig. 10.1. 88z s gg
Steam is generated in a boiler from which it passes into the steam main. The steam a O
main feeds the steam into a turbine or engine or it may pass into some other plant
such as heaters or process machinery. After expanding through the turbine or engine /\/\/\
or passing through some other plant, if the plant is working on a 'dead-loss’ system,
then the exhaust steam passes away to atmosphere. Such is the case with the steam =
locomotive, which is still in use on some railways in many countries of the world. gg c
This system is very inefficient and is rarely adopted in modern plant. It is used in the Eg» E
steam locomotive since, in this case, the plant is mobile and there is not sufficient 2 @ 5 5
. . . . O [
room for the complex steam reCQveryequipment which can be installed in a power 5 ‘;
station or factory. If steam recovery plant is installed, the exhaust steam passes into a - g 9
condenser where it is condensed to water, called condensate. % % % i
The condensate is extracted from the condenser by the condensate extraction pump g | E
from which it passes as feedwater into the feedwater main and back to the boiler. s §
Because the boiler is operating at a high pressure the water pressure must be 7 T

increased in order to get it into the boiler. This is dealt with by means of a pump —— )
called the feed pump. Thus the water returns to the boiler and, neglecting system
losses, a steam recovery plant circulates the same water all the time. Actually, there
are losses; they are made up in the condenser by means of a make-up water supply.
The advantages of steam recovery plant are primarily as follows.

Firstly, the pressure in the condenser can be operated well below atmospheric
pressure. This means that a greater expansion of the steam can be obtained, which
results in more work. Secondly, the water in the circuit can be chemically treated to
reduce scale formation in the boiler. The formation of scale in the boiler impedes the
transfer of heat from the furnace to the water, so it reduces the boiler efficiency. It
may also cause local overheating with resultant damage and, if overheating is serious,
it may even cause a burst in the vicinity.

The condenser is cooled by circulating cooling water through it. If an abundant
supply of water is nearby, such as a river or lake, then this can be used. Trouble may
be experienced here due to water pollution. This may take the form of fish or mud

C
Feed pump

gas circuit G
Steam plant

Fig. 10.1
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entering the condenser system. Filters are usually installed to cut down pollution,
otherwise the condenser cooling water circuit may become blocked. On the other
hand, the river or lake may itself become polluted by hot water returning from the
condenser. If the amount of hot water is large it could have an effect on the flora and
fauna of the river or lake. If a river or lake is not to hand, or the risk of pollution is
too high, it is common to install a cooling tower of wood or concrete. The hot water
from the condenser enters the tower approximately midway up and is sprayed to the
bottom. Air circulates into the bottom of the tower and passes up through the water
spray. Heat transfer occurs between the water and the air, thus cooling the water.
The warmed air passes out at the top of the tower. The cooled water is collected at
the bottom of the tower from where it is pumped back to the condenser. The same
cooling water is circulated through the condenser. It is only necessary to make up
any loss. The entire steam plant contains four separate circuits.

10.1.1 The furnace gas circuit

Air is taken into the furnace from the atmosphere to supply the necessary oxygen for
combustion. The combustion products pass through the boiler, transferring heat,
then pass out to the atmosphere through the flue. Care should be taken to reduce
atmospheric pollution from the combustion products to an absolute minimum. Most
furnaces are fired by coal, gas or oil.

10.1.2 The steam circuit

Water is passed into the boiler where it is converted into steam. It passes into the
plant where it is expanded, giving up some of its energy. It is then condensed in a
condenser and passes as condensate to be pumped back into the boiler.

10.1.3 Condenser cooling water circuit

Cool water passes into the condenser, has heat transferred into it by the condensing
steam then, at a higher temperature, passes out to be cooled in a river, lake or cooling
tower. Cool water then circulates back to the condenser. Care must be taken to reduce
pollution to a minimum if the discharge of condenser cooling water isinto a river or lake.

10.1.4 Cooling air circuit

In the case of a cooling tower, cool air passes into the bottom of the tower from the
atmosphere and heat is transferred into it from the falling hot water spray. The warm
air then passes back to the atmosphere through the top of the tower. In the case of a
river or lake the condenser cooling water will mix with river or lake watr which will
be cooled by heat transfer to the atmosphere.

In some steam plant the condensate from the condenser is passed into a tank,
called the hot well, which acts as a reservoir for feedwater. From the hot well,
feedwater is pumped through the feed pump back into the boiler. In this case, make-
up water could be fed into the hot well.

10.2 Boilers

A boiler is the device in which steam is generated. Generally, it must consist of a
water container and some heating device. There are many designs of boiler but they
can be divided into two types: fire-tube boilers and water-tube boilers. Before
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describing various boiler designs, it will be useful to discuss the formation of steam in
a boiler, and the methods employed to improve its thermal efficiency.

Whatever the type of boiler, steam will leave the water at its surface and pass into
what is called the steam space. This is the space in the water container directly above
the water. Steam formed above the surface of water is always wet and will remain
wet so long as there is water present. This is because the steam, rising from the
surface of the turbulent boiling water, will carry away with it some minute droplets
of water (see section 4.2).

The water container must always contain water, so the steam in the steam space is
always wet. If wet steam is all that is required, the steam is piped directly from the
steam space into the steam main.

But if superheated steam is required, the wet steam is removed from the steam
space and piped into a superheater. This consists of a long tube or series of tubes
which are suspended across the path of the hot gases from the furnace. As the wet
steam progresses through the tube or tubes it is gradually dried out and eventually
superheated. From the superheater it passes to the steam main. If a control of the
degree of superheat is required, as in some of the larger boilers, then an attemperator
is fitted. The control of the degree of superheat is obtained by the injection of water
or steam into the superheated steam. If an attemperator is fitted, the superheater is
generally divided into two parts. The first part is called the primary superheater.
Then comes the attemperator followed by the second part of the superheater called
the secondary superheater.

Now the flue gases will still be hot, having passed through the main boiler then the
superheater. The energy in these flue gases can be used to improve the thermal
efficiency of the boiler. To achieve this thermal efficiency improvement, the flue gases
are firstly passed through an economiser. The economiser is really a heat exchanger in
which the feedwater being pumped into the boiler is heated. The feedwater thus
arrives in the boiler at a higher temperature than would be the case if no economiser
were fitted. Hence, less energy is required to raise the steam, or if the same energy is
supplied, then more steam is raised. This results in a higher thermal efficiency.

Having passed through the economiser, the flue gases are still moderately hot.
Further thermal efficiency improvement can be obtained by passing them through an
air heater. This, too, is a heat exchanger in which the air being ducted to the boiler
furnace is heated. The air thus arrives at the furnace hotter than if the air heater were
not fitted. This results in a higher furnace temperature which thus increases the
furnace potential for steam raising. Thermal efficiency improvement results.

Still further improvement of boiler thermal efficiency is obtained by the installation
of a reheater. The reheater will often appear in the flue gas path before the
economiser. In some of the larger steam turbines, e,g. in power stations, steam is
removed from the turbine after partial expansion. This steam is fed back to the boiler
and then to the reheater. Here it is reheated to a higher temperature and then passed
back to the turbine where it completes its expansion in the latter stages.

The object of reheating steam in a turbine plant is to preserve the steam quality in
the low-pressure stages of the turbine. If there were no reheat, the steam in the low-
pressure stages would become too wet. Wet steam has erosive and corrosive effects
on the turbine blades. By returning the steam to the boiler, after partial expansion.
the quality of the steam is improved and wet steam in the low-pressure stages is
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therefore largely avoided. Reheating also gives greater potential work output from
the steam in the low-pressure stages. It may also give a slight improvement in thermal
efficiency.

In power stations it was usually the practice to cross-connect all boilers and turbines;
any boiler could run any turbine. But the installation of reheaters was difficult, so it was
rarely adopted. Modern boilers, however, have become much more reliable and new
installations have one boiler connected to one turbine, making a single boiler-turbine
unit. Reheaters are more easily installed because there is no cross-coupling.

The location of the superheater, reheater, economiser and air heater are illustrated
in Fig. 10.2. After the air heater, the flue gas passes to the exhaust chimney.

Cooled flue gas
to chimney

Hot flue gas
from furnace

Fig. 10.2 Important parts of a boiler

The following auxiliary equipment is fitted to all boilers:

. A pressure gauge This will record the gauge pressure of the saturated steam
formed in the steam space.

. A water gauge glass This will record the water level in the boiler. Often two
are fitted in case one breaks.

. A pressure relief valve This is fitted as a safety precaution and is set to blow-

off at a particular pressure. Often two are fitted as an added precaution in case
one sticks. They are either of the dead-weight or spring-loaded types.
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10.3 Fire-tube boilers

A type of fire-tube boiler is illustrated in Fig. 10.3. Sometimes called un economic
boiler, it has a cylindrical outer shell and contains two large-bore flues into which llrc
set the furnaces. The one illustrated has a mechanical stoker and ash remover. Thc
hot flue gases pass out of the furnace flues at the back of the boiler into a brickwork
setting, which deflects them back to pass through a number of small-bore tubes
arranged above the large-bore furnace flues. These small-bore tubes break up the
water bulk in the boiler and present a large heating surface to the water. The flue
gases pass out of the boiler at the front and into an induced-draught fan, which
passes them into the chimney.

The general range of sizes of the economic boiler is from small, about 3 m long and
1.6 m diameter, to large, about 6.5 m long and 4 m diameter. Equivalent evaporation
ranges from about 900 kg steam per hour to about 14 000 kg steam per hour.

Another type of economi~ boiler is illustrated in Fig. 10.4. This type is called a
supereconomic boiler. The boiler illustrated is oil-fired through a central large-bore
corrugated flue. This gives the flue gas its first pass. At the rear of the boiler the flue
gas is deflected down and back to pass through a number of small-bore tubes set in
the bottom of the boiler. This gives the flue gas its second pass. At the front of the
boiler the flue gas is deflected up and into the boiler again for its third pass, through
another set of small-bore tubes set in the sides of the boiler. At the back of the boiler
the flue gas then passes to the chimney.

With the large number of tubes set in this boiler, there is quite a high heating surface
area and the boiler will therefore have a high evaporation rate for its size. The boiler is
called supereconomic because of its three gas passes as against the economic two passes.

The boiler illustrated is capable of being installed completely as a self-contained
working unit, having been assembled at the manufacturer before delivery. It is fully
automatic and electronically controlled. The size ranges from an overall length and
height of 3.4 m and 2.3 m to an overall length and height of 6.1 m and 3.7 m. The
equivalent evaporation ranges from 680 to 8000 kg steam per hour. Such a boiler
may also be called a package boiler.

It is useful to note that not all fire-tube boilers are horizontal. Some, especially the
smaller boilers, stand vertically, with the furnace at the bottom, so they occupy a
smaller floor area. This is especially convenient where space is at a premium.

10.4 Water-tube boilers

With the increasing demand for higher power output from steam plant it became
necessary to develop boilers with higher pressures and steam outputs than could be
handled by the shell-type boilers. This led to the development of the water-tube boiler.

Consider the pressure. For a constant thickness of material, a tube of smaller
diameter can withstand a higher internal pressure than a tube of larger diameter.

And the steam output. If the water is contained in a large number of tubes, there is
a large heating surface area and each tube contains a small water bulk, so the steam
output is greatly increased.

By using a large number of tubes, both the pressure and the steam output can be
increased.
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In most water-tube boilers the water circulation is by natural convection, but a few
designs employ forced convection.

A very large water-tube boiler of modern design is illustrated in Fig. 10.5. It is
called a radiant heat boiler. The boiler is fired with pulverised coal. The coal-
pulverising mills are shown at the bottom. Coal is fed into the mills where it is
crushed to powder. Primary air is fed through the mills where it mixes with the
powdered coal. The air-coal mixture is then fed through ducting to the boiler
burners. The mills are driven by electric motors. The powdered coal and primary air
blow through the centf6 of the burners. To encourage and control the burning,
secondary air is controlled and fed round the delivery of the coal and primary air
supply.

Primary
superheater

Economiser

~ Pulverising
: mills

Fig. 10.5 Large water-tube boiler
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The boiler shown in Fig. 10.5 has twin furnaces. The furnaces are completely
water cooled; in fact they consist of water tubes. Most heat energy in this larger
type of boiler is transferred by radiation to the vertical water tubes. By the time
the flue gas has passed up the boiler and through the superheater, the temperature
is not very much higher than the saturation temperature of the steam drum.
Under these circumstances there would be little steaming improvement if a
convection surface were provided. Thus, convection water tubes, as used in the
other types of water-tube boiler, are not included. The superheater is split into
primary and secondary sections so as to provide superheat control by the
introduction of an attemperator. And note the provision of an economiser and air
heater. This boiler has a steam output of 380 000 kg/h. The superheater outlet
pressure is Il MN/m? with a final steam temperature of 570 "C.

A very large, radiant heat, oil-fired boiler can have a steaming capacity of about
1600 tonne/h (1.6 x 10° kg/h) at a pressure of 16.5 MN/m®> (165 bar) with a
delivery steam temperature of 550°C. It will use about 118 tonne (118 x 10° kg)
of fuel oil per hour.

One of the difficulties of a pulverised fuel (PF) burning boiler is that the ash in
the coal is also pulverised, so it is blown into the furnace and passes up with the
flue gas out of the boiler. This dust ash must be removed so that it does not
pollute the atmosphere. The dust ash is removed in a precipitator. One type of
precipitator gives a vortex motion to the flue gas. The dust is thus flung out of the
gas and is collected for disposal. This type of precipitator is called a cyclone
precipitator.

Another design, the electrostatic precipitator, is operated electrically. The
precipitator consists of a bank of plates or wires, some positively charged and some
negatively charged. The ash-laden flue gas is passed, relatively slowly, through the
plates or wires. During passage through the plates, the ash particles become
negatively charged; they move over and cling to the positive plates or wires. The ash
is removed by rapping the plates or wires with mechanical rappers. It falls into
hoppers from which it is removed.

Another effect of the combustion of coal, or the combustion of hydrocarbon
fuels such as oil and petrol, is that the combustion can produce undesirable flue
and exhaust products which pollute the atmosphere when they are discharged.
Such pollutants may have an unfortunate and undesirable effect not only locally
but also at some distance from their source. They may be carried long distances in
the atmosphere. Two of the main pollutants appear to be the sulphur oxides
(written generally as Sax), and the nitrogen oxides (written generally as NOx).
They can form acids and compounds which have a corrosive effect on
surroundings and buildings, and also have a contributory effect on the formation
of what is generally called acid rain. The acid rain appears to have a marked
effect on some flora and fauna of forests and lakes. These undesirable effects have
led to increasing efforts to scrub the flue gases of pollutants before they are
discharged into the atmosphere. Chapter 8 gives further comment on atmospheric
pollution.

It should be noted that boilers can be fuelled by any substance that will burn. The
fuels are mostly coal, fuel oil or gas, which is mostly natural gas. Large water-tube
boilers are usually custom-built on site.
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10.5 Once-through boilers

In this type of boiler, water is force-circulated in a single passage through the boiler
which consists of a number of tubes in parallel. The pressure in the boiler can be
above the critical pressure for steam (approximately 22.12 MN/m?. Thus these
boilers will operate at pressures of some 22 MN/m? to about 34 MN/m2 Steam
temperature will be of the order of 600°C. Radiant heat furnaces are employed and
general sizes vary from industrial plant up to large power stations. Advantages
claimed with this type of boiler are that the welded construction avoids expansion
troubles due to starting up and shutting down. Starting up and shutting down can be
accomplished more rapidly. The boiler can be operated at any pressure and
temperature over its load range. Steam can be supplied at gradually increased
superheat temperature which assists turbine starting.
Small, once-through, subcritical boilers are also manufactured.

10.6 Fluidised bed combustion

In the preceding discussion on boilers, the use of coal-burning equipment such as the
chain grate and the pulverised fuel burner were indicated and described. A further
method of utilising coal is by means of fluidised bed combustion. A diagram of a
fluidised bed combustor is shown in Fig. 10.6.

Hot combustion gas to boiler or gas turbine

—_ |

/ /'
Hot combustion gas
Fluidised bed level /4 /
Ash + particle arrester
—
Bed coolant .
steam or gas Ash + particle removal
>
Fluidised bed ___Ez — - - - - — —+——Coal + sorbent material
Grate ——T— \]~—M /4——— Air plenum chamber
Airinlet
Ash removal

Fig. 10.6 Fluidised bed combustor

The bed consists of a thick layer of fine inert particles of sand, limestone or
another natural substance. Air is blow through the bed. The air is evenly distributed
through a grate at the base of the bed using a device such as a plenum chamber. At a
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particular velocity and mass flow of air, the bed will begin to behave like % nuld: In
other words, it becomes a fluidised bed. In fact, a hollow vessel, such lis a ball. would
float on its surface in the same way as it would float on the surface of a tluid.

If particles of coal are added to the fluidised bed, they become well mixed
throughout the bed. If the temperature of the bed is high enough, the coni will
chemically combine with the oxygen in the airflow and it will burn. The fluid nuturc
of the bed will ensure an even heat transfer through the bed and also to any coolant
device immersed in it. Such coolant devices could be required to produce superheated
steam in a boiler or hot gas for use in a gas turbine. Hot gas from the combustion
process will leave the bed at its top surface. The hot gas can be arranged to proceed
through a boiler or a gas turbine or industrial process plant.

A device is required for the removal of the coal ash at the base of the bed through
the bed grate. A further device, sometimes called an arrester, is located at the top of
the combuster to intercept any small ash particles (fly ash), and any particles of bed
material which leave the bed with the heated combustion gas. This leaves a cleaner
hot gas to proceed to the plant which follows. Particles collected in the arrester are
removed from its base.

Sorbent material, such as limestone or dolomite, can be arranged to be present in
the fluidised bed. As mentioned in section 10.4, the combustion of coal can produce
undesirable sulphur or nitrogen oxides. These oxides are attracted to the sorbent
material in the bed and, as a result, are much reduced in the flue gas, thus reducing
their effect on atmospheric pollution.

10.7 Waste heat boilers - combined heat and power (CHP)

Many engineering processes produce large quantities of energy which can be
transferred as a heat by-product. For example, in the manufacture of steel the
furnaces produce a large quantity of such energy. Ships using large oil engines
produce a considerable amount of energy in the exhaust gas, and large quantities of
exhaust gas are available over long periods at sea. A similar situation arises with the
use of large industrial gas turbines. In these cases, the energy available for transfer as
heat would be wasted unless an attempt were made to recover some. The recovery
can be accomplished by employing a waste heat boiler.

In the waste heat boiler the hot gases from the furnace, engine or gas turbine are
employed in raising steam which can be used to run auxiliary plant such as a steam
turbine. They can be used for the generation of electrical power for lighting and
heating. In this way the overall efficiency of the plant is improved.

The waste heat boiler is usually provided with an auxiliary furnace, normally oil-
fired or gas-fired, such that it can be operated when waste energy is not available.
Waste heat boilers are part of the concept called combined heat and power (CHP). see
also Chapter 16.

Much more care is now being taken in the use of energy and the reduction of
energy losses to a minimum. In power production plant there is considerable anerllY
loss in the exhaust system (steam in the case of steam turbines, gas in the case of
engines). These losses can be between 65 and 85 per cent of the energy available from
the fuel supply. Consequently, much effort is being made to design plant in which
both power and heat transfer are made available from the plant.
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For example, it could be arranged that a gas turbine produces power and its exhaust
feeds a boiler which produces steam for a steam turbine to produce additional power.
Alternatively, a steam turbine could produce power and the exhaust steam from the
turbine could heat water by condensing in its passage through a condenser. The hot
water from the condenser could be used for heating purposes.

As a further example, waste heat recovery is made use of in a motor car. Hot
cooling water from the engine is circulated through a heat exchanger, which serves to
heat air passing through it on its way to warm the passenger compartment.

Such ideas are not new. But with the increasing emphasis on the efficient use of fuel
and energy, there is much more interest in the concept of combined heat and power.

10.8 Steam generation by nuclear reaction

In nuclear reaction, atoms of uranium or plutonium are bombarded by neutrons,
elementary particles present in the nuclei of atoms. As a result of the neutron
bombardment, the atoms of uranium or plutonium undergo fission, which means
that they are split. The fission releases heat energy and more neutrons, thus the
nuclear reaction continues in a chain reaction. This chain reaction is quite unlike the
chemical reaction which occurs in fuels such as coal or oil. The device in which a
nuclear reaction occurs is called a reactor.

There are two principal types of nuclear reactor: thermal reactors and fast reactors.

Natural uranium consists of two forms of uranium, called isotopes of uranium.
Most of the natural uranium, about 99.3 per cent, consists of the isotope uranium-
238 (U-238). The remaining 0.7 per cent consists of the isotope uranium-235 (U-235).

The isotope U-235 will fission much more easily than the isotope U-238. Uranium
fuel for use in thermal reactors is usually arranged to be slightly enriched in U-235 in
order to increase the fission potential.

In the thermal reactor, the neutrons need to be slowed down in order to produce a
higher probability of fission of the U-235. The neutrons are slowed down using a
moderator, which can be of either graphite or water.

The graphite-moderated reactors are of two general types. In the magnox reactor
the fuel is uranium metal clad in a magnesium alloy (Magnox). In the advanced gas-
cooled reactor (AGR) the fuel is uranium dioxide clad in stainless steel.

Both types of reactor are cooled by carbon dioxide (COz) gas, which is heated by
passing it over the fuel in the reactor core. The hot gas then passes through a steam
generator and transfers heat into water in the generator, thus producing steam. The
cooled gas then returns to the reactor. The fuel used in the AGR can operate at a
higher temperature than the fuel used in the magnox reactor, so it gives a smaller size
of reactor for a given energy output.

In the pressurised water reactors (PWRs) high-pressure water is used, not only as
the moderator but also as the coolant of the reactor. The fuel used is uranium
dioxide (UOz) clad in zirconium alloy (Zircaloy). The hot, high-pressure water from
the,reactor is pumped through a steam generator and transfers heat into water in the
generator, thus producing steam. The cooled water then passes back to the reactor.

One type of PWR has the general arrangement shown in Fig. 10.7. And Fig. 10.8
illustrates how four steam generators can be fed from a single reactor in a four-loop
system.
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During the nuclear reaction in thermal reactors, the isotope U-238 captures some
of the neutrons released in the fission of the isotope U-235 and forms a new
radioactive element, plutonium (Pu-239), which will fission. By reprocessing the spent
fuel from thermal reactors, a new fuel can be produced, comprising some 20-30
per cent plutonium and the remainder uranium. This fuel can be used in fast reactors.

In a fast reactor, which can be relatively small, no moderator is required because
the fast neutrons do not need to be slowed down. And if the reactor is surrounded by
a blanket of uranium containing the isotope U-238, more plutonium is created and
the reactor becomes a fast breeder reactor.

The high heat energy output from a fast reactor requires a much more efficient
coolant than gas or water. The coolant used is usually liquid sodium. The sodium
passing through the reactor core will become radioactive, so two sodium circuits are
required. The first is contained within the core of the reactor; it cools the core and
transfers heat to a second sodium circuit. The second circuit transfers heat to a steam
generator.

By the use of fast breeder reactors, it is considered that uranium stocks can remain
useful as an energy source for some considerable time.

There are many nuclear power reactors in use throughout the world. In power
production plant the nuclear reactor takes the place of the conventional coal or oil
furnace. The whole of a reactor, its equipment and the building in which it is housed,
is shielded against radiation and leakage. This is shown diagrammatically in Fig. 10.7.
The diagram is not to scale; it is based on the Sizewell B nuclear power station in
Suffolk, UK. The dome-topped primary containment building is made of prestressed
concrete with a carbon steel liner. It has a wall thickness of 1.3m with a liner
thickness of 6 mm. It contains any leakages or emitted radiation. The containment
building houses the reactor, the steam generator and any auxiliary equipment. The
primary containment building is surrounded by a steel fabrication, the secondary
containment. This is an additional precaution and acts as a leakage collector.

The thermal reactor power of the station is 3411 MW with a gross electrical power
of 1245 MW. Turbine speed is 3000 rev/min. Steam is produced at a pressure of
69 bar with a temperature of 285°C from feedwater at 227°C. The steam quality is
99.75 per cent dry. Steam is always wet when produced from a water surface. The
high dryness fraction in this case is produced by the introduction of swirl-vane
moisture separators and a steam dryer at the exit from the steam generator. The
primary water coolant is pressurised to 155bar using a pump, and its outlet
temperature from the reactor is 325°C. This temperature is high enough to produce
steam in the steam generator but is below the saturation temperature in the primary
coolant circuit. Thus it remains as liquid water in this circuit. The illustration shows
just one design of a nuclear power station. Many other designs, with varying outputs,
are used throughout the world.

10.9 Boiler calculations
10.9.1 Heat transfer required to form steam

Let h2
hi

specific enthalpy of steam formed, kJ(kg (Ch 4)
specific liquid enthalpy of feedwater, kJ(kg see  apter
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Then since the steam is formed at constant pressure

Heat transfer required to form 1 kg of steam in the boiler = (hy — b)) k) m

10.9.2 Energy received from fuel
This is obtained from a knowledge of the mass of fuel used and its calorific value.
If the mass of fuel used is m kg, then

Calorific value of fuel = CV klJ/kg (see section 1.30 and Chapter 8)
then

Energy received from fuel = (m x CV) kJ 2]

10.9.3 Boiler thermal efficiency

This is given by the ratio of the energy received by the steam to the energy supplied
by the fuel to produce the steam. Thus

Energy to steam

Boiler thermal efficiency =
Energy from fuel

And if

m, = mass of steam raised in a given time
m = mass of fuel used in the same time

then

Boiler thermal efficiency = 722 =1 . 1900, i3]
(mx CV)

10.9.4 Equivalent evaporation of a boiler
Some boilers can be operated under many different running conditions; for these
boilers it is necessary to have some standard upon which to base, and compare, their
respective evaporative capacities. The standard commonly adopted is the equivalent
evaporation of a boiler from and at 100 °C.

If

ri, = mass of steam formed in a given time (or sometimes per kilogram of fuel
burnt), kg

h, = specific enthalpy of steam formed, kJ/kg

h, = specific enthalpy of feedwater, k/kg

then
Energy received by steam = r1g(h, — hy) kJ

From this is determined the amount of water at 100 °C which could be evaporated
into dry saturated steam at 100 °C if supplied with this same amount of energy. This
is then called the equivalent evaporation of the boiler, from and at 100 "C,
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At 100 °C it will be the enthalpy of evaporation which is supplied.
Specific enthalpy of evaporation at 100 °C = 2256.9 kJ /kg [4]

Thus, the equivalent evaporation of a boiler, from and at 100 °C is

m—s;hz}#kg in the given time or per kilogram of fuel [5]

Example 10.1 A boiler working at a pressure of 1.4 MN/m’® evaporates 8 kg of water per

kilogram of coal fired from feedwater entering at 39 °C. The steam at the stop valve is 0.95
dry. Determine the equivalent evaporation, from and at 100 °C, in kg steam/kg coal.

SOLUTION
Specific enthalpy of steam at 1.4 MN/m? and 0.95 dry is

he + xhg = 830.1 + (0.95 x 1957.7)
= 830.1 + 1859.8
= 2689.9 kJ /kg

Specific enthalpy of water at 39 °C is 163.4 kJ/kg. So heat transfer required to raise 1 kg of
steam is

2698.9 — 163.4 = 2526.5 kJ/kg

Heat transfer to 8 kg = (8 x 2526.5) kJ

Equivalent evaporation from and at 100 °C is

8 x 2526.5

37560 8.96 kg steam/kg coal

Example 10.2 A boiler generates 5000 kg of steam per hour at 1.8 MN/m>. The steam
temperature is 325 °C and the feedwater temperature is 49.4 °C. The efficiency of the boiler
plant is 80 per cent when using oil of calorific value 45 500 kJ/kg. The steam generated is
supplied 10 a turbine which develops 500 kW and exhausts at 0.18 MN/m’; the dryness fraction
of the steam is 0.98. Estimate the mass of oil used per hour and the fraction of the enthalpy
drop through the turbine that is converted into useful work.

If the turbine exhaust is used for process heating, find the heat transfer available per
kilogram of exhaust steam above 49.4 °C.

SOLUTION
Specific enthalpy of steam generated is

3106 — 0.8 x (3106 — 3083) = 3106 — (0.8 x 23)
= 3106 — 18.4
= 3087.6 kJ /kg

Steam plant 293

Specific enthalpy of feedwater at 49.4 °C is 206.9 kJ/kg
Energy to raise steam = 3087.6 — 206.9
= 2880.7 kJ /kg
Energy to steam/h = (2880.7 x 5000) kJ
This is 80 per cent of the energy from the fuel.

2880.7 x 5000

E from fuel/h =
nergy / 0.8

28807 x 5000
0.8 x 45 500

= 395.7 kg

Mass of oil/h =

The specific enthalpy of exhaust steam is

hy + xhgy = 490.7 + (0.98 x 2210.8)
= 490.7 + 2166.6
= 2657.3kJ /kg

And the specific enthalpy drop in the turbine is
3087.6 — 2657.3 = 430.3 kJ /kg
The mass of steam per second is 5000/3600 kg.

Specific enthalpy drop in turbine/s = 430.3 x 2000
3600
The energy output from the turbine is 500 kW = 500 kJ/s. So the fraction of enthalpy drop

converted into useful work is

500 500 x 3600
4303 x 3090 430.3 x 5000
3600
— 0.837

Heat transfer available in exhaust steam above 49.4 °C is

2657.3 — 206.9 = 2450.4 kJ /kg

Example 10.3 A boiler delivers 5400 kg of steam per hour at a pressure of 750 kN/m? and
with a dryness fraction of 0.98. The feedwater to the boiler is at a temperature of 41.5 °C. The
coal used for firing the boiler has a calorific value of 31 000 kJ/kg and is used at the rate of
670 kg/h. Determine (a) the thermal efficiency of the boiler and (b) the equivalent evaporation
of the boiler in kg/coal. .

An economiser is fitted to the boiler which raises the feedwater temperature to 100 °C. The
thermal efficiency of the boiler is increased by 5 per cent, all other conditions remaining
unaltered. Determine (c) the new coal consumption in kg/h and hence the saving in coal in kg/h
obtained by fitting the economiser.
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(n)

Steam raised/kg coal = 5—647%0 = 8.06 kg

Specific enthalpy of steam raised is

he + xhg = 709.3 + (0.98 x 2055.5)
=709.3 + 2014.4
=2723.7kJ /kg

Specific enthalpy of feedwater is 173.9 kJ/kg

8.06 x (2723.7 — 173.9)

Efficiency of boiler =
31 000

_ 8.06 x 2549.8
31 000

= 0.663
= 66.3%

(b)
Equivalent evaporation from and at 100 °C is

8.06 x 2549.8

— 9.11 kg/kg coal
2256.9 g/kg coa

(©)
Specific enthalpy of feedwater at 100 °C is 419.1 kJ/kg

Energy to steam under new conditions = 2723.7 — 419.1
= 2304.6 kJ /kg
Energy to steam/h = (2304.6 x 5400) kJ

This is with a new boiler efficiency of 66.3 + 5 = 71.3%

Energy from coal/h = 2304.6 x 5400 kJ
0.713

Mass of coal used per hour under new conditions is

2304.6 x 5500
0.713 x 31 000

Saving in coal/h = 670 — 563
= 107 kg

=563 kg
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(a) the heat transfer per hour in producing wet steam in the boiler
(b) the hear transfer per hour in producing superheated steam in the superheater
(c) the gas used in m’/h

(@)

From steam tables

Specific enthalpy of feedwater = 1115.4 kJ /kg

Specific enthalpy of wet steam = 1408 +0.92 x (2727.7 — 1408)
1408 + (0.92 x 1319.7)

= 1408 + 1214.12

= 2622.12 kJ /kg

x (2622.12 ~ 1115.4)

3
Heat transfer/h for wet steam — %

= 1200 x 1506.72
= 1808 064 MJ

(b)
Specific enthalpy of superheated steam = 3244 kJ /kg

1200 x 10°

Heat transfer/h in superheater = 0 (3244 — 2622.12)

= 1200 x 621.88
= 746 256 MJ

(c)

Heat transfer/h
Volume of gas/h x CV

Thermal n =

_Heat transfer/h.

Vol f h=
olume of gas/ Thermal nn x CV

1808 064 + 746 256
B 0.92 x 38

_ 2554320
0.92 x 38

=73 064 m®
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10.10 Condensers

There are two main types of condenser; surface condensers and jet condensers.

Example 104 A gas-fired boiler operates at a pressure of 100 bar. The feedwater temperature
is 256 °C. Steam is produced with a dryness fraction of 0.9 and in this condition it enters a
superheater. Superheated steam leaves the superheater at a temperature of 450 °C. The boiler
generates 1200 tonne of steam per hour with a thermal efficiency of 92 per cent. The gas used
has a calorific value of 38 MJjm®. Determine

In a surface condenser, the steam to be condensed is usually passed over a large
number of tubes through which cooling water is flowing. The steam is condensed on
the surface of the tubes as it gives up its enthalpy to the cooling water flowing
through the tubes. The condensate and cooling water leave separately.
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In a jet condenser, the steam to be condensed comes into direct contact with the
cooling water, which is usually introduced in the form of a spray from a jet. The
steam gives up its enthalpy to the cooling water spray, is condensed and finally leaves
as condensate with the cooling water.

Both types of condenser may be operated as either a wet or dry condenser. In a wet
condenser, any gas which does not dissolve in the condensate (and cooling water for a
jet condenser) is removed by the same pump which is dealing with the condensate. In
a dry condenser, the free gas and the condensate (and cooling water for a jet
condenser) are removed separately.

There is a further subdivision according to the relative directions of flow of the
condensing steam and the cooling water. The three possibilities are as follows:

. Transverse flow  The steam flows across the path of the cooling water; this is
only possible in the surface condenser.

. Parallel flow The steam flow is in the same direction as the cooling water.

. Counterflow  Also called contraflow; the steam flows in the opposite direction

to the cooling water.

Another subdivision is according to how the condensate in the condenser is removed.
Two arrangements are possible: the barometric condenser and the low-level condenser.

10.10.1 The barometric condenser

The barometric condenser (Fig. 10.9) is mounted on a pipe, usually at least 10.34 m
long. The long pipe, called the barometric leg, acts rather like a Fortin barometer. If
water were used in a Fortin barometer, the barometric height would be about
10.34 m. But instead of having a Torricellian vacuum on the top of the water in the
pipe, there is a positive pressure, less than atmospheric pressure. The height of the
water column will therefore be less than 10.34 m; it will be a function of the degree of
vacuum that exists. This is illustrated as h in Fig. 10.9. Using this atmospheric leg it
is possible for the condensate to drain away by gravity into the atmospheric tank at
the bottom. The atmospheric leg dips deeply into the water in the atmospheric tank.
The discharge from the atmospheric tank is from a standpipe, whose entry is high up,
maintaining a constant high-level discharge. In this way there is no possibility of
breaking the vacuum in the condenser.

10.10.2 The low-level condenser

In the low-level condenser, the condensate is removed using a pump. Low-level
condensers are appropriate when there is not enough height available for a
barometric condenser.

Figure 10.10 shows a transverse-flow surface condenser. Steam is admitted to the
top of the condenser and is removed as condensate from the bottom, having been
condensed at the surface of the water tubes. Cooling water flows in at the bottom
and out at the top of the condenser. Inlet and exit in this case are both at the same
end of the condenser, so the water makes two passes through the condenser. Air
extraction from the condenser is from the side, as illustrated. The air extraction point
is shrouded using a baffle-plate in order to achieve as much separation of the
condensate and air as possible. The condenser illustrated is a dry condenser because
air and condensate are extracted separately.
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Fig. 10.10 Transverse flow surface condenser

Figure 10.11 shows a simple, but effective, jet condenser. It consists of a tall cylinder
into which are introduced perforated baffle-plates. They are fixed alternatively on either
side of the cylinder and cover just over half the cross-sectional area of the cylinder.
Cooling water spray is introduced at the top of the condenser. The perforated baffle-
plates help to maintain this spray throughout the condenser. Steam is introduced at the
bottom of the condenser. Due to its low density it will begin to rise up in the condenser
through the spray curtain. It will thus be condensed; the spray and condensate will fall
together to the bottom of the condenser and will be extracted. Air entering the
condenser will be warm, so it will rise to the top and will be extracted.
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Fig. 10.11 Simple jet condenser

This condenser is also a dry condenser because both air and condensate are
extracted separately. The steam and cooling water move in opposite directions
through the condenser, so this is a counterflow condenser.

The jet condenser is used where steam recovery is not a fundamental requirement.
If steam recovery were required, the cooling water and condensate would have to be
kept separate, so a surface condenser would be used. This is the case when treated
water is being fed to the boiler.

10.11 Condenser vacuum

The vacuum in a condenser is usually measured by means of a Bourdon pressure
gauge which is calibrated to read the pressure in millimetres of mercury below
atmospheric pressure.

If the gauge reads 635 mm Hg this means that the pressure in the condenser is
635 mm Hg below atmospheric pressure.

If atmospheric pressure is 760 mm Hg, the absolute pressure in the condenser will
be

760 — 635 = 125 mm Hg
=125x0.133 4
= 16.7 kN/m?

The degree of vacuum in a condenser will be a function of the partial pressures of
the steam and the air in the condenser. By Dalton’s law of partial pressures the
absolute pressure in the condenser will be made up of the sum of the partial pressure
of the steam and the partial pressure of any air that is present. The partial pressure of
the air will depend upon the amount of air which has been dissolved in the original
water and the amount of air which has leaked into the system.
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The partial pressure of the steam will be a function of the temperature to which It
is cooled. The steam is being condensed so it must be wet steam. Its temperuture
must therefore be saturation temperature, which will correspond to a purticular
pressure.

Thus, if the temperature of the air-steam mixture in a condenser is §9 "C,
inspection of the steam tables will show that the partial pressure of the steam is
19 kN/m>.

If the pressure in the condenser is 28 kN/m?, the partial pressure of the air present
is 28 — 19 = 9 kN/m?*.

Note that the degree of vacuum in a condenser will largely depend upon the level
to which the temperature in the condenser can be reduced. The cooler the air—steam
mixture can be made, the greater will be the vacuum.

Calculations involving air—steam mixtures are dealt with in section 5.15 and
Chapter 19.

10.12 Condenser calculations

Consider the surface condenser illustrated in Fig. 10.12.
Let

m, = mass of steam entering condenser, kg/unit time

h, = specific enthalpy of steam entering condenser, kJ/kg

hg = specific enthalpy of condensate leaving condenser, kJ/kg
m,, = mass of cooling water entering condenser, kg/unit time

hp = specific enthalpy of cooling water entering condenser, kJ/kg
hg; = specific enthalpy of cooling water leaving condenser, kJ/kg

Steam in hy s

Cooling
—m water
out hgp my,

Cooling
water
in hf2 I'hw

L Cooling water
Condensate out hy m, tubes

Fig. 10.12 Surface condenser flow diagram

The condenser is a constant pressure system and energy transfers will therefore
appear as changes in enthalpy.
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Thus, neglecting losses

Energy in = Energy out

or

mghy + mghey = mghy + myhe 1]
from which

mghy — tghg = myhy — myghe [2]
or

titg (hy — hyy) = tiny, (hes — he) 3]

In the case of a jet condenser, let

my = mass of steam entering condenser, kg/unit time
h, = specific enthalpy of steam entering condenser, kJ/kg
iy, = mass of cooling water entering condenser, kJ /kg
hp, = specific enthalpy of cooling water entering condenser, kJ/kg
hi = specific enthalpy of condensate and cooling water
leaving condenser, kJ/kg

Then, neglecting losses

Energy in = Energy out

or

ighy + Mg hp = (g + i) b [4]
from which

tighy — righg = ryhs — My hp (]
or

tits (hy — hgz) = tiy (hes — hyy) [6]

Example 10.5 A surface condenser operating at a pressure of 24 kN/m’ condenses 1.8 tonne
of steam per hour. The steam enters the condenser with a dryness fraction of 0.98 and is
condensed, but not undercooled. Cooling water enters the condenser at a temperature of 21 °C
and leaves at 57 °C. Determine the flow rate of the cooling water.

SoLuTION
From equation [3]
ms (hl - hfl) = ’hw(hf} - hfZ)

from which

= rg(hy — hn)
(hes — hp)
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hy =268.2 +0.98 x (2616.8 — 268.2)
= 268.2 + (0.96 x 2348.6)
= 268.2 + 2254.66
= 2522.86 kJ /kg

_ 1.8 x (2522.86 — 268.2)
(238.6 — 88.1)

w

_ 18x 225466
150.5

= 26.97 tonne/h

10.13 The Carnot cycle and steam plant

In section 6.6 it was suggested that the Carnot cycle had the greatest efficiency
possible between any two given limits of temperature. It is important, therefore, to
see whether the Carnot cycle can be successfully applied to a steam plant. From this
will be developed the Rankine cycle and the concepts of reheat and feed heat.

To understand the Carnot cycle in a steam plant, consider the P-} diagram in
Fig. 10.13(a).

P | Isothermal L-T, a/ b
PA=PB FA l
Ta=T.
Adiabatics L~ d ¢
p=pF [E c
C,\ D Llsothermall N
\IVA VB VD Vc T S
v
(a) (b)

Fig. 10.13 Carnot cycle for steam plant: (a) P~V diagram; (b) T-s diagram

. AB Water at boiler pressure Py and volume ¥V, is fed from the feed pump
into the boiler. This is shown as process AF. In the boiler, the water is
converted into steam at pressure Pg. The volume of the steam produced is Vp.
This volume of steam Vy is then fed from the boiler into the engine or turbine.
This is shown as process FB.

The conversion of water into steam at constant pressure takes place at
constant temperature, the saturation temperature Ty, as long as the steam does
not enter the superheat phase. If the steam produced is either wet or dry
saturated, the process is isothermal.

° BC The steam is expanded frictionlessly and adiabatically in the engine or
turbine.
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. CD The steam, after expansion, is passed from the engine or turbine into a
condenser. This is shown as process CEo In the condenser the volume of the
steam is reduced from V¢ to Vp. This process takes place at constant
condenser pressure Pc and at constant condenser saturation temperature Tc.
This process is therefore isothermal.

. DA The partially condensed steam at pressure Pc and volume Vp is fed from
the condenser into the feed pump. This is shown as process ED. In the feed
pump the steam is compressed frictionlessly and adiabatically to boiler pressure
Po. This is shown as process DA. The compression converts the wet steam at
condenser pressure into water at boiler pressure. This water is fed into the
boiler, shown as process AF, and the cycle is repeated.

Now the P-V diagram is really composed of two diagrams. There is the engine or
turbine diagram FBCE, whose area will give work output; there is also the feed pump
diagram EDAF, whose area will give the required work input to run the feed pump.

The net work output from the plant, therefore, will be the net area of these two
diagrams. This is the area ABCD.

Area ABCD is enclosed by two isothermal processes and two adiabatic processes,
so this is a Carnot cycle. Its thermal efficiency will be given by (To - Tc)/To, the
maximum efficiency possible between these temperature limits (see section 15.2).

The T-s diagram of the cycle is shown in Fig. 10.13(b).

. ab represents the constant temperature formation of the steam in the boiler.

. be represents the frictionless adiabatic (isentropic) expansion of the steam in
the engine or turbine.

. cd represents the condensation of the steam in the condenser.

. da represents the frictionless adiabatic (isentropic) compression of the steam
in the feed pump back to water at boiler pressure at point a.

Now this cycle for operation in a steam plant is practical up to a point. The
isothermal expansion of the steam in the boiler and the adiabatic expansion of the
steam in the engine or turbine (especially in turbines) is reasonable.

The impractical part is in the handling of the steam in the condenser and feed
pump. In the condenser, the steam is only partially condensed and condensation must
be stopped at point d. Also the feed pump must be capable of handling both wet
steam and water.

A slight modification to this cycle, however, will produce a cycle which is more
practical, although it will have a reduced thermal efficiency. This cycle is the Rankine
cycle and is usually accepted as the appropriate ideal cycle for steam plant.

10.14 The Rankine cycle

The modification made to the Carnot cycle to produce the Rankine cycle is that,
instead of stopping the condensation in the condenser at some intermediate
condition, the condensation is completed. This is shown in Fig. 10.14(a). On the T-s
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diagram, Fig. 10.14(b), the Carnot cycle would be abcg. For the Rankine oycle,
however, condensation is continued until it is complete at point d, all water, This
water can be successfully dealt with in a feed pump in which its pressure can bhe
raised feeding it back into the boiler. The cycle thus becomes more practical.

! \
P T.=T,—a b
A_B
PA=PB F d
Ta=T. d g (]
Adiabatic
Ro=Fe (L ¢
D Fa o
V A 7 m k h s
(a) (b)

Fig. 10.14 Rankine cycle: (a) P-V diagram; (b) T—s diagram

This is shown exaggerated as process dd’ on the T-s diagram. In the boiler the
temperature of the water is raised at boiler pressure, shown as process d’a, thus the
cycle is completed. The complete Rankine cycle is therefore abcdd’a.

On the P-V diagram, Fig. 10.14(a), there are two cycles.

The work done in the engine or turbine is represented by the area FBCE. There is
also the feed pump work, represented by the area EDAF. The feed pump work is
negative because work must be put into the pump.

Hence

Work done/cycle = Area ABCD m

Using the steady-flow equation, neglecting changes in potential and kinetic energy,
and putting Q = 0 for an adiabatic expansion, the energy equation becomes

h=h+WwW
or
Specific work = hy — h; 2]
Using symbols as in Fig. 10.14, then

Specific work = hy, — h

= Area FBCE on P-V diagram K]
The feed pump work/unit mass = Area EDAF
=(Ps— Pc)vp [4]
Hence
Net work done/cycle = (b, — h.) — (Pg — Pc)vp (5]



304 Basic engineering thermodynamics

Now the heat transfer required in the boiler to convert the water at d’ into steam at
bis
hy — hy [6]
But the total energy of the water entering the boiler at d' is
Liquid enthalpy at d + Feedpump work
or

hy = hyg + (Pg — P¢)vp {71

Substituting equation [7] in equation [6] gives the heat transfer required in the
boiler as

hy = [hg + (Pg — Pc)vp] = (hy ~ hg) — (Pg — Pc)vp (8]
The thermal efficiency of the cycle is

Work done/cycle
Heat received/cycle

Hence, from equations [5] and [8], the thermal efficiency of the Rankine cycle is

(hy — he) — (Pg — Po)vp
(hy — hq) — (Pg — Po)vp [9]

But' the feed pump term (Pg — Pc)vp, is small compared with the other energy
quantities, so it can be neglected.

Thus, equation [9] gives the Rankine efficiency as

(hb - hc)
(hy — hy) o]

The cycle is named after William John Rankine (1820-1872), a Glasgow university
professor.

If the wprk done by the feed pump is neglected and if the steam expansion can be
expressed in the form PV" = constant, the P-V diagram for the Rankine cycle is as
shown in Fig. 10.15. From this diagram

P

P, f—————

.\
' w
N

Fig. 10.15 Rankine cycle: P-V diagram
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Work done = Area under 4-1 + Area under 1-2
— Area under 2-3

(P V= P Vy)

=PV+ - BV,
-
= PV, - Py + BV PV szZ)
e

= (P V) — P,V3) (1+ l )

n—1

-1 |
:(P,V,—Psz)gn—n_)l—_'—

Work done = LI(PI Vi— Py V) (1]
n—

If superheated steam is used in the Rankine cycle then the appearance of the cycle on
the T-s diagram is as shown in Fig. 10.16. The difference between this diagram and Fig.
10.14(b) is the inclusion of superheat line bc. The complete cycle is now abedee’.

The thermal efficiency has the same form as before. Using the lettering of Fig. 10.16

s

Fig. 10.16 Rankine cycle using superheated steam

he — hy

h.—h .

Rankine n =

There is little gain in thermal efficiency as a result of using superheated steam
instead of using saturated steam. The chief advantages of using superheated steam
are as follows:

° There is little or no condensation loss in transmission.
. There is greater potential for enthalpy drop and hence for work done.

And by using superheated steam, there is a further departure from the Carnot cycle
because the final temperature of the steam is above the constant saturation
temperature of the boiler. The Rankine cycle will have a high work ratio (—1)
because the net work done per cycle is very close to the positive work done per cycle;
the feed pump work is very low by comparison (see section 15.1). The Rankine cycle
will have a higher work ratio than the Carnot vapour cycle.
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Example 10.6 A steam turbine plant operates on the Rankine cycle. Steam is delivered from
the boiler to the turbine at a pressure of 3.5 MN/m’ and with u temperature of 350 °C. Steam
from the turbine exhausts into a condenser at a pressure of 10 kN/m?. Condensate from the
condenser is returned to the boiler using a feed pump. Neglecting losses, determine

(a) the energy supplied in the boiler per kilogram of steam generated

(b) the dryness fraction of the steam entering the condenser

(¢) the Rankine efficiency

SOLUTION
First draw a diagram of the Rankine cycle (Fig. 10.17).

T

Fig. 10.177 Diagram for Example 10.6
(a)

Energy supplied in boiler/kg steam = (h, — hs).
At 3.5 MN/m? and 350 °C

hy = 3139 —%(3139 - 3095)

= 3139 - <~1-5~ X 44)
2

=3139 - 33
= 3106 kJ /kg
At 10 kN/m?, h; = 191.8 kJ /kg

hy — hy = 3106 — 191.8
= 2914.2 kJ /kg

This is the energy supplied in the boiler.

(b)

Expansion through the turbine is theoretically isentropic, so s; = s;.

51 = 6.960 — %(6.960 — 6.587)

= 6.960 — (% X 0.373)

= 6.960 — 0.28
= 6.680 kJ /kg K
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55 =5 + X2 (s — sp)
=0.649 + x,(8.151 — 0.649)
= 6.680

_ 6.680 — 0.649
8.151 — 0.649
6031

T 7.502
= 0.804

2

This is the dryness fraction of the steam entering the condenser.

¢
Rankine n = = hy)
(h — h3)
hy = by + xahyg = 191.8 + (0.803 x 2392.9)
= 191.8+ 1921.5
=2113.3 kJ/kg
Rankinc 7 = 3106 — 2113.3
3106 — 191.8
_ 992.7
2914.2
=0.341
=34.1%

Example 10.7 A steam plant operates on the Rankine cycle. Steam is supplied at a pressure of
I MNjm® and with a dryness fraction of 0.97. The steam exhausts into a condenser at a
wressure of 15 kN/m’. Determine the Rankine efficiency. If the expansion of the steam is
issumed 1o follow the law PV'"'3 = C, estimate the specific work done and compare this with
that obtained when determining the Rankine efficiency.

SOLUTION
First draw a diagram, of the Rankine cycle (Fig. 10.18).

T

Fig. 10.18 Diagram for Example 10.7
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h =762.6 +(0.97 x 2013.6)
= 762.6 + 1953.2
=27158 kJ/kg K

5y = 2.138 + 0.97 x (6.583 — 2.138)
= 2.138 + (0.97 x 4.445) = 2.138 + 4.332
= 6.470 kJ/kg K

Now 5, = s,

6.470 = 0.755 + x»(8.009 — 0.755)

_6470-0.755 _ 5.715
8.009 — 0.755 7.254
= 0.788

X2

hy = 226.0 + (0.788 x 2373.2)
= 226.0 + 1870.1
= 2096.1 kJ /kg K

(a)

hy—hy 27158 -209%.1  619.7
hy—hy 27158-2260 248938

Rankine 7 = =0.249

=0.249 x 100
=249%

(b)
Specific work done = Ll(Pl V, — P,V;) from equation (11), page 305
n—

Vi=x¥ =097 x0.194 3 = 0.188 m’/kg
Vs = X%, = 0.788 x 10.02 = 7.896 m*[kg

Specific work done = —]—:—'3%3—5-;[(1 x 10° x 0.188) — (15 x 7.896)]
135 gy 11g.ady = 113 6o 56
0.135 0.135
= 584.8 kJ/kg

Specific work done (from Rankine n) = k) — h; = 2715.8 — 2096.1
= 619.7 kJ/kg

10.15 The Rankine cycle for the steam engine

In steam plant, mainly using steam engines, the steam is not completely expanded
down to condenser pressure. It is released at a higher pressure and then, theoretically,
there is a pressure drop at constant volume down to condenser pressure. This is
shown in Fig. 10.19 as AB on the P} diagram and ab on the 7T-s diagram.
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A~ 74

Fig. 10.19 Rankine cycle for a steam engine

This early release causes a drop in thermal efficiency because the energy received is
the same but the work done is reduced. The reason for this early release is that at the
lower pressures the specific volume of steam is high. The extra volume of the cylinder,
which would be required to accommodate the rapidly expanding steam at the lower
pressures, is not really justified when considering the small extra amount of work which
is made available. The extra work is given by the area ABC on the P-V diagram.

The cycle with early release is called the modified Rankine cycle.

Example 10.8 Steam is supplied from a boiler to a steam engine at a pressure of 1.1 MN/m’
and at a temperature of 250 °C. It is expanded isentropically to a release pressure of 0.28 MN/m’.
Its pressure then falls at constant volume to 35 kN/m’, when it is exhausted to a condenser. In
the condenser the steam is condensed to water with no undercooling and this water is then
pumped back into the boiler. Determine

(a) the Rankine efficiency

(b) the specific steam consumption in kg/k Wh

(c) the Carnot efficiency for the same temperature limits of the cycle

SOLUTION
First draw a diagram (Fig. 10.20).

1.1 MN/m2 |6 1
P
0.28 MN/m2 |2 |2
35 kN/m? 7 3
\ V

Fig. 10.20 Diagram for Example 10.8

(a)
At 1.1 MN/m? and 250 °C

By = 2943 — 0.1 x (2943 — 2902)
= 2943 — (0.1 x 41)
=2943 — 4.1
= 2938.9 kJ/kg
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ior the isentropic 1-2, 5, = 5,

8 =6.926 — 0.1 x (6.926 — 6.545)
=6.926 — (0.1 x 0.381)
= 6.926 — 0.038

= 6.888 kJ/kg K
Sy = 8p + Xz(ng —sp) = 1.647 + x,(7.014 — 1.647)
6.888 = 1.647 + x,(7.014 — 1.647)

6888 — 1.647 _ 5.241
7014 — 1.647  5.367

hy = 551.4 4+ (0.977 x 2170.1)
= 551.4+2120.2

=2671.6 kJ /kg

vy = XaVg = 0.977 x 0.646
= 0.631 m?/kg

Work done = Area 61234 = Area 6125 + Area 5234

2 =0.977

Area 6125 = hy — h, = 2938.9 — 2671.6
=267.3 kJ/kg

Area 5234 = vy(P, — Py) = 0.631 x (280 — 35)
=0.631 x 245
= 154.6 kJ/kg

Work done = 267.3 + 154.6
=4219kJ/kg

Energy received = Specific enthalpy of steam supplied — Specific enthalpy of water

at condenser pressure

= 2938.9 — 304.3
= 2634.6 kJ /kg
Rankine n = A28 =0.16 = 16%
2634.6
(b)
1 kWh = 10° x 3600 kJ (see section 15.1)
Specific steam consumption = % = 8.53 kg/kWh
(©)

Carnot n = (T, — T3)/T, (see section 15.2)

T) =250 +273 = 523K

f=727°C

Ty =72.7+273 =3457K
_523-3457 1713

Carnot 1 = 3 523 =0.339 = 33.9%
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10.16 Reheat

In modern steam turbine plant the pressure ratio through the turbine clin be
considerable, so any superheated steam supplied will soon become wet after purtiul
expansion. Wet steam passing over turbine blades for long time periods will produce
some corrosion and erosion of the blades. To avoid this, the superheated steam, after
partial expansion in the turbine, is passed back to the boiler to be reheated at
constant pressure to a higher temperature. It is then passed back to the turbine; the
expansion which follows will be dry and superheated, thus largely eliminating the
corrosion and erosion of the turbine blades.

Section 10.2 considered the concept of reheat while discussing the improvement of
the thermal efficiency of a boiler. Whether or not there will be a change in thermal
efficiency of the plant as a whole, as distinct from the boiler on its own, depends
upon the reheat temperatures. The higher the reheat temperatures, the more likely
there is to be a slight improvement in thermal efficiency of the plant. This will result
from the higher potential for enthalpy drop, and hence work output, which can be
obtained from the higher-temperature steam.

Example 10.9 Steam is supplied to a turbine at a pressure of 6 MN/m! and al a lemperature

of 450°C. It is expanded in the jirst stage to a pressure of 1 MN/m2 The steam is then passed
back to the boiler in which it is reheated at a pressure of 1 MN/m? to a temperature of 370°C.

It is then passed back to the turbine to be expanded in the second stage down to a pressure of
0.2 MN/m?.  The steam is then again passed back to the boiler in which it is reheated al a
pressure of 0.2 MN/m? to a pressure of 320°C. Il is then passed back to the turbine to be
expanded in the third stage down to a pressure of 0.02 MN/m? The steam is then passed to a
condenser to be condensed, but nol undercooled, at a pressure of 0.02 MN/m? and the
condensate is then passed back to the boiler. Assuming isentropic expansions in the turbine and
using Fig. 10.21 determine

(a) the theoretical power per kilogram of steam per second passing through the turbine

(b) the thermal efficiency of the cycle

(c) the thermal efficiency of the cycle assuming there is no reheat

@
From Fig. 10.21 the following values of specific enthalpy are obtained
hikJ/kg) R
1 450 ¢ 3—’0 °C
h,= 3305 20°C
hy= 3202 — 5 3
hs=3115 /- 5
/e £
h,= 2860 S
hi= 2810 FA—A ¥
he= 2630 £ S
A & (S Lr,
S ,§§\ & S lina~n

My QX

h,= 2215 ST AV

Fig. 10.21 Diagram for Example 10.9
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hy =3305ki/kg  hy = 2810 kl/kg
hy = 2850 kI/kg ks = 3115 kl/kg
hy=3202kl/kg  he = 2630 ki/kg

hy = 2215 k) /kg

The specific work per kilogram of steam passing through the turbine is

(A1 — h2) + (hs — ha) + (hs — he) = (3305 — 2850) + (3202 — 2810) + (3115 — 2630)
=455+ 392 + 485
=1332kJ

Theoretical power/kg steam/s = 1332 kJ/s
= 1332 kW

(b

Specific work

Thermal efficiency = ;
Specific energy input

- (B — hy) + (hs — hy) + (hs — hg)
(1 — hg) + (hs — hy) + (hs — hy)
_ 1332
(3305 — 251.5) + (3202 — 2850) + (3115 — 2810)

_ 1332
3053.5 + 352 + 305

_ 1332
3710.5

=0.359
= 35.9%

Note that A = 251.5 kJ/kg is the specific liquid enthalpy at 0.02 MN/m?; it is obtained from
steam tables.

(©
If there is no reheat
hy — hy

Thermal efficiency =
1= hp

_ 330512215
3305 - 251.5

_ 1090
3053.5

=0.357
=35.7%

There is little difference in the thermal efficiency, but the steam is at all times superheated in
the case (a) when the steam is reheated.
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10.17 Feed heat

In modern steam turbine plant, in which there is a large pressure ratio throUlh the
turbine, there is a considerable difference between the superheated steam temperature
as supplied from the boiler to the turbine and the condensate temperature as it leilv,.
the condenser on its way back to the boiler as feedwater. To increase the feedwater
temperature on its way back to the boiler and, as a result, increase the thermal
efficiency of the plant, the process of feed heating is introduced. Small quantities of
steam are bled at various stages through the turbine; the bled steam passes through a
feed heater in which it condenses in a heat transfer process with the feedwater. Thus
the temperature of the feedwater is increased. The condensate from the bled steam is
pumped into the feedwater main to be returned to the boiler.

In large steam turbine plants, several feed heaters are introduced. The process
improves the thermal efficiency of the plant. During expansion of the steam through
the stages of a turbine, the actual enthalpy drop in anyone stage is less than
theoretically obtainable during an isentropic expansion. This is mostly due to the
effect of friction between the steam and the turbine blades; there is a similar effect in
nozzles (Chapter 12) and gas turbines (Chapter 16). This effect is modelled by the
stage efficiency, where

Actual enthalpy drop in stage

S ffi
tage e IClency = . .
Isentropic enthalpy drop in stage

The use of stage efficiency is illustrated in Example 10.10.

Example 10.10 Steam is supplied to a turbine at a pressure of 7 MN/m? and a temperature of
500°C. Steam is bled for feed heating at pressures of 2 MN/m®> and 0.5 MN/m2  The
condenser pressure is 0.05 MN/m?  The stage efficiency of each section of the turbine can be
taken as 82 per cent. In the feed heaters the feedwater has its liquid enthalpy raised to that of
the corresponding bled steam. The bled steam is condensed but not undercooled and, in this
state. on leaving the feed heater, is pumped into the feed main as it leaves the feed heater. The
sequence is shown in Fig. 10.22. Determine

(a) the mass of steam bled to each feed heater in kg/kg of supply steam

(b) the thermal efficiency of the arrangement

SOLUTION
From the enthalpy-entropy chart (Fig. 10.23) values of specific enthalpy are

h, = 3410 k)/kg
hy, = 3045 kJ/kg
hy —hy =365kI/kg .. h —hy =0.82 x 365 = 299 kJ/kg

hy = 3410 — 299 = 3111 kJ/kg
hy = 2790 kJ/kg
by —hy =321 kIjkg .. hy—hy =0.82x 321 =263 kl/kg

hy = 3111 — 263 = 2848 kJ/kg
hys = 2450 kJ/kg
hy—hy =398 ki/kg .. hy—hs=0.82 x 398 = 326 kJ/kg

hy = 2848 — 326 = 2522 kl/kg
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Turbine'

|
Boile g | = —
ner |(1 -m,) kg |(1-m,-m2) kg| (--m;-m,) kg

Condenser

Feed

Extraction
pump

pump

m, kg m, kg
hyy h

Fig. 10.22 Example 10.10: flow diagram

Fig. 10.23 Example 10.10: h—s chart

From steam tables

at 2 MN/m?, hp, = 908.6 kJ/kg
0.5 MN/m?, by = 640.1 kJ/kg
0.05 MN/m?, hyy = 340.6 kJ/kg

(@)
For feed heater 1

Let mass of bled steam = m; kg/kg supply steam
Enthalpy loss by bled steam = enthalpy gain by feedwater
mi(hy — hpp) = (1 —my) (hpy — hiz)
= hfz - hfg - M|hf2 + I’thr_;
my(hy — by + by — b)) = hp — hg
my(hy — h3) = hp — by

_hp —hp

my =
hy — hpy
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_908.6 —640.1 _ 268.5
3111 — 640.1 24709

= 0.109 kg/kg supply steam

For feed heater 2
my(hy — hp) = (1 — my — my) (hyy — hga)
= (1 —m) (hps — hg) — my(hs — hg)

my(hy — hes + hpy — h) = (1 — my) (hs — hyg)
my(hy — hg) = (1 — my) (Ay — hea)

(hs — h)
my = (1 —m)—"—-"=
(h3 — hgy)
— (1-0.109) x 640.1 — 340.6
2848 — 340.6
=0.891 x 299.5
2507.4

= 0.106 4 kg/kg supply steam

b
Erl)le theoretical work done per kilogram of steam entering turbine, W, is given by
W= —h)+ (1 —m)hy— h)+ (1 —m —my)(hy — hy)
= (3410 = 3111) + (1 — 0.109) x (3111 — 2848) + (1 — 0.109 — 0.106 4)
x (2848 —2522)
=299 + (0.891 x 263) + (0.784 6 x 326)
=299 + 234 + 256
=789 kJ/kg

Energy input to boiler = &) — hp,
= 3410 — 908.6
= 2501.4 kJ/kg

Theoretical work

Thermal n =
K Energy input

789
T 2501.4

=0.315
= 31.5%
Suppose there is no feed heating (see Fig. 10.24), then

hy = 3410 kJ/kg
hy — hy = 1040 kJ/kg

Assuming an expansion efficiency of 82 per cent

hy — hs = 0.82 x 1040 = 853 kJ/kg
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7MN/m?
0.05MN/m?

s

Fig. 10.24 Example 10.10: h-s chart with no feed heating

The theoretical work per kilogram of steam is 853 kJ/kg.

Energy input = by — hgs

= 3410 — 340.6
= 3069.4 kJ /kg

853
3069.4

= (0.278
=27.8%

Thermal n =

This illustrates the thermal efficiency improvement which results from the use of a feed
heating system.
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A boiler is to produce 6250 kg/h of steam superheated by 40 "C at & pressuts of
2.1 MN/m?. The temperature of the feedwater is 50 °C. If the thermul efficiency of the
boiler is 70 per cent, how much fuel oil will be consumed in one hour? The calorific
value of the fuel oil used is 45 000 klJ/kg, c, of superheated steam is 2.093 kl/kg K.

Extract from steam tables
Pressure (MN/m?)  Sat. temp. #; (°C)  Spec. enthalpy (kJ/kg)
hf hfg

2.1 2149 920.0 1.880.0

531 kg]
The feedwater to a boiler enters an economiser at 32 °C and leaves at 120 °C, being fed
into the boiler at this temperature. The steam leaves the boiler 0.95 dry at 2.0 MPa and
passes through a superheater where its temperature is raised to 250 “C without change of
pressure. The steam output is 8.2 kg/kg of coal burned and the calorific value of the coal
is 28 000 kJ/kg. Determine the energy received per kilogram of water and steam in
(a) the economiser
(b) the boiler
(c)  the superheater
Expressing the answers as percentages of the energy supplied by the coal.

Specific heat capacity of superheated steam = 2.093 kJ/kg K
Specific heat capacity of feedwater = 4.18 kJ/kg K

Extract from steam tables

Questions

A boiler with superheater generates 6000 kg/h of steam at a pressure of 1.5 MN/m2
0.98 dry at exit from the boiler and at a temperature of 300°C on leaving the
superheater. If the feedwater temperature is 80°C and the overall efficiency of the
combined boiler and superheater is 85 per cent, determine
() the amount of coal or calorific value 30 000 kJ/kg used per hour
(b) the equivalent evaporation from and at 100°C for the combined unit
(c) the heating surface required in the superheater if the rate of heat transmission
may be taken as 450 000 kJ/m? of heating surface per hour

[(a) 636 kg/h; (b) 7189 kg/h; (c) 3.85 m?
In a steam plant, the steam leaves the boiler at a pressure of 2.0 MN/m? and at a
temperature of 250°C. It is then expanded in a turbine and finally exhausted into a
condenser. The pressure and condition of the steam at entry to the condenser are
14 kN/m® and 0.82 dry, respectively. Assuming the whole of the enthalpy drop is
converted into useful work in the turbine, determine
(@) the power developed for a steam flow of 15 000 kg/h
(b)  the thermal efficiency of the engine if the feed temperature is 50°C.
Estimate the mass of cooling water circulated in the condenser per kilogram of steam
condensed, if the cooling water enters at 18 DCand leaves at 36 °C and the condensate
leaves at 50°C. How much energy is lost from the condensate per hour due to its
being cooled below the saturation temperature corresponding to the condenser
pressure?

[(d) 3.058 MW; (b) 27.3%; 26.1 kg/kg steam; 160500 kJ/h]

Pressure (MPa) Sat. temp. #; (°C) Spec. enthalpy (kJ/kg)

he ey hy

2.0 2124

909 1 890 2799

[(a) 10.77%; (b) 64.5%: (c) 5.07%)]

In a test on a gas-fired boiler, the following observations were made

Gas burned per hour 383 m?
Water evaporated per hour 4375 kg
Boiler pressure 3.0 MN/m?
Feedwater temperature 95°C
Temperature of steam leaving boiler 260 °C
Calorific value of gas used 38.5 MJ/m*

Determine
(a) the efficiency of the boiler

(b)  the equivalent evaporation from and at 100 °C
Take ¢, of superheated steam as 2.093 kJ/kg K.

Extract from steam tables

Pressure (MN/m?)  Sat. temp. f; (°C)

Spec. enthalpy (kJ/kg)

he hry
3.0 233.8 1 008 1 795
0.103 25 100 419.1 2 256.7

[(a) 73%; (b) 4768 kg/h]
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The equivalent evaporation of a boiler from and at 100 °C is 10.4 kg steam per
kilogram of fuel. The calorific value of the fuel is 29 800 kJ /kg. Determine the
efficiency of the boiler. If the boiler produces 15 000 kg steam per hour at 24 bar from
feedwater at 40 °C, and the fuel consumption is 1650 kg/h, determine the condition of
the steam produced.

[78.8%; 0.972]

A steam turbine is supplied with steam at a pressure of 2.5 MN/m? and at a
temperature of 300 °C and exhausts into a condenser where the pressure is 20 kN/m?.
The steam consumption is 6000 kg/h and the thermal efficiency is 20 per cent.
Determine the power developed by the turbine.

If the dryness fraction of the exhaust steam is 0.95, the temperature of the
condensate is 60 °C and the mass of the cooling water is 90 000 kg/h, determine the
rise in temperature of the cooling water in passing through the condenser.

[920 kW, 35.7 °C}

A steam boiler generates 5000 kg/h of superheated steam at 4.0 MN/m? and 350 °C
from feedwater at 55 °C. If the boiler efficiency is 75 per cent, determine the fuel oil
consumption in tonne/h if the calorific value of the fuel oil is 44 000 kJ/kg. If the mass
of flue gas is 27.4 kg/kg oil burned and if the flue gas temperature is 310 °C,
determine the percentage of the fuel energy which is carried away by the flue gas.
Take air temperature = 18 °C, specific heat capacity of flue gas = 1.04 kJ/kg K.

[434 kg/h, 18.9%)]

Steam at a pressure of 30 bar and temperature of 250 °C is fed to a steam turbine
from a boiler. In the turbine the steam is expanded isentropically to a pressure of
I bar. The steam is then exhausted into a condenser where it is condensed but not
undercooled. The condensate is then pumped back into the boiler. Determine
(a)  the dryness fraction of the steam after expansion
(b)  the Rankine efficiency

[(a) 0.823, (b) 23.88%]

Steam at 1.7 MN/m? and with a temperature of 250 °C is fed into a steam engine in
which it is expanded adiabatically to a release pressure of 0.35 MN/m>. From this
pressure it is released at constant volume to a condenser pressure of 50 kN/m> The
steam is exhausted from the engine into the condenser where it is condensed but not
undercooled. The condensate is pumped back into the boiler. The steam flow rate is
1500 kg/h. Determine
(a)  the power output of the engine
(b)  the Rankine efficiency
(¢)  the Carnot efficiency for the same temperature limits of the cycle

[(a) 187 kW; (b) 17.4%; (c) 32.25%]

Exhaust steam from a turbine developing 3.0 MW enters a jet condenser with a
dryness fraction 0.9. The condenser vacuum is 90 kN/m? when the reading of the
barometer is 100 kN/m”. The inlet temperature of the injection water is 18 °C and the
mixture of condensate and injection water leaves at a temperature of 39 °C. The
gaseous volume of mixture passing the air-vapour exit flange of the condenser is
0.28 m3/s and its temperature is 36 °C. Given the engine uses 3.7 kg steam/MJ,
determine
(a)  the quantity (kg/s) of cooling water required
(b)  the rate (kg/h) of air leakage into the condenser
For air, take R = 0.287 kJ/kg K.

[(a) 274 kg/s; (b) 46.1 kg/h]

12.
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In a steam turbine plant, the initial pressure and temperature of the steum ure 3 MN/m?
and 320 °C, respectively and the exhaust pressure is 0.06 MN/m”. After isentropic
expansion to 1 MN/m? the steam is reheated isobarically to 250 “C and after further
isentropic expansion in the turbine to 0.4 MN/m? it is again reheated isobarically to
200 °C. The steam is finally expanded isentropically in the turbine to exhaust pressure.
Indicate on a sketch the expansion of the steam through the turbine and the reheat
processes as they would appear on the enthalpy-entropy diagram. Determine the
thermal efficiency of the arrangement and compare this with the Rankine efficiency

for the same initial conditions and final pressure.
[26.5%; 26.8%]

Steam is delivered from a boiler to the high-pressure stage of a steam turbine at a

pressure of 3.5 MN/m? and with a temperature of 370 °C. It is expanded in the high-
pressure stage of the turbine down to a pressure of 0.6 MN/m? with a stage of
efficiency of 85 per cent. The steam is then passed to a reheater in which it is reheated
to a temperature of 320 °C at a constant pressure of 0.6 MN/m?. At this temperature
and pressure the steam then passes to the low-pressure stages of the turbine. In the
low-pressure turbine the steam expands to a pressure of 0.2 MN/m? with stage
efficiency 85 per cent at which pressure sufficient steam is bled to supply a feed heater.
The remaining steam in the turbine expands to condenser pressure of 0.03 MN/m?
with a stage efficiency of 85 per cent. In the condenser the steam is condensed but not
undercooled. The condensate is fed through an extraction pump into the feed heater in
which its liquid enthalpy is raised to that of the condensate of the bled steam. The
bled steam from the turbine is condensed but not undercooled. Both condensate
streams from the feed heater are joined into a common feed main which is fed through
a feed pump back into the boiler. Sketch the circuit and, using the enthalpy—entropy
chart, determine

(a) the work done per kilogram of steam entering the turbine

(b)  the thermal efficiency of the arrangement
[(a) 826 kJ/kg; (b) 28.1%]



Chapter 11

The steam engine

11.1 General introduction

For the steam engine, an honoured place in history is assured. Early developments
were made by pioneers such as French physicist Denis Papin (1647-1712) and English
engineer Thomas Newcomen (1663-1729), and fundamental improvements came
from Scottish engineer James Watt (1736-1819), to mention but a few. Out of these
inventions developed the Industrial Revolution and the intensive studies of
thermodynamics and other branches of organised science.

It has been said that the steam engine owes less to science than science owes to the
steam engine.

In modern times, steam turbines and internal combustion engines have largely
replaced the steam engine due to their higher power outputs, higher efficiencies and
smaller bulk for a given power output. However, many steam engines are used in
various countries of the world, particularly on railways. It is for this reason, and
because the steam engine provides another exercise in the use of steam, that a chapter
on the steam engine is included.

A steam plant has a low noise level, and atmospheric pollution can be low if a
high-efficiency burner system is installed in the boiler unit. There is also a high degree
of flexibility in the possible fuels used in the boiler unit.

Early steam engine plant produced steam at about atmospheric pressure, mostly
in or introduced into a vertical engine cylinder, thus lifting the engine piston. The
back of the piston was open to atmospheric pressure. By condensing the steam in
the cylinder as a result of the application of cooling water, a vacuum was formed
in the cylinder and the atmospheric pressure, acting on the back of the piston,
produced a net force to drive the piston downward. Thus work was done by the
engine when the piston ascended as the steam was formed, and again when the
steam was condensed as the piston descended. This general technique was adopted
for many vyears, and in various forms, until boilers were developed which were
capable of producing steam at pressures above atmospheric and until engine valve
gear was developed to introduce and exhaust the steam to and from the engine
cylinder.
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Fig. 11.1 Steam engine

11.2 General description of the steam engine

Figure 11.1 shows the basic elements of a present-day steam engine. It consists of a
cylinder in which a double-acting piston operates. Double-acting means that both
back and front faces of the piston are arranged to be working faces. Thus, when one
piston face is working, the other piston face is exhausting. On the return stroke, w!utt
was the exhausting face now becomes the working face, and what was the working
face now becomes the exhausting face. In this way there are two working strokes per
revolution. How this is accomplished will be discussed in the section on valve gear.
The end of the cylinder remote from the crank is called the head end. The end of the
cylinder next to the crank is called the crank end. It is through the crank end that the
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piston rod passes. The crank end of the cylinder is a working end, so it is sealed and
the piston rod passes out via a gland. The external end of the piston rod is connected
to a crosshead. This crosshead reciprocates in guides and supports the piston rod end.
The small end of the connecting-rod is connected to the crosshead. The reciprocating
motion of the piston is thus transmitted, via the crosshead, to the connecting-rod.
The big end of the connecting-rod is connected to the crank which turns on the
crankshaft that runs in the main bearings. A flywheel is fitted to the crankshaft.

Control of the steam to and from the cylinder is by means of a valve which is
assembled in the valve chest mounted on the side of the cylinder. A common way of
operating this valve is to use an eccentric mounted on the crankshaft. The
reciprocating motion of the eccentric is transmitted to the valve by a valve operating
link called the eccentric rod.

In order to reduced condensation loss, the cylinder is often surrounded by a steam
jacket. High-pressure steam from the main is fed to this steam jacket, which thus
helps to maintain a high general cylinder temperature and cuts down working steam
condensation loss. Condensate from the jacket is drained through a steam trap.

Note the governor fitted to the end of the crankshaft. The governor is connected
via a linkage up to the governor valve. The governor serves to maintain nearly
constant engine speed at all loads up to full load. The governor in Fig. 11.1is a
throttle governor. This type of governing of a steam engine is explained in
section 11.7.

11.3 The steam engine valve

The steam engine valve is the means by which steam is controlled through the steam
engine cycle. It also controls the admission and the exhaust of the steam from both
the head end and crank end of the cylinder. The valve that is most commonly used in
the steam engine is the piston valve. This is illustrated in Fig. 11.2.

Piston valve Steam Gland Valve rod

W\Steam Exhaust

] \. / |

Piston Cylinder

Fig.11.2 Piston valve arrangement

The valve is essentially two pistons rigidly connected to each other. It is
reciprocated in the valve cylinder by the valve rod, which passes out of the valve
cylinder through a gland and is reciprocated by means of an appropriate mechanism.
In the case of Fig. 11.1, the mechanism takes the form of an eccentric.

The valve in Fig. 11.2 is shown in the middle position. High-pressure steam is
admitted to both outer ends of the valve. Steam from the engine cylinder ends
exhausts through the space between the valve ends.
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In Fig. 11.3(a) the valve is pulled over to the right. High-pressure steam is admitted
through a port into the head end of the main engine cylinder, thus pushing the piston
from left to right. At the same time, the position of the valve exposes the exhaust
port at the crank end of the engine cylinder. As the main engine piston moves from
left to right, it pushes steam to exhaust. In Fig. 11.3(b) the reverse is the case. The
valve is now pushed over to the left and this allows high-pressure steam 1o be
admitted to the crank end of the main cylinder while the head end is open to exhaust.
Thus the arrangement allows for double-acting operation. The exhaust pressure in
steam systems is sometimes called back pressure.

Steam in Steam in
i \~ B
I | =
N /( A%\ N 7= ’/( \E V/
(rzz2/ /77 %) ez )
Steam to Steam to %
exhaust exhaust
—_— -
Piston Piston
movement movement
(a) (b)

Fig.11.3 Piston valve positioned (a) to the right and (b) to the left

11.4 The hypothetical steam engine indicator diagram

The hypothetical indicator diagram for a single cycle of a steam engine is shown in
Fig. 11.4. Clearance has been neglected. The cycle of operations is as follows:

. 1-2 At point 1 some steam is admitted to the cylinder; this continues until

point 2 is reached, where the steam is cut off.
Point 1 is called the point of admission and point 2 is called the point of cut-off.

. 2-3 The steam is now locked in the cylinder, so it begins to expand.
It is assumed to expand hyperbolically (i.e. according to the law PV =C)
from point 2 to point 3. At point 3 the steam is released from the cylinder.
Point 3 is called the point of release.

P =P 2
Hyperbolic expansion
PV=C
P 3
y
Pi=Ps 5 - 4
Wa
Vy Vi=V,

Fig. 114 Hypothetical steam engine indicator diagram
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° 34 From point 3 to point 4 the steam pressure is reduced at constant volume
V3 = V4.
. 4-1 From point 4 to point 5 the steam is exhausted at constant pressure,

Py = Ps, from the cylinder.
The work done per cycle will be given by the area of the diagram.

Work done/cycle = § W = Area under 1-2 + Area under 2--3
— Area under 4-5

= Area 1234

= P2V2+P2V21n%—~ P4V4
2

:P2V2(1+1nﬁ> — PV, -]
Va

Now the ratio V;/V; is often written r, called the expansion ratio or the number of
expansions. Thus

§W:P2V2(l+lnr)—P4V4 [2]
The mean effective pressure of the cycle can now be obtained (see Chapter 15).

Area of diagram
Length of diagram

. P2V2(1 +lnr)—P4V4

Mean effective pressure =

Va
e LY IR 141
Vs 4
=PV —p, Bl
Va
and V4 = V3
h_»_1
V4 V3 r
Hence
. P,
Mean effective pressure = ~=(1 +Inr) — P, [4]
r
This is often written
P
Pn==(1+Inr)— P, [5]

r

where P, = mean effective pressure
P = intake pressure
Py, = back or exhaust pressure
r = expansion ratio
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11.5 Diagram factor

In any engine there will inevitably be losses which will result in a reduced output
compared with the theoretical assessment. Figure 11.5 is a diagram of an actual
steam engine cycle superimposed on a theoretical engine cycle.

P Cut-off
Admission
Release
4
- . v
Compression
Clearance __| Swept
volume volume
Total cylinder
volume

Fig. 11.5 Actual (shaded) and theoretical cycie for a steam engine

In any steam engine there must be a clearance volume, as illustrated. This
clearance volume can be anywhere between 1/10 to 1/50 of the cylinder volume, to
give some idea of its size.

Admission of the steam is arranged to commence slightly before the piston has
reached the inner dead-centre position. This is done so that there will be a maximum
pressure build-up for when the piston commences its working stroke, and so that the
steam port is sufficiently wide open to give ample steam supply at the commencement
of the working stroke.

Due to losses in the steam main and throttling in the valve, there is a pressure loss,
so the admission line will be below the theoretical line.

Throttling in the valve is sometimes called wire drawing because damage can
appear as grooves on the edges of the valve over long periods of operation. These
grooves are as if a wire had been repeatedly drawn across the edge of the valve.

Now the valve, ports, cylinder and piston are exposed alternately to high-pressure.
high-temperature working steam and low-pressure, low-temperature exhausting steam.
Thus their mean working temperature will lie somewhere between. Upon admission. the
working steam will meet working surfaces which are at a lower temperature. thus lome
steam will condense on these surfaces. This will result in an increased steam supply to
make up for the loss. There is no corresponding increase in work output for thll
increased steam supply, so the thermal efficiency tends to be reduced.

Due to the lower admission pressure, the expansion line will be lower than the
theoretical expansion line. In the earlier part of the expansion. thill pres.ul'l reduction
will be accentuated by further condensation on the cylinder walle. Thi. will be
counteracted somewhat in the latter part of the expansion; the Iteam temperature



326 Basic engineering thermodynamics

becomes lower than the mean cylinder temperature and there is re-evaporation of
some of the condensed steam.

During the exhaust stroke, the pressure in the cylinder is slightly higher than the
external exhaust pressure. This occurs because there must be a net positive pressure
from inside to outside the cylinder in order to produce the force necessary to move
the steam mass from the cylinder. And due to the higher mean cylinder temperature
there is a tendency to evaporate some of the cylinder water film left behind as the
result of condensation in the earlier part of the cycle. The exhaust line is therefore
higher than the theoretical exhaust line.

In order to smooth the operation of the engine, the exhausting of the steam is
stopped early at the point of compression. Here the exhaust valve is closed and a
quantity of steam is locked up in the cylinder. This steam is called the cushion steam.
The pressure of this cushion steam is raised and thus a smooth change from exhaust
to admission is made. The cushion steam also tends to reduce steam consumption
because, if it did not exist, more steam would be required to raise the pressure from
exhaust to admission.

The net result of these phenomena is that the actual diagram is much more
continuous and has a smaller area than the theoretical diagram.

The ratio

Actual diagram area
Theoretical diagram area

is called the diagram factor, .
Thus

Actual diagram area = k x Theoretical diagram area
From this, it follows that

Actual work done = k x Theoretical work done
Also

Actual mean effective pressure = k& x Theoretical mean effective pressure

Example 11.1 A single-cylinder, double-acting steam engine is required to develop 60 kW and
the following assumptions are made

Boiler pressure 1.25 MN/m?

Back pressure 0.13 MN/m?

Cut-off at 0.3 stroke

Diagram factor 0.82

Mechanical efficiency 78%

Mean piston speed 3m/s

Stroke 1.25 times bore
Determine

(a) the bore of the cylinder
(b) the piston stroke
(¢) the speed of the engine

(a)

P =£(1 +1Inr) - Py,
r

r=1/03=333

125
Po= 21 4 1n3.33) - 0.13
m =35 T 333

_ L2503y - 013
333
_125x220

333

-0.13

—0.827 - 0.13
= 0.697 MN/m?
= 697 kN/m?

Actual indicated power developed = ag;)—g kw

60
0.78 x 0.82

Theoretical indicated power developed =
=93.8 kW
Now
Indicated power = P, LAN (see Chapter 17)
and
LN = mean piston speed = 3 m/s

938=697x A x3

; 2
where 4 = piston area, m

A=233 _00449 m? = (0.044 9 x 10°) mm?
697.3
Let d = diameter of piston = bore in mm
Then
2
7 00449 x 10°
4
or
d* = 0.044 9 x 10° x 2 = 0.057 x 10°
T
d = /(0.057 x 10°) = 0.239 x 10° mm = 239 mm
(b)
Stroke = 1.25d
=1.25x 239
= 299 mm

The steam engine 327
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(e)
Now

LN = mean piston speed

where L = stroke, m
N =2 x rev/s (since engine is double-acting)

0.299 x 2 x rev/s =3

revf/s = 3 =5.02
2 % 0.299

rev/min = 5.02 x 60 = 301.2

The engine speed is 301.2 rev/min.

Example 11.2 Dry saturated steam is supplied to a single-cylinder, double-acting steam

engine. The inlet and exhaust pressures are 900 kN/m’ and 140 kN/m’, respectively. Cut-off

occurs at 0.4 of the stroke and the diagram factor is 0.8. The strokefbore ratio is 1.2:1, the
engine speed Is 4 rev/s and the expansion of the steam in the engine cylinder is assumed to be
hyperbolic. The power output from the engine is 22.5 kW. Determine (a) the diameter of the
cylinder and (b) the piston stroke.

If the actual steam consumption is 1.5 times the theoretical requirement, determine (c¢) the
actual steam consumption per hour and the indicated thermal efficiency.

(a)
Py = f(l +1Inr)- Py
r
and
r=t -2
0.4
00

9
Pry =33-(| +1n2.5) - 140

=360 x (1 +0.916) — 140
= (360 x 1.916) — 140

= 689.8 — 140

= 549.8 kN/m?

Actual P, = 0.8 x 549.8
= 439.8 kN/m?

Let d = diameter of cylinder in mm, then stroke = 1.254 mm, and
Indicated power = P,,LAN

where L = stroke, m
A = area of piston, m?
N = number of working strokes/s

2
25-4a398x 24,7 <i> X2 x4
100 2 \10

The steam engine

From this

3 22.5x 4 x 10°

= —0.006 79 x 10°
4398 x 12 xntx2x4

d = J(0.006 79 x 10°) = 0.189 x 10°> = 189 mm

(b)
Piston stroke = 1.2d
=1.2x 189
= 226.8 mm
(©
Now
2
Stroke volume = nd x 1.2d
2
= 7% 0.189° x 0.226 8
4
= 0.006 36 m*

Alternatively
Indicated power = P,,LAN

Indicated power

LA = Stroke volume = PN

225
T 4398 x 8
= 0.006 36 m*
Volume of steam admitted/stroke = 0.006 36 x 0.4 = 0.002 544 m’

Volume of steam consumed/h = (0.002 544 x 240 x 2 x 60) m?

Specific volume of dry saturated steam at 900 kN/m’® = 0.214 8 m*/kg

0.002 544 x 240 x 2 x 60
0.2148

Theoretical steam consumed/h =
= 341 kg

Actual steam consumed/h = 341 x 1.5 = 511.5 kg

Energy to indicated power/s
Energy available from steam/s

Indicated thermal efficiency =

Energy available from steam/s = r1(h, — hre)

where # = mass of steam used/s
h, = specific enthalpy of inlet steam, kJ/kg
hy. = specific liquid enthalpy at exhaust pressure, kJ /kg

329
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So the indicated thermal efficiency is

225 22,5 x 3600
SI65 17721 _4sg.q)  S11.5x 23137
3600

= 0.068

= 6.8%

Example 11.3 A single-cylinder, double-acting steam engine has a cylinder 250 mm diameter
and the length of stroke is 375 mm. The engine is supplied with steam at 1.0 MPa, 0.96 dry, the
exhaust pressure is 55 kPa and the expansion ratio is 6:1. The indicated power developed by the
engine is 45 kW at 3.5 rev/s and the steam consumption is 460 kg/h. Determine

(a) the diagram factor

(b) the indicated thermal efficiency of the engine

(a)
P, :£(1 +Inr) — Py
r

=@(1+1n6)—55

:LGOO(I + 1.79) - 55

_ 1000 x2.79
6

55

=465 - 55
=410 kPa

Theoretical indicated power, P,LAN, is

410 x

375 = <250
=X — X
100 4

2
1—03) x2x35=528

Actual indicated power

Diagram factor = e
Theoretical indicated power

-4
52.8

=0.85

d)
Specific enthalpy of steam.at 1.0 MPa, 0.96 dry is
hy + xhg, = 762.6 + (0.96 x 2013.6)
= 762.6 + 1933
= 2695.6 kJ/kg
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Minimum possible specific enthalpy in engine is
h; at 55 kPa = 350.6 kJ /kg
So maximum energy available in steam in engine is
2695.6 — 350.6 = 2345 kJ /kg
And mass of steam used per second is 460/3600 kg, thus

45

A60 9345

3600

Indicated thermal efficiency =

=0.15
=15%

11.6 Steam engine governing
A steam engine must be capable of taking up or shedding load

. If load is to be taken up then more work must be done in the cylinder.
. If load is shed then less work must be done in the cylinder.

For a greater amount of work to be done in the cylinder, the indicator diagram
area must be increased. Conversely, the indicator diagram area must be decreased for
less work to be done in the cylinder.

To achieve these objectives, two possibilities arise. Either the intake steam pressure
may be increased or decreased or the quantity of steam admitted at a constant intake
pressure may be varied. Both these methods are used for the governing of a steam
engine.

11.6.1 Throttle governing

Throttle governing is the method of controlling the engine output by varying the
intake pressure to the engine. This is illustrated in Fig. 11.6 where the engine cut-off
remains constant. By reducing the intake pressure, a smaller diagram is obtained and
hence less output. The throttling of the steam is usually taken care of using a valve
controlled by a governor on the engine.

P

Cut-off
la—— ——]

Fa N

Fig.11.6 Throttle governing
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This is quite an effective way to govern an engine but is somewhat wasteful with
regard to the steam. This is because the full steam pressure is not used at all loads
below full-load. Also, due to the constant cut-off, large quantities of steam are used,
as much at low loads as at high loads. Both effects will tend to lower the thermal
efficiency of the engine.

11.6.2 Cut-off governing

Cut-off governing is the method of controlling the output of the engine by varying
the cut-off. This is illustrated in Fig. 11.7. The intake steam pressure now remains
constant, so full use is made of the steam pressure. But, by making the cut-off
smaller, a smaller quantity of steam is admitted to the cylinder, so the diagram area
is smaller. Hence a smaller amount of work is done in the cylinder. Cut-off governing
produces a much more valuable use of the steam than throttle governing. It will,
therefore, be generally more efficient.

P Varying cut-off
l———

—
-—

Fig. 11.7 Cut-oft governing

11.7 Throttle governing and Willan's line

For a throttle-governed steam engine it is found that a linear relationship exists
between the steam consumption and the indicated power output. A graph of this
relationship will be a straight line and is illustrated in Fig. 11.8. The straight line is
called Willan’s line, after its discoverer.

1 'Steam consumption

Indicated power

Fig. 11.8 Willan's line
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The law of the line will be
W=(4xip)+B

where W = steam consumption
A = slope of the graph
i.p. = indicated power
B = intercept on the steam consumption axis

The indicated power is zero at B, so B represents loss due to condensation, leakage
and so on.

Example 11.4 A throttle-governed steam engine uses 276 kg of steam per hour when
developing 11 kW. The steam used at no-load is 45 kg/h. Estimate the steam consumption when
the engine output is 8 kW.

N
~
2]

Steam consumption (kg/h)
e e
& w

Va
A" 4

8 11
Indicated power (kW)

Fig.11.9 Diagram for Example 11.4

SOLUTION
The law for Willan’s line in Fig. 11.9 is given by

W=(4xip.)+B
The slope of the line in this case is

A:%:%:Zlkg/kWh

W =21 xip.)+45

Hence for an i.p. output of 8 kW

W= (21 x 8) +45
= 168 + 45
=213 kg/h

The steam consumption is 213 kg/h.
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11.8 The effect of the condenser on the steam engine

The effect of exhausting a steam engine into a condenser which is working below
atmospheric pressure is that more work is obtained from the engine using the same
steam. This is illustrated by referring to Fig. 11.10.

1 2

5 Atmospheric pressure

L/ondenser pressure
l
) v

»

Fig. 11.10 Condenser: effect on steam engine

Diagram 12345 is the theoretical diagram for an engine exhausting to atmospheric
pressure. But if the engine exhausts to a condenser, the diagram becomes 12367.

Now the same amount of steam has been used in both cases, but the condenser
diagram is larger than the atmospheric diagram by the shaded area 5467 and hence
there is a greater output using the condenser. And because there is a greater output
using the same amount of steam, the thermal efficiency has been improved.

11.9 The indicator diagram for the double-acting steam engine

For the double-acting steam engine, there will be a separate indicator diagram for
each side of the piston. The indicator diagrams already illustrated are for the head
end of the engine.

Now when the head end is carrying out its working stroke, for the same piston
direction, the crank end is exhausting. Also, when the head end is exhausting, the
crank end is carrying out its working stroke.

The crank-end indicator diagram will therefore appear as illustrated in Fig. 11.11.
It is shown superimposed on the head-end diagram. The crank-end diagram is really
180° out of phase with the head-end diagram.

Note that the total work done per revolution is the sum of the diagram areas taken
separately.

v

Fig. 11.11 Indicator diagram for a double-acting steam engine
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The crank-end diagram will, in general, have a smaller area than the h'ld.end
diagram. This is because the effective piston area of the crank end m reduOld by
the area of the piston rod. Thus the crank-end work is smaller than the he.d.end
work.

11.10 The compound steam engine

With the advent of the high-pressure boiler, difficulties arose in the use of the high-
pressure steam in a single cylinder.

If a single cylinder is used with high-pressure steam, then not only has the cylinder
to be designed to accommodate the high pressure but also to accommodate the large
volume after expansion. This means that the cylinder will be of very heavy
construction.  Likewise the reciprocating parts must be large. The high-pressure range
and the heavy reciprocating parts will create a considerable variation of torque. A
heavy flywheel will be required to smooth this out.

There is also an increased balancing problem in a single-cylinder engine with heavy
reciprocating masses. And due to the large pressure difference between the inlet and
exhaust conditions, there will also be a large corresponding temperature difference.
This large temperature difference will increase the condensation loss.

To overcome these difficulties, the compound steam engine was developed. In the
compound steam engine, the steam is expanded through two or more cylinders. The
steam is first admitted to the high-pressure cylinder in which it is only partially
expanded. In this way the cylinder accommodating the high-pressure steam need not
have such a large volume, so it can have a lighter construction. The exhaust steam
from the high-pressure cylinder becomes the working steam for the following
cylinder. The following cylinder must accommodate a larger steam volume, but the
admission pressure is lower so, once again, lighter construction is possible. In each
cylinder there will be a lower overall temperature range, so condensation loss is
reduced.

The lighter cylinder construction means there are lighter reciprocating parts. And
in each cylinder there is a lower pressure range. With two or more cylinders and a
suitable crank arrangement, it is possible to obtain better balancing than with a single
cylinder. Together, these result in a smoother torque output.

The smoother torque means that a smaller flywheel is required on a compound
engine. If the cranks on a compound engine are not in phase or at 180° then the
following cylinder will not be ready for the steam being exhausted from the cylinder
before. In this case, a receiver is fitted between cylinders to hold the steam until the
following cylinder is ready for it.

As the strokes of the cylinders of a compound engine are generally made equal and
as the following cylinders accommodate the larger steam volumes, the diameters of
the following cylinders are made larger.

A two-cylinder compound steam engine is called a double-expansion engine. This is
illustrated in Fig. 11.12(b). A three-cylinder compound steam engine is called a triple-
expansion engine. This is illustrated in Fig. 11.12(c). In a double-expansion engine the
cylinders are called the high-pressure and low-pressure cylinders. In a triple-
expansion engine the cylinders are called the high-pressure, intermediate-pressure and
low-pressure cylinders.
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expansion PV=C
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Fig. 11.12 (a) Hypothetical indicator diagram for a double-expansion engine; flow
diagrams for (b) a double-expansion engine and (c) a triple-expansion engine

Figure 11.12(a) shows the hypothetical indicator diagram for a double-expansion
engine:

° The high-pressure cylinder diagram is 1267.
. The low-pressure cylinder diagram is 76345.

The two diagrams are fitted together for convenience. In practice they are quite
separate.

The expansion through the engine is assumed continuous and to be of hyperbolic
form, PV = C. In the hypothetical diagram it is possible to assume that the
expansion is complete in the high-pressure cylinder. This is shown as expansion 2-6.
The reason for this is that the cylinder volume, which is 76, is not too large and the
steam expansion can easily be accommodated. Complete expansion in the high-
pressure cylinder also makes the high-pressure cylinder volume equal to the cut-off
volume of the low-pressure cylinder.

But in the low-pressure cylinder there is usually an early release, as shown at 3. In
this case the expansion in the low-pressure cylinder is not complete. Complete

The steam engine 337

expansion would be as shown dotted. The reason for the early relcase in the low.
pressure cylinder is that the extra large cylinder volume which is required for
complete expansion does not compensate for the very small extra amount of work
that is obtained. This small extra amount of work will be given by the area of the
dotted section of the theoretical indicator diagram. The smaller low-pressurc cylinder
volume, 5—4, more than compensates for the small loss of work. In practice, the high-
pressure cylinder also has an early release.

In choosing the intermediate pressure P;, there are two generally accepted

possibilities.

11.10.1 Equal initial piston loads

~ In a double-acting engine, the net pressure on the piston will be the difference

between the pressures on either side of the piston.
For the high-pressure cylinder

Net pressure = P; — P;
For the low-pressure cylinder
Net pressure = P; — Ps
Now
Force on piston = net pressure on piston x piston area
Thus, for equal initial piston loads
(P\ — P7) Anp = (P71 — P5)Arp (1]

where Ayp = area of high-pressure piston

Ay p = area of low-pressure piston

Now, as already stated, the strokes of the pistons of a compound engine are

usually made equal.
If the stroke is L, then from equation [1]

(P, — P))Aup L = (P; — Ps)Arp L 2]
But neglecting clearance
Ayp L = Vyp = volume of high-pressure cylinder

also

ArpL = Vip = volume of low-pressure cylinder
Hence, equation [2] becomes

(Py — P)Vyp = (P71 — Ps)Vip {31

This is the necessary condition for equal initial piston loads.
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Fig. 11.12 (a) Hypothetical indicator diagram for a double-expansion engine; flow
diagrams for (b) a double-expansion engine and (c) a triple-expansion engine

Figure 11.12(a) shows the hypothetical indicator diagram for a double-expansion
engme:

. The high-pressure cylinder diagram is 1267.
. The low-pressure cylinder diagram is 76345.

The two diagrams are fitted together for convenience. In practice they are quite
separate.

The expansion through the engine is assumed continuous and to be of hyperbolic
form, Pv = C. In the hypothetical diagram it is possible to assume that the
expansion is complete in the high-pressure cylinder. This is shown as expansion 2-6.
The reason for this is that the cylinder volume, which is 7-6, is not too large and the
steam expansion can easily be accommodated. Complete expansion in the high-
pressure cylinder also makes the high-pressure cylinder volume equal to the cut-off
volume of the low-pressure cylinder.

But in the low-pressure cylinder there is usually an early release, as shown at 3. In
this case the expansion in the low-pressure cylinder is not complete. Complete
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expansion would be as shown dotted. The reason for the early releltlle In the low-
pressure cylinder is that the extra large cylinder volume which is required for
complete expansion does not compensate for the very small extra amount of work
that is obtained. This small extra amount of work will be given by the area of the
dotted section of the theoretical indicator diagram. The smaller low-pressure cylinder
volume, 5-4, more than compensates for the small loss of work. In practice, the high-

pressure cylinder also has an early release.
In choosing the intermediate pressure P?, there are two generally accepted

possibilities.

11.10.1 Equal initial piston loads -
In a double-acting engine, the net pressure on the piston will be the difference

between the pressures on either side of the piston.
For the high-pressure cylinder

Net pressure = P; — P;
For the low-pressure cylinder
Net pressure = P7 — Ps
Now
Force on piston = net pressure on piston x piston area
Thus, for equal initial piston loads
(P\ — P7) Ayp = (P; — P5) Avp (1]

where Ayp = area of high-pressure piston

Ayp = area of low-pressure piston

Now, as already stated, the strokes of the pistons of a compound engine are

usually made equal.
If the stroke is L, then from equation {1}

(P — P7)Aup L = (P; — Ps)Arp L 2]
But neglecting clearance

Aup L = Vyp = volume of high-pressure cylinder

also

App L = Vip = volume of low-pressure cylinder
Hence, equation [2] becomes

(Py — P)Vygp = (P7 — Ps)Vip 3

This is the necessary condition for equal initial piston loads.
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11.10.2 Equal work per cylinder
For equal work per cylinder, the areas of the high-pressure and low-pressure
diagrams must be equal.

For the high-pressure cylinder

Work done = Area 1267 = Area under 1-2 + Area under 2-6
— Area under 6-7

:P2V2 +P2V21HK§'—P6V(,
Va

But PV, = PyVy since PV = C.

Ve

Work done:P2V2+P2V21n7—P2V2

2
Ve
2

:Pszlnr [4]

:Pszln

where r = Vi / V> = number of expansions in high-pressure cylinder

The low-pressure cylinder diagram is of the conventional shape, hence

Work done in low-pressure cylinder = PgVe (1 +1n R) — PV, [5]
where R = V,/Vs = number of expansions in the low-pressure cylinder
Hence, for equal work per cylinder

PyVolnr = PgVe(1 +1nR) — PyV, [6]

Note that the high-pressure cylinder volume is the same as the cut-off volume, 7-6,
of the low-pressure cylinder.

Note also that the total work done is given by the total area 12345. This would
also be the work done if the steam were admitted and expanded in the low-pressure
cylinder only. This point is used in the solution of some steam engine problems.

Example 11.5 A double-acting, compound, reciprocating steam engine has two cylinders and is
supplied with steam at a pressure of 1.4 MN/m’ and 0.9 dry. Exhaust from the engine is into a
condenser working at a pressure of 35 kNjm’. Each cylinder has equal initial piston loads. The
diagram factor referred to the low-pressure cylinder is 0.8. The stroke in both cylinders is
350 mm. The diameters of the high- and low-pressure cylinders are 200 mm and 300 mm
respectively. Expansion in the high-pressure cylinder is complete. The engine runs at 300 rev/
min. Expansion in the engine is hyperbolic. Neglecting clearance, determine

(a) the intermediate pressure

(b) the indicated power output

(c) the steam consumption of the engine in kglh

SoLUTION
First draw a diagram (Fig. 11.13).

1.4 MN/m?2]|

35 kN/m?2|5
Va

9

A4

vV (m3)

Fig. 11.13 Diagram for Example 11.5

@

For equal initial piston loads
(P, — Py)Aup = (P71 — P5)Arp

nx 02 Tx (03
4

(1400 — Py) (P7 —35)

(0.3y
(0.2)?
=2.25(P; - 35)

=225 P, —78.75

1400 — P, = (P; — 35)

3.25 P; = 1478.75
P, = 1478.75/3.25
= 455 kN/m?

This is the immediate pressure.
®
Now P2V2 = P6V5

PVe (455 L X 0.2
P 1400 4

V, = x 0.35) m’

This is the cut-off volume in the high-pressure cylinder.

0.3y
Volume of low-pressure cylinders = (Elu

Number of expansions through the engine is

N Volume of low-pressure cylinder
" Cut-off volume in the high-pressure cylinder

B 7 % (0.3)? x 0.34/4
7455 x 7 x (0.2)% x 0.35/(1400 x 4)

_ (0.3)* x 1400

T (0.2)° x 455
— 225 x 1200
455

= 6.92

X 0.35) m’

The steam engineg

L
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Py, referred to the low-pressure cylinder is

P 1400
Z(+InR)- Py =——(1+1n692) - 35
U T IR =Py ="~ (1 +1n6.92)

1400
=—-—(14+1.934)-35
6.92( + )

_ 1400 x 2.934
6.92

= 594 — 35

— 559 kN/m?

35

Actual P, = 0.8 x 559 = 447.2 kN/m?

7 x (0.3) 5

Indicated power = P,,LAN = 447.2 x 0.35 x 4

= 110.6 kW
(c)
Volume of the low-pressure cylinder is

2
T X Q}’— x 0.35 = 0.024 7 m’

So cut-off volume in high-pressure cylinder is

0.024 7
6.92

= 0.003 57 m®

This is the volume of steam admitted per stroke. Hence

Volume of steam admitted/h = (0.003 57 x 300 x 2 x 60) m*
Specific volume of admission steam = xv, = 0.9 x 0.140 7
=0.126 6 m*’kg

Steam consumption =

2 x

300

60

0.003 57 x 300 x 2 x 60

0.126 6
= 1015 kg/h

Example 11.6 A double-acting, two-cylinder, compound reciprocating steam engine has a low-
pressure cylinder 600 mm diameter with a stroke of 600 mm. Steam is supplied at a pressure of
1.1 MN/n?’ and it exhausts from the engine at a pressure of 28 kN/m>. The engine runs at
4 rev/s and has a diagram factor referred to the low-pressure cylinder of 0.82. Expansion is
hyperbolic throughout, clearance is neglected and expansion in the high-pressure cylinder is
complete. The total expansion ratio through the engine is 8 and equal work is developed in each

cylinder. Determine
(a) the indicated power output of the engine

(b) the diameter of the high-pressure cylinder if the stroke is the same as that of the low-

pressure cylinder
(c) the intermediate pressure

SOLUTION
First draw a diagram (Fig. 11.14).

The steam engine

1.1 MN/m?

28 kN/m?

O

V (m?3)

Fig. 11.14 Diagram for Example 11.6

()
P,, referred to low-pressure cylinder is
%(1 +InR)- P, = %(l +1In8)— 28

- 1_%0_0(1 +2.08) — 28

_ 1100 x 3.08
- 8

28

=424 -28
= 396 kN/m?

Actual P, = 0.82 x 396 = 325 kN/m?

x2x4

0.6)
Indicated power = Py LAN =325 x 0.6 x Z‘%),

= 441 kW

(b)

Work done by two cylinders per stroke is
0.6)°
Total area of diagram = (325 x 0.6 x %) kJ

Since equal work is performed/cylinder, the work done in the high-pressure cylinder is

Total area of diagram _ 325 x 0.6 X & X (0.6)?
2 B 2x4

=27.6kJ

So the work done in the high-pressure cylinder is

Area 1267 = P,V, ln% —27.6kJ
2

341
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and
2
v, :ﬁ:wxﬂzo,m]znﬁ
8 4 8
Vs
1100 x 0.021 2 In—= =27.6
£
Ve _ 27.6
V, 1100 x 0.021 2
=1.18
Yo =3.28
2
From this

Ve =3.25V; = 3.25 % 0.021 2 = 0.069 m*

The volume of the high-pressure cylinder is 0.069 m>.
Let d = diameter of high-pressure cylinder in metres.

Stroke = 0.6 m
2
Then "—j~ x 0.6 = 0.069
a? =009 x4 1464
nx 0.6

d=/(0.146 4) = 0.383 m = 383 mm

(©

For expansion 2-6, P, V, = P¢V since expansion is hyperbolic.

_ PV, _ 1100 x0.0211

P
Ty, 0.069

= 338 kN/m’

The intermediate pressure is 338 kN/m?.

Example 11.7 A compound steam engine consists of one high-pressure cylinder and one low-
pressure cylinder, both of which are double-acting. The engine develops 230 kW. The admission
pressure is 1.4 MN|m’ and the exhaust pressure is 35 kNjm®. The total expansion ratio
referred to the low-pressure cylinder is 12.5:1. The diameter of the low-pressure cylinder is
400 mm and the stroke in both cylinders is 500 mm. The diagram factor is 0.78, expansion is
assumed to be hyperbolic and clearance is neglected. The expansion ratio in the high-pressure

cylinder is 2.5:1. Determine
(a) the speed of the engine in rev/s
(b) the diameter of the high-pressure cylinder

The xteam ongine

()

P,, referred to the low-pressure cylinder is

P 1400
—(1+InR)~ P,=-—=(1+1In12.5) - 35
R( +InR)~ Py 12.5( n12.5)

1400
=——(1+253)-35
12.5 ¢ )

_ 1400 x 3.53
12.5

35

=395 35
= 360 kN/m?

Theoretical indicator power = 62%% =295 kW

Indicated power = P,,LAN

2
295 =360 x 0.5 x w X 2 X rev/s
rev/s = 295 x 4 3 = 6.52
360 x 0.5 x T x (0.4)° x 2
The engine speed is 6.52 rev/s.
(b
2
Volume of low-pressure cylinder = zx 04y x 0.5
= 0.062 8 m?
Cut-off volume in high-pressure cylinder = 0'102628
= 0.005 02 m°

Total volume of high-pressure cylinder = 0.005 02 x 2.5
=0.012 55 m®

If d = diameter of high-pressure cylinder in metres, then

2
M 05% 0012 55
4
2o 4x001255 oo
nx 0.5

d=,/0.032=0.179 m = 179 mm

34
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Example 11.8 A double-acting, compound steam engine has cylinders of 300 mm and 600 mm
diameter and a common stroke of 400 mm. Steam is supplied at a pressure and a common
stroke of 400 mm. Steam is supplied at a pressure of 1.1 MNjm® and cut-off in the high-pressure
cylinder is at one-third stroke. The back pressure in the low-pressure cylinder is 32 kN/m’.
Average areas of indicator diagrams from the engine are HP 12.5 cm’; indicator calibration
270 kN -m 2{cm; LP 114 cn’; spring 80 kN m~2/cm. The length of both diagrams is 75 cm.
The engine speed is 2.7 rev/s. Determine

(a) the actual and hypothetical mean effective pressures referred to the low-pressure cylinder
(b) the overall diagram factor

(c) the indicated power

(a)
For the high-pressure cylinder

Pon = % x 270 = 450 kN/m* (see Chapter 17)

2
Force on high-pressure piston = Py 4 = (450 X #) kN

Since the stroke and rev/s are the same for both cylinders, then this force can be referred to
the low-pressure cylinder by calculating from this force the pressure required over the low-
pressure piston to produce this force.

n x (0.3)*/4

Py referred to low-pressure cylinder = 450 x
m P y n x (0.6)%/4

0.3

=450 x 5
(0.6)

= 112.5 kN/m?

For the low-pressure cylinder

Pop = % x 80 = 121.6 KN/m?

Actual P referred to low-pressure cylinder = 112.5 + 121.6 = 234.1 kN/m?

P
Volume of high-pressure cylinder = (w X 4) m’

2
Cut-off volume of high-pressure cylinder = (%ﬂ x %) m’

2
Volume of low-pressure cylinder = (M X 4) m’

4
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Number of expansion through the engine is

_ Volume of low-pressure cylinder
" Cut-off volume of high-pressure cylinder

[ x(0.6)°/4] x 0.4
[ x (0.3)2/4] x 0.4/3

_ (0.6)* x 3
03y
0.36
=——X
0.09

=12

3

Hypothetical P, = %(1 +1InR) - Py

190 )32
12
S 1904 548y - 32
12
- (”00 x 3.48) ~32
12
=319 -32
= 287 kN/m?
(b)
234.1
Overall diagram factor = %": = ;7 = 0.816
(©
Indicated power = Ppa LAN
2
2341 x 0.4 x 2O 507

= 143 kW

Example 11.9 During a trial on a triple-expansion engine the following results were recorded.

Cylinder Diameter Actual P, (kN/m?)
HP 300 590
IP 500 214
LP 900 88
Steam supply pressure 1.4 MN/m?
Cut-off in HP cylinder 0.6 stroke

Back pressure in LP cylinder 20 kN/m?
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All cylinders have the same stroke. Determine

(a) the actual and hypothetical mean effective pressures referred to the low-pressure cylinder

(b) the overall diagram factor

{c) the percentage of the total indicated power developed in each cylinder

(a)
For the high-pressure cylinder

(0.3
(0.9)?

Py referred to LP cylinder = 590 x

= 590 x 209

0.81

)
9

= 65.55 kN/m?
For the intermediate-pressure cylinder

(0.5)°

P, referred to LP cylinder = 214 x
0.9y

=214 x 025

0.81
= 66 kKN /m?

Actual P4 referred to the low-pressure cylinder = 65.55 + 66 + 88
= 219.55 kN/m?

Total number of expansions through the engine is

9002 9
= 2 _
0.6 x 3002 0.6 3

Hypothetical P, referred to the low-pressure cylinder is

_1] InR)— P, = % —~
(1+InR)- P, N (1+1In15)~20

1400

=221 +27)-20
T a+27

(1400

_( b ><3.7)~2o

=345-20
= 325 kN/m?

(b)

Overall diagram factor = 219.55

325
= 0.675

(©
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The percentage of the total indicated power developed in each cylinder is the same us the
percentage analysis of the actual P, referred to the low-pressure cylinder. So the output
from each cylinder is

p_ 6555

= x 100 = 29.9%
219.55

66
219.55

x 100 = 30.1%

P_ 88
219.55

x 100 = 40%

Questions

1.

A simple, double-acting, steam engine delivers a brake power of 37.5 kW at a speed of
2 rev/s. Steam is supplied at a pressure of 500 kN/m? and exhausts from the cylinder
at a pressure of 34 kN/m?. Cut-off occurs at one-third of the stroke. Assuming a
diagram factor of 0.7 relative to the hypothetical diagram and a mechanical efficiency
of 0.85, determine the swept volume of the cylinder in cubic metres.
, [0.05 m?)
A double-acting steam engine is to develop an indicated power of 45.0 kW at 3 rev/s.
The mean piston speed is to be 2.75 m/s, the steam supply 7 bar and the exhaust
1 bar. Taking a cut-off ratio of 0.5 and a diagram factor of 0.65, determine the bore
and stroke of the engine. Neglect clearance.
[Bore = 255 mm; stroke = 460 mm]
A double-acting, single-cylinder steam engine has a cylinder diameter of 230 mm and
a piston stroke of 300 mm. Determine a suitable admission pressure if the engine is to
develop an indicated power of 27 kW at a speed of 3.5 rev/s with a back pressure of
130 kN/m? and an expansion ratio of 2.5. Assume a diagram factor of 0.8.
[674.5 kN/m?]
Determine the cylinder diameter and the stroke of a single-cylinder, double-acting
steam engine to develop an indicated power of 90 kW under the following conditions

Steam pressure 830 kN/m?
Cut-off 1 stroke
Back pressure 100 kN/m?
Diagram factor 0.7
Stroke 1.5 x cylinder diameter
Speed 2 rev/s
[Diameter = 384 mm; stroke = 576 mm]
Determine the probable mean effective pressure of a steam engine taking steam at
14 bar and exhausting to a back pressure of 1 bar. Take a cut-off ratio of 0.4 and
assume a diagram factor of 0.65.
[6.32 bar]
A steam engine has a cylinder bore of 250 mm and a stroke of 300 mm. The clearance
volume is 10 per cent of the swept volume. During the expansion of the steam in the
engine cylinder, at 0.5 stroke the pressure is 380 kN/m? and at 0.9 stroke the pressure
is 216 kN/m”. The expansion is assumed to follow the law PV" = C. Determine (a) the
value of the index n and (b) the work done during the expansion between the two
given pressures.
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10.

12.

13.

If the expansion had been hyperbolic from the pressure of 380 kN/m? at 0.5 stroke,
determine (c) the work done to the position of 0.9 stroke.
[(@) 1.104; (b) 1.702 kJ; (c) 1.719 kJ]
A single-cylinder, double-acting steam engine is 152 mm bore by 203 mm stroke and
the piston rod is 32 mm diameter. During a trial the engine develops a brake power of
13.5 kW and its mechanical efficiency is 81 per cent. The areas of the indicator
diagrams are 1625 mm? at the head end and 1490 mm? at the crank end; the length is
75 mm and the indicator calibration is 16 MN m-Zm in both cases. Determine the
speed of the engine in rev/min. If the calorific value of the coal used is 25 100 kJ/kg
and the overall efficiency from coal to brake power is 7 per cent, calculate the mass of
coal used per hour.
[418 rev/imin; 27.7 kg]
A single-cylinder, double-acting steam engine gives a brake power of 75 kW using
steam at 1035 kN/m? with a cut-off at one-third stroke and a back pressure of
27.5 KN/m?  The mechanical efficiency of the engine is 84 per cent and the diagram
factor 0.7. If the mean piston speed is 4 m/s and the stroke is 1.2 times the bore,
determine the bore and stroke of the engine.
[Bore = 388 mm; stroke = 466 mm]
A single-cylinder, double-acting steam engine is 250 mm bore by 300 mm stroke and
runs at 3.5 rev/so Steam is supplied at 1035 kN/m? the back pressure is 34 kN/m? and
the diagram factor is 0.81. Determine the indicated power of the engine
(a) if cut-off is at 0.25 stroke;
(b) if cut-off is at 0.5 stroke.
[(a) 48.7 kw; (b) 70.3 kW]
A single-cylinder, double-acting steam engine gives an indicated power of 55 kW when
running at 5 rev/s; the engine is 0.25 m bore and 0.30 m stroke. Steam is supplied at
860 kN/m? and the back pressure is 117 kN/m? cut-off is at 0.37 stroke. Determine
the diagram factor.
If a condenser is now fitted to the engine so that the back pressure is 34.5 kN/m?
calculate the new indicated power if nothing else changes.
[0.72; 63.7 kw]
A throttle-governed  steam engine developing an indicated power of 37.5 kW uses
1000 kg/h of steam. At no-load the steam consumption is 125 kg/h. Estimate the
indicated power of the engine for a steam consumption of 750 kg/h.
[26.8 kW]
A two-cylinder, double-acting, compound steam engine develops an indicated power
of 220 kW at a speed of 4.5 rev/so The stroke in each cylinder is 0.5 m. Expansion is
hyperbolic throughout and is complete in the high-pressure cylinder. The diagram
factor referred to the low-pressure cylinder is 0.75. Steam is supplied at 12 bar and the
engine exhausts at a pressure of 0.28 bar. Total expansion ratio through the engine is
10. Equal power is developed in the two cylinders. Neglecting clearance, determine the
engine cylinder diameters.
[0.475 m; 0.373 m]
A two-cylinder, double-acting, compound steam engine is supplied with steam at a
pressure of 1725 KN/m? the steam exhausts from the engine at a pressure of 41.5 kN/
m? The low-pressure cylinder has a diameter of 0.45 m and a stroke of 0.4 m. The
stroke in both cylinders is the same and the ratio of the cylinder volumes is 2.5:1. The
diagram factor referred to the low-pressure cylinder is 0.78. Each cylinder has equal
initial piston loads. The engine runs at 4.5 rev/so Expansion in the engine is hyperbolic
and the total expansion ratio through the engine is 9. Neglecting clearance, determine
(a) the intermediate pressure

14.

15.

16.

17.

nitt o (1M M9

(b)  the indicated power of the engine
() the diameter of the high-pressure cylinder

[(@) 523 kN/m? (b) 272 kW; (c) ().2K~ m)
A double-acting, compound steam engine has cylinder diameters HP 300 mm, LP
600 mm and the stroke of both cylinders is 400 mm. When running at 160 rcv/min thc
engine develops a brake power of 125 kW and its mechanical efficiency is IN per ccnt.
Steam is supplied at a pressure of 13.8 bar, cut-off in the HP cylinder is at one-third
stroke and back pressure is 0.28 bar. Determine
(a)  the actual mean effective pressure
(b) the hypothetical mean effective pressure
(c)  the overall diagram factor

[(a) 266 kN/m% (b) 373 kN/m% (c) 0.71)
A double-acting steam engine has a stroke of 0.45 m and the bore diameters are HP
0.33 m, LP 0.63 m. Steam is supplied at a pressure of 1200 kN/m® cut-off in the HP
cylinder is at one-quarter stroke and back pressure is 21 kN/m?> Assuming a diagram
factor of 0.81 and mechanical efficiency of 82 per cent determine the brake power of
the engine when running at 3 rev/so

[157.6 kW]

A triple-expansion  steam engine has cylinder diameters of 300 mm, 450 mm and
750 mm; the common stroke is 500 mm. Indicator diagrams taken from the cylinders
give the tabulated results.

Cylinder HP IP LP
Diagram area (mm? 1805 1875 2000
Diagram length (mm) 104 105 103
Indicator calibration (kg/mm?/m) 40 16 5.35

The steam is supplied at a pressure of 1380 kN/m? and the back pressure is 28 kN/
mz; cut-off in the HP cylinder is at 0.6 stroke. Determine the actual and hypothetical
mean effective pressure referred to the LP cylinder and hence find the overall diagram
factor.

[317.8 KN/m% 415 kN/m% 0.765]
A double-acting, compound steam engine is to give an indicated power of 450 kW
running at 2.5 rev/so Both HP and LP cylinders have the same stroke and the mean
piston speed is 4 m/s. Steam is supplied at 1240 kN/m® back pressure is 21 kN/m’,
the total number of expansions is 12 and the overall diagram factor is 0.8. Determine
the common stroke and the bore of each cylinder if the bore of the LP cylinder is
twice that of the HP cylinder. Determine also the cut-off point in the HP cylinder.
[0.8 m; 727 mm; 364 mm; t]



Chapter 12

Nozzles

12.1 General introduction

A nozzle is a device for accelerating a fluid substance to a high velocity by producing
a drop in pressure of the substance.

Figure 12.1 shows two of the more general nozzle shapes. The entry area of the
convergent—divergent nozzle (Fig. 12.1(a)) converges down to a minimum area called
the throat then diverges to the exit area. The convergent nozzle (Fig. 21.1(b)) has a
cross-section which converges down from the entry area to a minimum area at the
exit.

7

Entry Throat Exit Entry Exit

Convergent ' Divergent
(a)

(b)

Fig. 12.1 Nozzle shapes: (a) convergent-divergent; (b) convergent

A diffuser is the reverse of a nozzle, in which the substance decelerates and the
pressure is increased.

12.2 General flow analysis

Figure 12.2 shows a nozzle with entry conditions of area A4,, velocity C,, pressure Py,
specific volume v, temperature T, specific enthalpy A;. Exit conditions are 4,, C,,
P2, V2, Tz, hz.

Neglecting change in potential energy and putting ¥ = 0, as no work is done in a
nozzle, the steady-flow energy equation becomes

Nozzles 351

Entry area A1W Exit area A

C1—> —- Cz

Fig. 12.2 Nozzle flow analysis

2

2 c
h|+%+Q=hz+72 (]

This is for unit mass flow.

Now the time taken for a substance to pass through a nozzle is very small, so there
is little time for heat exchange between the substance and its surroundings. It is
therefore reasonable to assume that Q =0 and the flow is adiabatic. Equation [I]

becomes

ci ¢

4 —2 [2]
Wt =h+3
from which
_C_‘%___ﬁ = h] — h2 [3]

In many cases, the entry velocity to a nozzle is small compared with the exit
velocity; C; can be sensibly neglected and equation [3] becomes

2
Cnm [

where C = exit velocity, written C, above

From equation [4]

C=[20h — ) (5]
Now, for a gas
hy —hy = c)(Ty = Ty) = (yf G RAO = T2) [6]
. R
simnce ¢, = ('))y— 1)

Substituting equation [6] in equation [5]

= /|22 RT—T]
C/[(v—l)(‘ 2

= / [2 i (P,vl—szz)] since Pv=RT (7
(-1




352 Basic engineering thermodynamics

:/[2(y—1)P‘ ‘(“%)]

For the adiabatic expansion of a gas

v _ 7
Py = Pyvy

v (f_l)l/r
v P,

Substituting equation [8] in equation [7]

C= 27
-1

) /{2w~1>
) /{zw—n
) /{zw—n

P]V]

Py

Py

I 1/y
P|V| 1 - & <ﬂ>
P, \P,

-2 ()
()

r

-

Now, at any section of the nozzle

mv= AC (see section 2.9)

where 77 = mass flow in kg/s
v = specific volume in m*/kg
A = cross-sectional area in m>
C = velocity in m/s

For continuity of flow r is constant at all sections of the nozzle.

From equation [11]

m_C

A Vv

which is the mass flow per unit area at any section.

This equation shows that the mass flow #1 is constant at all sections of the nozzle
and the velocity C and specific volume v vary through the nozzle, so the cross-
sectional area 4 must also vary.

It also shows that if there is a maximum value of the mass flow per unit area, n/A
the cross-sectional area must be a minimum because #1 is constant. This minimum
value of 4 will be the throat of the nozzle.

Let,

P, = throat nozzle

v, = specific volume at the throat
¢, = velocity at the throat

(8]

&

[10]

(1]

(12]

then, from equation [10]

a- /logtgee[ - @)

Also, from equation [12]

m  C
A, v

where A, = area at the throat

From equations [13] and [14], then

il ﬁ)(:’l)/r:\}
Z_vt /{Z(V— )PIVI|: (Pl

Now, for the adiabatic expansion of a gas PV = C.

Yo 7
Pyvi = Py

. (&)”“’
t— N Pt

Substituting equation [16] in equation [15]

(r=D/v
-t st )
A <P|>]/T ( _l) Py
W\ —

or

_

}

GG
-GG

For maximum #1/ 4,, the value of

()]

must be a maximum. (y, P, and v, are constants in this equation).

Let Pl/P| =X
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[13]

(14]

(15]

[16]
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Then for maximum i/ 4,

L N

dx
2em-1 @D Jornmor
Y y
2o Z 0D g
Y Y
x o 2
X201 (p+ 1)
r=le-np — 2
G+D
o 2
G+1
9 \Mo=D
()
y+1
or
ﬂz( 5 )7/(?1) 17

P, .
Ft is called the critical pressure ratio

From equation [17]

) -1
P, = (H—l) P, P, is the critical pressure [18]

For air, the average value of y = 1.4

2 1.4/(14-1)
P =
‘ (1.4+ 1) Py

5 1.4/0.4
= (‘2—4) P

1
T 1035

P
=0.528P, [19]

The critical temperature T, may be obtained from the critical temperature ratio 7/T).

ﬂz (£>(*yl)/y: < 2 )V/(yv]) (?‘])/V_ 2
T, P, y+1 S+l

2
T = (ﬁf) T, 0]
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Note that from equation [5]
Co = V[2(h — hy)]
= \/[2Cp(TI - Tt)]

:/[2(yz1)R(T‘*T‘)]
-/ oAn(3 )]
-/ ety (5 )]
:/[2@31)”‘(?;1)]

=V(RT) [21]

Now this can be shown to be the velocity of sound.
It was first established by Newton that the velocity of sound in a substance is given
by

co / (modulus of. elastlclty> [22]
density

Sound is transmitted through a substance by a succession of compressions and
rarefactions of the substance through which it is passing. These changes in pressure
will be very rapid, so they may be considered as being adiabatic.

For a gas, an adiabatic compression or expansion may be considered as following
the law PV'? = constant. Consider a gas at pressure P and volume V and let there be
a small change in pressure 0P which will be accompanied by a small change in
volume —éV (V varies inversely with P). For this is small change

PVi =(P+68P)V - 8VY [23]

Now (V — V) = %(V— SVy

¥ ¥
= 7 <V__5V> = VV<1 _5_V) [24]
14 4
Substituting equation [24] in equation [23]
v
PV’ =(P+ 5P)V(1 — 6—V)
vV
from which

P:(P+5P)<l —QVK)/ [25]

Expanding (1 — 6V/V')’ by the binomial theorem

v _ 2
(1-28) =12 D22
vV Vv 1.2 vV
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and substituting into equation [25), neglecting higher powers of OV/V as small
P= (P+(3P)<l - yé—;/>

:(P+5P)—(P+5P)y"—VV

from which
. vV  oP
P+oP)=[(P+6P)— P] — =" 26
( )=[(P+P) ](W % [26]
AséP — 0
dP
P=—"V=K 27
P= [27]

where K = the bulk modulus or modulus of elasticity

Substituting equation [27] in equation [22]

Velocity of sound, C= / <E> [28]
p

where p = density = 1 /v
v = specific volume

C = (yPv) = V(yRT) [29]

Comparing equation [29] with equation [21] shows that, at the throat of a nozzle,
the velocity is the velocity of sound, or as it is sometimes called, sonic velocity. Sonic
velocity is said to be Mach 1, sometimes written Ma = 1. If the velocity of a
substance is 1.5 times the velocity of sound, it is said to be at Mach 1.5 or Ma = 1.5.

From the investigation into critical pressure, P,, if P, < P,, then the nozzle will be
convergent—divergent, as shown in Fig. 12.1(a). From entry to the throat, the velocity
will be subsonic (Ma < 1). At the throat, the velocity will be sonic (Ma = 1). From
the throat to exit, the velocity will be supersonic (Ma > 1).

If P, > P,, the nozzle will be convergent only, as shown in Fig. 12.1(b). Velocities
will all be subsonic from inlet to exit (Ma < 1).

If sonic velocity is reached in a nozzle, the maximum mass flow per unit area has
been reached for the nozzle (at the throat). This also means that the maximum mass
flow rate through the nozzle has also been reached. The nozzle is said to be choked.

The temperature through the nozzle may be estimated using the equation

PN\’ iy
=T, (72) [30]

Figure 12.3 plots pressure against distance along a convergent—divergent nozzle.

Curve ABC is obtained when the correct design exit pressure is applied to the
nozzle. At B, the throat, the pressure is the critical pressure. But if the pressure is off-
design, the exit pressures at E, G and J, which are above the design exit pressure,
produce a condition of overexpansion. This is because pressures are produced in the
nozzle which are below the exit pressure.

Nozzies 357

fnlet ___ | A
pressure

I D i
Overexpansion
I "
I ¢ Design exit pressure
I -+— Shock )
Convergent, Divergent \f""ﬁ Underexpansion
Entry Distance along nozzle Exit

Fig. 12.3 Convergent—divergent nozzle: pressure plot

Curve ADE is a smooth curve obtained when exit pressure is somewhat above
critical pressure; this would occur in a venturi tube. However, with curves ABFG and
ABHJ, where the exit pressure is such that the expansion is through the critical
pressure, the velocities become supersonic at F and H then decelerate from F to G
and H to J. This produces an unstable shock condition as the pressure is increased or
diffused. Note that this is in the divergent portion of the nozzle, which is where an
acceleration should normally occur.

If an exit pressure is applied to the nozzle which is below design exit pressure, as at
K, then a normal expansion ABC will occur through the nozzle followed by a shock
reduction in pressure CK just outside the nozzle.

12.3 Steam flow through nozzles

The approach to the problem of steam flow through a nozzle will depend upon
whether the steam flow can be considered as being in equilibrium or supersaturated.
Figure 12.4(a) shows an enthalpy—entropy plot of an equilibrium expansion of steam
through a nozzle from inlet pressure P, to exit pressure P. At point a the steam is
superheated and, assuming frictionless adiabatic expansion in equilibrium through
the nozzle, the steam will be just dry saturated at point b and will be wet at point c.

Py Py

(a) {b)

Fig. 12.4 h-s diagrams for steam flow through a nozzle: (a) equilibrium; (b)
supersaturated
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Now, the rate of expansion through a nozzle is very high and there is little time for
phase change during the passage of the steam through the nozzle. So, considering
Fig. 12.4(b), the steam is once again superheated at inlet pressure PI at point a. At
point b, due to the rapid expansion, condensation does not commence and the steam
continues to behave as a superheated vapour down to point ¢ at some intermediate
pressure Ps, less than the critical pressure. Point c is on the continuous curve gfc.
Remember that a constant pressure line on the enthalpy-entropy chart is curved for
superheated steam and straight for wet steam.

This non-equilibrium  behaviour as a superheated vapour does not continue
indefinitely; the restoration of equilibrium quickly occurs at point c, after the throat
in the divergent portion of the nozzle. It is accompanied by a small increase of
pressure to Pa. This is shown as cd, which also shows a small increase of entropy.
From point d, equilibrium expansion occurs down to exit pressure P, at point e.

The steam during this type of expansion, in which the phase change is delayed, is
said to be supersaturated. It is also said to be supercooled because at point c the steam
temperature is lower than the corresponding saturation temperature at Pz This type
of expansion is not in equilibrium so it is also said to be metastable. An equilibrium
expansion is stable.

Slightly higher flow rates are found during supersaturated expansion as against
equilibrium expansion. This is because of the higher densities that occur due to
supercooling.

It was first shown that there is a limit to supersaturated expansion by C.T. Wilson
in 1897. This limit approximates to points where the dryness fraction is 0.94 at high
pressures to 0.96 at low pressures. The locus of these points produces the Wilson line,
as shown in Fig. 12.4(b).

12.4 Supersaturated expansion

During the supersaturated expansion of steam there is a continuity of phase up to the
point where equilibrium conditions become established. Until the change to
equilibrium conditions, the steam can be considered as a single phase, so it can be
analysed rather like a gas.

The expansion will still be theoretically adiabatic but the index y cannot be used
because y = c,/c, and is for a gas only. For superheated steam, the adiabatic index
has an average value, n = 1.3. For wet steam, the adiabatic index has an average
value, n = 1.135.

Using the equations developed in section 12.2

C = /[2(h — hy)] (1]
_ n P, (n="1)/n

Sl

mv=AC [3]

Critical pressure for superheated steam

nf(n=1)
P[:( 2 ) P1
n+1
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13/(13-1)
(5 e
1.3+1

1.3/0.3
_ (L) P
2.3

= 0.546 P, [4]

Critical pressure for wet steam

2 1.135/(1.135 - 1)
P = (_—) P
1.135+1

1.135/0.135
()
2.135

=0.577 P, (3]

The temperature through the nozzle during supersaturated expansion may be
estimated using

(n—1)/n
=T (ﬁ) 6]
P,

12.5 Equilibrium expansion

Figure 12.5 is an enthalpy-entropy plot of equilibrium steam flow through a nozzle
from inlet pressure P, to exit pressure P». Throat pressure is P,.

h
i P P,

s
Fig. 12.5 Equilibrium steam flow through a nozzle: h-s diagram

From equation [5], section 12.2,
C=/[2(h — hy)] 1]

and if expansion is in equilibrium, this equation can be used to determine velocities
through a nozzle. Values of specific enthalpy can be obtained either by calculation
using steam tables or by readings taken from the enthalpy—entropy chart.

The throat pressure can be estimated by using equation [18], section 12.2, which is
written as

2 nf(n—1)
P‘=( ) P, 2]
n+1
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Since steam is being considered here, the adiabatic index is written » because y has
the value ¢,/c, and is for a gas only.

As illustrated in Fig. 12.5 the expansion from inlet to throat is mostly superheated.
The index » for superheated steam has an average value of 1.3.

Equation [2] becomes

2 1.3/(0.3-1)
P(: ( ) Pl
13+1

1.3/0.3
:<£J P
23

=0.546 P, 3]

This is the critical pressure for superheated steam.

If the steam is wet from inlet to throat, the index n becomes 1.135 as an average
value.

Equation [2] becomes

2 1.135/(1.135 - 1)
ne (2 )
1.135+ 1

> 1.135/0.135
= (= P
(2.135) :

= 0.577 P, {4]

This is the critical pressure for wet steam.

Figure 12.1(a) illustrates a convergent—divergent nozzle, and the convergent
portion of the nozzle is shown as being shorter than the divergent portion. In the
divergent portion the velocity is higher than the convergent portion. The walls of the
nozzle in the high-velocity portion diverge, so there is the possibility of breakaway of
the steam (or gas) if the angle of the wall is too great. The divergent portion is
therefore made long enough to prevent this. With the longer divergent portion,
however, there is greater potential for friction than in the convergent portion. It is
thus convenient to consider that expansion in the convergent portion is frictionless,
as shown in Fig. 12.5 from inlet to throat. But from throat to exit, the effect of
friction is internally to reheat the steam (or gas) as it were. Thus the steam (or gas)
leaves with a higher specific enthalpy at 2 than if the steam expansion had been
frictionless at 2.

The ratio of the actual specific enthalpy drop to the frictionless specific enthalpy
drop is called the efficiency of expansion. Referring to Fig. 12.5 gives

Efficiency of expansion = h — h [5]
ht - hzl
Also, for continuity of flow
mV = AC (6]
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Example 12.1 Air enters a nozzle at a pressure of 3.5 MN/n? and at a temperature of SO0 °C. It
leaves at a pressure of 0.7 MNni’. The flow rate of air through the nozzle is 1.3 kgls; expansion
may be considered to be adiabatic and to follow the law PV = constant. Determine

(a) the throat area

(b) the exit area

(c) the Mach number at exit

Take,y = 1.4 and R = 0.287 kJ/kg K.

(a)
_— RT, 0.287 x 773
TTp 3500
= 0.063 4 m*/kg
) y/(y=1)
Critical pressure, P, = (-———) P,
. y+1
1.4/0.4
2
= P
(1.4 + 1) !
=0.528 P,
=0.528 x 3.5
= 1.85 MN/m?

The throat pressure is 1.86 MN/m?.
Velocity at throat is

¥ P2 -0/
- 2 pol1— (B2
“ ¢/{(w4)'” (a)
0.4/1.4
- 25 L 035 % 10° x 0.063 4 x 1_(@)
0.4 3.5

1
6 -
/{2 x 3.5 x 3.5 x 10° x 0.063 4 x {1 - 1.891/3'5}}
/{2x3.5x3.5x 10° x 0.063 4 x [1—11—2]}

VI2 % 3.5 % 3.5 x 10° x 0.063 4 x (1 - 0.833)}
= /{2 % 3.5 x 3.5 x 0.063 4 x 0.167 x 10°}
= /{0259 x 10°}

I

=0.508 x 10°
=509 m/s
n_G
A, 141

1/y 1/14
P 3.5)
(B} =o00634x [
Vi v.(ﬂ) 0.063 X<1.85

—0.063 4 x 1.89'/14
= 0.063 4 x 1.576
=0.099 9 m*/kg
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mVy 13x0999
C, 508

= 0.000 256 m*
= 256 mm>

4=

The throat area is 256 mm?>.

(b)
At exit

0.4/14
C, = 2 x 14 3.5 % 10° x 0,063 4 1_(ﬂ>
0.4 35

:/{2x3.5.x3.5x106><0.0634x{1— ! ]}

51/3.5

:/{2x3.5x3.5x106x0.0634x[1—L]}
1.584

= {2 x3.5x3.5x 10° x 0.063 4 x (1 - 0.63)}
= {2 x3.5%3.5x0.063 4 x 037 x 10°}
= /{0.574 x 106}

=0.76 x 10°
=760 m/s
1/y /14
—_— <ﬁ) = 0.063 4 x <ﬂ>
P, 0.7
=0.063 4 x 5'/14
=0.063 4 x 3.16
=0.2m/kg
Az=@= 13x02
C, 760
=0.000 342 m*
= 342 mm?

The exit area is 342 mm?>.

(©
Mach number at exit = & = 760
C, 509
=1.49

Example 12.2 Air flowing through a diverging tube, or diffuser, has at one section a
temperature of 0 °C, pressure 140 kNni’ and velocity 900 m/s. A little further along the tube
the velocity has fallen to 300 m/s. Assuming a frictionless adiabatic flow, what are the increases

in pressure, temperature and internal energy per kilogram of air?
Take c, = 1.006 kJkg K; C, = 0.717 kJ/kg K.

Nogtiex

SOLUTION
For frictionless adiabatic flow
22
-Gy R(T, - T>)
2 -1

Now
y=¢,—c¢, = 1.006/0.717 = 1.4
Also

R=c,—¢,=1.006-0.717 = 0.289 kJ /kg K

3002 — 900> 14

= x 0.289 x (273 — Ty) x 10°
2 (14 -1

(%) % 10° = 3.5 x 0.289 (273 — Ty) x 10°

—36 x 10*

Ty =— %
(@73 = 12) = 3570289 x 10°

36 x 10*

T,=2734— 02XV
? T35 %0289 x 10°
360

=23+ ———=
M 3.5x0.289

=273+ 356
= 629K

1 =629 - 273
=356 °C

Increase in temperature is 356 — 0 = 356 K
For adiabatic flow

/-1
ner()
T

1.4/0.4
= 140 x (E%"i)
273

= 140 x 2.3**
=140 x 18.5
= 2590 kN/m?
= 2.59 MN/m?

Increase in pressure = 2.59 — 0.14 = 2.45 MN/m?

Increase in internal energy = ¢,(7> — T)
=0.717 x 356
=255kJ/kg

363
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Example 12.3 A group of convergent—divergent nozzles are supplied with steam at a pressure
of 2 MN/n’ and a temperature of 325 °C. Supersaturated expansion according to the law
PV'3 = constant occurs in the nozzle down to an exit pressure of 0.36 MN/m’. Steam is

supplied at the rate of 7.5 kg/s. Determine
(a) the required throat and exit areas
(b) the degree of undercooling at exit

(a)
From tables, v; = 0.132 m?/kg

nfin—1)
P‘:< 2 ) P]
n+1

13/(13- 1)
()™
1.3+1

=0.546 P,

But P, = 2 MN/m?

P, = 0:546 x 2 = 1.092 MN/m?

(n—1)/n
Ctz /{2 " P|V1 l:]—(£> }}
(n-1) P,

/{2x4.33x2x 10% x 0.132 x [1

/{2X(T3"%)x2x106x0.132x [1—(

1

=/{2x4.33x2x 10° x 0.132 x [1—#}}

= V{2x433 x2x 10° x 0.132 x (1 - 0.87)}
V{2 x 433 x2x0.132 x 0.13 x 10}

= 1/{0.297 x 10}

= 0.545 x 10°

=545m/s

1/n 113
v,:v,(ﬂ) :0.132><< 2 )
P, 1.092

=0.132 x 1.83"/13
=0.132 x 1.592
= 0.21 m*/kg

v, _ 7.5 %021

A =
‘T 545

= 0.002 89 m>
= 2890 mm?

The throat area is 2890 mm?.

1.092

- 1.831/4»33”

)

At exit

G

2x—3 o100 % 0.132 x 1—(—0'36
(13-1 2
o ]
/{2X433X2X10 X0132X|:1*W
:/ 2% 4.33 x2x 10° x0.132 x 1—#]}
1.486

= /{2433 x 2% 108 x 0.132 x (1 — 0.673)}
= /{2 x 4.33 x 2 x 0.132 x 0.327 x 10}

= /{0.748 x 10°}

=0.865 x 10°

=865 m/s

\/n /1.3
v =¥ (ﬂ> —0.132 % (i>
P 0.36

=0.132 x 5.56/'3
=0.132 x 3.74
= 0.494 m* /kg

rivy _ 7.5 % 0.494
G 865

=0.004 28 m®
= 4280 mm?

A2:

The exit area is 4280 mm?,

M

(a=1)/n (13-1)/1.3
T, =T <&) = 598 x (ﬁ)
P 2

= 598 x 0.673
=402 K

t, =402 - 273 =129°C
At 0.36 MN/m?, saturation temperature = 139.9 °C

Degree of undercooling at exit = 139.9 — 129
=109K

)
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Example 12.4 Steam enters a group of convergent—divergent nozzles at a pressure of 2.2 MN/
m? and with a temperature of 260 °C. Equilibrium expansion through the nozzles is to an exit
pressure of 0.4 MN/m?. Up to the throat of the nozzles the flow can be considered as
Sfrictionless. But from throat to exit there is an efficiency of expansion of 85 per cent. The rate
of steam flow through the nozzles is 11 kg/s. Using the enthalpy—-entropy chart for steam

(Fig. 12.6), determine
(a) the throat and exit velocities
(b) the throat and exit areas
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hikJ/kg)

2940

2790

2620
2590

Fig. 12.6 Diagram for Example 12.4

(a)
P, =0.546 x 2.2 = 1.2 MN/m?

From Fig. 12.6

hy = 2940 kJ/kg
he = 2790 kJ/kg

Co=+/[2(h — h)]
=/ [2 x (2940 — 2790) x 10°]
=/[2x 150 x 10%]
= /(300 x 10°]
= /[0.3 x 10°]
=0.548 x 10
=548 m*

The throat velocity is 548 m/s.
From Fig. 12.6.

hy = 2790 kJ kg
hz/ = 2590 kJ/kg
h—hy
h — hy
b — by = 0.85(h — hy')
= 0.85 x (2790 — 2590)
= (.85 x 200
=170 kJ /kg
hy =2790 — 170
= 2620 kJ /kg
Co = v/ 2k — h))
= /[2 x (2940 — 2620) x 107
= /[2 x 320 x 10%] = 1/ [640 x 10%]
= /[0.640 x 10°]
=08 x 10°
=800 m/s

The exit velocity is 800 m/s.

0.85 =

()
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myv = AC, therefore at the throat

4, =

vy
(4

From the chart, v, = 0.16 m’/kg

_11x0.16
548

A, =0.003 21 m?

= 3210 mm?

The throat area is 3210 mm?. At exit

AZZ

Vth
©

From the chart, v, = 0.44 m’/kg

_11x044
800

A, = 0.006 05 m*

= 6050 mm’

The exit area is 6050 mm?.

Questions

1.

Air enters a nozzle at a pressure of 3 MN/m? and with a temperature of 400 °C. It
leaves at a pressure of 0.5 MN/m>. The exit area is 5000 mm>. Expansion through a
nozzle is adiabatic according to the law PV? = constant. Determine
(a) the mass flow through the nozzle
(b)  the throat area
(c)  the Mach number at exit
Take y = 1.4 and R = 0.287 kJ/kg K.
[(a) 15.86 kg.s; (b) 3390 mm?; (c) 1.55]
Air enters a nozzle with a pressure of 700 kN/m? and with a temperature of 180 °C.
Exit pressure is 100 kN/m?. The law connecting pressure and specific volume during
the expansion in the nozzle is PV'* = constant. Determine the velocity at exit from
the nozzle. Take ¢, = 1.006 kl/kg K, ¢, = 0.717 kJ/kg K.
[576 m/s]
A convergent-divergent nozzle is supplied with steam at a pressure of 1.0 MN/m? and
temperature 225 °C.  Supersaturated expansion, according to the law
PV'3 = constant, occurs in the nozzle down to an exit pressure of 0.32 MN/m?. The
exit diameter of the nozzle is 25 mm. If the flow through the nozzle is choked,
determine
(a) the exit velocity
(b)  the mass flow rate
(c)  the throat diameter
[(a) 663 m/s; (b) 0.62 kg/s; (c) 23.6 mm]
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4,  Steam enters a group of convergent-divergent nozzles at a pressure of 3 MN/m? and a
temperature  of 300°C. Equilibrium expansion occurs through the nozzles to an exit
pressure of 0.5 MN/m®>.  The exit velocity is 800 m/s. The steam flows at a rate of
14 kgfs. It is assumed that friction loss occurs in the divergent portion of the nozzles
only. Using the enthalpy-entropy chart for steam, determine
(a) the efficiency of expansion in the divergent portion of the nozzle
(b) the total exit area
(c) the throa t velocity

[(@ 0.8; (b) 6125 mm? (c) 529 mis]

Chapter 13

Steam turbines

13.1 General introduction

If high-velocity steam is blown on to a curved blade, as shown in Fig. 13.1, the steam
direction will be changed as it passes across the blade and it will leave as illustrated.
As a result of its change of direction across the blade, the steam will impart a force to
the blade. This force will be in the direction shown. Now if the blade were free, it
would move off in the direction of the force. If a number of blades were fixed round
the circumference of a disc and the disc were free to rotate on a shaft, steam blown
across the blades, as illustrated, would cause the disc to rotate. This is the principle
of the steam turbine.

Force

N

Steam off Steam on

Fig. 13.1 Steam flow across a curved blade

Figure 13.2 illustrates the idea of the steam turbine. The blades are set round the
circumference of the turbine disc. The tops of the blades are connected together, for
rigidity, by means of the blade shroud ring. The turbine disc is free to rotate on a
shaft. Set to the side of the blades, and at an angle to them, are steam nozzles. Using
the nozzles, the high-pressure steam is made to give up some of its energy to produce
a large increase in kinetic energy of the steam. The steam thus leaves the nozzles at a
high velocity. It passes from the nozzles over the blades and thus the turbine disc
rotates. Power can then be taken from the shaft. In practice, the turbine disc and the
nozzles are fitted into a casing. The number of nozzles in use will be a function of the
load on the turbine. The higher the load, the more steam must be used to sustain it.
Thus more nozzles are put into service.
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Rrotation

Nozzle

Shaft

Blades

Nozzle

RN )))))))

Steam in

Blades Turbine disc

Fig. 13.2 Steam turbine: basic concept

The turbine just described is a simple turbine and was one of the first to be
developed. It is called a de Laval turbine after its inventor.

This type of turbine usually rotates at a very high speed, some 300 to 400 rev/so
This high speed of rotation will restrict the size of the turbine disc for mechanical
reasons such as centrifugal force. Thus, the de Laval turbine is of relatively small size,
so it has a small power output. Also, due to the high speed of rotation, a direct drive
between the turbine disc and external equipment is not generally possible. For this
reason, a reduction gearbox is installed between the turbine disc and the external
equipment.

A problem in steam turbine development has been to reduce the speed of rotation
and at the same time to make full use of the energy in the steam, thus allowing the
production of turbines of large size and high power output. Work in this direction
has produced many turbine designs, but broadly they can be split into two basic
types: impulse turbines and reaction turbines.

13.2 The impulse turbine

The simple de Laval turbine is an impulse turbine. The impulse turbine has two
principal characteristics: it requires nozzles and the pressure drop of the steam takes
place in the nozzles. The steam enters the turbine with a high velocity; the pressure in
the turbine remains constant because the whole of the pressure drop has taken place
in the nozzles. And the velocity of the steam is reduced as some of the kinetic energy
in the steam is used up in producing work on the turbine shaft.

If the whole pressure drop from boiler to condenser pressure takes place in a single
row of nozzles, as in the de Laval turbine, then the steam velocity entering the
turbine is very high. If some of this velocity is used up in a single row of turbine
blading, as in the de Laval turbine, then the speed of rotation is very high. In the
impulse turbine this speed may be reduced by three techniques: velocity
compounding, pressure compounding and pressure-velocity compounding.
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13.3 Velocity compounding

In velocity compounding (Fig. 13.3(a» the steam is expanded in a single row of
nozzles, as before. The high-velocity steam leaving the nozzles passes on to the firM!
row of moving blades where its velocity is only partially reduced. The sleum
leaving the first row of moving blades passes into a row of fixed blades which are
mounted in the turbine casing. This row of fixed blades serves to redirect the steam
back to the direction of motion such that it is correct for entry into a second row
of moving blades which are mounted on the same turbine disc as the first row of
moving blades. The steam velocity is again partially reduced in the second row of
moving blades. These processes are shown in Fig. 13.3(b). Graphs of pressure and
velocity through the turbine are included. Once again, all the pressure drop occurs
in the nozzles; the pressure in the turbine remains constant. Only part of the
'velocity of the steam is used up in each row of blades, so a slower turbine results.
"But there is no loss of output because the rows of blades are connected to the same
ahaft. This turbine is sometimes called a Curtis turbine; it is quite common in the

high-pressure stage of a large turbine. If necessary, further rows of fixed and
"N hi<irl:>- raecas W™, <D)EL-1034

Fixed blade ——Moving blade
ring ~ rings

Nozzles

‘Casing
Bearing

_~First rowmoving) ) ) } ) ) )—>

_~Second rowmoving } ) ) ) ) ) )—=

Velocity

\ §‘§
Turbine disc

2 Shatt @
S ke
]
L\ 2

\
\
Y

— — — Pressure

1
1
|

Fig. 13.3 Velocity compounding: (a) turbine and (b) graphs

13.4 Pressure compounding

In pressure compounding (Fig. 13.4(a)) the steam enters a row of nozzles where its
pressure is only partially reduced and its velocity is increased. The high-velocity
steam passes from the nozzles on to a row of moving blades where its velocity is
reduced.

The steam then passes into a second row of nozzles where its pressure is again
partially reduced and its velocity is again increased. This high-velocity steam passes
from the nozzles on to a second row of moving blades where its velocity is again
reduced. The steam then passes into a third row of nozzles and so on.
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Fig. 13.4 Pressure compounding: (a) turbine and (b) graphs

Three stages of such a turbine are shown in Fig. 13.4(b). Once again, all the
pressure drop occurs in the nozzles; the pressure remains constant in each turbine
stage.

Since only part of the pressure drop occurs in each stage, the steam velocities will
not be as high, so the turbine will run slower. But all stages are coupled to the same
shaft, so there is no loss of output. This type of turbine is sometimes referred to as a
Rateau turbine.

13.5 Pressure-velocity compounding

Pressure-velocity compounding (Fig. 13.5(a» combines the techniques of pressure
compounding and velocity compounding.

Steam is partially expanded in a row of nozzles where its velocity is increased. The
steam then enters a few rows of velocity compounding (two rows are illustrated).
From this stage the steam enters a second row of nozzles where its velocity is again
increased. This is followed by another few rows of velocity compounding and so on.
The processes are illustrated in Fig. 13.5(b). Once again, all the pressure drop takes
place in the nozzles.

The turbine discs are shown with increasing diameters because all multi-stage
turbines will generally increase in diameter from inlet to exhaust. The reason for
this is as follows. As the pressure of steam falls, the specific volume increases. For
continuity of mass flow, a greater area will be required to pass the steam. This can
be accommodated either by increasing the diameter of the turbine discs or by
increasing the height of the blades. Increasing the height of the turbine blades will
ultimately be limited by their strength; eventually a disc diameter increase will be
necessary.
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Fig. 13.5 Pressure-velocity compounding: (a) turbine and (b) graphs

A further point which will contribute to the increase in diameter is the velocity of
the steam. If there is a general depreciation of velocity through the turbine then, once
again, a greater area will be required to pass the steam in order to preaerve the mass
flow.

13.6 The reaction turbine

The construction of a reaction turbine (Fig. 13.6(a)) is somewhat different from that
of the impulse turbine. Essentially the reaction turbine consists of rows of blades
mounted on a drum. These drum blades are separated by rows of fixed blades

mounted in the casing.
Unlike the impulse turbine, the reaction turbine has no nozzles as such. The fixed
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Fig. 13.6 Reaction turbine: (a) turbine and (b) graphs

blades act both as nozzles in which the velocity of the steam is increased and also as
the means by which the steam is correctly directed onto the moving blades.

And unlike the impulse turbine, the steam in the reaction turbine enters the whole
blade annulus, a condition called full admission.

The steam also expands in the moving blades of a reaction turbine with consequent
pressure drop and velocity increase. This expansion in the moving blades of a
reaction turbine gives an extra reaction to the moving blades, beyond that obtainable
in an impulse turbine, other things being equal. It gives the turbine its name, the
reaction turbine.

A characteristic of the reaction turbine is that the pressure drop occurs
continuously through the turbine. This is unlike the impulse turbine, where the
pressure drop takes place in the nozzles only, not in the turbine.

SIt"/™ WJrh/™ - 375

Changes in pressure and volume through a reaction turbine afe llultrkted In
Fig. 13.6(b). Three sections are shown. Each section increases in diametcr 11 the
pressure of the steam decreases, mainly due to increase in specific volume. The !ltcKm
velocity in a reaction turbine is not very high, so the speed of the turbine is relatively
low.

In a reaction turbine, a stage is made up of a row of fixed blades followed by a
row of moving blades. Steam acceleration usually occurs in rows of fixed blades
and rows of moving blades, so the steam passages between blades, both fixed and
moving, are nozzle-shaped. Therefore there is an enthalpy drop in the steam
during its passage through the blades; this produces the acceleration. The extent to
which the enthalpy drop occurs in the moving blades is called the degree of
reaction.

A common arrangement is to have 50 per cent of the enthalpy drop occurring in
the moving blades, so the stage is said to have 50 per cent reaction. In the extreme
cases, if no enthalpy drop occurs in the moving blades, it must all have occurred in
the fixed blades, which is the necessary condition for an impulse turbine.
Furthermore, if all the enthalpy drop occurred in the moving blades, the turbine
would have 100 per cent reaction. Section 13.13 will illustrate the effect of the
acceleration of the steam in the moving blade row.

A further point to note is that in the low-pressure sections of a reaction turbine
the steam volume becomes very large. This greatly increased volume of steam
becomes difficult to handle by increasing the blade height or drum diameter in a
single turbine section. On large turbines, therefore, the low-pressure section is often
made double-flow. In this case, the steam enters the centre of the section and
divides to flow in opposite directions along the shaft axis. This is illustrated in
Fig. 13.7.

Low-pressure steam enters

Half Half
steam flow steam flow

-t

\) /
Steam exhaust Steam exhaust
to condenser to condenser

Fig. 13.7 Double-flow low-pressure turbine

In this way each half-section of the low-pressure turbine deals with only half the
steam; its general dimensions are thereby reduced. This method also helps to
balance end-thrusts which may appear along the turbine shaft. End-thrusts will
occur along the turbine shaft due to pressure differences across the reaction turbine
blading.
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18.7 The practical steam turbine

Figure 13.8 shows two sections, or cylinders, of an actual steam turbine assembly.
The top half of the casing is removed to show the blade assembly lying in the bottom
casing. The two sections are the high-pressure section (smaller diameter) and the

intermediate-pressure section (larger diameter). The low-pressure section (not
illustrated) would attach to the large flange shown.

Fig. 13.8 Steam turbine assembly
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The complete turbine, manufactured in this case by GEC Alsthom Power
Generation, has an output of 135 MW with steam inlet conditions of 11.0 MN/m’
and 540 °C. Steam turbines of smaller and larger outputs are also made. Rotational
speed is usually of the order of 1500 rev/min or 3000 rev/min.

13.8 Velocity diagram for impulse turbine blade

Figure 13.9 shows a section of an impulse turbine blade. Inlet and exit velocity triangles
are also included. The analysis of these velocity triangles is as follows. Consider the
inlet triangle first. Recall that the impulse turbine uses a nozzle to produce a high
velocity in the steam and also to direct this high velocity steam onto the turbine blades.

o
Axis of [
rotation . [
Direction
! of motion
Plane of
rotation

Fig. 13.9 Impulse turbine blade and velocity triangles

The velocity of the steam as it leaves the nozzle is called the absolute velocity at inlet,
Cai. The nozzle is inclined at an angle ¢ to the plane of rotation of the turbine blades.

In operation, the turbine blades will be rotating. Let the mean blade speed be U.
The mean blade speed will be the speed at the mean height of the blades.

Since the steam has velocity C, at angle ¢ and the blade is moving with velocity U,
the velocity of the steam relative to the blade, C, will be obtained by compounding
these two velocities as shown in the inlet velocity triangle. Ci will be inclined to the
plane of rotation of the blades at angle €. If the steam is to enter the blades without
shock, angle € must be the inlet angle of the blades.

The component of C, in the plane of rotation of the blades, Cui is called the
velocity of whirl at inlet. The component of C, which is along the axis of rotation,
cii, is called the velocity of flow at inlet.

Now consider the exit conditions. The steam at inlet will have an ongoing velocity
C:i relative to the blade. As the steam passes over the blade, its direction will be
changed and it will leave the blade with an exit relative velocity of C. at angle ¢ to
the plane of rotation, which is the exit angle of the blade. But the blade will be
moving with mean blade speed U.

The steam at exit will therefore have two component velocities, C. and U. The
absolute velocity at exit, Cae, will be obtained by compounding these two velocities as
shown in the exit velocity triangle. Cae will be at angle f to the plane of rotation. The
component of Cae in the plane of rotation, Cwe, is called the velocity or whirl It exit.
The component of Cae which is along the axis of rotation, Cft" is called the veloelty or
flow at exit.



378 Basic engineering thermodynamics

13.9 The combination of inlet and exit velocity triangles

The mean blade speed, U, is common to both the inlet and the exit velocity
triangles, so they can be combined into a single diagram as shown in Fig. 13.10.
The exit velocity triangle remains as originally shown. The inlet triangle is drawn
here as the other half of a parallelogram of velocities. The original triangle is
shown dotted.

\\\\
NN
NN
G s i S -
~ I~ ~
N A LT ~ \B
[} (3 g
Cfa Cae C .
Cre n V Cf'
Cai I

Change in velocity
of flow = (Cy, — Cy) \

Change in velocity
of whirl = —Cy6Cui
_(Cwe + Cwi)

Fig. 13.10 Combination of inlet and exit velocity triangles

Note that both absolute velocities start from A. Both relative velocities start from
B. If there is no friction in the blade then C; = C,. and the extremities of both
relative velocities lie on the arc of a circle, centre B, as shown.

13.10 Work done by the blades

The components of the absolute velocities in the direction of motion of the blades are
the effective parts of the velocities in producing motion in the blades. The
components concerned are the velocities of whirl.

Now, by Newton’s laws

Force = range of change of momentum
= mass x change of velocity 1

The change of velocity which produces the force on the blades in the plane of
rotation is the change in velocity of whirl.

Change in velocity of whirl = —Cy,, — Cy;
= _(Cwe + Cwi)
= _(Cwi + Cwe) [2]
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If 72 is the mass of steam flowing through the blades in kg/s, then

Force to change the velocity of
whirl from Cyi to — Cye = 2 X [ — (Ci + Cye)l (3

The negative sign shows that this force acts in a direction opposite to the rotation.
By Newton’s third law, to every action there is an equal and opposite reaction, the
‘orce in newtons imparted to the blades in the direction of rotation is given by

F = (Cyi + Cyo) (4]
when

m is measured in kg/s
Cyi and Cy,. are measured in m/s

50 that

pokem _kgm _
s s s2

Now the mean velocity of the blades is U m/s and
Work done = force x distance

Hence

Work done/s = power = mU(Cyi + Cye) Nm_J
$ s

=W (51
In the expressions for work done there appears the term (Cy; + Cye). This shows
the advantage of constructing a combined diagram as illustrated in Fig. 13.9. It

shows that the overall length of the diagram is in fact (Cy; 4+ Cye)-
Now the kinetic energy of the steam supplied is

2
%ﬂ J/kg steam/s (W/kg steam) [6]

From this, the blade or diagram efficiency is

Work done by blade/kg steam _ U(Cyi + Cye)

Energy supplied/kg steam B Cc2/2
_ ZU(CWI + Cwe)
G
The velocity diagram includes the velocities of flow at inlet and exit. The velocity
of flow is that velocity which passes the steam across the blades. If there is no change
in velocity of flow across the blades, there is no end-thrust along the turbine shaft.
But if the velocity of flow changes, there is an end-thrust along the shaft. The
direction of this end-thrust will be a function of whether Cr, is greater than, or less
than, Cp. Generally, Cr, is less than Cy.
Now, once again

(7]

Force = mass x change of velocity
= m(Ce — Cp)
= end-thrust (8]



380 Basic engineering thermodynamics

Note that (C. + Cg) can be obtained directly, by measurement from the velocity
diagram.

If Ci. < Cj, the force is negative and, by Newton’s third law, the end-thrust is
along the turbine shaft in the direction of the velocity of flow. If Cp > Cj;, the end-
thrust is in the opposite direction to the velocity of flow.

13.11 The effect of friction

As the steam passes over the turbine blades, there will be friction between the steam
and the blades. This friction will reduce the relative velocity with respect to the
blades. Thus C,. will be less than C;. The loss is commonly expressed as a percentage
loss of relative velocity.

To construct the velocity diagram, first construct the inlet triangle as before. The
percentage loss due to friction is cut off C,; to give a vector of length BC, shown in
Fig. 13.11. With centre B swing round arc BD. From B draw a line at angle ¢, the
exit angle of the blade, to cut the arc in D. Then BD = C,. Join AD which
represents C,.. ABD is the exit velocity triangle. The exit velocity triangle, neglecting
friction, is shown dotted.

A U B
v
v, Ci
4 Cre C,,
{ Vs
0 Loss due
X . . to friction
Ay \ . / ,
Change in N . ~ 3 ~ /S
velocity of flow ~ Toe— . — _ ‘
s -
- Change in velocity |
of whirl

Fig. 13.11 Friction: effect on turbine blade

Note how friction has reduced the change in the velocity of whirl, and hence
reduced the power output.

Example 13.1 The nozzies of a simple impulse turbine are inclined at an angle of 20 ° to the
direction of the path of the moving blades; the steam leaves the nozzles at 375 mfs and the
blade speed is 165 m/s. Find suitable inlet and outlet angles for the blades in order that there
shall be no axial thrust on the blades, allowing for the velocity of the steam in passing over the
blades being reduced by 15 per cent.

Determine the power developed for a steam flow of 1 kg/s at the blades and determine the
kinetic energy of the steam finally leaving the wheel.
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Fig. 13.12 Diagram for Example 13.1

SOLUTION

The construction of the velocity diagram (Fig. 13.12) is as follows. Set off AB to
represent to some suitable scale the blade speed, U = 165 m/s. From A and at 20° to AB,
lay off a line AC, to correct scale, which represents the absolute velocity of the steam as 1t
leaves the nozzles, C,; = 375 m/s. Join BC to complete the inlet triangle. BC represents
the relative velocity of the steam at inlet to the blade, C,;. From the diagram .Vri =228 m/
s. In its passage over the blade, 15 per cent of this velocity is lost. Mark pomt F on BC
such that the length FC represents 15 per cent of BC. With centre B, swing an arc FD
having radius BF. In order that there shall be no axial thrust on the b.lade, there must be
no change of velocity of flow. This means that the peaks of both the inlet and the outlet
triangles must be at the same level. From C, draw horizontal line CD to cut the arc FD
in D. Join BD and AD. Then triangle ABD will be the outlet triangle. BD represents the
relative velocity at exit, Cr.. AD represents the absolute velocity at exit, C,e = 132.5 m/s.

From the velocity diagram

Blade inlet angle = / EBC = 34°
Blade outlet angle = / ABD = 41°

Power developed for a steam flow of 1 kg/s is

U x (change in velocity of whirl) = 165 x 320
= 52800 W
= 52.8 kW

Kinetic energy of the steam finally leaving the wheel is

Ci 1325
2 2
= 8778 J/kg's
= 8.778 kW/kg
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Example 13.2  Steam with a velocity of 600 m/s enters an impulse turbine row of blades at an
angle of 25° to the plane of rotation of the blades. The mean blade speed is 255 m/s. The exit
angle from the blades is 30°. There is a 10 per cent loss in relative velocity due to friction in the
blades. Determine

(a) the entry angle of the blades

(b) the work done per kilogram of steam per second

(c) the diagram efficiency

(d) the end-thrust per kilogram of steam per second

SOLUTION

Set off AB equal to U = 255 m/s using a suitable scale. From A, set off AC = C,; = 600 m/s
to the same scale and at angle 25° to AB. Join BC which is Ci. Measure BC and cut off
length CE which is 10 per cent of BC. With centre B and radius BE swing arc ED. Set off
BP at 30° to AB to cut arc ED in D. Join AD. ABC is the inlet triangle. ABD is the exit
triangle. That completes the velocity diagram (Fig. 13.13).

U=255m/s |
A - —I B F
25° 30° 41%°
O &
e C.
G a §6‘00
Change in velocity\? s
of flow = -90 m/s E\10% loss

PN T

Change in velocity of whirl = 590 m/s

Fig.13.13 Diagram for Example 13.2

(a)
Entry angle of the blades = / FBC
=411°
2

(b)
Work done on the blades = U(C,; + Cye) W/kg

From the diagram the change in velocity of whirl is (Cyi + Cye) = 590 m/s

Work done on the blade = 255 x 590
= 150 450 W/kg
= 150.45 kW/g
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©

Diagram efficiency = 2U(Cwi + Cue)

C{_Z

_2x255 x 590
N 6002

=0.836
= 83.6%
@
End-thrust = (C. — Cp) N/kg s
From Fig. 13.13 the change in velocity of flow is
(C — Cr) = —90 m/s
End-thrust = -90 N/kg s

The negative sign shows that the end-thrust is along the shaft in the direction of steam flow.

13.12 Velocity diagram for two rows of blades

Figure 13.14 shows the velocity diagram for two rows of impulse blades having the
same mean blade speed U. Subscript | indicates the first row of blades and subscript
2 indicates the second row of blades. Between these two rows of moving blades must
be a fixed row of blades in order that the steam can be turned to the correct direction
for entry into the second row of blades. The velocity diagram for the first row of
blades is just as before. The absolute velocity at exit from the first row of blades is
C.1 at angle B, which is the entry angle of the fixed blade. With centre A and taking
due account of loss due to friction, an arc is drawn to cut the absolute velocity at
inlet to the second row of blades, C,;,, which is at angle a,, the exit angle of the fixed
blade. From then on the construction for the second row of blades proceeds as
before.

B: AyyuyB
2’ 01
(,*3 % Fixed
%> C'\fl
Loss due A o
to friction 4 centre ® Z c
iy
Cw1

c:f

' A
centre - /
Cw2

Arc centre B

Fig. 13.14 Two rows of blades: velocity diagram
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From equation [5] of section 13.10

Power for the two rows of blades = mUCy,, + mUCy,
= rhU(Cw] + Cw2) [1]

where C,; = change in velocity of whirl of blade row 1
C,» = change in velocity of whirl of blade row 2

From equation [7] of section 13.10

2U(Cy; + C,,
= G 2

ail

Blade or diagram efficiency =

Note that the reference here is still to the kinetic energy of the input steam, i.e.
Ca/2.
From equation [8] of section 13.10

End-thrust = ri(Cy, + Cp,) [3]

where Cy; = change in velocity of flow of blade row 1
Cr> = change in velocity of flow of blade row 2

Note that C¢, and Cy; can be positive or negative as explained in section 13.10.

Example 13.3 Two rows of a velocity-compounded impulse turbine have a mean blade speed of
150 m/s and a nozzle velocity of 675 mfs. The nozzle angle is 20°. The exit angles of the first
moving row, the fixed row and the second row of moving blades are 25°, 25° and 30°,
respectively. There is a 10 per cent loss of velocity due to friction in all blades. The steam Sflow
is 4.5 kg/s. Draw the velocity diagram to a suitable scale and determine

(a) the power output of the turbine

(b) the diagram efficiency

10% loss due

to friction

10% loss due
to friction

Cw2 = 280 m/s

Cu1=915m/s

Fig. 13.15 Diagram for Example 13.3
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SOLUTION
First draw the velocity diagram (Fig. 13.15). From the diagram

Cw1 =915m/s
Cyw2 =280 m/s
(@)
Power of turbine = mU(Cy + C,»)
=4.5x%x 150 x (915 + 280)
=4.5x 150 x 1195
= 806 625 W
= 806.625 kW
(b)

2U(Cyy + C2)

Co
_2x150x1195
h 6752

Diagram efficiency =

=0.787
=78.7%

13.13 Velocity diagram for reaction turbine stage

The velocity diagram for a reaction turbine stage is shown in Fig. 13.16. This
diagram is symmetrical, showing equal accelerations in both fixed and moving blades,
i.e. 50 per cent reaction. Note that due to acceleration in the moving blades C,. > Cj
so, other things being equal, there is a greater change in velocity of whirl than for
impulse blading. Velocities are, however, lower than would be found in impulse
turbines. With the symmetrical diagram illustrated, there is no change in velocity of
flow so there is no end-thrust due to this phenomenon. But in a reaction turbine
there is a pressure drop across each stage. This pressure drop will combine with the
presented area of the blade annulus to produce an end-thrust.

Y

Change in velocity of whirl

[ ]

Fig. 13.16 Reaction turbine stage: velocity diagram
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As with the impulse turbine
Power = mU (change in velocity of whirl) A [1]
End-thrust (due to velocity change) = s (change in velocity of flow) (2]

However, the stage efficiency must be related to the energy available to the stage.
In this case

Energy available to the stage = & J/kg
= specific enthalpy drop in stage

Work done in stage
Enthalpy drop in stage

= UG + Cue)
rith

Stage efficiency =

from which

U(Cwi + Cwe)

Stage efficiency = P

(3]

Example 13.4 At a stage in a reaction turbine, the mean blade-ring diameter is 1 m and the

turbine runs at a speed of 50 revjs. The blades are designed for 50 per cent reaction with exit

angles 30° and inlet angles 50°. The turbine is supplied with steam at the rate of 600 000 kg/h

and the stage efficiency is 85 per cent. Determine

(a) the power output of the stage

(b) the specific enthalpy drop in the stage in kJjkg

(¢) the percentage increase in relative velocity in the moving blades due to expansion in these
blades

(a)

Mean blade speed, U =ndN =7 x 1 x 50 = 157 m/s
Laying off U = 157 m/s, exit angles = 30° and inlet angles = 50°, the velocity diagram for
the stage (Fig. 13.17) can be constructed. From the diagram

U=157 m/s
30° 30°

o

Ci =224 m/s

Ce =341m/s

(Cwi + Cyel= 444 m/s

|
Fig.13.17 Diagram for Example 13.4

Steam turbiney 387

Change in velocity of whirl = (Cy; + Cye) = 444 m/s

Power output of the stage = mU(Cy; + Cye)

= 600 000 x 157 x 444
3600
=(11.6 x 105 W
=11.6 MW
(b)
Stage n= U(Cwnl:_ ch)
h= U(Cui + Cue) _ 157 x 444
" Stagen 0.85 x 103
= 82 kJ/kg
©
From the diagram, C;; = 224 m/s and C,, = 341 m/s.
. — 224
Increase in relative velocity = 341224 x 100%
224
=17 100%
224
=52.2%

13.14 Blade height

The blade height at a particular section of a turbine will be a function of the
following:

The mass flow of steam through the section, m kg/s.

The specific volume of the steam flowing through the section, v m*/kg.
The area through which the steam is passing, 4 m?.

The velocity of the steam as it passes the section, C m/s.

For the section
mv = AC [1]

Actual calculation will be based on whether the turbine is impulse or reaction.

13.14.1 Blade height for impulse turbine

Figure 13.18(a) shows a plan view of two impulse turbine blades at pitch P apart.
The inlet angle of the blades is 6. The projected pitch in the direction of the relative
inlet velocity Cy; is P sin 6. Figure 13.18(b) shows a sketch of an impuise turbine
velocity diagram for a single blade row. The velocity of flow at inlet is given by

Cﬁ = Cri sin @ [2]
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Cﬁ = Cri sin@

(b}

Fig. 13.18 Blade height in impulse turbine: (a) plan view of blades; (b) velocity diagram

For an impulse turbine blade row, let

m = mass flow of steam, kg/s

v = specific volume of the steam, m®/kg

N = number of blades covered by nozzles

P = pitch of blades, m (taken at mean blade height)
H = blade height, m

0 = blade inlet angle
C;; = relative velocity of steam at inlet, m/s
Cii = velocity of flow at inlet, m/s

Then, from equation [1]

mv=AC
= NPsin 8 H x Cq
= NPH x C, sin 0
= NPHCj (from equation [2])
o ™ 3]
NPCy

Suppose the nozzle coverage of the blades is complete or, in later sections of the
turbine, the steam has full admission, meaning that the steam flow is through the
complete blade annulus. Then

NP = circumference at the mean blade diameter
=nd {4

where d = mean blade diameter, m

This is also the case in the reaction turbine

13.14.2 Reaction turbine
In this case, let

d = mean blade diameter, m
The reaction turbine has full admission, so from equations [3] and [4]

my

H= 5
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Example 13.5 At a particular stage of a reaction steam turbine, the mean blade speed Iy 60 m/y

and the steam is at a pressure of 350 kN/m’ with a temperature of 175°C. Fixed and moving

blades at this stage have inlet angles of 30° and exit angles of 20°. Determine

(a) the blade height at this stage if the blade height is one-tenth the mean blade-ring diameter
and the steam flow is 13.5 kg/s

(b) the power developed by a pair of fixed and moving blade rings at this stage

(c) the specific enthalpy drop in kJ/kg at the stage if the stage efficiency is 85 per cent

SOLUTION
First draw the velocity diagram for the stage (Fig. 13.19).

U=60m/s

20°1 ‘ r20°

Cﬁ =60 m/s

(Cwi + Cue)=270 m/s

[

Fig. 13.19 Diagram for Example 13.5

C))

At 350 kN/m2 and with a temperature of 175 °C
v =0.589 m?/kg

Since the blade height H = d/10, then d = 10H.
Now

o v _ 13.5x0.589
T ndCq 7w x 10H x 60

gt = 13.5%x0.589
T ax10x60

=0.004 218

H = ./0.004 22 = 0.65 m = 65 mm

)
Power = mU(Cy; + Cye) = 13.5 x 60 x 270
=218 700 W
= 218.7 kW

©

Stage n= U(Cwih+ Cwe)
— U(Cwi + Cwe)
Stage n
60 x 270
0.85
= 19059 J/kg
= 19.059 kJ /kg

h
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Questions

Steam leaves the nozzles of a single-stage impulse turbine with a velocity of 1000 m/s.
The nozzles are inclined at an angle of 24° to the direction of motion of the turbine
blades. The mean blade speed is 400 m/s and the blade inlet and exit angles are equal.
The steam enters the blades without shock and the flow over the blades is considered
to be frictionless. Determine
(a) the inlet angle of the blades
(b)  the force exerted on the blades in the direction of their motion
(c)  the power developed when the steam flow rate is 4000 kg/h

[(a) 39°; 9b) 1.133 kN; (c) 453.2 kW]

Steam issues from nozzles, inclined at an angle of 22° to the direction of motion, with
a velocity of 680 m/s on to the blades of a single-stage impulse turbine. The mean
diameter of the blade ring is 1.25 m. The blade angles at inlet and exit are the same
and equal to 36°. Assuming that the steam enters the blades without shock and that
the flow over the blades is frictionless, determine
(a)  the speed of the turbine rotor in rev/min
(b)  the absolute velocity of the steam leaving the blades
(¢c)  the torque on the turbine rotor when the flow of steam is 2500 kg/h

[(a) 4580 rev/min; (b) 255 m/s; (c) 290.5 N m)]

A single-row impulse turbine has a mean blade speed of 215 m/s. Nozzle entry angle is
at 30° to the plane of rotation of the blades. The steam velocity from the nozzles is
550 m/s. There is a 15 per cent loss of relative velocity due to friction across the
blades. The absolute velocity at exit is along the axis of the turbine. The steam flow
through the turbine is at a rate of 700 kg/h. Determine
(a)  the inlet and exit angles of the blades
(b)  the absolute velocity of the steam at exit
(c)  the power output of the turbine

[(a) 46°, 49°; (b) 240 m/s; (c) 19.9 kW]

A single-row impulse turbine has blades whose inlet angle is 40° and exit angle 37°.
The mean blade speed is 230 m/s and the nozzles are inclined at an angle of 27° to the
plane of rotation of the blades. There is a 10 per cent loss of relative velocity due to
friction in the blades. The turbine uses 550 kg/h of steam. Determine
(a)  the nozzle velocity of the steam
(b)  the absolute velocity of the steam at exit
(c)  the power output of the turbine
(d)  the end-thrust on the turbine
(e)  the diagram efficiency

[(a) 650 m/s; (b) 265 my/s; (c) 23.9 kW, (d) —7.26 N; () 74%]

At a particular stage of a reaction turbine the mean blade speed is 150 m/s. The exit
angles of the fixed and moving blades are 20°. The inlet angles of the fixed and
moving blades are 30°. The stage efficiency is 80 per cent. The pressure at entry to the
stage is 15 bar and the temperature is 200°C. Determine
(a)  the specific enthalpy drop across the stage in kJ/kg
(b)  the drum diameter and blade height if the blade height is one-tenth of the drum
diameter and the steam flow is 100 kg/s
(c)  the percentage increase in relative velocity across the blading as the result of the
pressure drop across the blading
[(@) 127 kJ/kg; (b) 521 mm, 52.1 mm; (c) 46%]
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Two wheels of a velocity-compounded impulse turbine have a mean bludo spoed of
150 m/s. The nozzle angle is 23° and the steam leaves the nozzle with u velocity of
700 m/s. The exit angles of the first moving row, the fixed row and the second moving
row of blades are 25°, 27° and 30°, respectively.
There is a 10 per cent loss of velocity in all blades due to friction. Determine
(a) the inlet angles of the first moving row, fixed, and second moving row of blades
(b)  the power output of the two wheels/kg of steam/s
(c)  the diagram efficiency

{(a) 30°, 35°, 47°; (b) 190.5 kW; (c) 77.7%]

Two rows of a velocity-compounded impulse turbine have a mean blade speed of
170 m/s. The inlet and exit angles of the first moving row of blades are 30° and 25°,
respectively. The inlet and exit angles of the second moving row of blades are 44° and
30°, respectively. The absolute discharge from the second row of moving blades is
axial. There is a 15 per cent loss of velocity in all blades due to friction. Determine

(a)  the inlet and exit angles of the fixed blades

(b) the inlet nozzle angle and velocity

()  the power output of the two rows of blades if the turbine uses 1.5 kg of steam

per second
[(a) 35°, 26°; (b) 24°, 835 m/s; (c) 366 kW]



Chapter 14

Air and gas compressors

14.1  General introduction

There are many processes used in a modern industrial society which have the need

for a compressed gas. The majority of cases require the use of air as the compressed
gas.

The compressors are of two general types, reciprocating or rotary.

14.2 The reciprocating air compressor

A single-stage reciprocating air compressor is illustrated in Fig. 14.1. It consists of a
piston which reciprocates in a cylinder, driven through a connecting-rod and crank
mounted in a crankcase. There are inlet and delivery valves mounted in the head of

' Compressed
Delhvery air delivery
valve .
closed Delivery valve Inlet valve
open - closed
T =] Inlet valve
//ﬁ" open ‘_\‘\
Cylinder L T f
Piston ZHH Air inlet =
lof! lof
Connecting-rod *

Crank O O

Crankcase
(a) (b)

Fig. 14.1 Single-stage air compressor: (a) induction stroke; (b) compression stroke
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the cylinder. These valves are usually of the pressure differential type, meaning that
they will operate as the result of the difference of pressure across the valve, The
operation of this type of compressor is as follows.

¢ In Fig. 14.1(a) the piston is moving down the cylinder. Any residual compressed uir
left in the cylinder after the previous compression will expand, eventually to reach
pressure slightly below intake pressure early on in the stroke. This means that the
pressure outside the inlet valve is now higher than on the inside, so the inlet valve will
lift off its seat. A stop is provided to limit its lift and to retain it within its valve
geating. Thus a fresh charge of air will be aspirated into the cylinder for the
remainder of the induction stroke, as it is called. During this stroke the delivery valve
will remain closed because the compressed air on the outside of this valve is at a
much higher pressure than the induction pressure. In Fig. 14.1(b) the piston is now
moving upwards. At the beginning of this upward stroke, a slight increase in cylinder
pressure will have closed the inlet valve. The inlet and delivery valves are now closed,
so the pressure of the air will rapidly rise because it is now locked up in the cylinder.
Eventually the pressure will become slightly greater than the pressure of the
compressed air on the outside of the delivery valve, so the delivery valve will lift. The
compressed air is now delivered from the cylinder for the remainder of the stroke.
Once again, there is a stop on the delivery valve to limit its lift and to retain it within
its seating. At the end of the compression stroke the piston again begins to move
down the cylinder, the delivery valve closes, the inlet valve eventually opens and the
cycle is repeated.

Air is locked up in the cylinder of a reciprocating compressor, so the pressure
during compression can be very high. It is limited by the strength of the various parts
of the compressor and the power of the driving motor. Note that with the
reciprocating compressor there is intermittent flow of air.

Figure 14.2(a) shows a theoretical P-J diagram for a single-stage reciprocating air
compressor, neglecting clearance. The processes are as follows:

. 4-1 Volume of air V| aspirated into compressor at pressure P; and
temperature 7).

. 1-2  Air compressed according to law PV" = C from pressure P, to pressure
P,. Volume decreases from V, to V,. Temperature increases from T to T>.

. 2-3 Compressed air of volume ¥V, and at pressure P, with temperature T,
delivered from compressor.
Q
3 22 2" 4
P ‘Isothermal [
oPYs : : | Air Compressed
\ \T—Ag'\??:tg '"ti'q: Compressor :l gir
d A Q Polytropic (the system)
N PV'=C State P, V, T, H, State .Pz V, T, H,
P, 7 - = 1 Velocity C; * Velocity C,
® w
Vy v 14
(a) {b}

Fig. 14.2 Single-stage air compressor: (a) P-V diagram and (b) its theoretical circuit
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During compression, due to its excess temperature above the compressor Substituting equation [5] in [4]
surroundings, the air will transfer some heat to the surroundings. The internal effect
of friction is small in the reciprocating compressor, so neglecting friction, the index n jg— mR(T, - T,) + G=—m PV, = P,V5) .
is less than y, the adiabatic index. Work must be input to an air compressor to keep =D -0 (n-1)
it running, so every effort is made to reduce this input. Inspection of the P-V y (-
— y—n) (PV,— P,V
diagram (Fig. 14.2(a)) shows the frictionless adiabatic compression as 1-2". If - G-1 BV = PVy) + -1 Sl (’11 — 1)2 2)
compression were along the isothermal 1-2' instead of the polytropic 1-2, the work
done, given by the area of the diagram, would be reduced and, in fact, would be a since PV = mRT
minimum. Isothermal compression cannot be achieved in practice, but an attempt is -
made to approach the isothermal case by cooling the compressor either by the = PV = PV5) +(V_")]
addition of cooling fins or a water jacket to the compressor cylinder. For a G- L (=1
reuprocagng compressgr, a_comparlson between tr_1e actual \{vork don.e during PV =PV [y(n— D+ —n)
compression and the ideal isothermal work done is made using the isothermal = ( 1
T S y—=1 I (n=1)
efficiency. This is defined as )
) ) _PV, =PV [yn—y+y—n
Isothermal work done during compression =
Isotherma I effiClency = -=--————————————- ) - [n -1 | (n—1)
Actual work done during compression
PV, —-P -
Thus, the higher the isothermal efficiency, the more nearly has the actual = PV, 12V2) Pn nJ
compression approached the ideal isothermal compression. =D (=1
Neglecting the change of potential energy and writing H = enthalpy of the actual _ P Vy =P Vy) n(y—1)
mass passing through the compressor, and neglecting any small change of kinetic N -1 n=1 [
energy, the energy equation for the reciprocating compressor becomes
n
H +Q=H,+ W (see section 2.8) 2] = —-(n -1 (P1V) — PyVy) (6]
or (
= mR(T, - T-
W=(H ~ H)+Q 3] ") 7
o ~ (y=n) (PV, = PyV>) since PV = mRT.
=mec,(T) — Th) + =1 -1 (see Chapter 5) 4 This result could have been arrived at by summing areas of the P~V diagram in
Fig. 14.2(a).
Now
R W = Net area of diagram (§ W means cycle work, see section 3.3)
cp—cy = an c—v—y = Area 4123
o= [ = Area under 4-1 — Area under 1-2 — Area under 2-3
7
PV, — PV
Hence :PIVI_[E—Z - : l}—Psz
(n—1)
4
—-—=R —
Cr y =(P\V| — P,V,) — [M
(n—1)
)
¢,|l1——) =R
”( y :(P,V,—P2V2)+[P'V'_P2V2
1 (n—1)
¢ (L) —R 1
! =[1+ 1](P1V1—P2V2)
or (n—1)
Ry n—1+1 ;
_ 5 = |———|(P\ V|, — P,V.
"= ooD (5] [(n_l)](ll 2V2)
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§W= L_(P\Vi— PV [8]
(n—1
Equation [8] can be modified to give
n
W= PV, — PV
§ (n—l)( 1V = P 1))
= 1n P,V,(l —P2V2> 9]
(n—1) PV

Now P[Vln = P2V2"

ﬁ:(ﬂ)l/"
|4 Py

and substituting this into equation [9]

i;w— " PV-l—ﬁ(ﬂ>l/n
m-0""" PP

—1/n
=" prll_fl<fl) ]
(n—1) L P\ P

[ 1—1/n
=1 P,V.l—(ﬁ> }
(n—=1) I P

[ (n=1)/n
" _pw, 1—(ﬁ) [10]
w-n TR

The solution to this equation will always come out negative, showing that work
must be done on the compressor. Only the magnitude of the work done is required
from the expression, so it is often written

(n— 1)/
%W:—H—P,V, (fl) -1 [
(n—1) P

n <&)("_W"_1] [12]
(n-1) P

If the air delivery temperature 7} is required, this can be obtained by using
2_ (&)('ﬂl)/n
T, P

(n—1)/n
T, =T, (ﬁ) [13]
P,

mRTl

or

14.3 The effect of clearance volume

In practice all reciprocating compressors will have a clearance volume, which is the
volume that remains in the cylinder after the piston has reached the end of its inward
stroke. Figure 14.3 shows its effect.
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P
3 2
PV'=C
°5 2 > 1
Y Effective swept v
~ volume = (V- V|} |
Clearence vo 1oV
! - Vv
volume = Va—ﬂ < Sweptvolume =V, -V¥;) _
Total volume = V,

Fig. 14.3 Clearance volume: effect on reciprocating compressor

Commencing at 1 the cylinder is full of intake air, volume V), and the piston is
about to commence its compression stroke. The air is compressed polytropically
according to some law PV" = C to delivery pressure P, and volume V,. At 2 the
delivery valve theoretically opens and for the remainder of the stroke, 2 to 3, the
compressed air is delivered from the cylinder. At 3 the piston has reached the end of
its inward stroke, so delivery of compressed air ceases at 3. V5 is the clearance
volume and is filled at this stage with compressed air. As the piston begins the intake
stroke, this residual compressed air will expand according to some polytropic law
PY" = C. It is not until the pressure has reduced to intake pressure at 4 that the inlet
valve will begin to open, thus permitting the intake of a fresh charge of air. For the
remainder of the intake stroke, a fresh charge is taken into the cylinder. This volume
(V) — V) is called the effective swept volume.

The ratio

Effective swept volume _ (V) — Vi)
Swept volume Vi — V3)

(1]

is called the volumetric efficiency; it is always less than unity because there has to be a
clearance volume.

The volumetric efficiency will generally range from about 60 to 85 per cent.

The ratio

Clearance volume Vs
Swept volume V1 —V3)

(2l

is the clearance ratio. This will generally have a value of between 4 and 10 per cent.
The greater the pressure ratio through a reciprocating compressor, the greater the
effect of the clearance volume because the clearance air will now expand through a
greater volume before intake conditions are reached. But the fixed cylinder size and
stroke will mean that the effective swept volume, (V) — V,), will reduce as the
pressure ratio increases, so the volumetric efficiency will also reduce.
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This can also be shown as follows:

M=V _ i =V)+( =V
Vi =~ V3) V1= 1)

Volumetric efficiency =

Vs V,

=14 —
M=V (Vi—-Vy)

LW _[ Va XV;]
=V Ni=V) Vs

=1

+ Vs [ s V4}
M=V =V 1

:1+_L 1 ﬁ:l
M-yl W

¥ [W ]
Vi = V3) LV

R S 12 AN
D _(Pl) l} Bl
since V4/V3 = (Pz/P])l/"

This again shows that for fixed cylinder conditions, ¥, and V;, the greater the
pressure ratio P,/ P, the smaller the volumetric efficiency.

Work done/cycle = Net area 1234
= Area 5126 — Area 5436

Assuming the polytropic index to be the same for both compression and clearance
expansion, then

n P (n=1)/n
Work done/cycle = ?ﬁW = PV, (——2> -1
(n—1) P,

n

(1)

PV,

But Py = P, and P; = P,, therefore equation [4] becomes

(n~1)/n (n=1)/n
%W: "_p, <f£> | -—L_py, (fl) -1
(n-1) P (n—1) P

Py <n—1)/n_
&) - 2
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14.4 The actual reciprocating compressor diagram

Figure 14.4 shows an actual compressor diagram, 1234 is the theoretical P V
diagram already discussed.

P
External
delivery
(receiver) 3 2
pressure
Intake
depression
Atmospheric 1 P
ressure
p 4W D
Valve bounce
v

Fig. 14.4 Single-stage air compressor: actual P-V diagram

At 4, when the clearance air has reduced to atmospheric pressure, the inlet valve in
practice will not open. There are two main reasons for this: there must be a pressure
difference across the inlet valve in order to move it and there is the inertia of the inlet
valve. Thus, the pressure drops away until the valve is forced off its seat. Some valve
bounce will then set in, as shown by the wavy line, and eventually intake will become
very nearly steady at some pressure below atmospheric pressure. This negative
pressure difference, called the intake depression, settles naturally, showing that what is
called suction is really the atmospheric air forcing its way into the cylinder against a
reduced pressure.

A similar situation occurs at 2, at the beginning of compressed air delivery.
There is a pressure rise followed by valve bounce; the pressure then settles at some
pressure above external delivery pressure. Compressed air is usually delivered into
a tank called the receiver, so external delivery pressure is sometimes called the
receiver pressure. Other small effects at inlet and delivery would be gas inertia and
turbulence.

The practical effects discussed are responsible for the addition of the two small
shaded negative work areas shown in Fig. 14.4. These areas are in addition to the
theoretical area 1234.
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14.5 Free air delivery
If the volume of air delivered by an air compressor is reduced to atmospheric
temperature and pressure, this volume of air is called the free air delivery.
Remember that due to mass flow continuity
Delivered mass of air = Intake mass of air M

Using the characteristic equation and assuming clearance

PV _ P(Vi—Vy) _ P(Va = V3)
T; T, T,

(2]

If clearance is neglected, equation [1] becomes

PV PV _ Pyl
T T, T,

(3]

For convenience, P; and T are often taken, as 0.101 325 MN/m? (101.325 kN/m?
= 1.013 25 bar) and 288 K (15 °C).

Example 14.1 A single-stage, single-acting, reciprocating air compressor has a bore of

200 mm and a stroke of 300 mm. It runs at a speed of 500 revimin. The clearance volume is
5 per cent of the swept volume and the polytropic index is 1.3 throughout. Intake pressure and
temperature are 97 kN/m’ and 20 °C, respectively, and the compression pressure is 550 kN/m>.
With the aid of Fig. 14.5, determine

(a) the free air delivered in m’imin (free air conditions 101.325 kN/m’ and 15 °C)

(b) the volumetric efficiency referred to the free air conditions

(¢) the air delivery temperature

(d) the cycle power

(e) the isothermal efficiency, neglecting clearance

Fa nN
A4

Fig. 14.5 Diagram for Example 14.1
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(®)
2
Swept volume, (V; — V3) = [(@) X 300} mm’

[—(" x02% 0.3] m?*
4

=7r><9'2‘£><0.3
4

= 0.009 425 m*

V; = 0.05(V, — ¥3) = 0.05 x 0.009 425 = 0.000 471 m*
V.= (Vi — Vy) + V3 = 0.009 425 + 0.000 471 = 0.009 896 m*

1/n 1/13
Vi= Vs (—ﬁi) — 0.000 471 x <59—570) = 0.000 471 x 3.8 = 0.001 79 m’

4

Effective swept volume = (V; — V4) = 0.009 896 — 0.001 79
= 0.008 106 m*

Effective swept volume/min = 0.008 106 x 500
= 4,053 m*

Now

PV -V _ Py
T Ty

_P(Vi—Va) . 97x 4053 x 288

Vv,
f P, "7 7101.325 x 293

= 3.814 m*/min

(b)

. 3.814
Volumetric efficiency = Vi

S00(V, — V3) 500 x 0.009 425

= 0.809
= 80.9%

(n=1)/n (13-1)/13
T, =T, <fl) — 293 x (ﬂ>
2 P 97

=293 x 5.670%!
=293 x 5.67'/43
=293 x 1.493
=4375K

t, = 437.5-273 = 164.5 °C

401
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(d)

Cycle power = "
(n

-1

(n=1)/n
P, 500
PV, =V, —= — 1| x=—==
(7 4){(1)') ] 60

(13-1)/t3
=13 97x0008106x | (20 | x 200
a3-1 97 60

=4.33 x 97 x 0.008 106 x 0.493 x 300
60
= 14 kW

(e)

Neglecting clearance

(n=1)/n
%W: "_p, (fl) -1
n—1 Pl

Isothermal %W =P ViIn(P,/P))

P Viln (Py/P)

n Pl VI <&>(n—])/n O
(n=1) P

In (P,/Py)

n <&>("*l)/" w
n=1) P,

_ In5.67
4.33 x 0.943

Isothermal efficiency =

_ 1.735
4.33 % 0.493

=0.813
= 81.3%

14.6 The multi-stage reciprocating compressor

If the delivery from a single-stage, reciprocating compressor is restricted, the delivery
pressure will increase. But if the delivery pressure is increased too far, certain
disadvantages will appear.

Referring to Fig. 14.6, assume that the single-stage compressor is comp,ressing to
pressure Pi, the complete cycle is 1234. Clearance air expansion will be 3-4 and the
mass flow through the compressor will be controlled by the effective swept volume
(VI - Vva. Assume now that a restriction is placed on delivery. The delivery pressure
becomes Ps, say, the cycle becomes 1567 and clearance air expansion becomes 6-7.
The mass flow through the compressor is now controlled by effective swept volume
(VI - V», which is less than (VI - V,. In the limit, assuming the compressor to be
strong enough, the compression 1-8 would take place, where Vg is the clearance
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volume, in which case there would be no delivery. Consequently, as the delivery
pressure for a single-stage, reciprocating compressor is increased, the mass flow
through the compressor will increase.

P

¢
14

—| [=—Clearance volume

Fig. 14.6 Single-stage compressor: effect of increasing delivery pressure

And as the delivery pressure is increased, the delivery temperature will increase.
Referring to Fig. 14.6, Ty > T5 > T,. If high-temperature air is not a requirement of
‘the compressed air delivered, any increase in temperature represents an energy loss.

If a single-stage machine is required to deliver high-pressure air, it will require
heavy working parts in order to accommodate the high pressure ratio through the
machine. This will increase the balancing problem and the high torque fluctuation
will require a heavy flywheel installation.

Such disadvantages as described can largely be overcome by multi-stage
compression. This is a series arrangement of cylinders in which the compressed air
from the preceding cylinder becomes the intake air for the following cylinder. This is
illustrated for a 3-stage compressor in Fig. 14.7.

Compressed air delivery

Intercooler

High-
pressure
cylinder

Intermediate-
pressure
cylinder

Low-pressure
cylinder

Air intake Intercooler

Fig. 14.7 Three-stage compressor

The low pressure ratio in the low-pressure cylinder means that the clearance air
expansion is reduced and the effective swept volume of this cylinder is increased. This
cylinder controls the mass flow through the machine because it introduces the air into
the machine. This means there is greater mass flow through the multi-stage
arrangement than through the single-stage machine.
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Inspection of equation [8] shows that for minimum § W

(ﬁ)(nl)/n N (&>("*l)/ﬂ
P, S A\ P,

must be a minimum because all other parts of the equation are constant in this
consideration; P, is the variable.
Hence, for minimum § W

i (&)("~1)/n+ <&>(nvl)/n o
dP2 P] PZ

Differentiating with respect to P,

nll/n y (n— ])P(2 —Um—1 +P;—l/n y _(n— 1>P2—[(n—l)/n]—| ~0
P, n n

1 n=1\  —im __ pn—1yn n—1\ (—2m+1)/n
P(n_l)/nx< " )P2 = P; X —n P,
1

—1/
BT
P(2—2n+l)/n

= (P Py

Pz— l/anf[(fer»l)/n] _ (P1P3)(n— 1)/n
P2—l/nP(22n—1)/n - (P1P3)(n_|)/,,
PE 2" = (P py) =D

P%("‘ 1}/n — (Plpg)("‘ 1)/n

P;=P Py 9l
From which
Py = (P\P3)' = \/(P\Py) [10]
and
P_B (1]
P P

or, pressure ratio/stage is equal.

P, obtained from equation [10] will give the ideal intermediate pressure which, with
perfect intercooling, will give the minimum § W.

With these ideal conditions, substituting equations [6], 7] and [11] into equation [4]
shows that there is equal work per cylinder.

Hence
(n=1)/m
§W=2—nP1V1 (ﬁ> —1 [12]
n-1) P
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Substituting equation [10] in equation [12}

(n—l) L Pl

- (n—1)/n
_ n Pl Vl <&>l/2 O
(n—1 P

:2—nPl VI <&)(n—l)/2n .
(n—1) P,

Note that P;/P, is the pressure ratio through the compressor. Now, from the
analysis of compressors so far:

2 R
%W— "_pv —('3)] 1

for a single-stage machine

%W— " PV (ﬁybwn—l
-1 " \p

for a two-stage machine

r (n—1)/2n
jﬁwz n_poy, (ﬁ) -1
(n—1) P

So it seems reasonable to assume that for a three-stage machine

(n—1)/3n
%W: by, (ﬂ> ~1
(n-1) P

and for an x-stage machine

(n—1)/xn
E#W: Py, <P~“+') -1 [14]
(n=1) P,

Note that in each case P,, /P is the pressure ratio through the compressor. For
an ideal compressor, there is equal work per cylinder, so for an x-stage machine

(n=1)/n
%W: il PIV.Kﬁ) —1} [15]
n-1 Pl

Equation [11] is used to determine the intermediate pressures for an x-stage
machine running under ideal conditions. It shows that the pressure ratio per stage is
equal.

Hence, for an x-stage machine

PP P g [16]
P, P P,
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From this
P2 = kP]
Py =kP, = k’P,

P4:kP3:k3P|
Py =kP,=k"P

kA\' — <Px+l)
Py

or

k= /(%) = {/(Pressure ratio through compressor) [17]
1

Substituting the value of k& in equation [16] will determine the intermediate
pressures.

Example 14.2 A two-stage, single-acting, reciprocating compressor takes in air at the rate of

0.2 m’/s. Intake pressure and temperature are 0.1 MN/m® and 16 °C, respectively. The air is

compressed to a final pressure of 0.7 MN/m?. The intermediate pressure is ideal and

intercooling is perfect. The compression index is 1.25 and the compressor runs at 10 rev/s.
Neglecting clearance, determine -

(a) the intermediate pressure

(b) the total volume of each cylinder

(c) the cycle power

P (MN/m?}
0.7

S0

0.1

Fanl

Fig. 14.9 Diagram for Example 14.2

SOLUTION
First draw a diagram (Fig. 14.9).

(a)

PZZ\/PlPQZ\/Ol x 0.7
= /007
= 0.265 MN/m?
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(b)

Total volume of LP cylinder = 916% = 0.02 m® = 20 litres

Intercooling is perfect, so 2 lies on the isothermal through 1.
PV =R,
or

PV, 0.1x0.02

V. —
T p, 0.265

=0.007 5 m* = 7.5 litres

The total volume of the HP cylinder is 7.5 litres.

(n—1)/n
2n P| V] (&) -1 V| = VO]/S
-D P,

(125 1)/1.25
:2xl'—25x0.lx0.2x[<w) —1]

©

Cycle power =

(1.25-1) 0.1

—2x L2 002 x (2.65'/°
0.25

_ ])
=2x5x0.02x(1.215— 1)
=10 x 0.02 x 0.215

=0.043 MW

— 42 kW

Example 14.3 A three-stage, single-acting, reciprocating air compressor has a low-pressure
cylinder of 450 mm bore and 300 mm stroke. The clearance volume of the low-pressure cylinder is
5 per cent of the swept volume. Intake pressure and temperature are 1 bar and 18 °C, respectively;
the final delivery pressure is 15 bar. Intermediate pressures are ideal and intercooling is perfect.
The compression and expansion index can be taken as 1.3 throughout. Determine

(a) the intermediate pressures

(b) the effective swept volume of the low-pressure cylinder

(c) the temperature and the volume of air delivered per stroke at 15 bar

(d) the work done per kilogram of air

Take R = 0.29 kJjkg K.

SOLUTION
First draw a diagram (Fig. 14.10).

(@)
P _P_ P
P P, P
k= J15/1=2.466

=k = /Py/P

Py = kP = 2.466 x 1 = 2.466 bar
Py = kP, = 2.466 x 2.466 = 6.081 bar
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P (bar)
1.5

A 74

Fig. 14.10 Diagram for Example 14.3

(b)
Swept volume of LP cylinder = V; — V5

0.45°

=7 X x 0.3

=7nx 0.0506 x 0.3
=0.047 7 m?

V; = 0.05 x 0.047 7 = 0.002 39 m?
V, =V, = Va) + V5 = 0.0477 + 0.002 39 = 0.050 09 m?

P7 V-l,3 = Pg V,l;3

1/13
Vs =V, (%) = 0.002 39 x 2.466''? = 0.004 78 m®
8

The effective swept volume of the low-pressure cylinder is

Vi — Vg =0.050 09 — 0.004 78
=0.045 31 m*
= 45.31 litres

(©)
Q: (&)(n—l)/n
T Py

(n=1)/n
en(l)
Ty

Intercooling is perfect, so Ty = T).

T, = 291 x 2.466%/13
=291 x 1.232
=358.5K

1y =358.5-273 =85.5°C
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The delivery temperature is 85.5 °C.

P(Va—Vs) _ P(V1—Vy)
T4 Tl

P T,
Vio—Vs=
4 5 P.T

441

Vi —Vy)

=L 385 04531
15 291

=0.003 72 m*
= 3.72 litres

The delivery volume per stroke is 3.72 litres.

@)

(n—1) Py

_ Ix 1.3
13-1)

=3x4.33x0.29 x 291 x 0.232
= 254.3 kJ

(n=1)/n '
Work/kg of air = —>"__RT, [(ﬁ) - 1]

x 0.29 x 291 x (1.232 - 1)

14.8 Rotary air compressors

There are three basic types of rotary air compressor: the radial or centrifugal
compressor, the axial-flow compressor and the positive-displacement compressor or
blower.

A general arrangement of a radial compressor is shown in Fig. 14.11. It consists of
an impeller rotating within a casing, usually at high speed (something like 20000
30000 rev/min in some cases). The impeller consists of a disc onto which radial
blades are attached. The blades break up the air into cells. The impeller is shrouded
by the casing. If the impeller is rotated, the cells of air will also be rotated with the

Compressed
air delivery

Duffuser

Air
intake

Eye of
impeller

casing

Fig. 14.11 Radial compressor
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impeller. Centrifugal force means that the air in the cells will move out from the
outside edge of the impeller and more air will move into the centre of the impeller to
take its place. The centre is called the eye of the impeller. As it moves away from the
outside edge of the impeller, the air passes into a diffuser ring which helps to direct it
into the volute. The air is also decelerated in the diffuser ring, producing a pressure
rise in the air because, theoretically, there is no energy loss to the airstream.

The volute is the collecting device for this compressor. Its section increases round
the compressor so that, as the air is collected round the volute, a greater section will
be required to pass the increasing quantity of air. A duct leads away from the volute
to take the compressed air out of the compressor. This type of compressor is a
continuous-flow device and will deal with large quantities of air through a moderate
pressure range. Pressure compression ratios of some 4 or 6:1 are common.

The general arrangement of the axial-flow compressor is shown in Fig. 14.12. In
this type of compressor there are' alternate rows of fixed and moving blades. The
fixed blades are fixed in an outer casing, whereas the moving blades are fixed to a
central drum which can be rotated by a driveshaft. The moving blades can be looked
at in a simple way as a set of fans in series. These blades progress the air through the
compressor; the preceding fan boosts the following fan, as it were. The fixed blades
act as guide vanes and diffusers. The angles of all blade rows are set such that there is
a smooth progression of air from blade row to blade row. The air passes axially
along the compressor, hence its name. Air is removed by suitable ducting at the end
of the compressor. Once again, this type of compressor runs at high speed (10000-
30000 rev/min) and generally deals with large quantities of air. Pressure compression
ratios of 10:1 or more can be obtained. This compressor design is commonly used in
aircraft gas turbines.

Casing
\ Fixed blades in casing

i DQDEJJ;UDIQIDU [ " 53?3732?3"
ZNANAIA
AAANY _
¥§2§Z§Z§€§Z E:3_Dr|veshaft
T ——

l
/Moving blades on rotating drum

Fig.14.12 Axial-flow compressor

The compression occurs so rapidly in rotary and axial-flow compressors that there is
little time for heat exchange between the gas and its surroundings, so the compression
will be very nearly adiabatic. But due to its high velocity through the compressor, the
air will encounter considerable friction, internally and with the compressor walls; there
will be turbulence and shock due to changes in direction. Friction and turbulence will
generate internal energy within the air and produce a temperature higher than the
theoretical adiabatic temperature. The index n for a rotary compressor will therefore be
greater than the adiabatic index y. It should be noted that although n is greater than y in
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the rotary compressor the compression is nevertheless adiabatic. The udiubatic
compression is defined as a compression carried out such that no heat is received of
rejected from or to the surroundings during the progress of the compression. Neglecting
any small loss of heat to the surroundings, during compression in the rotary
compressor, the compression is adiabatic. The temperature increase over the theoretical
adiabatic compression temperature is an internal effect, so it does not modify the
adiabatic nature of the compression.

Figure 14.13(a) is a P-V diagram for a rotary compressor; Fig. 14.13(b) is the
corresponding T-s diagram. The pressure range is from lower pressure P to higher
pressure P;.

"2' 2 {sothermal PV = C

A

Frictionless adiabatic

PVY=C
P Adiabatic PV" = C

(n > Y for rotary compressors)
A
{\
v
(a)

T

(b)
Fig. 14.13 Rotary compressor: (a) P-V diagram; (b) T-s diagram

The actual adiabatic compression is shown as 1-2. The frictionless adiabatic
compression (isentropic compression see section 7.8) is shown as 1-2'. The isothermal
compression is shown as 1-2”. Note that 7, > Ty > Ty» and that W,_, >
Wiy > W, 2.

Consider the steady-flow energy equation applied to the rotary compressor

C? ¢
u|+P1v|+—2 +Q_u2+P2V2+T+W o
or
C2 C2 .
hy + 2I+Q=hz+”2—2+W (since u + Py =h) 2l

The compression is adiabatic, so Q = 0 by definition. And across the compressor
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rotor there is little or no change of velocity, so the kinetic energy terms can be
neglected. Thus, the energy equation becomes
h=h+W 3]

from which

Specific work = W = (b — h,)
¢, (T, — T3) (see section 5.8) [5]

It

For a mass flow s
W =i, (T, - T) (6]

This equation will be negative, showing that work must be done on the
COmpressor.

For a rotary compressor, the ratio

Frictionless adiabatic work Wy
Actual adiabatic work W, _,

[7]
is called the isentropic efficiency.
Hence, from equation [6]
mCP(T] - Tzr
rhcp(Tl -1y

_(T-T,) [8]
(Ih-T,)

Isentropic n =

There are several designs of positive-displacement compressor or blower. A well-
known design is the Roots blower, illustrated in Fig. 14.14. There are two rotors
which mesh together in the same way as gearwheels. Two rotors each with two lobes
are shown. The two rotors are driven together through external gearing. Rotors with
more than two lobes are sometimes used when an increase in pressure ratio is
required. The rotors rotate in a casing.

Delivery

Fig. 14.14 Roots blower: positive-dispiacement compressor

The operation is as follows. Gas is taken in at the intake and, as the rotors are
rotated, a volume of gas " becomes trapped between the rotor and the casing. This
volume V is transported to the delivery side of the machine. As the gas is delivered,
the compressed gas already on the delivery side compresses it to delivery pressure.
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The volume of gas transported is 4V per revolution. The pressure ratio through the
machine is usually low, say 2:1. . 4 ‘

An approximate P-V diagram for the Roots blower is given in Fig. 14.15. From
the diagram

P

A l Approximate

compression
A -

-

Fig. 14.15 Roots blower: approximate P-V diagram

Work done to compress volume V' = V(P, — P) 9]

Work done/revolution = 4V (P, — P;) (10}
(for two-lobe rotors)

Figure 14.16 is a diagram of a vane pump. It consists of a circular casing in which a
drum rotates about a centre eccentric to the centre of the casing. Slots are cut in the
drum into which vanes are fitted. During rotation the vanes remain in contact with
the casing.

Vanes slide in Casing
slots cut in
rotating drum

v,

L Intake

Delivery -

Rotating drum

Fig. 14.16 Vane pump

In operation, as the drum rotates, a volume of gas V; is trapped between the
vanes, the drum and the casing. The space between the drum and casing reduces as
delivery is reached and the gas has a reduced volume V,. The gas has therefore been
partially compressed. The remainder of compression is obtained by bac'k pressure
from the already compressed gas, as in the Roots blower. An approximate P-V
diagram for the vane pump is shown in Fig. 14.17.

Compression 1-2, in which the volume is reduced from V| to V, and pressure is
increased from P, to P,, is assumed to be according to the law PV = (., .

Compression 2-3, due to back pressure from the already compressed gas, is
assumed to be at constant volume.
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P
R 3

R

PVY-C
A 71
i Y Vv

Fig. 14.17 Vane pump: approximate P-V diagram

For compression 1-2

PV =P Vi Py=P "/ vs)r [11]
=0/
Work, _oy = ﬁPl v, [(%) _ 1} [12]
For the compression 2-3
Work, 3 = V,(P; — Py) [13]
Total work, ; = —'— P, ¥, [(ﬂyw - 1} +Vy(Py — Py) [14]
-1 Py .

If there are N vanes, then

. y p A\
Work/revolution = N l(y D Py (#) = 1|+ Va(P; - Pz)} [15]
- I

Example 14.4 A rotary compressor has a pressure compression ratio of 5:1. It compresses air
at the rate of 10 kgjs. The initial pressure and temperature are 100 kN/m*> and 20 °C,
respectively. The isentropic efficiency of the compressor is 0.85.

Determine

(a) the final pressure and temperature

(b) the energy, in kilowatts, required to drive the COMpressor

Takey = 1.4 and ¢, = 1.005 kJjkg K.

(a)
Let

T, = frictionless absolute temperature after compression

then
P, =/
Ty =T (F) =293 x 5% =293 x 5!/33
|
=293 x 1.584
=464 K
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Frictionless adiabatic work
Actual adiabatic work

Isentropic efficiency =

_ rhc,,(Tz/ - T|)
rhc,,(Tz - T|)

_Iy-T)
(I, -T)

464 —-293 171

0.85 = =
T, 293  T,-293

171
T, =293 + —— = 293 + 201 = 494 K
: 085 +

=494 - 273 =221 °C
The final temperature is 221 °C.
Final pressure = 100 x 5 = 500 kN/m?

®)

Energy to drive = mic, (T} — T)
=10 x 1.005 x (293 — 494)
= —10 x 1.005 x 201
= —2020 kW

The negative sign indicates energy input.

Example 14.5 A supercharger on a petrol engine deals with an air-fuel mixture of ratio 14:1.
It compresses the mixture from a pressure of 93 kN/m’ to a pressure of 200 kN/m?; the initial
temperature is 15 °C. The density of the mixture at the initial conditions is 1.3 kg/m’. The
engine uses 0.68 kg fuellmin. The isentropic efficiency of the compressor is 82 per cent.
Determine the power absorbed in driving the compressor. Take y for the mixture = 1.38.

SOLUTION

PV

For the mixture, R =
mTl

and at the initial conditions I m?® has a mass of 1.3 kg.

R=-2>L _ p248wi/kgK
1.3 x 288

For the mixture

o - YR _138x0.248
PTp-1) (138-1)

_ 1.38x0.248
0.38

=0.901 kJ/kg K
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(y—D/y 0.38/1.38
Py 200
Ty =T, == = 288 bt - 28 1517363
2 |( ) X (93 ) 288 x 2.15

1

= 288 x 1.235
= 355.7K
082 =Tx=T
I,-T,
T’_ . h .
ry_q _Tu=Ti 3550288 617 g o0

0.82 082 082

For every 1 kg of fuel there will be 15 kg of mixture because the air—fuel mixture has a ratio
of 14:1. Hence

Mass flow, m = % x 15 =0.17 kg/s

Power absorbed by compressor = ritc, (T, — 1)
=0.17 x 0.902 x 82.6
= 12.67 kW

Example 14.6 A Roots blower has an air capacity of 1 kg/s. The pressure ratio through the
blower is 2:1 with an intake pressure and temperature of 1 bar and 70 °C, respectively.
Determine the power required to drive the blower in kilowatts. Take R = 0.29 kJ/kg K.

SoLuTION
PV, = mRT,
X nR . 3
p, < PRTL _ 1x0.29 X 10° x 343 _ gqq 13
P, 1 x 105
Power required = ¥V, (P; — P))
=0.995 x 10°
=99 500 W
= 99.5 kW

Example 14.7 A vane pump has the same air capacity, pressure ratio and intake conditions as
the Roots blower of Example 14.6. In the vane pump the volume is reduced to 0.7 of the intake

volume and the air is then delivered. Determine the power required to drive the vane pump in
kilowatts. Take y = 1.4.

SOLUTION
y 1.4
PlVlyzszzy P2=P1(£>=1X<L>
v, 0.7
=1x143"
=1x1.65
= 1.65 bar
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7, =07V, =07 x 0.995 = 0.696 m*/s

Power — Y P, Vl <ﬁ>(vfl>/v .
-1 Py

0.4/1.4
:ﬁx1x105x0.995x[(1‘1—65> —1

+ Va(Ps — P2)

+0.696(2 — 1.65) x 10°

= [(3.5 x 0.995 x 0.154) + (0.696 x 0.35)] x 10°
= (0.536 + 0.244) x 10°

= 0.780 x 10°

=78 000 W

=78 kW

14.9 Total or stagnation temperature and pressure

If a gas stream is brought to rest, its total energy, remains constant, so the loss of
kinetic energy of the stream will appear as an increase in its temperature and
pressure. This happens during the process of diffusion and in the vicinity of a
temperature-sensing bulb suspended in a gas stream. The stream is brought to rest at
the bulb, so the temperature recorded is higher than it would be if the device were
moving with the stream. The temperature recorded with a fixed bulb is called the
total or stagnation temperature. If the bulb were moving with the stream it would
record the static temperature.

Stagnation temperatures can be used in rotary compressors if it is required to
include inlet and exit velocities.

Equation [2] of section 14.8 shows the energy balance for the rotary compressor

c? &
h1+7‘+Q:h2+72+W (1]

For adiabatic compression Q = 0.
Also
(h — hy) = ¢,(T) — Ty) (see section 5.8)

Thus, equation [1] can be rewritten

C? ct .
CPT1+_21 :CpTZ +—-"—22+W [2]
Let
CZ
cpT+—2~:c,,Tt (3)

where T, = total temperature
From this

2
T.=T+ <« [4]
2c,,
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Substituting equation [3] in equation [2]
Ta=c,To+ W
from which
W=c,(Ty— Tp) [3]

There is assumed to be no energy loss, so it can be assumed that the stream is

brought to rest adiabatically. The total or stagnation pressure, P,, can therefore be
determined from

P, T, y/(y—1)
LN <7> [6]
from which
-
_ T
P = P<7> (M

where P = static pressure

Example 14.8 A rotary compressor is used to supercharge a petrol engine. The static pressure
ratio across the rotor is 2.5:1. Static inlet pressure and temperature are 60 kN/m’ and 5 °C,
respectively. The air-fuel ratio is 13:1 and the engine consumes (.04 kg fuells. For the air—fuel
mixture take y = 1.39 and c, = 1.005 kJjkg K. The compressor has an isentropic efficiency of
84 per cent. Using the static properties given, estimate the power required to drive the
compressor. Taking the exit velocity from the compressor as 120 m/s and assuming that the
air-fuel mixture is adiabatically brought to rest in the engine cylinders, estimate the total

lemperature and pressure of the mixture at the beginning of the compression stroke in the
engine cylinder.

SOLUTION
For the compressor

L_ (ﬁjv—l)/v
Ty P,

(r="0/y
T» =T (%) =278 x 2.5%7/13 — 278 x 2.5/3%6

|
=278 x 1.294
=350.7K
(To = Ty) _ (359.7-278) 8l.

(Ty—T)) = 81T gy
P 0.84 0.84 0ga Rk

T, =2784+973=3753K
1 =3753-273 = 102.3°C

Mass of air-fuel mixture/s = 0.04 x (13 + 1)
=0.04 x 14
= 0.56 kg
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Power to drive compressor = mic, (T, — T))
= 0.56 x 1.005 x 97.3

= 54.8 kW
C2
To=T+%
2¢,
1202
=3153+ —
+ 2 x 1.005 x 103
=3753+7.16
= 382.46 K

to = 382.46 — 273 = 109.46 °C

The temperature in the engine cylinder is 109.46 °C.
(- 1) 3.56
PQ = P2 X <&) =150 x (—38246)
T 375.3

=150 x 1.019%%
=150 x 1.07
= 160.5 kN/m?

The pressure in the engine cylinder is 160.5 kN/m?.

Questions
1. A single-stage, single-acting air compressor compresses 7 litres of air per second from
a pressure of 0.101 3 MN/m? to a pressure of 1.4 MN/m?. Compression follows the
law PV'!3 = C. The mechanical efficiency of the compressor is 82 per cent. The effect
of clearance can be neglected.
Determine the power required to drive the compressor.
[3.12 kW]

2. A single-stage, single-acting, reciprocating air compressor has a bore and stroke of
150 mm. The clearance volume is 6 per cent of the swept volume and the speed is
8 rev/s. Intake pressure is 100 kN/m? and the delivery pressure is 550 kN/m>. The
polytropic index is 1.32 throughout. Determine
(a)  the theoretical volumetric efficiency referred to intake conditions
(b)  the volume of air delivered per second at 550 kN/m?
(c)  the air power of the compressor.

[(a) 84.2%; (b) 4.9 litres; (c) 3.75 kW]

3. A three-stage, single-acting, reciprocating air compressor takes in 0.5 m* of air per
second at a pressure of 100 kN/m® and at a temperature of 20 °C. The air is
compressed to a delivery pressure of 2 MN/m?. The intermediate pressures are ideal
and intercooling between stages is perfect. The compression index can be taken as 1.25
in all stages. The compressor runs at 8.5 rev/s. Neglecting clearance, determine
(a) the intermediate pressures
(b)  the total volume of each cylinder
(c)  the air power of the compressor

[(a) 271.4 kN/m?, 736.6 kN/m?; (b) 0.058 8 m?, 0.021 7 m>, 0.008 m%; (c) 165.8 kW]
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4.

A two-stage, single-acting, reciprocating air compressor has a low-pressure cylinder
250 mm diameter with a 250 mm stroke. The clearance volume of the low-pressure
cylinder is 5 per cent of the stroke volume of the cylinder. The intake pressure and
temperature are 100 kN/m? and 18 °C, respectively. Delivery pressure is 700 kN/m?
and the compressor runs at 5 rev/s. The polytropic index is 1.3 throughout. The
intermediate pressure is ideal and intercooling is complete. The overall efficiency of
the plant, including the electric driving motor is 70 per cent. Take R = 0.29 kJ/kg K.
Determine
(a)  the air mass flow rate through the compressor
(b)  the energy input to drive the motor
[(a) 0.069 kg/s; (b) 18.1 kW]
A two-stage, single-acting, reciprocating air compressor delivers 0.07 m® of free air per
second (free air conditions 101.325 kN/m? and 15 °C). Intake conditions are 95 kN/m?
and 22 °C. Delivery pressure from the compressor is 1300 kN/m?. The intermediate
pressure is ideal and there is perfect intercooling. The compression index is 1.25 in
both cylinders. The overall mechanical and electrical efficiency is 75 per cent.
Neglecting clearance, determine
(a)  the energy input to the driving motor
(b)  the heat transfer per second in the intercooler
(c) the percentage saving in work by using a two-stage intercooled compressor
instead of a single-stage compressor.
Take ¢, = 1.006 kJ/kg K, R = 0.287 kJ/kg K.
f(a) 29.1 kW; (b) 6.99 kJ/s; (c) 13%]
A rotary compressor is used as a supercharger to an aero-engine. When flying at a
particular altitude the engine uses 4.6 kg of fuel per minute. The air—fuel mixture is
compressed from a pressure of 55 kN/m? to a pressure of 100 kN/m’> with an
isentropic efficiency of 87 per cent. The volume of the mixture produced by 1| kg of
fuel occupies 11.7 m* at 0 °C and 101.3 kN/m>. The air—fuel ratio is 145:1 and the
initial temperature of the mixture is —2 °C. If y for the mixture is 1.37, determine the
power required to drive the supercharger.
[67.6 kW]
A rotary air compressor has an inlet static pressure and temperature of 100 kN/m?
and 20 °C, respectively. The compressor has an air mass flow rate of 2 kg/s through a
pressure ratio of 5:1. The isentropic efficiency of compression is 85 per cent. Exit
velocity from the compressor is 150 m/s. Neglecting change of velocity through the
compressor, determine the power required to drive the compressor. Estimate the total
temperature and pressure at exit from the compressor.
Take y = 1.4 and ¢, = 1.005 kJ/kg K.
{404 kW, 2322 °C, 541.5 kN/m?]
A vane pump aspirates 1.25 m® of air and compresses it through an overall pressure
ratio of 3:1. The pressure ratio due to volume reduction in the pump is 2:1. Intake
pressure and temperature are 95 kN/m? and 18 °C, respectively. Determine the
power required to drive the pump and compare this power with that required to
drive a Roots blower which has the same mass flow rate and overall pressure ratio.
Take y = 1.4, R =0.287 kJ kg K.
[163.4 kW, 237.5 kW}

Chapter 1§

Ideal gas power cycles

15.1 General introduction

If a substance passes through a series of processes such that it is eventually returned
to its original state, the substance is said to have been taken through a cycle (see
section 1.13). During a cycle there will be some heat transfer and some work transfer
to and from the substance. After performing a cycle, the substance is returned to its
original state, so by the first law of thermodynamics

§Q=¢W  (see section 3.3) (1]

Thus, for a cycle, the net work transfer can be determined by an analysis of the net
heat transfer, or

Net work done = Net heat received — Net heat rejected 2}

Net work done

The ratio —MM—————
Net heat received

is called the thermal efficiency (see section 1.30), or

w
Thermal n = i—Q [3]
where § W = net work done
$ O = net heat received

And because the area under a process on a pressure-volume graph is equal to the
work done, the net area of a pressure-volume diagram of a cycle is equal to the net
work of the cycle. This, therefore, gives another method by which the net work of a
cycle can be determined.

The equation

W

Thermaln = §0
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gives the theoretical or ideal thermal efficiency. The actual thermal efficiency of a
practical cycle is given by

Actual work done
Thermal energy from fuel

Actual thermal n = [4]

This is always less than the theoretical thermal efficiency.

A practical cycle is carried out in an engine or turbine and will incur many losses,
including heat transfer loss, fuel combustion loss, non-uniform energy distribution in
the working substance, friction, leakage, the need to keep temperatures within
practical working limits, the running of auxiliary equipment such as pumps,
alternators, valve gear and cooling equipment.

The ratio of the actual thermal efficiency and the ideal thermal efficiency is called
the relative efficiency or efficiency ratio, thus

Actual thermal efficiency
Ideal thermal efficiency

Relative efficiency =

[5]

Another useful concept is the work ratio. This is defined as

Net work done $W

Work ratio = — = —
Positive work done  Positive work done

where
Net work done = Positive work done — Negative work done = § W.

Note that, from equation [6], if the negative work is reduced then the work ratio
tends to 1.

A cycle with good ideal thermal efficiency together with a good work ratio suggests
good overall efficiency potential in a practical power plant using the cycle.

Work ratio can give comparative indication of plant size. A plant which has a low
work ratio suggests that the work components of the plant are larger when compared
with a plant which has a higher work ratio and similar power output.

Work ratio is most commonly applied to such cycles as arranged in steam plant
and gas turbines. Such plants are composed of separate units each performing a
particular function. In a steam plant there is the boiler, the engine or turbine, the
condenser and the feed pump (see Chapter 10). In a gas turbine there is the
compressor, the combustion chamber (or chambers) and the turbine (see Chapter 16).

Another comparison between cycles is the specific steam or fuel consumption.

In the case of steam plant

Mass flow of steam in kg/h
Power output in kW

Specific steam consumption =

(7]

This gives the mass of steam used per unit power output in kg/kWh.
In the case of internal combustion engines, such as the gas turbine and the petrol
or diesel engine, the specific fuel consumption is used, where

Mass of fuel used in kg/h
Power output in kW

Specific fuel consumption =

(8]
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This gives the mass of fuel used per unit power output in kg/kWh.

Thus a cycle which has a lower specific steam or fuel consumption indicates that it
has better energy conversion performance than a cycle with a higher specific steam or
fuel consumption.

The specific steam or fuel consumption can also be determined from a knowledge
of the specific work output.

If

kJ
kJ (steam or fuel)

Specific work output = w

then
I kg 1 kg _ 3600 kg

wklI wkWs w kWh

= specific steam or fuel consumption 91

(IkW=1klis .. 1kl=1kWs)

In the case of reciprocating engines, such as steam, petrol and diesel engines, which
use a piston—crank mechanism, comparison between cycles can be made using the
mean effective pressure. This is the theoretical pressure which, if it were maintained
constant throughout the volume change of the cycle (engine stroke of a practical
cycle), would give the same work output as that obtained from the cycle.

Figure 15.1 illustrates a cycle plotted on a P-V diagram and operating between the
volume limits ¥} and V,. The area of the cycle diagram will determine the work
done = § W. This is called the indicated work done. The stroke volume of the
diagram is V| — V5.

P .
Area of cycle = W
R
4 Shaded area also = § W
Vv, 7%

Fig. 15.1 Mean effective pressure

The mean effective pressure is determined by the equation

w
Py :L, [10]
Vi—V,

where Py = mean effective pressure

Note that § W/(V, — V>) is also the work done per unit swept volume.

Thus a cycle with a higher mean effective pressure will indicate that it has better
work characteristics than a cycle with a lower mean effective pressure.

If the effects of the fuel used are neglected, the gas may be considered as a close
approximation of air alone. Thus, the theoretical cycles such as the constant volume,
the constant pressure and the Diesel cycles are sometimes called the air standard
cycles and the related efficiencies are called air standard efficiencies.
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18.2 Survey of important gas power cycles

The following survey lists and illustrates some important gas power cycles together
with their date of origin and the names of the people most commonly associated with
their development. All the cycles were originally developed in the nineteenth century.
The illustrations of the cycles are P-V and T-s diagrams. They are listed in date
order and each is accompanied by a brief note on past and present applications.

15.2.1 The Cayley cycle
The Cayley cycle (Fig. 15.2) consists of two constant pressure processes, 1-2 and 34,
together with two polytropic processes, 2-3 and 4-1.

P T

Polytropic
PVI=C 1

(a) (b}
Fig. 15.2 Cayley cycle: (a) P-V diagram; (b) T-s diagram

It was probably the first cycle to use air, heated using an external furnace, for the
development of mechanical power. It was originally developed in 1807 by Sir George
Cayley, a British engineer. Further use of the cycle was subsequently made in 1883 by
another British engineer named Buckett.

15.2.2 The Stirling cycle
The Stirling cycle (Fig. 15.3) consists of two isothermal processes, 1-2 and 3-4,
together with two constant volume processes, 2-3 and 4-1 (see section 15.9).

The cycle was developed for use in air engines from 1815 by two Scottish brothers,
James Stirling, an engineer, and Dr Robert Stirling, a church minister. A regenerator

P T

Isothermai 3 4
PV=C

(a) (b)
Fig. 15.3 Stirling cycle: (a) P-V diagram; (b) T-s diagram
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was developed and used (see section 15.9) which improved upon the theoretical
efficiency of the Carnot cycle (see section 15.3). Further work on this cycle was
carried out by Wilhelm Lehmann in 1866 and the general theory of the cycle was
developed by Professor Gustav Schmidt in 1871.

There is still some current interest in this cycle because it has the potential for high
thermal efficiency.

15.2.3 The Carnot cycle
The Carnot cycle (Fig. 15.4) was conceived by Sadi Carnot in 1824 (see section 6.6).
The cycle consists entirely of reversible processes (see Chapter 6).

P 3 Isothermal T 3 4
PVv=C

Adiabatic
PV =C

(a) (b)
Fig. 15.4 Carnot cycle: (a) P-V diagram; (b) T—s diagram

The cycle consists of two isothermal processes, 1-2 and 3-4, together with two
adiabatic processes, 2-3 and 4-1 (see section 13.3). No practical engine was ever built
to run on this cycle.

It is important because it is composed of reversible processes, which are the most
thermodynamically efficient processes, so its thermal efficiency establishes the
maximum thermal efficiency possible within the temperature limits of the cycle (see
section 15.3).

15.2.4 The constant pressure cycle
The constant pressure cycle (Fig. 15.5) consists of two constant pressure processes,
1-2 and 3-4, together with two adiabatic processes, 2-3 and 4-1 (see section 13.4).

P T
3 4 4
Adiabatic
PV =C
3 1
2 1 2
4 s
{a) ’ (b)

Fig. 15.5 Constant pressure cycle: (a) P~V diagram; (b) T-s diagram
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The cycle was originated for use in a hot-air engine by John Ericsson in 1833 (see
section 15.9).

James Prescott Joule, a British physicist immortalised in the SI unit of energy, gave
some thought to the use of this cycle. There is no evidence that Joule ever
constructed an engine to use the cycle. George Brayton, an American engineer, used
the cycle in an internal combustion engine in 1876.

The cycle is of considerable present-day importance in that it is the basic cycle for
the modern gas turbine (see Chapter 6). The reversed constant pressure cycle is also
of importance because it was used in the early development of the process of
refrigeration. It was used by Windhausen in 1870, Paul Giffard in 1877 and in the
Bell-Coleman refrigerator of 1881 (see Chapter 18).

15.2.5 The Ericsson cycle
The Ericsson cycle (Fig. 15.6) consists of two isothermal processes, 2-3 and 4-1,
together with two constant pressure processes, 1-2 and 3-4 (see section 15.10).

P T
3 4 4 1
Isothermal
PV=C
3 2
2 1
] v s
(a) (b)

Fig. 15.6 Ericsson cycle: (a) P-V diagram; (b) T-s diagram

The cycle was originated by John Ericsson in 1853 for use in a hot-air engine. John
Ericsson developed and constructed many engines for use with hot air and also with
steam.

It is important because the two constant pressure processes are bounded by the
same temperature limits which make regeneration possible, thus improving upon the
theoretical thermal efficiency of the Carnot cycle (see section 15.3).

15.2.6 The Lenoir cycle

The Lenoir cycle (Fig. 15.7) consists of two constant pressure flow processes, 4-1 and
1-2, one constant volume non-flow process, 2-3, and one adiabatic non-flow process,
3-4.

The cycle was developed by Etienne Lenoir, a French engineer, for use in a gas
engine. An air—gas mixture was drawn into a cylinder of constant pressure, 1-2. It
was ignited at about midstroke using a spark. Combustion of the gas produced a
rapid pressure rise, theoretically at constant volume, 2-3. The combustion products
then expanded, theoretically adiabatically, 3—4, to be exhausted from the cylinder at
constant pressure, 4—1.
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P T 3
3
Adiabatic
PVY=C
4
1 2 4 2
v s
(a) (b)

Fig. 15.7 Lenoir cycle: (a) P-V diagram; (b) T—s diagram

The engine was made to be double-acting, and slide valves similar to those in
steam engines were used.

156.2.7 The constant volume cycle
The constant volume cycle (Fig. 15.8) consists of two adiabatic processes, 1-2 and
3-4, together with two constant volume processes, 2-3 and 4-1 (see section 15.5).

P

Adiabatics
PV =C

{a) (b)

Fig. 15.8 Constant volume cycle: (a) P-V diagram; (b} T-s diagram

The cycle was originally conceived by a Frenchman named Beau de Rochas in
1862. And in 1867 it was successfully applied to an internal combustion engine by Dr
Nikolaus August Otto, a German engineer, so it is often called the Otto cycle.

The cycle is of importance because it is the theoretical cycle on which the modern
petrol engine is based.

16.2.8 The Reitlinger cycle
The Reitlinger cycle (Fig. 15.9) consists of two isothermal processes, 1-2 and 3-4,
together with two polytropic processes, 2-3 and 4-1.

It was conceived by Edmund Reitlinger, an Austrian professor, in 1873. He
observed that cycles containing isothermal processes had maximum work potential
and that, with perfect regeneration, the Carnot thermal efficiency could be realised.
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3 Isothermal
PV=C

P T 3 ‘
Polytropic
PV =C
2
1 2 1
&
v s
(a) (b)

Fig. 15.9 Reitlinger cycie: (a) P-V diagram; (b) 7-s diagram

The Reitlinger cycle contains two polytropic processes in place of the two adiabatic
processes in the Carnot cycle. It is said, therefore, that Reitlinger generalised the
Carnot cycle.

16.2.9 The Atkinson cycle

The Atkinson cycle (Fig. 15.10) consists of two adiabatic processes, 2-3 and 4-1,
together with one constant volume process, 3-4, and one constant pressure process,
1-2 (see section 15.8).

4

P r 4
3 3
Adiabatic 1
PV =C
2 1 2
| 14 s
(a) (b}

Fig. 15.10 Atkinson cycle: (a) P-V diagram; (b) T-s diagram

The cycle was conceived in 1886 by J. Atkinson, a British engineer, for use in a gas
engine. The cycle was also used in the Holzwarth gas turbine in 1908.

15.2.10 The Diesel cycle

The Diesel cycle (Fig. 15.11) consists of two adiabatic processes, 1-2 and 34, one
constant pressure process, 2-3, and one constant volume process, 4-1 (see section
15.6).

The cycle was conceived of by Rudolf Diesel, a German engineer, born in Paris,
who from about 1893 onward pioneered the development of fuel injection oil engines.
The diesel engine is named after him. Rudolf Diesel mysteriously disappeared while
crossing the English Channel in 1913.
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3

P| 2 3 T

Adiabatic 4

PVY=C 2

4
Fa N 1 1
T v s
(a) (b)

Fig. 15.11 Diesel cycle: (a) P-V diagram; (b) T-s diagram

156.2.11 The Crossley cycle
The Crossley cycle (Fig. 15.12) consists of two polytropic processes, 1-2 and 3-4, and
two constant volume processes, 2-3 and 4-1.

The cycle is named after a British manufacturing company, Crossley, who made
internal combustion engines in 1896. It is similar to the Otto cycle except that the two
adiabatic processes of the Otto cycle are replaced by two polytropic processes. The
polytropic processes were considered nearer to those which occurred in practice.

3 3
P T
Polytropic
PV =C
4
2
2
4
1 1
T v s
(a) (b)

Fig. 156.12 Crossley cycle: (a) P-V diagram; (b) T-s diagram

15.3 The Carnot cycle for a gas

Carnot conceived a cycle made up of thermodynamically reversible processes. By
calculating the thermal efficiency of this cycle it is possible to establish the maximum
possible efficiency between the temperature limits taken (see sections 6.6 and 15.2).

Figure 15.13(a) illustrates the Carnot cycle on a P-V diagram and Fig. 15.13(b) on
a T-s diagram. It consists of four reversible processes:

° 1-2 Isothermal expansion
Pressure falls from P, to P.
Volume increases from V', to V>.
Temperature remains constant at 7, = 7T».
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P T Isotherms
R Isothermal PV=C 1 2
=T, Frictionless
adiabats
R L
Adiabatic
P 2 PV? =C b=l 2 3
Isothermal
PV =
A ]3
LD
T v v v, , v S51=8, 5=5 s

(a) (b}

Fig. 15.13 Carnot cycle: (a) P-V diagram; (b) T-s diagram

Work done = PV In % =mRT) In 143
1 1

For an isothermal process, Q = W

Heat received = mRT) In %
|

2-3 Adiabatic expansion
Pressure falls from P, to P;.
Volume increases from V; to V5.
Temperature falls from 75 to Ts.

PyVy =PV mR(T, - Ts)
o-D o-D

For an adiabatic process, @ =0

Work done =

No heat transfer during this process

34 Isothermal compression

Pressure increases from P; to Py.

Volume reduced from V5 to V.
Temperature remains constant at T3 = T,.

Work done = P;V; In % =—P3;V3In 14)
3 4

= —mRT3 In ﬁ
Vs

For an isothermal process, Q = W

Heat rejected = mRT; In %
4

4-1 Adiabatic compression

Pressure increases from P, to P,.
Volume reduced from V, to V.
Temperature increases from T4 to 7.
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PiVa— PV (PVi = PVy)

Work done = =
-1 (=1
- _ mR(T, — Ty)
-1

For the adiabatic process, Q =0
No heat transfer during this process
Note that this process returns the gas to its original state at 1.

The net work done during this cycle may be determined by summing the areas
beneath the various processes, taking the expansions as positive areas and the
compressions as negative areas. Thus

Net work done/cycle = (fW

= Area under 1-2 + Area under 2-3 — Area under 34
—Area under 4-1

= Area 1234

= Area enclosed by cycle

or

Vo mRIT,=T) om0 Vs mR(T — T)
G-1 Vo o G-

Now T, = T, and T; = Ty, from the isotherms.

%W: mRT, In [4]

mR(T, = T3) _ mR(T\ — Ty)
-0 -1

Hence, from equation [1]

*W:mRTI lnl/—z—mRT3 In 141 {2]
v, Va
Now for adiabatic 1-4,
-1
11 _ ( ﬁ > r-n -
T4 V]
for adiabatic 2-3
-1
E _ ( ﬁ ) -1 ]
T V,
But T] = T2 and T3 = T4
LT 5
T, T,

Hence, from equations [3] and [4]

Vo _ Vv oo BB W (6]
Vi Vv, Vi Vs
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Substituting equation [6] in equation [2]
V)
1

This is positive work done and this is always the case if the processes of a cycle
proceed in a clockwise direction. Net external work can thus be obtained from such
cycles.

If the processes proceed in an anticlockwise direction then the work done is
negative, in which case equation [7] now becomes

%W:—mkln LENT (8]
Vi

Negative work means that net external work must be put in to carry out such
cycles.

Now

Heat received — Heat rejected

Thermal n =
K Heat received

So from the analysis given above
_ MmRT\ In (V3/V\) — mRT5 In (V3/ V)
mRT| In (Vz/Vl)

_mRIn (V3/Vi)(Th — Ty)
mR In (V2 - VI)TI

And since V,/V| = V,/V, from equation [6]

Thermal

T,-T
Thermal n = # 19]

_ Max. abs. temp. — Min. abs. temp.
Max. abs. temp.

[10]
Now from equation [9]

T
Thermaln =1 — =2
n T, [11]

and from equations [3], [4] and [5]

—-1 _
.Yl: <.I_/i>(y ): (E)(V l):,-(v*l)
T, 14 V, '

where r, = adiabatic compression and expansion volume ratio

So from equation [11]

1
Thermal n = 1 - —— [12]

ry
This thermal efficiency gives the maximum possible thermal efficiency obtainable
between any two given temperature limits.
From the T—-s diagram (Fig. 15.13(b))
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Heat received from 1 to 2 = Ty(s; — $3) (13
= Area under 1-2

Heat rejected from 3 to 4 = T3(s3 — s4) [14)
= Area under 3-4

Heat received — Heat rejected
Heat received

Thermal efficiency =

_ T\(sy — 51) — Ts(s3 — 54)

T\(s2 — 51)
_n-m

15
T, [15]

Note that this solution for the thermal efficiency of the Carnot cycle is somewhat
simpler than that given in the previous work. Also

(})W = Heat received — Heat rejected
=(T\ — T7)(s; — 51) [16]

Now, the Carnot cycle has the maximum thermal efficiency obtainable within given
temperature limits, so it is possible to suggest that if any engine working between the
same temperature limits has a thermal efficiency lower than that of the Carnot cycle,
then thermal efficiency improvement for the engine is theoretically possible. All
practical engines have a thermal efficiency much lower than the Carnot thermal
efficiency.

The ultimate aim, in practice, should be an attempt to reach an efficiency as near
100 per cent as possible. How could this be achieved?

Max. abs. temp. — Min. abs. temp.
Max. abs. temp.

Carnot thermaln =

For this equation to be a maximum it must equal unity, in which case the thermal
efficiency would be 100 per cent.

Consider the minimum absolute temperature as being fixed. If the maximum
absolute temperature is increased, the magnitude of the right-hand quotient gets
larger. Eventually, as the maximum absolute temperature — oo, the quotient — 1. It
is quite impossible to have an infinitely high maximum absolute temperature. In any
case, contemporary engine materials will not stand up to continuous exposure at the
high temperatures which are obtainable.

Now consider the maximum absolute temperature as being fixed. If the minimum
absolute temperature is reduced to zero (to the absolute zero of temperature) then,
once again, the quotient — | and the Carnot efficiency — 100 per cent. This too is
impossible because all working substances will have liquefied and solidified before
reaching this low temperature. In any case, the absolute zero of temperature is such a
difficult temperature to achieve that it is out of the question as the sink temperature
of an engine.
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It would appear from this that a thermal efficiency of 100 per cent is impossible to
achieve in practice. Hence all practical engines are inefficient. However, a guide has
been given as to how the thermal efficiency of engines delivering net work may be
improved. That is, to spread the maximum and minimum temperatures as far apart
as possible, consistent with the satisfactory safe operation of the engine.

In section 15.1, the concept of work ratio for a cycle was discussed. This was
defined as

Work ratio = Net work done

Positive work done

From equation [7] for the net positive work Carnot cycle
Vs
Net work done = % W =mRIn 7(T, —T3)
1

The positive work done during the Carnot cycle occurs during process 1-2 and 2-3
(see Fig. 15.13(a)). The area under these processes shown on the P-V diagram gives
the positive work done, thus

Positive work done = mRT| In L€ + mR(T, = Ty)

17
4 -0 1

Hence, for the net positive work Carnot cycle

mR In ﬁ(Tl — T3)
Work ratio = Vi

mRT, In ﬁ_{.M
vy -1

In 22(7; - T3)
- ! 18]

In section 13.1 it was suggested that good ideal thermal efficiency together with
good work ratio is required of a cycle, if possible. It is unfortunate that the Carnot
cycle has a low work ratio even though it has the highest ideal thermal efficiency. The
Carnot cycle is sometimes called the constant temperature cycle because heat is
transferred during the isothermal processes only.

Example 15.1 A Carnot cycle using a gas has temperature limits 400 °C and 70 °C.
Determine the thermal efficiency of the cycle.

SoLUTION
From equation [15], section 15.3
T — Ty

Thermal n = -
1
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Now T; = 400 + 273 = 673K
Ty =70 +273 = 343K

673 — 343

Thermal n = 73

_3%
673

=049
=49%

Example 15.2 The overall volume expansion ratio of a Carnot cycle is 15. The temperature
'imits of the cycle are 260 °C and 21 °C. Determine

‘a) the volume ratios of the isothermal and adiabatic processes

‘b) the thermal efficiency of the cycle

Take y = 1.4.

SOLUTION
First draw a diagram (Fig. 15.14).

Fig. 15.14 Diagram for Example 15.2

(a)

For the adiabatic processes

_T.‘._E_ (E‘-)()’—l): (ﬁ>(771)
T4 T3 V] V2
ey =1) e-1
ﬁ:ﬁ:(ﬂ) :(Q> and T, = T, =260 + 273 = 533K
Vi V2 \Ty T; Ty =T, =21+273=294K
B E)|/(|.4-|)
T \294

= 1.812!/04
= 4.426

The volume ratio of adiabatics r, is 4.426
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Volume ratio of isothermals = LENNLA 4}
Ve VI Vs
15
4.426
=3.39
b
Thermal efficiency = %
1
533-294
533
2
533
=0.448
= 44.8%
Alternatively
. ! 1 1
Thermal efficiency = 1 — =1- =1-
YT 44260141 4.426%%
IR
1.812
=1-0.552
= 0.448
= 44.8%

Example 15.3 One kilogram of air is taken through a Carnot cycle. The initial pressure and
temperature of the air are 1.73 MN/m’ and 300 °C, respectively. From the initial conditions,
the air is expanded isothermally to three times its initial volume and then further expanded
adiabatically to six times its initial volume. Isothermal compression, followed by adiabatic
compression, completes the cycle. Determine

(a) the pressure, volume and temperature at each corner of the cycle

(b) the thermal efficiency of the cycle

(¢) the work done per cycle

(d) the work ratio

Take R =0.29 kJkg K,y = 1.4.

SOLUTION
First draw a diagram (Fig. 15.15).

(a)

For the isothermal process 1-2
Pressure P, = 1.73 MN/mZ; Temperature ¢; = 300 °C
Now PV, =mRT; and T, =300+273=573K
_mRT, _1x 0.29 x 573

P, 1730

vy

= 0,096 m*
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P
1.73 MN/m? 1

- Isothermal

Adiabatic

A Isothermal

Fig. 15.15 Diagram for Example 15.3

Temperature remains constant at £ = 300 °C. The volume becomes three times the initial
volume.

V,=3xV, =3 x0.09 = 0.288 m*
For an isothermal process, P\ V|, = P,V;

PV, P 1730

P —2 —~ §76.7 kN/m?
A7 3 /

For the adiabatic process 2-3
Volume V3 =6 x ¥} = 6 x 0.096 = 0.576 m®

For the adiabatic process, T, /T3 = (V;/Vz)("" -b

(y—-1 (1L4-1)
V, 0.288
T, =T, — =573 —
! 2(1/3) X (0.576)
0.4
1 573
_ 573
1.32
=434 K

t; = 434 — 273 = 161 °C
Also PzV% = P3VY{

vV, 5767
Py=P 1) =
} 2(V3) 214

576

T 2639
= 218.53 kN/m’

For the isothermal process 34

t3 :l4: 161 °C
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Now for both adiabatic processes, the temperature ratio is the same because they both
have the same end temperatures.

.TJ._Q_ <ﬁ>(7>-l): (ﬂ)(vfl)
T4 T3 Vl V2

Vo Vs _
Vi oV,
Va=2V, =2 x0.09 = 0.192 m*

For the isothermal process, P3 V3 = P4V,

Po=P Y2 21853 276 _ 5183« 3 — 655.6 kKN/m?
V. 0.192

4

Alternatively, P\ V| = PV},

¥ 1.4
P, =P, (ﬂ) = 1730 x <l>
v, 2

_ 1730 _ 1730

214 T 2,639
= 655.6 kN/m?

»

Thermal efficiency = n-n

T

573 — 464
573

_ 109
573

=0.19
=19%
©
Va
§>W=mR In _(Tl - T])
Vi
=1x0.29 xIn 3 x (573 — 464)

=1x0.29 x 1.099 x 109
=34.7kJ

Alternatively
{)W = Heat received x Thermal efficiency

=mRT; In 14] x 0.19
Vi

=1x0.29 x 573 x 1.099 x 0.19
=34.7kJ
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@
In S2(7) - T3)
Work ratio = 1
T, In 1’3+ (T, = T3)
i @-D
_ 1.099 x 109
- 109
573 x 1.099) + —-
( ) 0.4
_ 119.79
629.73 4+ 272.5
_ 119.79
902.23
=0.133

Note that this is a very low work ratio.

15.4 The constant pressure cycle

A general discussion of this cycle is given in section 15.3. Figure 15.16(a) is the PV
diagram of the constant pressure cycle; Fig. 15.16(b) shows the corresponding T—s
diagram. The cycle is arranged as follows:

T 3 u |h
h,
A=Al
R
Q 4 hy
g
P Adiabatics 21 o h,
PVY =C ,
P=F, - s 1| !
& 1 |
v, V. vV v, §=5; s S3=5,
(a) (b)

Fig. 15.16 Constant pressure cycle: (a) P-V diagram; (b} T-s diagram

. 1-2 Adiabatic compression according to the law PV’ = C
Pressure increases from P; to P,.
Temperature increases from Ty to T,.
Volume decreases from V| to V.
Entropy remains constant at s; = s,.

. 2-3 Constant pressure heat addition
Pressure remains constant at P, = Pj.
Temperature increases from T to Ts.
Volume increases from V, to V3.
Entropy increases from s, to s3.
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. 3-4 Adiabatic expansion according to the law PV’ = C
Pressure decreases from P; to Py.
Temperature decreases from 75 to Ty.
Volume increases from V3 to V.
Entropy remains constant at s3 = s4.

) 4-1 Constant pressure heat rejection
Pressure remains constant at Py = Py.
Temperature decreases from 7,4 to T).
Volume decreases from V4 to V).
Entropy decreases from s4 to s;.
This process completes the cycle and returns the gas to its original state.

In practice this cycle has been mostly considered for use in engines which do not
carry out all processes in a single unit, e.g. a cylinder. Compression and expansion
have been arranged in separate units.

Figure 15.17(a) illustrates the general arrangement of such an engine. A
reciprocating air compressor is connected to a reciprocating expander using a
coupling rod. In the past, the connection was often made using an oscillating beam.
The net work output appears at the piston rod.

Air from the compressor is fed through a heater in which it is expanded,
theoretically at constant pressure. From the heater the air is fed to the expander.

Heater, externally fired

Reciprocating
compressor
cylinder ¢

— » Net work
1 output

Coupling
rod -

Reciérocating
expander

cylinder
Cooler, indirectly cooled
(a)
P P P
6 6 3
Adiabatic
5 5 -
©- b
14
(b} {c) (d)

Fig. 15.17 Practical constant pressure cycle: (a) circuit diagram; (b) P-V diagram for
compressor; (c) P~V diagram, for expander; (d) combined P-V diagram
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From the expander the air enters a cooler, theoretically at constant pressure, The ulr
is then fed to the compressor for recirculation. The system is closed; the sume alr I
circulated through the engine, neglecting losses. Figure 15.17(b) and (c) show the P V
diagrams for the compressor and expander. The combined diagram is shown in
Fig. 15.17(d). The net diagram for the engine is given by 1234, which is the same ay
Fig. 15.16. The net diagram 1234 is called the constant pressure cycle and its area will
give the theoretical net work output.

Note that the expander must provide the internal work for the compressor as well
as the net work output. By replacing the reciprocating compressor and expander with
a rotary compressor and a turbine, this same arrangement becomes the basic design
for a constant pressure gas turbine. The gas turbine is discussed in Chapter 16. And
by reversing the airflow and driving the machine, this arrangement can be used as a
refrigerator (see Chapter 18).

Referring to Fig. 15.16, an analysis of the properties at state points, 1, 2, 3 and 4
will now be made. It will be assumed that P, V; and T, are known.

. P,V T,
° Assume that the volume ratio V/V> is known.

T\ /Ty = (Vo/ V)7

-1
T,=T (ﬁ> =Tir "
Vs

where r, = V| /V, = adiabatic compression volume ratio
Also P| = V};=P2V}2)

¥
P, =P, (ﬂ) =Pr!
Va

° P; = P, because the pressure remains constant

V}/T} = Vz/Tz

T3 = T;_——ZL/ATlr?‘])
vV, WV,

Ty/Ts = (V3/ V)"

-1
-0
Va

Now consider adiabatic processes 1-2 and 3-4. Both have the same pressure ratios,
P2/P1 —_—P3/P4.

For adiabatic 1-2

P _ (.V_ly
RN Z

For adiabatic 3-4

r_ (LY
P, Vs
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But P,/ P, = P3/P,, so it follows that

nh_v_,.
Vo V3
= adiabatic compression and expansion volume ratio
Hence
T V. r=1
T4=(—,fg=—3 I:.,—,”':ﬁTl
r v) Vz ry V2
Note also that for constant pressure process 4-1, V4 /Ty = V, /T,
T4 == ﬁ Tl
Vi

So it follows that

Vs V- )
7 = 73 = constant pressure process volume ratios
1 2

This could also have been obtained from the fact that V,/V, =V V3 =r,, so
V4/V1 = V3/V2.
Also P4V‘;y = P;Vz;

.
r-n(2)-L

V4 rl
The work done during the cycle may be obtained as follows:

Processes 2-3 and 3—4 are expansions and give positive work done.
Processes 4-1 and 1-2 are compressions and give negative work done.

. The net work done during the cycle will be the sum of the work done during
these processes.

Hence

ng = Area under 2-3 + Area under 3—4 — Area under 4-1—Area under 1-2

N A AN G L Rkl £ 1EVY N A W Cir L Tk L1
G-D -1

= Py — ¥ = B - v+ (PR ERIERRERE))
=mR(T; ~ T3) —mR(Ty — Th) + (ym_R1) (Ts = Ty) — (Tr — TY)]
=mR [(T3 —Ty) —(Ty—Tp) + (T —Ty) — (12 — T,)J

@-D
= mR[(n ~ 1y (-Ty+ BT =T o Tﬂ]

G¢-D
— mR((Ty — Ta) — (T, — Tl)](l +;i_1)
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y—1+4+1
=mR[(Ts — Ts) — (T, = T)] (’—y})

= mR—L—[(Ty = Ta) = (T2 = T)] [2]
G-D
Alternatively, the work done may be obtained from

%W = Heat received — Heat rejected

In this cycle, heat is received during constant pressure process 2 3 and rejected

during constant pressure process 4-1.

No heat is received or rejected during the adiabatic processes. Hence

&W =mec, (T3 — T,) — mep(Ty — T))
= me,[(Ty — T2) = (Ta = T1)} 3]

Again, the work done may be obtained from
%W = Heat received x Thermal 7
%W = me,(Ts — T2) x Thermal 7) 4

The thermal efficiency may be obtained from

Heat rejected

. S -
Thermal 7 Heat received
., mo(Ty=T) ,
mc,,(T3 - Tz)
and assuming that ¢, remains constant
(T, —Tv) 8)
Thermalnp=1—-"—F—-7
RS 1

Equation [5] gives the thermal efficiency in terms of temperature. KT
Also, substituting temperatures in terms of Ty

V3/ V)T, — T\ «
Thermaln=1 — — -
" Vs V)Tir 8~ = Tir N o
_ . T/ Va- 1)
Tir0 (W /V2 = 1)
DI {6]

r(vfl)

Now consider the adiabatic processes 1-2 and 3-4. Each has the same pressure

ratio.

1Y/ —1
_Tiz (E%)(v l)/,: <ﬂ)(7 ):r(_/?])
T; P Vi
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also SOLUTION
First draw a diagram (Fig. 15.18)

y—1)/y y—1
Ez (ﬁ)( )/: (_Vi)(/ ):r(%')
T4 P4 V3 v P 3

and since P,/ Py = P;/Ps, then
nL_T_ -

T _ Ty 1
R S N R
T2 T4 T2 T3 ry

Hence, from equation [6]

Thermal n

Il

T (71

Now for a constant pressure process
( ’ ’ Fig. 15.18 Diagram for Example 15.4

Heat received or rejected = Change of enthalpy

So using a T-s chart (@)

— 3
Heat received = h; — hy V, =0.084 m

Heat rejected = hy — h, S L L Y YT
C. y=—=U
6

Heat rejected

V,=8xV,=8x0.014= 0.112 m3
Heat received

Thermal =1 —

(e — h) Now
— ] - %
- (hy — hy) ol PVi=PVs
s
Also T (ﬂ) ~ 100 x 6" = 100 x 12.29 = 1229 kN/m’
L v,
— : _ . ; -1
%W = Heat received — Heat rejected i _ (ﬁ) and T, =28+273=301K
= (hy = h) = (b — 1) [10] o
L . : %8 .

This will give the work done per unit mass per cycle because the chart will be made S Th=T (7'> =301 x 6™

out for unit mass of gas. :
=301 x 2.048
=616 K

Example 154 In an ideal constant pressure cycle, using air, the overall volume ratio of the t, =616 —273 =343 °C
cycle is 8:1. The volume ratio of the adiabatic compression is 6:1. The pressure, volume and Py = P, = 1229kN /m2
temperature of the air at the beginning of the adiabatic compression are 100 kNjm?, 0.084 m’
and 28 °C, respectively. re=V1/Va=Vs/V3=6

Take,y = 1.4, ¢, = 1.006 kJ/kg K. Determine for the cycle Ve 0112 3
(a) the pressure, volume and temperature at cycle state points S = 3 A =0.0187m
(b) the heat received
(c¢) the work done Vi V2
(d) the thermal efficiency T, T
(e) the Carnot efficiency within the same temperature limits as the cycle 0.018 7
(f) the work ratio . =T ﬁ:6]6x . =823K

L= 0.014

(g) the mean effective pressure V2
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t; =823 -273 =550°C
Py =100 kKN/m?, V,=0.112m*

Ii_ (ﬁ)wil)
T4 V3

y=1
% 823
T=T,(—’> =" — 401K
“T N\, 2.048

1y =402 -273=129°C

Alternatively

Yo N
T, T
To=1 Y0 2301 x 212 _ 490
vV 0.084
Hence
P, = 100 kN/m? V, =008 m’ f =28°C
Py = 1229 kN/m?  V, =0.014m? =343 °C
Py = 1229 kN/m? V;=00187m' 1, =550°C
P; = 100 kN/m? Vi=0.112m 14 = 129 °C
(b)
-1
R=c, (Lr) = 1.006 x %% = 0.287 kJ/kg K
PV, 1 )
m=P1V 100 <0084 45075 kg

RT,  0.287 x 301

Heat received = mic, (T3 — T>)
=0.097 2 x 1.006 x (823 — 616)
=0.097 2 x 1.006 x 207
=20.24 kJ

©
f{)W:Pz(Vs— Vy)— Py(Ve— 1)+ P2Va = PaVa) = (PaVa = PiV)

(y-D
= 1229 x (0.018 7 — 0.014) — 100 x (0.112 — 0.084)

, [(1229 X 0,018 7) — (100 x 0.112)] — [(1229 x 0.014) — (100 x 0.084)]

(14-1)
= (1229 x 0.004 7) — (100 x 0.028) 4 @3 = 11-D = (7.2 —8.4)
0.4
5782841888
04
— 298475
~ 10.48 kJ

Alternatively

(szmR Y (T3~ Te) - (T2 = T)]
-1
1.4

=0. 2 x 0.287 X ——
0.097 2 x ><(l.4_1

—0.097 2 x 0.287 x 3.5 x (421 — 315)
—=0.097 2 x 0.287 x 3.5 x 106

=104 kJ
L))
In=1 L __ 1 - L
Thermal n = *W - 604
BN
T 2048
=1-0.488
=0.512
=51.2%
Alternatively
T, 301
alp=1—--~+=1~-—
Thermal n T, 616
=0.512
= 51.2%
Alternatively
Ty 402
alp=1-—=1—-—+
Thermal n T, 223
=0.512
= 51.2%

Note also that

W = Heat received x Thermal

=20.24 x 0.512
=104 kJ

Ideal gas power cyclex

) [(823 — 402) — (616 — 301)]

449

The small difference in § W shown by different calculation methods is due to slight

cumulative error.

(e
Carnotn = M
T;
823 - 301
T823
_
823

=0.634
= 63.4%
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®

Work ratio — Net work done/cycle

Positive work done/cycle

The positive work done per cycle is

Area under 2-3

+ Area under 34 = P,(V5; — V,) + M

-1
— 1229 x (0.018 7 — 0.014) + {1222 x 0018 7) = (100 x 0.112)
(14-1)
= (1229 x 0.004 7) + @#

11.8
=578+ —=578+295
0.4

= 35.28 kJ

Work ratio = 10.48

35.28
=0.297

(g

. w
Mean effective pressure = $

Ve —-V3)
1048
0.112-0.014

1048

"~ 0.098
= 106.94 kN/m?

Example 15.5 A gas turbine operating on a simple constant pressure cycle has a pressure
compression ratio of 8:1. The turbine thermal efficiency is 60 per cent of ideal. The fuel used

has a calorific value of 43 MJjkg. If y — 1.4, determine
(a) the actual thermal efficiency of the turbine
(b) the specific fuel consumption of the turbine in kg/kWh

(a)

Ideal thermal efficiency = 1 — RO
ry

where r, = "
Vs

But the pressure ratio only is given
P _ '

8
P,

Ideal gas power cyolan 481

Now

ﬂv <ﬂ)(r*l)/r: <ﬁ>(771)

T, P, V)
<L>(Y~l): (ﬁ>('1): <ﬁ)(v*l)/)'
ry vy Py

So ideal thermal efficiency is

| P, (77')/1‘7 . 1
- E - gla- /14

1
=1- gi/35

1
=1 -—
1.81
=1-0.552
= 0.448
= 44.8%

Actual thermal efficiency = 44.8 x 0.6 = 26.88%

(b)
Energy to work/kg of fuel = 43 000 x 0.268 8
=11558 kJ

Energy equivalent of 1 kWh = 1kJ/s x 3600 s = 3600 kJ

3600
11558

= 0.311 kg/kWh

Specific fuel consumption =

15.5 The constant volume cycle

A general discussion of this cycle is given in section 15.2. Figure 15.19(a) is a P~V
diagram of the constant volume cycle; Fig. 15.19(b) is the corresponding T-s
diagram. The cycle is arranged as follows:

h
A 3 Uy
|
I | Adiabatic N/ )3 Uy
PVY=C Ny
A A\
2 2 A\ U,
R \ 4 1 t
4
A e 1
T %=V v vi=V, 1 $1=8; § S3=8,

(a) (b)
Fig. 15.19 Constant volume cycle: (a) P-V diagram; (b) T-s diagram
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1-2 Adiabatic compression of the gas according to the law PV 7 = C
Pressure increases from P, to P,.

Volume decreases from V, to V,.

Temperature increases from 7, to T 5.

Entropy remains constant at s; = s,.

2-3 Constant volume heat addition
Volume remains constant at ¥, = V;.
Pressure increases from P, to P;.
Temperature increases from T to 7.
Entropy increases from s; to ss.

3-4 Adiabatic expansion of the gas according to the law PV = C
Pressure decreases from P; to P,.

Volume increases from Vs to V.

Temperature decreases from T; to T4.

Entropy remains constant at 53 = s,.

4-1 Constant volume heat rejection

Volume remains constant at ¥, = V.

Pressure decreases from P, to P,.

Temperature decreases from 7 to T,.

Entropy decreases from s,4 to s,.

This process completes the cycle and returns the gas to its original state at 1.

An analysis of the properties P, V and T at state points, 1, 2, 3 and 4 will now be

made and it will be assumed that Py, Vy and T, are known.

Py, Vy, Ty.

Assume that the volume ratio V,/V, is known. Recall that the constant volume
cycle is the theoretical cycle for a petrol or gas engine. The ratio V\/V, for a
petrol or gas engine is often called the compression ratio of the engine. In fact,
the ratio V/V, is a volume ratio. It is sometimes called the geometric

compression ratio.
T\/Ty = (Vo/ V)0~

=1
Tz = Tl (ﬂ) = TlrE]V*I)
Vs

V1/V2 = adiabatic compression volume ratio

where r, = . . . .
! { V4/V3 = adiabatic expansion volume ratio

Also PV =PV}

¥
PZIPI(ZI—):P‘]‘?]
Va

V3 = V, because the volume remains constant.

Py/T; =P,/ T,

T, = Tz(ﬁ) Ly R
p) P
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o T/Ta=(a/V)" V=iV
=1
r P
T4: TJ] :& 1 :71)2‘3711
A SIS P,

Also P4Vz = P}V);
a\" Py
=P 2} =22
Fa ? ( Va) r
Also, from the constant volume process 4-1, Py/T, = P, /T,
= & T] = & Tl
P P,
From this it follows that P4/ P = P3/P;.

T,

The work done during the cycle may be obtained as follows:

Process 3—4 is an expansion which gives positive work done.
Process 1-2 is a compression which gives negative work done.

Net work done = #W = Area under 34 — Area under 1-2

= Area 1234
= Area of diagram

: #W_(P3V3—P4V4)_(P2V2—P|V1)

-1 -1
_(P3V3 = PaVy) = (PyVy = P V)
-1
mR

- —T)—(Ty-T
(y—l)[(T3 Ty) — (T, 1]

(since PV = mRT)

Alternatively, the cycle work done can be determined using
pw = o

Cycle work done = %W = Heat received — Heat rejected

or

Equation [3] will hold good for any cycle.

The net work done is the sum of the work done by these two processes.

(1

(2]

[3)

Now in this cycle heat is received and rejected only during constant volume

processes. Hence the name, constant volume cycle.

There are also two adiabatic processes, but during an adiabatic process no heat is
received or rejected. Hence the adiabatic processes do not appear when the dllcuuio'n
is on heat received or rejected. This will be true in any other cycle where adiabatic

processes appear.
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In this cycle
Heat is received from 2—3 = me,(Ty — T>)

Heat is rejected from 4—1 = me, (T, — Ty)

ff W =mc(Ty — Ty) — me(Ty — T))
=me,[(Ts = To) — (T, — Th)]
The thermal efficiency of the cycle may be determined from

Heat received — Heat rejected
Heat received

Thermal efficiency =

_ | _ Heat rejected
Heat received
_me(Ty - T))
me (T3 — 1)

=1

and assuming that c, remains constant

(I, —-Ty)

Thermal = |
(T3 - T)

Equation [9] gives the thermal efficiency in terms of temperatures.

Substituting temperatures in terms of 7} in equation [9]

Thermaln =1 — (P3/P?Y)7;l - T
(P3/P)Tyry Y — 1,00
=1 TI(P3/P2—1)

Tir?=py/py — 1)

Now consider the adiabatic processes 1-2 and 3-4.

r=1 -
&:@) and D (Y)""
Tl VZ T4 V3
But VI/VZ B V4/V3 =r,

Q:—Ti:riy") o D_Ti_ (1 -1
T, T,
So from equation [10]
I
2
-5
T,

Thermal =1 —

(4]
(5]

(6]

(71

(8]

9]

(10]

1]

[12]
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Note that from equation [7]

Heat received — Heat rejected = Heat received x Thermal # [ty

Substituting equation [3] into equation [13]

+W = Heat received x Thermal n [14]

This is another way in which the work done may be determined.
In the case of this cycle,

§)W =me, (T3 — T,) x Thermal 7 [15]

The cycle can also be analysed by using the temperature—entropy chart.

By tracing the points of the cycle round the chart, the various properties P, V, T,
i, h at state points 1, 2, 3 and 4 can be found.

Now for the constant volume process, it has been shown that

Heat transferred = Change of internal energy (see section 5.7)

Hence
Heat received from 2—3 = (u3 — ;) [16]
Heat rejected from 4—1 = (uy — u)) [1n

From equations [3], [16] and [17]
EW = s — ) - s - ) (18]
From equations (8], [16] and [17]

Thermal n = 1 % =¥ [19]
(us — up)

Remember that the chart is made out for unit mass of gas, so equations [16], [17]
and [18] will give values per unit mass per cycle.

On a practical note, r, = V;/V> must increase for the thermal efficiency to increase
(i.e. the so-called compression ratio must increase). In a practical engine, the ability
to increase r, is limited because of high material loading, high temperatures and fuel
combustion problems.

In the case of the petrol engine, the addition of tetraethyl lead to the fuel has
helped to prevent knocking or pinking, thus enabling the use of higher compression
ratios. The use of tetraethyl lead is now in disfavour because of atmospheric
pollution and possible damage to health. Research and development into fuel
combustion techniques are making it possible to use lead-free petrol as well as to
increase compression ratios.
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Example 15.6 An engine works on the constant volume cycle. It has a bore of 80 mm and a
stroke of 85 mm. The clearance volume of the engine is 0.06 litre. The actual thermal efficiency
of the engine is 22 per cent. Determine the relative efficiency of the engine. Take y = | 4.

SoLUTION
Suppose the engine has bore d and the stroke /, then

Stroke volume = V| — V,
2
= ﬂ x I
4
T X

2
:_.8LX85
4

= 427.257 mm®

Clearance volume = V; = 0.06 x 10°
= 60 000 mm?

Total volume = V| = (V| — V) + V,
=427 257 + 60 000
= 487 257 mm?

1

Ideal thermaln =1 — ———
,GD

_ V) _ 487257

and y =
Vy, 60000

=8.12

1 1

Ideal thermal 5

Ta2ia Ty~ T g0

Actual thermal efficiency

Relative efficiency = -
Ideal thermal efficiency

022

7 0.567

= 0.388
= 38.8%
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Example 15.7 One kilogram of air is taken through a constant volume cycle, As the
commencement of the adiabatic compression, the pressure and temperature are 103 kN/m® and
100 °C respectively. The adiabatic compression has a volume ratio of 6:1. The maximum
pressure of the cycle is 3.45 MN/m?. Determine for the cycle

(a) the pressure, volume and temperature at each of the cycle process change points

(b) the heat transferred to the air

(c) the heat rejected by the air

(d) the ideal thermal efficiency

(e) the work done

(f) the mean effective pressure

For the air, take R = 0.287 kJlkg K,y = 14.

SOLUTION
First draw a diagram (Fig. 15.20).

P

Adiabatic
PVY=C

P2 N

V2 vi v
Fig. 15.20 Diagram for Example 15.7
(a)
For point |
Pressure = P; = 103 kN/m?; temperature = f; = 100 °C

PV, =mRT, and T,=100+273 =373K

v, = mRT, _ 1x0.287 x 373 —1.039 m®
P, 103
For point 2
PV =PV,
P, =P, (ﬁ> =103 x 64
vy
=103 x 12.27
= 1263.8 kN/m’
v =YL 1039 g a3y
6 6

P\V\[Ty = PyVo [T,
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I, = PaVap 12638 0173
PV, 103~ 1.039

=762K

x 373

ty =762 —-273 =489 °C

This result could also have been achieved by using

ﬂ_ <ﬁ>(}’Al)/); <ﬁ)(771)
T P, v

For point 3

Vy =V, = 0.173 m®, P; = 3450 kN/m?
P3/T; =P /T

7= P, _ 3450

P, 1263.8
1, = 2080 — 273 = 1807 °C

x 762 = 2080 K

For point 4

PyVi =PV,

b 1.4
V4 6
3450
12.27

= 281.2 kN/m?

V4 = V| = 1.039 m3

Py/Ty = P/T,

T, =&T, _ 2812 x 373 =1018K
P, 103

ty = 1018 — 273 =745 °C

This result could also have been achieved by using
Q N <—P_3)(V*l)/v
T, P,

Tabulated results

Change point Pressure (kN/m?)  Volume (m*)

Temperature (°C)

1 103 1.039
2 1263.8 0.173
3 3450 0.173
4 281.2 1.039

100
489
1807
745

®)
R 0.287 _ 0287

_R 0287 =0.717 kJ/kg K
G-1) (4-1) 04

Now ¢, =

Heat transferred to the air between state points 2 and 3 is

me(T; — To) = 1 x 0.717 x (2080 — 762)
=1x0.717 x 1318
=945kJ

(©)
Heat rejected from the air between state points Jand 4is

me(Ty — T)) =1 x0.717 x (1080 — 373)
=1x0.717 x 645

= 462.5kJ
@
deal thermal 7 = Heat received — Heat rejected
Ideal thermatn = Heat received
- Heat rejected
B Heat received
_ . 4625
B 945
=1-0489
=0.511
=51.1%
Alternatively
al thermal = 1 — ——
Ideal thermaln =1 — NI
1
PR
T 2.048
=1-0489
=0.511
=51.1%
(e
+W = Heat received — Heat rejected
=945 —462.5
=482.5kJ
Alternatively

}W_(P3V3—Psz)_(Psz—P|V1)
- 0-D (-1

Ideal gas power cyoles 489
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_(PVy = PV = (P V>~ P V)
-1

_[(3450 x 0.173) — (281.2 x 1.039)} — [(1263.8 x 0.173) — (103 x 1.039)]
N (14-1)

 [596.8 — 292.2] - [218.6 ~ 107]

0.4
_[304.6—111.6) 193
0.4 04
= 482.5kJ
M
%w
Mean effective pressure = —~———
(V1 = 1)
_ 482.5
(1.039 - 0.173)
_ 4825
0.866

= 557.16 kN/m’

Example 15.8 The pressure, volume and temperature at the beginning of the compression of a
constant volume cycle are 101 kNjm?, 0.003 m®> and 18 °C, respectively. The maximum
pressure of the cycle is 4.5 MN/m’. The volume ratio of the cycle is 19:1. The cycle is repeated
3000 times/min. Determine for the cycle

(a) the pressure, volume and temperature at each of the cycle process change points

(b) the thermal efficiency

(¢) the theoretical output in kilowatts

(d) the mean effective pressure

(e) the Carnot efficiency within the cycle temperature limits

Take c, = 1.006 kJ/kg K, c, = 0.716 kJ/kg K. The diagram is as Fig. 15.20.

(a)
Py = 101 kN/m?, ¥, = 0.003 m®, 1, = 18 °C, all given.
For process 1-2

n

=r,=9
V2

PVi=PV}, and y=c,/c, = 1.006/0.716 = 1.405
¥
P, =P, (ﬁ) =101 x 94
Vy

=101 x 21.91
=2212.9 kN/m’
=2.212 9 MN/m?

-1
_:<_> and T, = 18 +273=291K

(3-H
T,=T (ﬁ) — 291 x 911405V

— 9] x 9405
=291 x 2.435
=708.6 K

1, = 708.6 - 273
= 435.6°C

V, = V,/9 = 0.003/9
=0.000 33 m*

For process 2-3

V, = ¥, = 0.000 33 m*

Py _ Py ynd P, =45MN/m?
T
T, = T, 22 = 708.6 x —
: P, 22129
~ 1441 K
6 = 1441 — 273
= 1168 °C

For process 34
V4 = V] = 0.003 m3
v,\' 500

Py= Py (74) T 91405

4500

T 2191
— 205.4 kKN/m’

=1
Vs 1441
Ts=T (74) ~ 90.405

1441

T 2435
=591.8K

ts = 591.8 — 273
=3188°C

Tabulated results

Ideal gas power cycley
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Change point Pressure (kN/m?)  Volume (m®)

Temperature (°C)

1 101 0.003
) 22129 0.00033
3 4500 0.00033
4 205.4 0.003

18
435.6

1168
318.8




884  Basic engineering thermodynamics

2-3 Constant pressure heat addition
Pressure remains constant at P, = P;.
Temperature increases from 75 to Ts.
Volume increases from V', to V5.
Entropy increases from s; to s3.

3-4 Adiabatic expansion according to the law PV’ = C
Pressure decreases from Pj3 to Py.

Temperature decreases from 75 to Ty.

Volume increases from V3 to V.

Entropy remains constant at s; = s;.

4-1 Constant volume heat rejection
Volume remains constant at V, = V.
Temperature decreases from T4 to 7.
Pressure decreases from P, to P).
Entropy decreases from s4 to 5.

This process completes the cycle and returns the gas to its original state.

This cycle is sometimes calied the modified constant pressure cycle. Inspection of
Fig. 15.17(a) will show the reason. If, instead of cutting off the expansion at 4, the gas
were allowed to expand completely to 5, then in order to return the gas to its original
state at 1, constant pressure heat rejection would have to take place from 5 to 1.

This is shown dotted. The diagram 1235 is the constant pressure cycle and, by
cutting off the part 145, it is modified into the Diesel cycle. In practice, by cutting off
part 145 of the cycle, a considerable saving in cylinder volume would be obtained.
The area 145 represents a small amount of work which does not really justify the

increase of the cylinder volume from V', to Vs.

An analysis of the properties at state points 1, 2, 3 and 4 can be made. Again it is

assumed that P, ¥, and T, are known.

P, Ty
Assume that the volume ratio V/V, is known.

T\/T, = (Vy/Viy !

¢-n
T2 = Tl (ﬂ> = Tlr$,7"l)
Va

where r, = V, /¥, = adiabatic compression volume ratio

Also P]V'; :PZVZ

v
Pz = P| (Kl—) = Plrz
Vs

P3 = P, because the pressure remains constant

Vi/Ts = V2/ T

T; = TzﬁzﬁTlr(vv—l) :BTlr(vv—l)

V. ¥,
where f§ = V;3/V, = cut-off ratio

Ideal gas power cycley 468

T4/T3 = (V3/V4)(y~ K

Now V3/V4 = V3/V1, since V4 = Vi, and

V| VZ Vl ry

or
T,=p"T
Also PV, = PyV},

o))

The work done during the cycle may be determined as follows:

Processes 23 and 3—4 are expansions and hence give positive work done.
Process 1-2 is a compression and hence will give negative work done.

The net work done during the cy
these processes.

Hence

&W — Area under 2—3 + Area under 3—4 — Area under 1-2

(P3Vs — PaVa)  (PVo— PiV1)

=PyV3— V) +

y—-1 y—1
(P3V3 — PaVa) — (P2V2 — P )
= Py(Vy— Vi) + 373 P—
— mR(Ts — Ty) + R (T3 = ) — (T2 = T)]
(y-D
(T; - Ty) — (T — TI)]
— mR [(n ST+ -

Alternatively, the work done may be obtained from
§W = Heat received — Heat rejected

In this cycle, heat is received
during constant volume process 4-1. . ‘
No heat is received or rejected during the adiabatic processes.

Hence

§>W: me,(Ty — Tp) — mey(Ty — Th)

cle will be the sum of the work done during

(11

(2]

during constant pressure process 2-3 and rejected

3]
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Alternatively

fi;W = Heat received x Thermal 5

or

%W: mey(Ty — T,) x Thermal n

The thermal efficiency may be determined from

Heat rejected

Thermal =1 —
Heat received

_me(Ty —T))
me,(Ts — T)
11T -1)
Y (T3 = T>)
This gives the thermal efficiency in terms of temperatures.
Also, substituting temperatures in terms of T into equation [5]

=1

Thermal = | — 1 B'T, - T))
Y BT Y - Tyr-1
L Tr-n
v T -
-1 B'-D

P B -1

Now, for a constant pressure process

Heat received or rejected = Change of enthalpy
For a constant volume process

Heat received or rejected = Change of internal energy
So using the 7—s chart

Heat received = h; — 4,

Heat rejected = u, — u,

_ Heat rejected

Thermal n = 1
Heat received

—1_ (g — uy)
(hy — hy)

Also

%W = Heat received — Heat rejected
=(hy — hy) — (uy - up)

(4]

(5]

(6]

(7]

(8]
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Once again this gives the work done per unit mass per cycle because the churt will
be made out for unit mass of gas.

It should be noted here that the Diesel cycle does not in fact follow the cycle of
modern diesel engine. The actual cycle is more closely approximated by the dual
combustion cycle (section 15.7).

Example 15.9 At the beginning of compression of an ideal Diesel cycle the gas has a
temperature and pressure of 40 °C and 90 kNin’, respectively. The volume ratio of
compression is 16:1. The maximum temperature of the cycle is 1400 °C. Determine for the
cycle

(a) the pressure and temperature at each of the cycle process change points

(b) the work done per kilogram of gas

(c) the thermal efficiency

(d) the work ratio

(e) the mean effective pressure

(f) the Carnot efficiency within the cycle temperature limits

Takey=14,¢c, = 1004 kJjkg K.

SOLUTION
First draw a diagram (Fig. 15.22)

2 3

P 1400 °C
Yl =
4
90 kN/m?2 40 °C
4 11
1 16 V

Fig. 156.22 Diagram for Example 15.9

@
PV =PV}
,
P,=P (%) =90 x 16" = 90 x 48.5 = 4365 kN/m®

2

T, 1% @-n

L= (—2) and T, =40+273 =313K

T, Vi

v =1
T,=T, (7'> =313 x 6" =313 x 3.031 = 948.7K

2
1, =675.7-273 =402.7 °C
P} = Pz :4365kN/m2
15 = 1400°C
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For the constant pressure process

V, V3
—~ =2 and T;=1400+273=1673K
T, Ty : i
T 1673
V= Vri =1x 87 1.763 volumes

For the adiabatic expansion
PV =PV}

¥ 14
P, = P, (ﬁ) — 4365 x ("763>
Vs 16

_ 4365
9.07514

4365

2193
= 199.04 kN/m?

For the constant volume process

PP
' T4
T4= T|&2%2692.2K
Py
1y = 692.2 — 273 =419.2 °C
Hence
P, =90 kN/m? t =40°C

P, = 4365 kN/m? 1, = 402.7°C
Py = 4365 kN/m? t; = 1400 °C
Py =199.04 kN/m> 1, =419.2°C

(b)

§w/ke =Ty~ Ty - eTe= 1) (equation 1)

o= =100 4917 k3/kg K
Y 1.4

%W/kg = 1.004 x (1673 — 948.7) — 0.717 x (692.2 — 313)

= (1.004 x 724.3) — (0.717 x 379.2)
=727.2x271.9
=4553kJ

Ideal gas power cyolex

)
1 (Ty—Ty)
Thermaln=1————"7-7
=Ty -
-1 1 (6922 - 313)
T 14 (1673 -948.7)
_, 3192
T 14x 7212
=1-0372
=0.628
=62.8%
@
. $W " .
Work ratio = (see equation [6], section 15.1)
Positive work done
R(T; - T.
Positive work done = ¢,(T3 — T2) + ﬁﬁl
Also (¢, — ¢,) = R=(1.004 — 0.717) = 0.287 kJ/kg K
0.287 x (1673 — 692.2)
Positive work done = 1.004 x (1673 — 948.7) + _——(1(—4_—1)——
.287 x 980.8
= (1.004 x 724.3) + (0.287 x 980.8)
0.4
=7272+703.7
= 1430.9 kJ/kg
. 3
Work ratio = 14:350.9
=0.318
e
i §w i ion 15.1
Mean effective pressure = ————— (see equation [10], section 15. )
Vi =V

Now, for 1 kg of gas
P] V| = RT]

455.3

Mean effective pressure = _(Bm

4553

70936
= 486.4 kN/m?

469
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®
(15 -T))

Carnot n = 7
3

_ (1673 -313)
1673

_ 1360
1673

= 0.813
= 81.3%

Example 15.10 In an ideal Diesel cycle the volume ratios of the adiabatic expansion and
compression are 7.5:1 and 15:1, respectively. The pressure and temperature at the beginning of

compression are 98 kN/m’ and 44 °C, respectively. The pressure at the end of the adiabatic
expansion is 258 kN/m’. Determine

(a) the maximum temperature attained during the cycle
(b) the thermal efficiency of the cycle
Takey = 14.

SOLUTION
First draw a diagram (Fig. 15.23).

P

PV =C

v
Fig. 15.23 Diagram for Example 15.10

(a)
P, P;
ECR o D -
=g and Ti=a4+23-317K
To=T, 012317 x 238 _ 8346k
P, 98

For the expansion

E_ (ﬁ>(7_l)
T4 V3
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% (-1
Ti="T, (—") = 834.6 x 7.5%
Vs
= 834.6 x 2.239
=1868.7K

t; = 1868.7 — 273 = 1595.7 °C

This is the maximum temperature attained during the cycle.
(b)

Q, <ﬂ>("/*l)
T Va

-1
TZ:TI(g) =317x 15%* =317%x295=935K
2

Thermaln=1-— —(T“ - 1)
T3 = Ty)
(8346 -317)
1.4(1868.7 — 935)
_,__ 5176
1.4 x933.7
=1-10.396
= 0.604
= 60.4%

Example 15.11 An oil engine works on the ideal Diesel cycle. The overall volume ratio of
compression is 11:1 and constant pressure energy addition ceases at 10 per cent of the stroke.
The pressure and temperature at the commencement of compression are 96 kN/m® and 18 °C,
respectively. The engine uses 0.05 m’ of air per second. Determine

(a) the thermal efficiency of the cycle

(b) the indicated power of the cycle

Takey = 14.

SOLUTION
First draw a diagram (Fig. 15.24).

2 3

P

FanY
A 4

Fig. 15.24 Diagram for Example 15.11
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(w)
Swept volume = 11 — 1
= 10 volumes

10% of swept volume = 10 x 0.1 = 1 volume

Constant pressure energy addition ceases at 1 + | = 2 volumes
Thermal =1 — (hlﬁl) 1¢-D
r 7y (B

andr,,z V|/V2 = ll,ﬁ: V3/V2 =2.
1 L (2"4—-1)

Thermalp =1 - ———
7 nea-n 14X 2o
~ I 64—1)
R TT Y R
_q__ 164
261 x 114
—1—0.449
—0.551
—~ 55.1%

(b)
Let ¥, — V, = 0.05 m’
then V, =0.05 x 0.1 = 0.005 m®
From this

Vi =11 x 0.005 = 0.055 m3
Vy=2V,=2x0.005=0.01 m*
Ve=V, =0.055m?

PV =PV

y
P, =P (9) =96 x 11'* = 96 x 28.7 = 2755 kN/m*
2

P3V§:P4Vz and P3:P2

V ¥ 1.4
P, = P (73) — 2760 x (%) = 2760 2760 _ 553 7 kN/m?

4 5.5 10.88

%W/s = indicated power

(P3Vy — PyVy) — (P2 YV, = P V)

=P,(V3 - V.
2(V3 )+ v=1

= 2755 x (0.01 — 0.005)

12755 x 0.01) - (253.7 x 0.005)] — [(2755 x 0.005) ~ (96 x 0.005)]

141
— (2755 x 0.005) + (Z1:55 = 13.95) — (13.78 - 5.28)
0.4
(13.6 — 8.5) 5.1
=1378 + 12070 _ y390, O
0.4 t o4
=13.78 +12.75
= 26.53 kW
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15.7 The dual combustion cycle

4

This cycle is sometimes called the composite cycle. Heat is received partly at constant
volume and partly at constant pressure, hence the name, dual combustion cycle. Heut

is rejected at constant volume.

It fits the actual cycle of an oil engine rather more closely than the Diesel cycle,
This is because an actual oil engine burns part of the fuel very nearly at constant
volume and burns the rest very nearly at constant pressure. Another name for the

cycle is the high-speed Diesel cycle.

y u
3 4 T hy
R=R v
Al 2 N z ] mk
2 > U,
b Adiabatic Nts 4 5 °
\ va=c 2 ’\1\4‘) u,
R 5
p \ ; 1 U
1
Tvwwv Vv ViV [ si=s, s 5 Si=Ss
{a) {b)

Fig. 15.25 Dual combustion cycle: (a) P~V diagram; (b) T-s diagram

Figure 15.25(a) is a P-V diagram of the dual combustion cycle; Fig. 15.25(b) is the

corresponding 7-s diagram. The cycle is arranged as follows:

. 1-2 Adiabatic compression according to the law PV 7 = C
Pressure increases from P, to P,.
Temperature increases from 7 to T5.
Volume decreases from V; to V5.
Entropy remains constant at s, = s,.

. 2-3 Constant volume heat addition
Volume remains constant at V, = V;.
Pressure increases from P, to Ps.
Temperature increases from 75 to 75.
Entropy increases from s, to s3.

) 3-4 Constant pressure heat addition
Pressure remains constant at Py = P,.
Volume increases from V3 to V,.
Temperature increases from 73 to 7T,.
Entropy increases from s; to sq4.

) 4-5 Adiabatic expansion according to the law PV’ = C
Pressure decreases from P4 to Ps.
Temperature decreases from Ty to 7.
Volume increases from V4 to V.
Entropy remains constant at s4 = ss.
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5-1 Constant volume heat rejection

Volume remains constant at Vs = V.

Pressure decreases from Ps to P;.

Temperature decreases from Ts to 7.

Entropy decreases from ss to s;.

This process completes the cycle and returns the gas to its original state.

An analysis of the properties at state points 1, 2, 3, 4 and 5 can be made. Assume

Py, Vy and T, are known.

PV, T
Assume that the volume ratio ¥,/V; is known.

T[Ty = (V3/ V)7~
Y
T2 = Tl (ﬁ> = T,rsy_l)
Vs
where r, = adiabatic compression volume ratio

Also P\V] = P,V

Y
P2:P|(ﬁ> :Plrf:
V,

Py/T5y = P,/ T, because the volume remains constant at Vy = Vs,
T3 = &TZ = (ZT]fsyil)
P,

where « = P;/ P, = constant volume heat addition pressure ratio

V3/Ty = V4/ T, because the pressure remains constant at Py =P,

_Va

T, =
4 Vs

T3 = ocﬂTlrf,}H b

where i = V,/V3 = constant pressure heat addition cut-off ratio

Ts/Ty=(Va/ V)1

-1
()
Vs

Now V5=V1
Ve Vi vty

Vs Vi ViV,
Also V3 = V2
Vo _VaVy_ B

V5 B V3 V] - ry
since V3/V3=fand V|/V,=r,

. -1
Ts = afTyr ])ﬂ(),_,) =of’T,
r

v

(from above)
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Note also that for the constant volume process 5-1, Ps/Ts = P/ T,

_bs

T =
5 P,

T,

So it appears that

Ps ,
P _ .
p-

Now this can be shown as follows:

g7 =B <L> '
Py, \ V3

PyVi=P,V} since Py=P,
and

PV, = PsV?% since PV’ = C for process 4-5
Also

PVi=P VY, since Vy=V;
and

P,V =PV since PV’ = C for process 1-2

by
:%:& since V; = Vs
PV P

Note also that PsV' i = PyV)

e () -0(2)

The work done during the cycle may be obtained as follows:

apf’

» Processes 34 and 4-5 are expansions and hence give positive work done.
» Process 1-2 is a compression and hence gives negative work done.
» The net work done during the cycle will be the sum of the work done during

these processes.

Hence

%W = Area under 3—4 + Area under 4—5 — Area under 1-2

_ _ (PyVy— PsVs) (P Va— P V)
=P(Va—V3)+ =D o=
— PsVs) — (PyV,— PV,
:P3(V4—V3)+(P“V4 s (5;_5)2 = PV
:mR(T4—T3)+(Vm_R1) (T4 = Ts) — (T, — 1Y)
(Ty-—T)- (T, - T)

=mR[(T4—T3)+ (V—l)

i

2]
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Alternatively, the net work done may be obtained from

ff)W = Heat received — Heat rejected

In this cycle, heat is received during constant volume process 2-3 and constant

pressure process 3—4 and heat is rejected during constant volume process 5-1.
No heat is received or rejected during the adiabatic processes.

%W =mcy(Ty —~ T3) + mc,(Ty — T3) — mc,(Ts — Ty) [3]

Alternatively

f{;W = Heat received x Thermal 5

= [mc(T3 — T3) + mc,(Ty — T)] x Thermal 5 4]
The thermal efficiency may be determined from
Heat rejected
Heat received
mcv(TS - Tl)
melTy — To) + me,(Ty — Ty)
—1_ (TS — Tl) [5]
(T3 = o)+ y(Ty — T3)

This gives the thermal efficiency in terms of temperatures.
Substituting temperatures in terms of 7 into equation [5]

Thermalp =1 —~

=1-

_ @B'T) — T))
Th In=1-—
ermatn [Ty r Y Tord ™D 4 y[apTr 0D aTyr
1 Ti(ef’ — 1)
Tir{ " Vi = 1) + ap(B — 1]
1 (@p? = 1)
= 1 _—
rW”wqwmmJ 16

Note that this expression contains the expressions for thermal efficiency of the
constant volume cycle and the Diesel cycle.

If f =1 there is no constant pressure heat addition because V, = V;; substituting
this into equation [6]

1

r&rfl)

Thermal n =1 —

i.e. the constant volume cycle.

If o =1 there is no constant volume heat addition because P; = P,; substituting
this into equation [6]

Thermalnp=1 - (l_l) (CAR))
T B -1
i.e. the Diesel cycle.
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For the dual combustion cycle, using the T—s chart

Heat received at constant volume = u3 — u»
Heat received at constant pressure = Ay — h;
Heat rejected at constant volume = us — u;

Heat rejected

Thermaln =1 - Heat received
—1 - (uS - ul) [7]
(43 —wp) + (hg — h3)
B = (s =)+ g = ) = (s = ) 8

Again, this gives the work done per unit mass per cycle because the chart will be
made out for unit mass of gas.

Example 15.12 At the beginning of the compression of an ideal dual combustion cycle the
pressure and temperature of the gas are 103 kN/m? and 22°C, respectively. The volume ratio of
the compression is 16.1. The heat added during the constant volume process is 244 kJ/kg of gas.
Heat is added during the constant pressure process for 3 per cent of the expansion stroke.
Determine

(a) the pressure and temperature at the end of compression

(b) the pressure and temperature at the end of the constant volume process

(c) the temperature at the end of the constant pressure process

Takey = 14,¢c, =0.707 kJ/kg K.

SOLUTION
First draw a diagram (Fig. 15.26).

P

2 PV =C

1
1 1.45 16 v

ya -\
9

Fig. 15.26 Diagram for Example 15.12

(@)
For the compression
PVi=PV}
P, =P, <ﬁ> — 103 x 16"
Vs
=103 x 48.5
= 5000 kN/m?

=5 MN/m?
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TI ( V2> (y-1
=22 and T, =22+273 = K
T, v, | + 295

-1
=T (g) = 295 x 16" = 295 x 3.03 = 894 K
2

t, =894 — 273 =621 °C

(b)

For the constant volume process
Heat added/kg gas = ¢(T; — T»)

244 = 0.717(T; - 894)

from which
244
T; = -——— 4894
ot

=340 4 894 = 1234 K
3 = 1234 - 273 =961 °C

Also
5_p
s T
T 1234 )
Pi=P—==5%x-—""=69MN
T 894 /m
()

For the constant pressure process
Stroke = 16 — 1 = 15 volumes

3% of stroke = 15 x 0.03 = 0.45 volumes

So the volume at the end of the constant pressure heat addition is

Vi =1+ 045 = 1.45 volumes

And
Ve 1
T, T,

T4:T3%=1234XL:§:1789K

3
ty = 1789 — 273 = 1516 °C
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Example 15.13 An ideal dual combustion cycle has a volume rativ for the adiabatic
compression of 15:1. At the beginning of the adiabatic compression the pressure, volume and
temperature of the gas are 97 kNjm?, 0.084 m’ and 28 °C, respectively. The maximum pressure
and temperature of the cycle are 6.2 MNjm’ and 1320 °C, respectively. For the cwle,
determine

(a) the pressure, volume and temperature at the cycle process change points

(b) the net work done

(¢) the thermal efficiency

(d) the heat received

(e) the work ratio

(f) the mean effective pressure

(g) the Carnot efficiency within the cycle temperature limits

Take ¢, = 1.005 kJjkg K, ¢, = 0.717 kJjkg K.

SOLUTION
First draw a diagram (Fig. 15.27).

P 3 4
6.2 kN/m2 |—
Adiabatic
2 PV =C
b
97 kN/m? l 1
T 0.084 m? V

Fig. 15.27 Diagram for Example 15.13

(a)
P, =97kN/m?, ¥, = 0.084 m*, ¢, = 28 °C

V,= 919? =0.0056m*

1.005

=y =-—"=14
%/ =7= 571
PV =PV
'
P, =P, (ﬁ) =97 x 15"
Va
=97 x 44.3
= 4297 kN/m*
= 4.297 MN/m?

(y=1)
I _ (KZ-) and T, =28+273 =301K
7, Vi
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% (=1
T,=T (—') =301 x 15%4
Vs

=301 x 2.954
= 889 K

t, = 889 — 273 = 616 °C

b _ P

T

Ty =0 — 880 x %2 _ 1283k
P 4297

t; = 1283 — 273 = 1010 °C
Vi =V, = 0.005 6 m*

Ya Vs and T, = 1320 4273 = 1593 K
T, T,
Ve= V312 = 0.005 6 x 223 _ 0,006 95 m’
T, 1283

Py=Py=62MN/m* Vs =V, =0.084 m’
P4V£ _ 1)51/75Y

N 14
Ps=P, (ﬁ) — 62 x (0.006 95)
Vs 0.084

__62
12.0914

_ 62
328

= 0.189 MN/m’
= 189 kN/m?

ﬁ_ (E)(T*I)
T4 V5

{(r—1) 0.4
Ty =T, (;) — 1593 x (‘L‘M)

s 0.084
_ 1593
12,0904
_ 1593
2.71
=588 K
ts = 588 — 273 = 315 °C
Hence
P, =97 kN/m’ V, = 0.084 m? t =28°C

Py =429TMN/m*> V¥, =0.0056m*> 1, =616°C
P; = 6.2 MN/m? Vy=0.0056m®> 1, =1010°C
Py = 6.2 MN/m? Vy=000695m® 1, =1320°C
Ps = 189 kN/m? Vs = 0.084 m? ts = 315°C
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)

§W=P3(V4~ V3)+(P4V4—P5V5)—(P2V2 -

-1

= 6200 x (0.006 95 — 0.005 6)
. [(6200 x 0.006 95) — (189 x 0.084)] — [(4297 x 0.005 6) — (97 x 0.084)]

(14—1)
— (6200 x 0.001 35) + W31 = ‘5-9)0-4(241 ~8.15)
8374 (2721399
04
=8.37+28.13
=365kJ
)
Thermalnp =1 — (s - T
(Ty =T+ Ty —Ty)
1 (588 — 301)
(1283 — 889) + 1.4(1593 — 1283)
ST 2T
394 + (1.4 x 310) 394 + 434
__
828
=1-0.347
= 0.653
=653%
Alternatively
-
Thermalnp =1 — (yl_ 5 (af 1)
P77V @+ D+ aB-1)
r,=15
L e R T Y
P, 4297
p=ta 0060 o
vy 0.0056
14y _
Thermal n= 1~ x (1443 x 1.241 ) 1
1504 7 (1.443 — 1) +(1.443 x 1.4) x (1.241 — 1)
1 (1443x1353) - 1
295" 0.443 + (2.02 x 0.241)
oL 1921
295" 0.448 4 0.487
_ L 095
295" 0.93
=1-0.347
=0.653
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(&)
%W = Heat received x Thermal

w
Heat received = w§
Thermal 7

365

7 0.653
=559kJ

Alternatively
R=c¢,—¢,=1.005-0.717 = 0.288 kJ /kg K

PV, 97 x0.084
m= =

= = 0.095 kg
RT, 0.288 x 301

Heat received = me, (T3 — Tr) + mc,(Ty — T3)
=1[0.094 x 0.717 x (1283 — 889)] +[0.094 x 1.006 x (1593 — 1283)]
= (0.094 x 0.717 x 394) + (0.094 x 1.006 x 310)

=26.6+293
=559 kJ

(e

(3.4
Positive work done
36.5

N Ps(Vi— Vi) + (PyV4 — PsVs)
-1

Work ratio =

36.5

- 27.2
837 +——
04

_ 365
837 + 68

36.5

" 76.37
=0.478

®

w
Mean effective pressure = $

Vi —V2)

_ 36.5
(0.084 — 0.005 6)

_ 365
0.078 4

= 465.6 kN/m®
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(® b
L-T
4

_ 1593 —301
1593

Carnot n =

1292
1593

=0.81
=81%

156.8 The Atkinson cycle

This cycle is named after J. Atkinson, a British Engineer who carried out work on the
gas engine during the mid 1880s. A peculiarity of the Atkinson gas engine was its
alternate short and long strokes which were obtained from a special link mechanism.
The short stroke was the compression stroke and the long stroke was the expansion
stroke. In this way, Atkinson hoped to obtain more work than in the constant
volume cycle. In fact, the amount of extra work is so small that it does not really
justify the consequent increase in cylinder volume and the more complex link
mechanism required to give the alternate short and long stroke.

This cycle has also been used as a gas turbine cycle; a noteworthy example is the
Holtzwarth constant volume or explosion gas turbine of about 1908. In this type of gas
turbine, air was compressed in a compressor and passed to a constant volume
combustion chamber. Fuel was injected into the combustion chamber in which it was
burnt, or exploded, and the pressure was increased at a constant volume. The high-
pressure gas was released to expand through a gas turbine then exhausted into the
atmosphere. This type of gas turbine has not found great favour, although more
work was done on its development in Switzerland in about 1930.

- u h
Pa——3 3 U
] N Y
Pz—i A\ 4 hA
Adiabatic 2
P Y
PVY=C ~
i P h,
A-F T 1
Tv=v VvV Vi $1=5, s =8,
(a) {b)

Fig. 15.28 Atkinson cycle: (a) P-V diagram; (b) T-s diagram

Figure 15.28(a) is a P-V diagram of the Atkinson cycle; Fig. 15.28(b) is the
corresponding T—s diagram. The cycle is arranged as follows:
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An analysis of the properties at state points 1, 2, 3 and 4 can be made. It is
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1-2 Adiabatic compression according to the law PV’ = C
Pressure increases from P to P,.

Temperature increases from T to T>.

Volume decreases from V) to V5.

Entropy remains constant at s; = s,.

2-3 Constant volume heat addition
Pressure increases from P, to Ps.
Temperature increases from T, to Ts.
Volume remains constant at V, = V;.
Entropy increases from s, to s3.

3-4 Adiabatic expansion according to the law PV’ = C
Pressure decreases from P; to Py.

Temperature decreases from T to 7.

Volume increases from V3 to V.

Entropy remains constant at s3 = s4.

4-1 Constant pressure heat rejection
Pressure remains constant at P, = P,.
Temperature decreases from T, to 7).
Volume decreases from V4 to V.
Entropy decreases from s4 to s,.

This process completes the cycle and returns the gas to its original state.

assumed that Py, V; and T, are known.

P], Vl’ Tl-
Assume that the volume ratio V;/V; is known.
T\/T, = (V2/ V)0~

-1
T2 = Tl (—Vl) = Tlrff’fl)
V)

where r, = V,/V, = adiabatic compression volume ratio
P /Vi=P/V}
7
P:=P]<Kl-) =P1r3
V2

P3/T5 = P,/ T, because the volume remains constant at V5 = V.

= &Tz =&T]r£vfl)
P, P,
Ty/Ts = (V3/ V)0

v\t T
=T, (“3) = <y3—1>
Vs R

T,
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where R, = V,;/V; = adiabatic expansion volume ratio

(-1
e gn(3)
P2 Rv
Now

Y Y
P _ <ﬂ>/=r’v' also b (l/i> =R}
P| Vz P4 V3

and dividing

&ﬁ_<&>v
P, P, ry

ButP|=P4

Py _ (&)y
P4 ry

From this

¥ -1
e (2)n() o
r, Rv ry

Note also that from the constant pressure process, Vi /Ty = V/T).

Vs
T,=T—
4 ]VI

From this it appears that V,/V, = R,/r,.

Now
R_VVr g vy=v,
ry, V3 V|
R _Vs
ry VI

The work done during the cycle may be obtained as follows:

Process 3—4 is an expansion and hence gives positive work done.
Processes 4-1 and 1-2 are compressions and hence give negative work done.
The net work done will be the sum of the work done during these processes.

Hence

%W = Area under 3—4 — Area under 4—1 — Area under 1--2

:P3V3'—P4V4_P V-V _(PZVZ_PIVZ)
G-1 Vem =T
:(P3V3_P4V4)_(P2V2_PIV1)—PI(V4—V])

-1
_ mR[(Ts —T)-(T=T) Tl)]
G-

R in this case is the characteristic gas constant.

(n

(2]
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Alternatively, the work done may be obtained from
%W = Heat received — Heat rejected

In this cycle, heat is received during constant volume process 2-3. Heat is rejected
during the constant pressure process 4-1.
No heat is received or rejected during the adiabatic processes.

§w = me(1y = 1)~ meyTs ~ 1)) 3
Alternatively

%W = Heat received x Thermal n
= mc, (T3 — T3) x Thermal [4]
The thermal efficiency may be determined from

Heat rejected
Heat received
1 — mc,,(T4 - TI)

Thermaln =1 —

m('v(Tfi - TZ)
(T3 - T)

This gives the thermal efficiency in terms of temperature.
Substituting temperature in terms of T} into equation [5]

Thermaln =1 - WT\R,/r, — T)
(R,JryTory Y — =
— - TiR/r = 1)

Tir VIR, /r) = 1)

_ 1 y(Rv/rv — l)
ST Ry - o

For this cycle, using the 7-s chart

Heat received at constant volume = u3; — u,
Heat rejected at constant pressure = h, — Ay

Heat rejected

Thermal =1 - -
Heat received
-1 _(h4—h1) (7]
(u3 — up)
Also

W = Heat received — Heat rejected
=(uy —up) — (hy — hy) (8]

Again this gives the work done per unit mass per cycle because the chart will be
made out for unit mass of gas.
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Example 15.14 At the beginning of the adiabatic compression of an Atkinson cycle the
pressure, volume and temperature are 101 kN/m’, 14 litres and 15 °C, respectively. At the end
bf the adiabatic compression the volume is 2.8 litres. The maximum pressure of the eyele Iy
1.85 MN/m’. Determine

(a) the thermal efficiency

(b) the heat received

(c) the heat rejected

(d) the net work

(e) the work ratio

(f) the mean effective pressure

(g) the Carnot efficiency within the cycle temperature limits

Takey =14, R =0.29 kJ/kg K.

SOLUTION
First draw a diagram (Fig. 15.29).

P 3
1.85 kN/m? L_

101 kN/m? 1 4

S
o

281 141 v

Fig. 15.29 Diagram for Example 15.14

(@)
T, =273+15=288K

LA (ﬁ)(%l)
T, Vy

-1 (14-1)
v, 14)

Ty=T— =288 x { —

: I(Vz) (2.8

=288 x 5%4
=288 x 1.904
=548 K

P]Vi]:Png

¥

P, =P (%) =101 x 5" = 101 x 9.52 = 961.5 kN/m?
2

hH_P

7, T
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P 1850

Ty=T,-3 =548 x ——~ = 1054 K
2p 961.5

2

_&_ (_&)(v—l)/v
T, Py

(r=0/y (14— 1)/0.4
P
T, =T, (—1> — 1054 x (‘_O'_>

P 1850
1054
183135
_ 1054
2.29
= 460 K
Thermaln=1— M
(T3 - T)
Ly LA 0 -288)
(1054 — 548)
- 14x172
506
=1-0.476
=0.524
= 52.4%

(b)
PV, 101 x0.014
n=———————— =—
RT, ~ 020 x 288~ 0169ke
Heat received = mc (T; — T)
R 0.29
¢ = ==22 =0.725kJ /kg K
-1 04 /ke
Heat received = 0.016 9 x 0.725 x (1054 — 548)
= 0.016 9 x 0.725 x 506
=6.19 kJ/cycle
(©

Heat rejected = mc,(Ty — T})

C
P _
—=7
Cy

¢, = yc, = 1.4 x 0.725 = 1.015 kJ/kg K
Heat rejected = 0.016 9 x 1.015 x (460 — 288)

=0.0169 x1.015x 172
= 2.95 kJ/cycle

@
{)W = Heat received — Heat rejected
=6.19-295
= 3.24 kJ /cycle

Alternatively

ff)W — Heat received x Thermal efficiency

=6.19 — 0.524
= 3.24 kJ /cycle

O]

(34

Work ratio = ———-rre——————
Positive work done

B 3.24
TPV - PaVy)
-1

_ 324 x(14-1)
(1850 x 0.002 8) — (101 x 0.014)

. 324x04
(5.18 — 1.414)

_ 1.296
3.766

=0.344

®

§w

Mean effective pressure = ————
(V4 —V2)

Now Vs = ﬂ since P4 =P

7. T,
Vew v, 15— 0014 x 2 _ 0022w
T, 288

3.24

Mean effective pressure = ————————>"~
(0.022 — 0.002 8)

_ 3.24
0.0192

.= 168.75 kN/m?

Ideal gas power oyolse 439
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®
Carnot n = L-n
T3
1054 — 288
T 1054
766
" 1054

=0.727
=T2.7%

15.9 The Stirling and Ericsson cycles

The Stirling cycle is named after Dr Robert Stirling and his brother James Stirling
who, as early as 1815, obtained a British patent on an air engine (see section 15.2). In
1845 one such engine was used in a Dundee foundry. The air was used in a closed
system and heat was supplied by a furnace through a heating surface. In the system
used, the heat transfer into the air was slow and eventually the heater surface burned
out, the engine was abandoned.

Figure 15.30 shows the P-V and T-s diagrams; the Stirling cycle is composed of two
isothermal processes and two constant volume processes. Its importance here lies in
the process of regeneration which the Stirling brothers used on their engines. The two
constant volume processes, 2-3 and 4-1, are bounded by the isotherms and therefore
have the same temperature limits. Thus, neglecting change in specific heat capacity,
the heat transfer required for constant volume process 2-3 is equal to the heat transfer
rejection for constant volume process 4-1, or me (T3 — T) = me, (T4 — T)).

3
P Isothermal P 3 4
Constant
2 4 volume
a*;; 1 2 1
| "4 s
{a) (b)

Fig. 15.30 Stirling cycle: (a) P-V diagram; (b) T-s diagram

Now, during the process 4-1, this amount of energy is rejected and during process
2-3, the same amount of energy is required. Suppose a device could be developed
within the engine, to store the energy rejected during process 4-1 then give it up
during process 2-3. Once the necessary warm-up of the engine has taken place and
temperature limits have been established, these two processes will be self-
perpetuating; no subsequent heat energy transfer will be required from an external
source through the system boundary. There is such a device; it is called a regenerator
and the process is called regeneration. In the case of the Stirling engine, the
regenerator consisted of a matrix of sheet-iron plates maintained at the high
temperature at one end by the furnace and the low temperature at the other end by a
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water-cooler. Thus the necessary temperature gradient was maintained through the
matrix, which was sufficiently bulky that the necessary heat energy transfer during
the successive processes did not substantially modify the temperatures. With the
regenerator installed, external heat transfer is not required to carry out the constant
volume processes, so the thermal efficiency relies only on the two isothermal
processes, which is the same as for the Carnot cycle. Hence, with the process of
regeneration included, the theoretical Stirling cycle thermal efficiency has the highest
thermal efficiency possible, (T; - T)/Ts By including the regeneration process, a
cycle which would otherwise have been irreversible has been made reversible and now
has the highest ideal thermal efficiency.

From time to time there is a revival of interest in the Stirling cycle with its process
of regeneration. Modern research has shown the possibility of engines with thermal
efficiencies as high as 40 per cent and with good power outputs; some have, in fact,
been constructed. They are achieved using improved manufacturing techniques and
by using gases other than air, e.g. hydrogen, at general pressures much higher than
atmospheric to increase density and hence heat transfer properties.

Note that in Fig. 15.30(a) the practical cycle is shown dotted and has an oval
shape. It does not attain the high ideal efficiency. In a practical Stirling engine, air or
some other gas is used in a closed cycle and is heated and cooled indirectly. Thus the
cycle is independent of the type of fuel or energy source. Hence, nuclear fuel and
solar radiation have been considered as possible energy sources together with the
more conventional fuels such as coal, oil, gas and wood. The reversed Stirling cycle
has been successfully applied in the liquefaction of air.

The Ericsson cycle is named after John Ericsson (1803-1889), a Swedish engineer
who spent some time in England and constructed a steam locomotive at the same
time as George Stephenson. Ericsson eventually left England to live in America. In
America his interest centred on hot-air engines (see section 15.2).

Figure 15.31 shows the P-V and T-s diagrams of the Ericsson cycle; it is composed
of two isothermal processes and two constant pressure processes.

d P 3 4
2 3
A
- Isothermal Constant
PV =C pressure
4 4 2 1
~ v s
(a) {b)

Fig. 156.31 Ericsson cycle: (a) P-V diagram; (b) T-s diagram
Once again, because the two constant pressure processes are bounded by the same
temperature limits
mep(Ts — T2) = mey(Ty — Ty)
and the process of regeneration is again possible.

By including the process of regeneration, the Ericsson cycle becomes a reversible
cycle and has the highest thermal efficiency possible, (T3 — T})/T3.
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Example 15.15 An ideal Stirling cycle, using air and including regeneration, has at the
beginning of isothermal compression a pressure, volume and temperature of 110 kNim?, 0.05 m’
and 30 °C, respectively. The minimum volume of the cycle is 0.005 m’. The maximum
temperature of the cycle is 700 °C. Determine for the cycle

(a) the net work done

(b) the ideal thermal efficiency

(¢) the thermal efficiency if the process of regeneration is not included

Take R = 0.289 kJjkg K, ¢, = 0.718 kJ/kg K.

SOLUTION
First draw a diagram (Fig. 15.32).

P

Adiabatic
PVY=C

Vi o\

b,
V

v, v vV

Fig. 15.32 Diagram for Example 15.15

(a)

iFW:len %m— 7)) and T; =700+ 273 = 973K
2 T, =30+ 273 = 303K

_PiVy _ 110 %005

m =
RT, 0.289 x 303

= 0.063 kg

0.05
0.005

= 0.063 x 0.289 in 10 x 670
=0.063 x 0.289 x 2.3 x 670
=28.1kJ

%W = 0.063 x 0.289 In (973 — 303)

(b)
Ideal thermal 7 = L-h
Ty
_ 973303
973
_670
973

= 0.689
= 68.9%
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_ Heat rejected
Heat received

Thermal n = 1

me(Ty — T)) + mRT) In —

I
I
L8]

me (T3 — Ty) +mRT3 In —-
L 3

CV(T4 - T]) + RT] In ﬁ

=1 V2

¢(T3 —T2)+ RT3 In Ya

L £
_ (0.718 x 670) + (0.289 x 303 In 10)
(0.718 x 670) + (0.289 x 973 in 10)

| 48.1+(0289 x 303 x 2.3)
481.1 + (0.289 x 973 x 2.3)

_ | 48L1+201.4)
(481.1 + 646.8)

_ 685.5
1127.9

=1 -0.605

=0.395

= 39.5%

Example 15.16 At the beginning of the isothermal compression of an ideal Ericsson cycle, using
air and including regeneration, the pressure, volume and temperature are 100 kN/m’, 0.08 m® and
20 °C, respectively. The volume ratio of the isothermal compression is 5:1. After the isothermal
compression, the volume of the air is doubled during the constant pressure process. Determine for
the cycle

(a) the maximum temperature

(b) the net work done

(c) the ideal thermal efficiency

(d) the thermal efficiency if the process of regeneration is not included

Take R = 0.287 kJlkg K, ¢, = 1.006 kJjkg K.

SOLUTION
First draw a diagram (Fig. 15.33).

P 2 3

Isothermal
PV=C

—¢ v

Fig. 15.33 Diagram for Example 15.16
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(a)

T, =20+273=293K
ﬁ = ﬁ and Tz = T|
T T

T =T 03 — 2932
V,

=586 K
1 = 586 — 273
=313°C

The maximum temperature is 313 °C.

(b)
_ Vs Vi
W= mR(Tx - Tz) +mRT1 In 7 - mR(T4 — T|) —mRT1 In —
3 2
V, .
=mR In 7(T3 —T)) since T3=T,
2

TW=T,

a_ ¥

Vs V1,

Now m— PVy _ 100x0.08 0.095 kg

RT, ~ 0.287 x 293

%W = 0.095 x 0.287 x In 5 x (586 — 293)

=0.095 x 0.287 x 1.61 x 293
=12.86 kJ

(©
T3 - T|

1deal thermal n =
T

_ (586 —293)
586

SEC]
586

=05
= 50%

@

Thermal n = 1 — Heat rejected

Heat received

me,(Ty — T)) + mRT; In -1

I

—_
|
S

me(Tg — 1)+ mRTy In —

¢(Ty — T)) + RT, In %

(‘,,(T3 had Tz) + RT} In ﬁ
L Vs
_ (1.006 x 293) 4 (0.287 x 293 In 5)

(1.006 x 293) + (0.287 x 586 In 5)

2948 +1354
294.8 +270.8
4302
565.6
=1-0.76
=024
=24%
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15.10 Miscellaneous cycles

Example 15.17 One kilogram of air at a temperature of 230 °C is expanded isothermally from
a pressure of 3.45 MN/m’ to a pressure of 2 MN/m’. It is then expanded adiabatically to a
pressure of 140 kNim’. The air is then cooled at constant pressure and finally restored to its

initial state by adiabatic compression. Determine for the cycle
(a) the net work done

(b) the thermal efficiency

Takey =14, ¢, = 1.006 kJ/kg K.

SOLUTION
First draw a diagram (Fig. 15.34)

P 1
3.45 MN/m?

Isothermal

2 MN/m?2

140 kN/m? 4 3

A
Y

A 4

Fig. 15.34 Diagram for Example 15.17
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(a)

Since 1-2 is isothermal, ¢, = 230 °C

T3 Py

(y=0/y (14-1)/14
T5 =T, <ﬁ) = 503 x (&)
P, 2000

_ 503
14.31735

(y—0/y
T.
—2:(1’2) and T, =230+273=503K

(r=n/r (14-1)/y
T,=T, <fi> = 503 x (ﬂ)
P, 3450

_ 503
24.641/35

503

25

=201 K

Heat received during isothermal process/kg is RT, In (P/Py) and

0.4

y—1 14— 1 .
R=c¢,{ ——) =1.006 = 1.006 x — = 0. kJ
c,,( 5 ) ( 2 ) X ” 287 kJ/kg K

So heat received during isothermal process per kilogram is

0.287 x 503 x In 1.725 = 0.287 x 503 x 0.545
=T78.7kJ

Heat rejected during constant pressure process per kilogram is

(T3 — Ty) = 1.006 x (235 — 201)
= 1.006 x 34
=342 kJ

There is no heat received or rejected during the adiabatic processes.

#W = Heat received — Heat rejected

%W =78.7—-342=445kJ
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®)
Thermal 7 = Heat received — Heat rejected
Heat received
443
78.7
=0.563
= 56.3%

Example 15.18 A gas cycle consists of the following four processes:

. 1-2 Adiabatic (isentropic) compression from initial temperature T, through volume
ratio r,.

] 2-3 Heat transfer at constant pressure until the volume at state point 3 is equal to
twice the volume at 2.

) 3-4 Isothermal expansion to the original volume.

) 4-1 Constant volume heat transfer to original state point 1.

For this cycle, sketch the pressure—volume and temperature—entropy diagrams and show that

/32~ 1/ri ")
I +2[( — )/r]Inr,/2

Thermalnp =1 —

If v, = 5, determine the thermal efficiency of the cycle and the Carnot efficiency between the

same temperature limits. Take y = 1.4.

SOLUTION
The sketch diagrams are shown in Fig. 15.35.

Constant
pressyre

2 onstant

volume

P T
2 3
Isothermal
4
Adiabatic 1
~ V 3

Fig. 15.35 Diagrams for Example 15.18

To solve the temperatures at the state points

[ ] Tl
° Tl/Tzz(Vl/Vz)(’/*l):rsv—l)

T2 = Tlrsyfl)

since r, = V1 /V,
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Vi/Ts = V| T,
T] = Tzh = 2T1"i"’7 n
Vs,
since V3 =2V, and T, = T, r 0~V
T, = T; because process 34 is isothermal

T4 = 2T|rf:" n

To analyse the heat transfer through the cycle.

1-2  No heat transfer since the process is adiabatic

2-3 Heat received = mc,(T5 — 1)
34 Heat received = mRT; In Vy/ V3
4-1 Heat rejected = me (T4 — T))

Heat rejected
Heat received
me,(Ty — Ty)

Thermaln =1 —

 me,(Ty — ) + mRT; In (V) Vs)

Now Va=V,, V3 =2V,and V|/V2 =r,, SO

Va_ ¥ _n
V3 2V2 2
] (=1 _
Thermal n = 1 — [2Tyr} T
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_ 1,053
1.524

=1-0.69
=0.31
=31%

Max. abs. temp. — Max. abs. temp.
Max. abs. temp.

Carnot n =

-1 Min. abs. temp.
Max. abs. temp.

ST

— 1 =1 1 =1- 1 =1 _L
2 x 5U4-1 2x 504 2x19 3.8

=1-0.263

=0.737

=73.7%

Note that R = ¢,(y — 1)/y from ¢, /¢, =y and (¢, — ¢,) = R.

R = T T 1 ol = /2T In (r,/2)

Simplifying
g =N — (-1
Thermalnp =1 — (Vil)‘lerv [2—-1/r=N]
Ty " {2 =D+ 2[(y — 1)/y]In (r,/2)] }
or
1 — (-0
Thermal = 1 — — /2= 1/ri~"]
1+ 2[(y - D/y]In (r/2)
Ifr,=5
el ),
Thermaln =1 — :

1 <2 _ L)
14 1.4
142 % (0.286 x In 2.5)

. (2-0526)/14
1+2 x (0.286 x 0.916)

141414
1+0.524

Questions

The temperatures of the two isothermal processes of a Carnot cycle are 350 °C and

15 °C, respectively. Determine the thermal efficiency of the cycle. [53.7%]
. °

0.23 kg of gas is taken through a Carnot cycle whose temperature limits are 300 °C

and 50 °C. If the volume ratio of the isothermal processes is 2.5:1, determine for the

cycle

(a)  the thermal efficiency

(b)  the net work done

(¢)  the work ratio

Take R=0.28 kJ/kg K,y = 1.4.

[(a) 43.6%; (b) 14.75 kJ; (¢) 0.2]
The high temperature of a Carnot cycle is 400 °C and the cycle has a thermal
efficiency of 55 per cent. The volume ratio of the isothermal processes is 2.8:1.
Determine for the cycle
(a)  the low temperature
(b)  the volume ratio of the adiabatic processes
(c)  the overall volume ratio
Take y = 1.4.

[(a) 30 °C; (b) 7.34:1; (c) 20.6:1]
The pressures at the beginning and end of the adiabatic compression of a constant
volume cycle are 103.5 kN/m? and 1.85 MN/m?, respectively. Determine for the cycle
(a) the overall volume ratio
(b)  the thermal efficiency

Take y = 1.4,
[(a) 7.87:1; (b) 56.1%]
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5.

An internal combustion engine working on the constant volume cycle has a cylinder
bore of 100 mm and a stroke of 95 mm. The clearance volume is 0.001 m®. Determine
for the cycle
(a)  the ideal thermal efficiency
(b)  the actual thermal efficiency if the relative efficiency is 45%
Take y = 1.4.
[(a) 57.4%; (b) 25.8%]

The pressure, volume and temperature at the beginning of the compression of a
constant volume (Otto) cycle are 105 kN/m?% 0.002 m* and 25 °C, respectively. The
maximum temperature of the cycle is 1250 °C. The volume ratio of the cycle is 8:1.
The cycle is repeated 4000 times/min. Determine for the cycle
(a) the theoretical output in kilowatts
(b)  the thermal efficiency
(c)  the mean effective pressure
(d)  the Carnot efficiency within the same temperature limits
Take ¢, = 1.007 kl/kg K, ¢, = 0.717 kJ/kg K. .

[(a) 54.3 kW; (b) 57%; (c) 465.1 kN/m?; (d) 80.4%]

0.5 kg of air is taken through a constant pressure cycle. The pressure and temperature
of the air at the beginning of the adiabatic compression are 96.5 kN/m? and 15 °C,
respectively. The pressure ratio of compression is 6:1. Constant pressure heat addition
occurs after the adiabatic compression until the volume is doubled. Determine for the
cycle
(a)  the thermal efficiency
(b)  the heat received
(c)  the net work done
(d)  the work ratio
(e)  the mean effective pressure

[(a) 40%; (b) 241 kJ; (c) 96.4 kJ; (d) 0.466; (e) 134.3 kN/m?]

In an ideal Diesel cycle the pressure and temperature at the beginning of the adiabatic
compression are 98.5 kN/m? and 60 °C, respectively. The maximum pressure attained
during the cycle is 4.5 MN/m? and the heat received during the cycle is 580 kJ/kg gas.
Determine for the cycle
(a)  the volume ratio of compression
(b)  the temperature at the end of compression
()  the temperature at the end of heat reception
(d)  the temperature at the end of the adiabatic expansion
(e)  the net work done per kilogram of gas
(f)  the thermal efficiency
(g) the work ratio
(h)  the mean effective pressure
() the Carnot efficiency within the cycle temperature limits

[(@) 15.3:1; (b) 719 °C; (c) 1297 °C; (d) 360 °C; (e) 365 kI/kg; () 63%:;

(g) 0.353; (h) 402 kKN/m?; (i) 79%]

At the commencement of the compression stroke, the cylinder of a Diesel engine is
charged with air at a pressure of 96.5 kN/m? and at a temperature of 65 °C.
Compression takes place to 1/14 the original volume according to the law
PV!'¥ = constant. Fuel is then injected; the mass of fuel injected is 1.40 that of the air
in the cylinder. Combustion takes place at constant pressure. The calorific value of the
fuel oil is 44 000 kJ/kg. Determine
(@)  the theoretical pressure and temperature after compression

10.

I1.
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(b) the theoretical temperature after combustion
(c)  the fraction of the stroke at which combustion is theoretically complete
For the mixture, take ¢, = 1.003 kJ/kg K.
[(a) 3403 kKN/m?, 579 °C; (b) 1649 "C; (¢} 11.096 6]
An engine working on an ideal Diesel cycle has a clearance volume of 0.000 25 m", It
has a bore and stroke of 152.5 mm and 200 mm, respectively. At the beginning of the
adiabatic compression the air in the cylinder has a pressure of 100 kN/m? and a
temperature of 20 °C, respectively. The maximum temperature of the cycle is 1090 "C'.
Determine
(a)  the temperature and pressure at the end of the adiabatic compression
(b)  the temperature and pressure at the end of the adiabatic expansion
(c)  the thermal efficiency of the cycle
Take y = 1.4.
[(a) 606 °C, 4680 kN/m?; (b) 269 “C. 185 kN/m?; (c) 63.3%]
In an ideal dual combustion cycle the pressure, volume and temperature at the
beginning of the adiabatic compression are 93 kN/m?, 0.05 m? and 24 °C, respectively.
The volume ratio of the adiabatic compression is 9:1. The constant volume heat
addition pressure ratio is 1.5:1 and the constant pressure heat addition volume ratio is
2:1. Determine for the cycle
(a)  the pressure, volume and temperature at the cycle process change points
(b)  the thermal efficiency
(c) the net work done
(d)  the work ratio
(e)  the mean effective pressure
(f)  the Carnot cycle within the cycle temperature limits
Take ¢, = 1.05 kJ/kg K, ¢, = 0.775 kl/kg K.
[(a) P, = 93 kN/m?, v, = 0.05m?, 5 =24°C
P> = 1823 kKN/m?, V5, =0.0056 m?>, £ =379°C
Py =2735kN/m?, V3 =00056m’, (5 =705°C
P, =2735kN/m°>, V,=00112m? 1, =1683°C
Ps = 360 kN/m?, Vs = 0.05m?, 15 =877 °C
(b) 48.3%; (c) 35 kJ; (d) 0.685; () 788 kN/m?; (f') 84.8%)
In an ideal Atkinson cycle the volume ratios of the adiabatic expansion and the
adiabatic compression are 9:1 and 5:1, respectively. At the beginning of the adiabatic
compression the pressure and temperature of the gas are 96.5 kN/m? and 27 °C,
respectively. Determine for the cycle
(a)  the pressure and temperature at the cycle process change points
(b)  the thermal efficiency
(¢)  the net work done per kilogram of gas
(d)  the work ratio
(¢)  the mean effective pressure
(f)  the Carnot efficiency within the cycle temperature limits
Take y = 1.38, ¢, = 0.716 kJ/kg K.
(@ P, =96.5kN/m?, 1, =27°C
P, =888 kN/m?, 1, =279°C
P; = 1998 kKN/m?, 13 =969 °C
Py =96.5kN/m?, 1, =267°C
(b) 52%; (c) 260 kJ; (d) 0.487; () 73.4 kN/m?; (f) 75.8%)]
At the beginning of a cycle using air, the pressure, volume and temperature are
550 kN/m?, 0.025 m> and 15 °C, respectively. The air is heated at constant pressure
until the temperature is 204 °C. It is then expanded adiabatically until the temperature
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becomes 120 °C. The air is cooled at constant volume to a temperature of 15 °C then
restored to its original volume by isothermal compression. Determine for the cycle
(a)  the heat received
(b)  the work done
(c)  the thermal efficiency
Take ¢, = 1.00 kJ/kg K, y = 1.4.
[(a) 31.6 kJ; (b) 5.54 kJ; (¢) 17.5%]
A gas is taken through a four-process cycle as follows:
1-2  Isothermal compression through a volume ratio r,
2-3 Constant pressure (isobaric) expansion through a volume ratio f§
3-4 Adiabatic (isentropic) expansion to the initial volume
4-1 Constant volume (isochoric) pressure reduction to the initial state at 1
Sketch the cycle on P~V and T-s diagrams and show that the thermal efficiency is
given by

ﬂ'y
(y—Dlnr, + !:m—l

WB—1)

If r =8 and §§ = 2, determine the thermal efficiency of the cycle and also the Carnot
efficiency within the same temperature limits.

Thermal p = 1 —

[30.5%, 50%]

Chapter ]..

Internal combustion engines

16.1 General introduction

In the internal combustion engine, combustion takes place within the engine itself,
hence its name. This is unlike a steam turbine, where steam is introduced to the
turbine after having been raised externally in a boiler. The combustion is external; it
takes place in the boiler, not the turbine.

All internal combustion engines aspirate air into which is introduced a measured
quantity of fuel. This fuel burns within the engine and in such a way that it produces a
gas containing a high energy. This gas can then be made to expand within the engine
and, using a suitable mechanism, work may be obtained. Because of the absence of
external auxiliary equipment, such as a boiler, which is generally large, the internal
combustion engine is of a much more compact size for a given output.

Internal combustion engines run on gaseous fuels and liquid fuels; they may be
found as reciprocating piston engines, turbines and rotary engines.

16.2 Reciprocating engine details

Figure 16.1 shows the mechanical elements of the reciprocating engine. The
reciprocating element is a piston in a cylinder. The piston and the cylinder have a
very close fit, and to ensure the assembly is gas-tight, the piston is fitted with piston
rings. They spring out and wear to the cylinder bore, so they greatly assist in making
the piston gas-tight. The cylinder is bored in the cylinder block which may be cast
integral with the crankcase (as shown) or bolted on top. The top of the cylinder is
sealed by bolting on to it the cylinder head. The seal between the cylinder head and
the cylinder is usually made by inserting a gasket between them. The recess in the
cylinder head, above the cylinder, is known as the combustion space; it is here that
combustion is initiated. Sometimes, however, the cylinder head is left flat and the
combustion space is cast as a bowl in the top of the piston. The engine is then called
a bowl-in-piston engine. Due to combustion, the cylinder head, piston and cylinder
block will become very hot. It is necessary to cool the engine to preserve the engine
materials and lubrication. In Fig. 16.1 coolant passages are shown cast in the walls Of
the cylinder block, round the cylinder and in the cylinder head round the combustion
space. Water is the usual coolant which circulates through these coolant passages and
this maintains the engine at a workable temperature.



504  Basic engineering thermodynamics

Cylinder head
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Fig. 16.1 Reciprocating internal combustion engine

Another method of cooling is that used in the air-cooled engine. This method is
illustrated in Fig. 16.2. It consists simply of casting fins on to the cylinder and the
cylinder head. These fins greatly increase the surface area of the cylinder and the
cylinder head; if air is passed over the fins, effective engine cooling is obtained.

Now the reciprocating motion of the piston in the cylinder is to be converted into a
rotary motion. This is accomplished by using a connecting-rod to couple the piston
to a crankshaft. The connecting rod is free to oscillate on a pin in the piston. This pin
is called the gudgeon pin (or wrist pin) and the end of the connecting-rod which fits
over this gudgeon pin is called the small end of the connecting rod. The other end of
the connecting rod is fitted over the crankpin at the end of the crank. This end of the
connecting-rod, which oscillates on the crankpin, is called the big end. Now the crank
is fitted, or cast, with two shafts; the whole crank assembly is called the crankshaft.
This crankshaft rotates in the main bearings which are set in the crankcase. On the
outside of the crankcase (sometimes inside) is fitted a flywheel. The flywheel is fitted
in order to help smooth out the uneven torque which is generated in the reciprocating
engine. If the piston reciprocates in the cylinder, it will impart a rotary motion to the
crankshaft.

The bottom of the engine is closed in by the sump. This often contains the oil
which is pumped round the engine for lubrication; the engine is then wet-sump
lubricated. In other engines the lubricating oil is kept in a separate tank from which

Cylinder Cooling fins

Crankcase

Fig. 16.2 Air-cooled internal combustion engine

Internal combustion engines 505

it circulates at pressure round the engine and is then pumped back to the oil tank.

Such engines are said to be dry-sump engines because oil is not allowed to collect in

the sump.

The engine illustrated in Fig. 16.1 is single-cylinder. The crankshaft has a single
crank and is called a single-throw crankshaft. There are many other basic engine
designs; some of the more conventional designs are illustrated in Fig. 16.3. Figure
16.3(a) shows the single-cylinder arrangement already discussed. Figure 16.3(b) shows
the multicylinder, in-line arrangement. Here, four cylinders are shown in a single
block. There is a common crankcase for these cylinders. There is also a common
crankshaft which has a crank situated beneath each cylinder and hence is called a
multithrow crankshaft. The crankshaft in the figure would be four-throw. In-line

Cylinder

block

Cylinder
Crankcase

Crankcase

(b)

‘

Cylinder
' block
Cylinders
‘ ! Crankcase
Crankcase
(c) (d)
Cylinders
Crankcase

Common
cylinder

Crankcase Crankcase

(e} f

Fig. 16.3 Engine configurations: (a) single-cylinder; (b) multicylinder in-line;
(c) multicylinder V8; (d) horizontally opposed; (e) opposed piston; (f) radial
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engines of up to eight cylinders are made. Most commonly they have two, four, six or
eight cylinders.

Figure 16.3(c) shows the V-class engine. This is an extension of the in-line engine.
There are two in-line cylinder blocks, set at an angle to each other on a common
crankcase. These cylinder blocks form a V with each other, hence the name. There is
a common crankshaft to both cylinder blocks. The engine illustrated is a V8, four
cylinders to each block.

Figure 16.3(d) shows the horizontally opposed engine. Cylinders are fitted
diametrically opposite to each other on a common crankcase and with a common
crankshaft.

Figure 16.3(e) shows the opposed-piston engine. This is basically two separate
engines. They are fitted together, head-on, so there is a common cylinder with a
common combustion space. This common combustion space will occur between the
opposed pistons. There are two crankcases and two crankshafts. The output of these
engines is usually taken from a shaft geared to the two crankshafts.

Figure 16.3(1) shows the radial engine. Here there are several cylinders which fit
radially on to a common crankcase. There is a single-throw crankshaft on to which
fits one connecting-rod, called the master rod. The other connecting-rods fit on to the
master rod. The radial engine was common in aircraft before the takeover of gas
turbines.

16.3 The two-stroke cycle

As the name implies, all the events in the two-stroke cycle are completed in two
strokes. In two strokes, the crankshaft makes one revolution, so the two-stroke cycle
is complete in one revolution. The engine and its cycle are shown in Fig. 16.4.

Control of admission and exhaust in this engine is by ports let into the side of the
cylinder and also by the piston. The piston in this type of engine is also the engine
valve.

The crankcase is made gas-tight, since the incoming air-fuel mixture passes
through the crankcase on its way into the cylinder. There is an inlet port in the
bottom of the cylinder through which the air fuel mixture passes into the crankcase.
A transfer port is led from the crankcase into the cylinder through which the air-fuel
mixture is transferred from crankcase to cylinder. There is a further port, the exhaust
port, from cylinder to atmosphere, through which the combustion products are
exhausted to atmosphere.

Referring to Fig. 16.4, the cycle of events is as follows. In Fig. 16.4(a) the piston is
moving upwards and the piston is also sealing the transfer and exhaust ports. There isa
fresh air--fuel charge in the cylinder above the piston and this is being compressed. The
crankcase is hermetically sealed, so there will be a reduction in pressure produced in the
crankcase as the piston rises. This reduction in pressure means that an air-fuel charge
will be sucked into the crankcase as soon as the piston uncovers the inlet port in the
bottom of the cylinder. Just before the top of the stroke, the compressed charge above
the piston is ignited. The reason for timing the ignition just before the end of the
compression stroke will be discussed in section 16.16.

In Fig. 16.4(b) the piston has been pushed down by the rapidly expanding products
of combustion. This is the power stroke. Eventually, as the piston descends, the exhaust

Internal combustion engiyy 507

Charge . Exhaust
ignited ra . port

Combustion

Air—fuel mixture products

Transfer intake to exhaust

port crankcase .
Inlet Air-fuel mixture
port compressed in

crankcase as
piston descends

(a) (b)

Combustion
= products
exhaust
Compressed
air-fuel mixture
passed from
crankcase via
transfer port
(c)
Inlet
opens
it
3
[}
v
2 ? o
o ony
Ignition p’ess,bn NG
occurs
y Exhaust closes Inlet closes
Volume
(d)

Fig.16.4 Two-stroke engine: (a) compression stroke; (b) power stroke; (c) scavenging;
(d) indicator diagram

port will be uncovered (as shown); the combustion products are still above atmospheric
pressure, so they will rapidly expand through the exhaust port into the atmosphere.
Sometimes the top of the piston in the two-stroke engine is shaped to assist in deflecting
the gases to and from the ports (as shown); the piston is called a deflector piston. Also,
during the power stroke, the descending piston will eventually cover the inlet port. This
will lock up an air-fuel charge in the hermetically sealed crankcase. As the piston
descends further, this air-fuel charge will be compressed in the crankcase.

In Fig. 16.4(c) the piston has descended to the bottom of its stroke. The transfer
port has been opened and the compressed air-fuel charge in the crankcase is
transferred to the cylinder via the transfer port. The deflector pilton deflects this
charge to the top of the cylinder; this displaces further combultion I'roducts out
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through the exhaust port. Displacing the combustion products out of the cylinder is
called scavenging.

By deflecting the incoming charge to the top of the cylinder, it ensures that, as
nearly as possible, there is not a direct blow through to exhaust with the consequent
loss of fuel. There is always a slight loss in this way in the two-stroke engine.

Scavenging in some large diesel engines, e.g. in ships, is assisted by blowing
compressed air through the cylinder. Rotary compressors are commonly used, run by
exhaust-driven gas turbines.

From the bottom of its stroke, the piston will now ascend. In doing so, it will
again close off the transfer and exhaust ports and once more a charge will be
compressed in the cylinder; eventually the inlet port will open and a fresh airnfuel
charge will be sucked into the crankcase. The cycle is now complete.

Figure 16.4(d) is a sketch of an indicator diagram taken from a two-stroke cycle
engine cylinder. The various events, as they occur, are indicated. Note the reduction
in pressurc in the expansion linc as the exhaust port opens. And note the similarity of
shape betwecn the indicator diagram and the theoretical constant volume cycle.

16.4 The four-stroke cycle

In an engine running on the four-stroke cycle there are mechanically operated valves
which control admission and exhaust to and from the engine cylindcr.

The inlet and exhaust ports run into the combustion space at the top of the
cylinder and are circular in section. The valves, called poppet valves, are circular discs
and are operated through a central spindle. The edges of the valves are chamfered to
mate with similarly chamfered faces cut at the combustion space orifices of the inlet
and exhaust ports. The valves are held central by, and operate through, valve guides.
Valve springs hold them shut in their closed position, with the chamfered faces
mating. The opening and closing of the valves is controlled by cams which are fixed
to a camshaft or shafts. Thc camshaft is operated by means of a gear, belt or chain
drive from the crankshaft.

If the valves open downward into the combustion space, as shown in Fig. 16.5, the
engine is said to be an overhead valve engine. If the valves open upward into the sides
of the combustion space, the engine is said to bc a side-valve engine. Sometimes the
camshaft is set up over the top of the valves in an overhead valve engine. In this case
the engine is said to be an overhead camshaft engine.

Referring to Fig. 16.5, the operation of the four-stroke cycle is as follows. In
Fig. 16.5(a) the inlet valve is fully open and the exhaust valve is closed. The piston is
descending so it is sucking a fresh air-fuel charge into the cylinder through the open
inlet valve. Toward the bottom of the suction stroke the inlet valve begins to close.

In Fig. 16.5(b) both the inlet and exhaust valves are closed. The piston is ascending
and is compressing the fresh air-fuel charge into the combustion space. Ignition of
the charge occurs toward the top of this stroke; once the stroke is completed, the
piston again begins to descend on the power stroke.

In Fig. 16.5(c) both the inlet and exhaust valves are closed. The air-fuel charge has
been ignited and the combustion products are rapidly expanding, pushing the piston
down on its power stroke. Toward the bottom of the power stroke the exhaust cam has
rotated such that it begins to lift the exhaust valve while the inlet valve remains closed.
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Fig. 16.5 Four-stroke engine: (a) suction stroke, piston descends; (b) compression stroke,

piston ascends; (c) working stroke, piston descends; (d) exhaust stroke, piston ascends; (e) P-

V diagram

In Fig. 16.5(d) the exhaust valve is fully open and the piston is ascending. As the
piston ascends, it pushes the combustion products out through the open exhaust port.
Toward the top of the exhaust stroke the exhaust valve begins to close and the inlet
valve begins to open as a result of cam action.
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In order to complete the cycle, the piston has made four strokes, two up and two
down; hence its name, the four-stroke cycle. At the same time the crankshaft has
made two revolutions. For this cycle, then, there is one power stroke in two
revolutions. The valves open once only during the cycle, so the cams must rotate
once only in two revolutions of the crankshaft. Thus the camshaft is geared down 1:2
to the crankshaft.

Figure 16.5(e) shows the P-V diagram taken from a four-stroke engine cylinder.
Compression, ignition and expansion appear in a similar manner to the two-stroke
cycle. But after expansion in this cycle, there is a definite exhaust stroke which will
appear as a line on the P-V diagram. The atmospheric pressure line (drawn on this
diagram) is slightly below the exhaust pressure line. This is always the case because
the piston builds up a pressure inside the cylinder above atmospheric pressure in order
that there will be a positive net pressure from inside the cylinder to outside. The
combustion products will then move from inside the cylinder to outside and will thus
be exhausted. During the suction stroke, which follows the exhaust stroke, the suction
pressure is slightly below atmospheric pressure. This occurs as the piston descends and
there will therefore be a net pressure from outside to inside the cylinder. Thus a fresh
charge will move into the cylinder. The difference between atmospheric and suction
pressures is called the intake depression. After the suction stroke, the compression
stroke follows, and so on. Note the four distinct lines: compression, expansion,
exhaust and suction which clearly show the four-stroke nature of this cycle.

This is the cycle which Otto worked on in the early days of internal combustion
engines. For this reason it is sometimes called the Otto cycle (see section 15.2). The
compression and expansion lines enclose an area very similar to that of the
theoretical constant volume cycle. Furthermore, two distinct areas are enclosed by
the lines of this diagram. The first, and by far the largest, is the area enclosed by the
compression and expansion lines. Now the area under lines drawn on a P- V diagram
give work done. The area under the expansion line is greater than the area under the
compression line; the difference between them is the area enclosed by the two lines.
Hence there is a positive work output. Note that the arrows show a clockwise
movement round this area; clockwise movement on any pressure-volume diagram
indicates a positive area and a positive work output.

The reverse is the case on the second enclosed area. This is bounded by the exhaust
and suction lines. The exhaust area is larger than the suction area. During the
exhaust stroke, the piston does the work in pushing out the combustion products.
During the suction stroke, the atmosphere pushes in the fresh charge. The exhaust
work is greater than the suction work, so the enclosed area is negative. Note that the
progress round this area is anticlockwise; anticlockwise movement on any P-V
diagram indicates a negative area requiring a work input. The exhaust-suction area is
sometimes called the pumping loop. It has been opened up a little on the diagram to
make it clear. Usually it appears rather narrower than illustrated.

16.5 Piston position

16.5.1 Vertical engine
When the piston of a vertical reciprocating engine is at the top of its stroke it is said
to be at its top dead centre position; this is often written TDC When the piston is at
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the bottom of its stroke it is said to be at its bottom dead centre position; thil Il oftla
written BDC The connecting-rod and the crank are in line at TDC and 1U)(;,

16.5.2 Horizontal engine

When the piston of a horizontal, reciprocating engine is as far in the cylinder un It
will go at the end of its stroke, it is said to be at its inner dead centre position; this i

often written IDC When the piston is as far out of the cylinder as it will go at the
end of its stroke, it is said to be at its outer dead centre position; this is often written
DOC The connecting-rod and the crank are in line at IDC and DOC

16.6 Valve timing diagrams for reciprocating internal combustion engines

Valve timing diagrams give the phasing of the valve operations with respect to the
angular position of the crank.

16.6.1 Two-stroke cycle timing diagram
Figure 16.6 shows the timing diagram for a two-stroke cycle engine. It consists of a

circle upon which are marked the angular positions of the various cycle events. The
diagram is for a vertical engine; for a horizontal engine the diagram would appear on
its side. With the two-stroke cycle the inlet and exhaust ports open and close at equal
angles on either side of the BDC position. This is because the piston in this type of
engine is also the inlet and exhaust valve, so port opening and closing will occur at
equal angles on either side of the dead centre position. Angles shown are

representative only.

Exhaust port opens

loses
Exhaust port ¢ Inlet port opens

inlet port closes

Exhatst port ope®

Fig. 16.6 Two-stroke cycle: timing diagram

16.6.2 Four-stroke cycle timing diagram . .
Figure 16.7 shows the timing diagram for a four-stroke cycle engine. It really con51st.s
of two circles, one superimposed on the other because the four—§troke cycle is
completed in two revolutions. The inlet and exhaust valves do not begin to operate at

the dead centre positions but at angles on either side of them.
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Exhaust valve
closes

Ignition occours

Inlet valve
opens

Inlet valve

closes Exhaust valve

opens

Fig. 16.7 Four-stroke cycle: timing diagram

The inlet valve opens before TOC and closes after BOC. This is arranged in an
attempt to get as much air-fuel mixture into the cylinder as possible. When the inlet
valve opens the air-fuel mixture outside the valve has to be accelerated up to inlet
velocity; this takes time. In order that maximum inlet velocity will occur at the
earliest possible moment in the induction stroke, the inlet valve is opened early. The
moving air-fuel mixture possesses kinetic energy; this energy is used at the end of the
induction stroke to produce a ramming effect by closing the inlet valve some degrees
after BDC. The ramming effect pushes more air-fuel mixture into the cylinder,
increasing the potential output of the engine.

In order to exhaust as much of the combustion products as possible, the exhaust
valve opens early, some degrees before BOC. Thus some of the exhaust gas leaves by
virtue of its excess pressure above atmospheric, so it is flowing freely from the
cylinder by the time the piston commences the exhaust stroke. By closing the exhaust
valve late, some degrees after TOC, the Kinetic energy of the exhaust gas can be
utilised to assist in maximum exhausting of the cylinder before the exhaust valve
closes. The inlet valve begins to open before the exhaust valve closes. This is called
valve overlap. Angles shown are representative only. For a horizontal engine the
diagram would appear on its side.

16.7 The petrol engine

As the name implies, the petrol engine uses petrol (gasoline) for fuel. Mechanically, it
can be made either as a two-stroke or a four-stroke cycle engine. The petrol must be
correctly metered into the intake air and, when the air-fuel mixture is in the cylinder,
it must be ignited at the correct instant. This means there must be a fuel metering
device and an ignition system for the petrol engine. The fuel metering, in a petrol
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engine, is carried out using a carburettor or a fuel injection system. The ignition system
can be a coil or magneto, and is generally called a high-tension ignition system. It can
be controlled either mechanically or electronically.

16.8 The carburettor and fuel injection

A simple carburettor is illustrated in Fig. 16.8. It consists of a tube through which air
is aspirated into the engine by the suction stroke of the piston, or pistons in the case
of a multicylinder engine. Into this tube is introduced a venturi. The venturi is
another tube whose cross-section reduces to a minimum, called the throat, then
increases to its original size.

Air intake Petrol supply

Air bleed

Nt N

i
Venturi throat % Float needle

l - Float in float chamber

Nozzle

Petrol level maintained
by float

Venturi ————— H

|
77 /) Main petrol jet

Throttle-plate K« % \

$

To engine

Fig. 16.8 Simple carburettor

Air passing through a venturi must satisfy the continuity of mass flow because the
same mass is passing all sections per unit time. It follows that there must be an
increase in velocity at the throat in order to pass the same mass as at the larger
sections. An increase in velocity means an increase in kinetic energy. Now the total
energy content of a fluid mass in motion remains constant (by conservation of
energy). But there has been an increase in kinetic energy at the throat, so this must be
accompanied by a corresponding reduction in pressure at the throat. It is this
reduction in pressure which is used to suck petrol into the intake air flowing through
the venturi (see Chapter 12).

Leading into the throat of the venturi is a nozzle. Orillings connect the nozzle to
the float chamber, a petrol well fixed to the side of the tube containing the venturi.
The level of petrol in the float chamber is controlled by a float. To the top of the
float is fixed a needle which acts as a valve for closing off the petrol supply. This
needle valve will control the flow of petrol into the float chamber; as petrol is used,
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the petrol level will fall and so will the float. This will open the needle valve and
petrol will flow in from the supply. The float will then rise, once more restricting the
petrol supply. When the engine is stopped, the float controls the petrol level such that
the petrol supply is completely cut off when the level is just below the nozzle height
in the venturi. This stops the leakage of petrol through the nozzle under stationary
conditions. At the bottom of the float chamber is the main petrol jet. The size of this
jet is such that it meters the correct amount of fuel to the nozzle in the venturi.

The action of the carburettor is as follows. With air flowing into the engine
through the venturi, there is a reduction in pressure in the throat of the venturi.
There is an air bleed hole in the cover plate of the float chamber. This allows
atmospheric pressure to operate on the surface of the petrol in the float chamber.
Now the petrol is in communication with the venturi throat, so there is a pressure
difference between the petrol surface in the float chamber and the petrol surface at
the venturi nozzle. This pressure difference is called the intake depression. The intake
depression causes petrol to be pushed into the venturi throat, where it mixes with the
air, the correct amount of petrol having been metered by the main petrol jet. The air--
fuel mixture is then aspirated into the engine.

Engine control is facilitated by the throttle-plate situated in the intake tube. By
rotating this throttle-plate the intake cross-section can be increased or decreased at will;
this will control the amount of air-fuel mixture which is aspirated into the engine.

In the simple carburettor shown in Fig. 16.8, the air-fuel ratio would vary with
engine speed if the carburettor were fitted to a variable speed engine, such as used in
a motor car. Carburettors used on variable speed engines have many compensating
devices to help maintain an air-fuel ratio as near to ideal as possible throughout the
engine speed range.

Some petrol engines have a fuel injection system fitted in which the petrol is
injected directly into the intake airstream using a pump and nozzle assembly. Fuel
pump and nozzle arrangements are discussed later in connection with the oil or diesel
engine. The fuel in an oil engine is injected directly into the engine cylinder, but the
fuel in a petrol engine is injected into the intake airstream. Thus the fuel injection
system on a petrol engine takes the place of a carburettor (see also section 16.11).

16.9 Early ignition systems

Various ignition systems were used in early engines to ignite the charge. Notable
among these were the following.

16.9.1 Flame ignition

In flame ignition the cylinder charge was directly ignited by means of a flame applied
to an opening operated by valve gear. The engines were very slow and were of very
low compression. Flame ignition was mostly used on gas engines.

16.9.2 Hot-tube ignition

In hot-tube ignition a tube of refractory material, sealed at the end where it entered
the cylinder, was heated to red heat by applying a flame down the inside of the tube.
Ignition occurred when the charge in the cylinder came into contact with the tube.
Hot-tube ignition was mostly used on gas engines.
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16.9.3 Hot-bulb ignition

Hot-bulb ignition was similar to hot-tube ignition, but the tube was mude of metal
and, after starting, was maintained at high temperature by the burning cylinder
charge. It was used over a limited speed and loading on some types of oil engine.

16.9.4 Breaker points

Breaker points were set inside the combustion chamber and connected to an external
electrical circuit. When the breaker points opened, a low-tension arc flashed across
them, igniting the charge. They were used on gas engines.

16.10 Modern ignition systems

The development of the high-speed, high-compression, internal combustion engine
required a reliable high-speed ignition system. This demand was met by the
development of the high-tension ignition system which uses the fixed-gap spark-plug
as the ignition source. The electrical energy to the spark-plug is supplied by external
systems which can be divided as follows:

. coil ignition
. magneto ignition
. electronic ignition

Before examining the external systems, consider the spark-plug itself. Figure 16.9
shows a section of one type of spark-plug. It consists of a porcelain insulator with an
electrode running along its axis and an external contact at the top. The central
electrode protrudes for a short length through the bottom of the insulator.
Surrounding the bottom part of the insulator, and making a gas-tight seal, is a metal
screw which usually has spanner flats so it can be tightened. On to the bottom of the
metal screw is welded a metal tongue which bends over to lie across the end of the
protruding central electrode but with a small gap between it and the electrode. It is
across this gap that the high-tension electric spark jumps to ignite the charge in the
engine cylinder; the gap is called the spark-gap.

The spark-plug is screwed into the cylinder head such that the spark-gap protrudes
slightly into the combustion space. A sealing washer makes a gas-tight seal between
the spark-plug and cylinder head. The plug is pulled down hard on to this washer.

Contact
Central Y
slectrode M Porcelain
: insulator
Gas-tight y- )
seal oI¥ Sealing washer
E‘ j >a——— Metal screw
| >
>
metal _._2__1
tongue f

Spark-gap

Fig. 16.9 Spark-plug
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Electrical contact from the external circuit is made to the contact on top of the
plug insulator. The other side of the electrical circuit is connected to the engine. The
flow of a high-tension current will then produce a high-intensity spark across the gap,
which is now in the combustion space in the engine cylinder head. The charge in the
cylinder will thus be ignited.

A schematic diagram of a typical coil ignition system is shown in Fig. 16.]O. The
power for such a circuit is often supplied from a 6 V or ]2 V battery. There are two
circuits: the primary and the secondary. The primary circuit consists of a battery, one
side of which is connected to earth. The earth is usually the engine itself. The other
side of the battery is connected, via an ammeter and ignition switch in series, to the
primary winding of a coil. This coil is, in effect, an autotransformer. The other end of
the primary winding is connected to one side of the contact-breaker. The contact-
breaker is, in effect, a spring-closed switch operated by a cam. The other side of the
contact-breaker is connected to earth. A capacitor is connected across the points of
the contact-breaker to earth. The points are the contact surfaces of the contact-
breaker. This completes the primary circuit.

winding winding

Coil
l Distributor
Ignition contacts
switch | Secondary

Contact-
breaker

\
i Capacitor I
= ? = (= Spark-plugs

Battery Contact-breaker Distributor
operating cam

Ammeter

Fig. 16.10 Coil ignition system

The secondary circuit is as follows. The bottom end of the secondary winding is
connected to the bottom end of the primary winding. The top end of the secondary
winding is connected to the centre of the distributor rotor. The distributor rotor is a
rotating contact which sweeps past, and makes contact with, fixed contacts which in
turn are connected to the spark-plugs in the engine. The other side of each spark-gap
is connected to the engine earth. This completes the secondary circuit.

With the ignition switch closed and the engine running, a current will flow in the
primary circuit as soon as the contact breaker closes. The build-up of current in the
primary winding of the coil is relatively slow because it must overcome the counter
e.m.f. of its own magnetic field. The contact-breaker cam, which is continuously
revolving, now opens the contact-breaker. Immediately, the magnetic field in the coil
begins to collapse. This collapse of the magnetic field tends to keep the current flowing
in the primary winding, so the capacitor is rapidly charged. As soon as it is fully
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charged, the capacitor will begin to discharge through the primary winding, increase the
rate of collapse of the magnetic field. This rapidly collapsing magnetic field will induce
a current flow in the secondary winding of the coil which, because of its high turn ratio,
will produce a very high voltage in the secondary circuit. At the same time that the
contact-breaker in the primary circuit opens, the distributor rotor connects with a
contact to a spark-plug so a high voltage will be set up across the spark-gap. This will
cause a high-intensity arc to spread across the gap, igniting the cylinder charge.

The capacitor across the contact-breaker not only helps to collapse the magnetic
field, it also prevents excessive arcing across the contact-breaker. This is because the
major proportion of the current flow in the primary circuit is discharged into the
capacitor instead of producing an arc across the points as they open.

Figure 16.10 shows the circuit for a four-cylinder engine. It will be noted that the
contact-breaker cam is square; its four lobes effect four openings of the contact-
breaker per revolution of the cam. The distributor has four contacts. Usually the
number of cam lobes and the number of distributor contacts is the same as the
number of engine cylinders. Both the cam and the distributor rotor are motored in-
phase and are usually mounted on the same shaft .

. In the two-stroke cycle engine they are motored at engine speed.
. In the four-stroke cycle engine they are motored at half engine speed.

A schematic diagram of a typical magneto ignition system is shown in Fig. 16.] 1.
In this type of ignition system a battery is not required because the magneto acts as

Distributor Spark-plugs

——— Primary winding

— — — Secondary winding

|~

Rotating magnet {two-pole)

Contact-
breaker

. Ignition
Capacitor switch

Fig. 16.11 Magneto ignition system
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its own generator. It may consist either of rotating magnets in fixed coils or rotating
coils in fixed magnets; the former is illustrated in Fig. 16.11. The rotating magnet is a
two-pole magnet; as the poles pass between the shoes of the coil, a rapid change of
magnetic flux in the coil takes place. This induces a current in the primary winding of
the coil. When the current is at its maximum, the contact-breaker is opened by a cam
on the magneto rotor shaft; the circuit then operates in the same way as the coil
system.

There will be two current reversals per revolution of the rotating magnet shown, so
two spark-plugs can be fed per revolution of the magneto. The direction of the
current through the spark-plug is not important.

The principle and position of the ignition switch is changed in this circuit. The
switch is placed across the contact-breaker; the engine 'on' position is actually open
circuit. If the switch is closed, any current build-up in the primary circuit is shorted
to earth, so the circuit is out of operation.

In the magneto, the speed of the rotor must be governed to cover the number of
magnetic poles used and the number of engine cylinders. When feeding a four-
cylinder, four-stroke cycle engine, the two-pole arrangement of Fig. 16.11 would
cause the rotor to rotate at engine speed, giving four current reversals in two
revolutions of the engine. If the same magneto fed an eight-cylinder, four-stroke cycle
engine, the rotor would have to run at twice the engine speed.

The magneto must be turned over at a sufficient speed to supply the necessary
current. The lowest speed at which the necessary current is supplied is called the
coming-in speed. It is usually about 100 rev/min. If this speed is unattainable, usually
at the start, a boost from a battery or a hand-cranked magneto is required.

Both the coil and magneto arrangements described so far have a mechanically
operated contact-breaker. This mechanical system suffers from several disadvantages,
including wear, burnt points due to electric arcing, operational speed limitation and
the need for periodic readjustment or renewal.

The electronic ignition system works in almost the same way as described but,
instead of the mechanically operated contact-breaker, a breakerless system is
substituted. Such a system is triggered (turned on and off) using a magnetic sensor or
a photoelectric device which takes the place of the mechanical contact breaker.
Associated with the trigger is an electronic control unit. Usually transistor operated,
it provides the electrical impulses required by the rest of the ignition system, which
then functions in the manner already described. Once initially set, an electronic
ignition system should have no requirement for further adjustment.

16.11 Petrol engine management

Modern petrol engines are now largely electronically controlled by an electronic
control module. The electronic control is exercised over the fuel injection and the
ignition  systems.

Figure 16.12 illustrates a type of electronic control system. A similar design is also
offered by Lucas Engine Management Systems. Fuel is pressurised and pumped into
 control rail, from where it is distributed to the cylinder injectors. The injectors are
10fttrolled from an electronic module.
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Fig. 16.12 Petrol engine: electronic control system
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A solenoid on the injectors controls the time (timing) and the amount of opening
of the nozzle (metering). The fuel is sprayed into the intake air just behind the open
inlet valve. In the arrangement shown, electrical power to the spark-plugs is supplied

ke
through a coil and breakerless distributor. 2
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16.12 The complete petrol engine

Figure 16.13 shows a cutaway view of a high-speed, four-cylinder, four-stroke cycle
petrol engine made by the Ford Motor Company. The various elements already
discussed are clearly shown. This is an overhead valve and camshaft engine, so the
valves are mounted in the cylinder head and open downwards into the combustion
space of the engine cylinder. The valves are operated directly by an overhead
camshaft which, in turn, is rotated by a belt drive on the front of the engine. The belt
has teeth which engage in gears initially driven from a gear on the end of the
crankshaft. The belt also has a drive to the distributor. All components are coupled
to give the correct speed and operational sequence for the engine cycle. Note the
piston, connecting-rod and crankshaft assembly.

Observe the lubricating oil pump mounted at the bottom of the engine in the
lubricating oil sump. The lubricating oil pump delivers lubricating oil, at pressure, to
the various engine bearings and cylinders. An oil filter is mounted on the remote side
of the engine in order to maintain the lubricating oil in a clean condition.

Note the carburettor mounted on the top of the engine. Fuel (petrol) to the
carburettor is fed from the fuel pump mounted on the side of the engine. This fuel
pump maintains a supply of fuel from the supply tank.

On the top of the carburettor is mounted an air filter assembly, which helps ensure
that only dust- and grit-free air is aspirated into the carburettor. In the air intake of
the air filter assembly is mounted an air temperature sensor valve. If the air
temperature is low, especially when starting the engine, the sensor valve allows some
warm air, ducted from the outside of the hot exhaust system, to mix with the cooler
intake air. Thus the actual air aspirated into the carburettor is warmed.

The cooling water pump and cooling water outlet are also illustrated. A cooling air
fan is mounted on the front of the engine. Cooling air fans are mostly thermostatically
controlled, either mechanically, as illustrated, or electrically through a drive motor.
Under cool conditions, the fan will free-wheel, thus absorbing little energy. When the
engine becomes quite hot, the fan will cut-in to assist engine cooling.

Note the alternator mounted on the side of the engine, run by a V-belt driven from a
pulley on the end of the engine crankshaft. The alternator has a rectification and
control unit installed and will provide direct current (d.c.) power to the engine electrical
system and for battery charging. Spark-plugs (not illustrated in Fig. 16.13) will be
mounted in the cylinder head; they protrude into each combustion space in order to
ignite the intake air-fuel mixture at the appropriate moment in the engine cycle.
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Fig. 16.13 Petrol engine: complete assembly
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Figure 16.14 illustrates another petrol engine, made by the Ford Motor Company,
which contains components similar to those already described. But this engine is
fitted with a turbocharger. This, in effect, is a small gas turbine (see section 16.19). In
this unit, exhaust gas from the engine passes through a small centrifugal gas turbine
which, in turn, runs a small centrifugal air compressor at high rotational speed.
Atmospheric air enters the compressor and is compressed through a pressure ratio of
up to 1.5:1. If air is compressed quickly (almost adiabatically), its temperature is
increased, so at its final pressure, its density (mass per unit volume) is reduced. To
compensate for this, the compressed air is passed through an air cooler unit which
reduces the compressed air temperature and thus increases the compressed air
density. The cooled compressed air passes to the engine intake control unit.

The turbocharger thus increases the pressure and the air mass delivered at intake
to the engine cylinders. With correct fuel control, it enables a greater power output,
fuel economy and cleaner exhaust emission to be available.

The engine shown in Fig. 16.14 has an electronically controlled fuel injection
system which will, at any time, be matched to the engine air intake, speed, and
external prevailing conditions.

Note that both the engines illustrated in Figs. 16.13 and 16.14, indeed all
reciprocating engines, have a flywheel attached to the external drive from the engine
crankshaft. The flywheel evens out the fluctuations of torque that are generated; it \\)
also provides a surface upon which the plates of a drive clutch can operate e.g. in a ‘\\iE\J‘J
motor vehicle. :

Most four-stroke engines have two valves per cylinder, one inlet and one exhaust.
But some modern engines incorporate four valves, two inlet and two exhaust. Thus a
four-cylinder engine has 16 valves. This is illustrated in Fig. 16.15. The multivalve
cylinder arrangement helps engine breathing and assists in improving engine output,
combustion efficiency and emission control. The tappets are self-adjusting.

Figure 16.16 shows a typical cooling arrangement for internal combustion engines
used in motor vehicles. The cylinders are each surrounded by a cast-in water jacket
and the cooling water is passed into and out of the engine via a radiator. The
radiator consists of a large nest of vertical thin-walled metal tubes which have metal
fins attached across them to increase the cooling area. The bottom and top ends of
the radiator tubes fit into headers which are coupled to the engine by rubber hoses.
The large number of radiator tubes break up the water into a large number of
streams which can be rapidly cooled by the passage of air over the tubes. Cooled
water sinks to the bottom of the radiator while hot water from the engine rises into
the top of the radiator. The circulation is therefore set up round the engine and
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A fan is mounted on the engine to assist the free passage of air through the :-;L g"z: &
radiator. This is very important if the engine is stationary. Note also the pressure cap £7T =
on the radiator top. Modern practice is to get the engine working as hot as possible. ;EE

The pressure cap, which is also a safety relief valve, will allow a pressure slightly
above atmospheric to build up in the radiator, so the boiling point will rise above
100°C. This will enable the water to operate successfully as a cooling medium at
higher temperatures than normal. The pressure cap also cuts down loss of water due
to evaporation.

Qil sump
Fig. 16.14 Petrol engine with turbocharger
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A thermostat is set in the hot-water outlet from the engine cylinders. It will allow a
fast engine warm-up from engine start. The thermostat will usually open at about
98°C and will assist in maintaining a steady operating temperature for the engine.

Note that in some modern engines the pressure cap is fitted to a separate coolant
reservoir. The reservoir takes care of coolant expansion and contraction. Also, in
some vehicles the radiator has transverse flow. Flow connections are also made to the
vehicle heating system. In cool climates an antifreeze solution (commonly ethylene
glycol) is added to the cooling water to lower the freezing point of the coolant in
subzero temperatures.

16.13 Theoilengine

The oil engine is very often called the diesel engine, after Rudolf Diesel who
pioneered the Diesel cycle. The basic mechanical elements of the oil engine are the
same as those already described. The method of introduction of the fuel and its
ignition are different from the petrol engine, but the oil engine is similar in that it can
be either two-stroke or four-stroke.

Two important temperatures are relevant for the ignition of liquid fuels. The
flashpoint is the lowest temperature at which enough fuel vapour is given off to mix with
all' and will ignite if a flame or spark is applied to the mixture. The air-fuel mixture
must be of the correct proportions. The ignition temperature is the temperature at which
the fuel of an air-fuel mixture of correct proportions will spontaneously ignite.

Petrol has a low flashpoint and a higher ignition temperature and is used in the
petrol engine with its associated electrical ignition system. The oil fuel used in oil
engines is variously called diesel oil, fuel oil or gas oil. It is sometimes called DERV,
which stands for diesel engine road vehicle. This oil will have a relatively low ignition
temperature and does not need a low flashpoint. The oil engine requires no ignition
system comparable to that used in the petrol engine.

The operation of the oil engine is as follows. Firstly, apart from all normal
features, the engine requires a fuel pump which will pump the fuel to a high pressure.
Secondly, an injector nozzle is required, protruding into the engine combustion space.
Through this nozzle, at the correct moment, fuel from the pump will be sprayed into
the engine cylinder.

The engine aspirates air only during the suction stroke. It also has a high
compression ratio, so during the compression stroke, the air is highly compressed and
attains a high temperature, above the ignition temperature of the fuel. Toward the
end of the compression stroke a measured quantity of high-pressure fuel is sprayed
into the compressed air in the cylinder. The fuel spontaneously ignites then the cycle
proceeds as before.

The oil pressure at admission must be very high in order to achieve successful
atomisation and penetration of the compressed air in the cylinder. Nozzle opening
pressures are of the order of 14.5-26 MNjm% The fuel line pressure from pump to
nozzle will probably be more than double, some 35-70 MNjm?

Oil engine control is by means of the quantity of fuel injected. The fuel pump is
therefore designed such that the fuel quantity can be varied to meet the load demand
at any instant. The quantity of air aspirated is much the same at all engine loads, so
the air-fuel mixture strength varies considerably from no-load to full-load conditions.
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16.14 Thefuelpump

Typical fuel pump operation is illustrated in Fig. 16.17. The pumping clement [ee
plunger which reciprocates in a barrel. A hole is bored through the centre of the
plunger for a short length. An angular groove is cut on the outside of the plungcr
and extends for only part of the way round the plunger. This groove and thc ccntral
hole are connected by a hole drilled between them. Two ports are drilled in the
barrel. The left-hand port is slightly higher than the right-hand port. The left-hand
port is the main fuel supply and the right-hand port is the spillway.

In Fig. 16.17(a) the pump plunger has just descended and both ports are
uncovered. Fuel has thus been sucked into the barrel and fills the space above the
plunger, the central hole and the angular groove. In Fig. 16.17(b) the plunger is
ascending. Both ports are now closed and the fuel oil above the plunger has now
been compressed into the delivery to the injector.

Barrel

(a) (b) (c) (d)

Fig. 16.17 Diesel tuel pump: (a) fuel sucked in; (b) fuel compressed into injector;
(c) delivery ends and plunger completes stroke; (d) the engine is stopped when the plunger
is rotated so the angular groove meets the spillway port just before it covers the fuel port

In Fig. 16.17(c) high-pressure fuel has been delivered to the injector and the
plunger, still ascending, reaches a point where the top edge of the angular groove
meets the spillway port. This port is then in direct communication, via the angular
groove and the central hole, with the oil above the plunger. The pressure of this oil
immediately drops, so delivery to the engine is terminated. The plunger continues to
rise, completing its stroke, but it will not deliver any further fuel to the engine.

The distance from the top of the angular groove to the top of the plunger varies. This
varying distance is used to control the engine. By rotating the plunger, anyone of these
distances can be selected to match up with the spillway port. If a short distance is
selected, a small quantity of fuel is delivered. If a long distance is selected, a large
quantity of fuel is delivered. The rotation of the plunger is controlled either by an arm
or by a rack-and-pinion at the bottom of the plunger. A control rod actuates either the
arm or the rack. The plunger reciprocation is constant in stroke and is usually earn
operated. The plunger is usually force-closed on to the cam surface using a sprina:

The engine is stopped by rotating the plunger as shown in Fig. 16.17(d). The
plunger is now in such a position that the angular groove meets the spillway port just
before it covers the fuel port on the left. No pressure huild-up is possible for the
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remainder of the stroke because the oil above the plunger is at all times in contact
with the spillway port, via the central hole and angular groove. Under these
conditions no high-pressure oil is delivered to the engine, so the engine stops.

A complete pump unit to feed a four-cylinder oil engine is illustrated in Fig. 16.18.
It shows that each cylinder has its own pump and all pumps are enclosed in one
pump unit. The operating cams are located on one camshaft at the bottom of the
pump unit. A supply fuel pump is mounted on the side to pump fuel from the main
tank to the pump unit fuel gallery at the top. The control rod in this pump rotates
levers on the bottom of the pump plungers. This controls the fuel quantity pumped
to the engine cylinders. The engine is governed by a pneumatic governor fitted on to
the front of the pump unit. The pneumatic governor is connected to the engine intake
and is controlled by intake depression.

Fuel delivery to engine cylinder
fuel gallery Delivery valve

Barrel
Plunger

Pneumatic
governor

Fuel ———« o2XL 25N : ' E PI .
intake ’ Y \ «M‘ unger spring

«——— Drive
coupling

) T’ Y. dien
Fuel pump % ” ==

Fig. 16.18 Four-cylinder diesel engine: fuel pump

In the case of a four-stroke cycle engine, the camshaft of the pump is motored at
half engine speed. In the two-stroke cycle engine, the camshaft of the pump is
motored at engine speed.

The pump illustrated in Fig. 16.18 is not the only possible multicylinder pump
arrangement. Another arrangement is to have a pump with a single plunger and a
delivery distribution system whereby the engine cylinders are separately fed with fuel
at the correct time. The arrangement is called a distributor pump. Distributor pumps
are commonly fitted on the smaller, high-speed, motor vehicle diesel engines.

Figure 16.19 shows a fuel pump for a large ship's diesel engine, manufactured by
MAN B&W Diesel. Apart from the pump's larger size, many of the features are the
same as those already described. But this pump also has a timing rack-and-pinion by
which the pump cylinder can be partially rotated, thus changing the engine cycle
delivery time to the engine cylinder. This gives flexibility in engine control. At the top
of the pump is a puncture valve; if the valve is opened, it stops the fuel flow to the
gine cylinder and thus stops the engine. Each engine cylinder is fed by its own
“lvidual  pump.
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valve
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Timing
rack-and-pinion

Fuel oil delivery
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Fig. 16.19 Large ship’s diesel engine: fuel pump
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16.15 The injector nozzle

Each cylinder of an oil engine has an injector nozzle which protrudes into the
combustion space of the cylinders. Like the spark-plug, the injector nozzle is made
gas-tight with the cylinder. A typical injector nozzle is shown in Fig. 16.20.
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Fig. 16.20 Injector nozzle

High-pressure fuel passes into the injector at the fuel inlet. It passes down the
injector body and reaches the needle-valve seat. The pressure operates against the
area of the spindle above this seat, so the valve needle is lifted against the action of
the spring at the top of the injector. High-pressure oil is then forced through very
small holes into the engine cylinder. Because of the high pressure and the small hole
size, the fuel is very finely atomised as it enters the engine cylinder. This greatly
assists the rapid and successful burning of the fuel. The pressure is set by using the
spring at the top of the injector nozzle.

A small amount of fuel leaks back between the body of the injector and the needle-
valve stem. This provides the necessary lubrication. Eventually the fuel will find its way
out of the top of the injector through a leak-off pipe; it will return to the main supply.

16.16 The complete oil (diesel) engine

Figure 16.21 shows a complete oil engine made by the Ford Motor Company. The
essential features are much the same as those of the petrol engine already described.
An oil engine is, however, generally of heavier construction due to the high
compression ratio and hence the higher pressures associated with its operation.
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Commonly, oil engine cylinders are longer, so the cylinder block is taller than for a
petrol engine because of the higher compression.

Note the distributor fuel pump which feeds the nozzles protruding into the
combustion space of the cylinders. The overhead valves illustrated in Fig. 16.21 are
operated through rocker gear and pushrods which engage with a camshaft lower
down in the engine.

Large oil engines, such as those used on ships, have similar general operational
features. But because of their size, the rotational speed is low, say of the order of
100 rev/min.

The cross-section of a large ship's diesel engine is shown in Fig. 16.22. This is a
two-stroke cycle engine manufactured by MAN B&W Diesel A/S. The air intake is
pumped into the engine through gills at the bottom of a long cylinder. The intake air
helps to purge the products of combustion from the previous working stroke. The
exhaust is from the top of a iong cylinder and is controlled by a hydraulically
operated exhaust valve. The bottom end of the piston rod connects to a crosshead,
connecting-rod, crankshaft assembly.

The diesel engines on large ships can be very massive and usually have 4-12 cylinders.
In their larger sizes they can have an approximate height of 14 m, length 20 m, and
width 5 m, with a dry mass of up to 2000 tonnes. Outputs can be up to 50 MW with a
specific fuel oil consumption of 760 litres/kWh, (see chapter 15). The fuel used is usually
a low-grade, residual oil of approximate calorific value 43 000 kJ/kg. To improve the
flow characteristics, the fuel oil is often heated before entering the engine system.

16.17 Reciprocating engine firing order

Engine firing order means the order in which ignition occurs in the various engine
cylinders. The firing order is chosen to give a uniform torque and hence a uniform
distribution of firing per revolution of the engine. This will naturally depend upon
the design of the engine, its cylinder arrangement and its crankshaft design. If, as
sometimes occurs, two firing orders give the same result then the one with the least
tendency to wind up the crankshaft and camshaft is usually chosen.

Typical firing orders for some engines are given in the table below. In numbering
the engine cylinders for in-line engines, No.1 cylinder is usually the cylinder in front.
For multi bank engines such as V8 and horizontally opposed engines, cylinders are
usually numbered down one side then the other. For radial engines the cylinders are
usually numbered consecutively.

Table of engine firing orders

Cylinder arrangement Number of cylinders Firing order

In-line 4 1,243 1,3,4,2

In-line 6 135642 14,26,35
124653 153624

V8 8 1,5,4,8,6,3,7,2

Horizontally opposed 4 1,324 14,23

Radial 7 1,3,5,7,2,4,6

Radial 9 1,3,5,7,9,2,4,6,8
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Fig. 16.22 Cross-section of large ship’s diesel engine

16.18 Combustion in the reciprocating internal combustion engine

The combustion period in the reciprocating, internal combustion engine occurs a few
degrees before and after the piston reaches the end of the compression stroke, or top
dead centre (TDC). . .

The normal pressure-volume diagram does not illustrate this region clearly enough
for combustion investigation. For this reason, the open-cycle or pressure-crank angle
diagram has been developed.

Figure 16.23 shows the constant volume cycle illustrated on the pressure—crank
angle diagram:

. ab represents the compression from 0° to 180°.
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Pressure
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Q

0° 180° 360°
Crank angle

Fig. 16.23 Theoretical constant volume cycle: pressure—crank angle diagram

. be represents the constant volume heat reception at TDC.
. cd represents the expansion from 180° to 360°.

In this diagram combustion is assumed to be instantaneous. But in actual
engines, combustion passes through definite phases which occupy definite times.
These phases may be illustrated rather more clearly on the pressure—crank angle
diagram because any region under investigation may be opened out by extending
the base scale.

In an actual diagram (Fig. 16.24) the compression and expansion lines will remain
fundamentally the same. But the combustion line, be, will show quite clearly that the
combustion does not take place at constant volume; it occurs partly before TDC and
partly after. This region is very important; the smoothness of combustion will
determine whether or not the engine will run smoothly.

Pressure

1
TDC
Crank angle

Fig. 16.24 Actual constant volume cycle: pressure—crank angle diagram

The open-cycle diagram is best displayed in practice on an electronic indicator. The
display, as in Fig. 16.24, appears on the screen of a visual display unit, (VDU).
Variation in cylinder pressure is detected using a transducer inserted in the engine
cylinder head. The pressure variation is converted into variation of electric impulse
by the transducer. These impulses are fed to the oscilloscope, in which they are
amplified, and connected to the vertical shift, or y axis, of the display unit.

The horizontdl shift, or x axis, is obtained either by a transducer set on the
crankshaft of the engine or by a timebase circuit built into the oscilloscope. The
display can be calibrated for pressure, time and crank angle.
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The electronic indicator is very accurate, is immediate in response and does not
have the disadvantage of inertia, friction and spring oscillation which ocour in

‘mechanical indicators. It also has the advantage that any part of the diagram can be

amplified and brought into prominence on the display unit so that closer
investigation is possible. Photographs can provide a permanent record.

When a fuel is ignited in a cylinder, it does not begin to burn at any appreciable
rate until after a measurable period of time. Referring to Fig. 16.24, assume that
during the compression stroke the fuel is ignited at a. The curve does not immediately
begin to rise, signifying a high rate of pressure rise due to rapid combustion. Instead,
it continues on the same compression curve as if ignition had not taken place.
Assuming no ignition, the curve would continue along ad. But after period ab, the
curve begins to rise sharply upwards, showing that combustion at a high rate has
now begun. Combustion will eventually cease at ¢ and the expansion will then begin.
Period ab is called the delay period of combustion or, sometimes, the period of
incubation. For a given air—fuel ratio, other things being equal, the delay time is very
nearly constant for a given fuel.

Because of the delay period of ignition, it becomes necessary to ignite the air—fuel
charge in the engine cylinder some degrees before the crankshaft reaches the TDC
position. The number of degrees before TDC at which ignition occurs is called the
angle of advance. If the angle of advance is increased, the engine ignition is said to
have been overadvanced. If the angle of advance is decreased, the engine ignition is
said to have been retarded.

The optimum angle of advance allows combustion to cease just after TDC, so that
the maximum possible pressure is built up at a point just at the beginning of the
expansion stroke. This is shown as the normal curve in Fig. 16.25; it is a smooth
curve indicating smooth engine running.

2 Overadvanced
1 Normal
3 Retarded

\

Pressure

Ignition 2
Ignition 1
Ignition 3

. T
ignition
advance

Crank angle

Fig. 16.25 Constant volume cycle: effect of ignition

If, however, the engine ignition is overadvanced, combustion is initiated too early
and the cylinder pressure begins to rise rapidly while the piston is still trying to
complete its compression stroke. This will create excessive cylinder pressures and may
even produce shock waves in the cylinder, as illustrated by the ragged top on curve 2
of Fig. 16.25. If these shock waves are formed, an audible metallic sound will be
heard, commonly called pinking. An overadvanced engine will run rough; it will tend
to overheat and there will be a loss of power output.
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If. on the other hand, the engine ignition is retarded (curve 3), combustion will be
initiated late. In fact, combustion will still be occurring while the piston is sweeping
out its power stroke. Maximum pressure will occur late and will not be as high as in
the normal case. A retarded engine produces a low power output, and due to the late
burning, the engine will run hot; in extreme cases, exhaust valve and port damage
may result.

If the speed of an engine is increased but the ignition setting remains the same, the
engine becomes retarded. This is because the delay time is very nearly constant. Thus,
rapid combustion occurs later, in terms of crank angle, because the crankshaft will
sweep out a greater number of degrees in a given time when it is speeded up. To
compensate, the engine ignition should be advanced as the engine speed is increased.
On many petrol engines there is an automatic device fitted which takes care of this
matter.

Another ignition advance adjustment is required at part-load conditions. In this
case, less air, and hence less fuel, enters the cylinders. At lower pressures, fuel burns
more slowly, so the ignition is advanced to improve combustion efficiency at part-
load. This is normally accomplished by a diaphragm control unit connected to sense
the intake manifold depression.

Much emphasis is now given to the control of exhaust emission gases. In the petrol
engine, for example, an average air-fuel ratio is of the order of 14:1 by mass. In the
past, to improve engine power output, rich mixtures mmeaning rich in fuel- were
employed. Thus, the air fuel ratio was reduced. This produced unwanted
atmospheric  emission pollutants in the form of unused hydrocarbons, carbon
monoxide and oxides of nitrogen. Diesel engine fuel may contain some sulphur,
consequently, some oxides of sulphur may be in the exhaust emission. Many devices
are now used to clean up the exhaust of the internal combustion engine. These
include exhaust gas recirculation, air injection to oxidise the raw exhaust, and a
catalyst in the exhaust system to chemically treat the exhaust. There is also
continuous monitoring of the exhaust tailpipe.

It is now useful to introduce the excess air factor, defined as

Excess aif factor = (lambda) = ------ Alr supplied

Theoretical air required

The theoretical amount of air required for the complete combustion of a fuel is
called the stoichiometric air (see Chapter ;).

. If the air supplied = the stoichiometric air, A = I.

. If the air supplied < the stoichiometric air, A < I; this is a rich mixture, a fuel-
rich mixture.

. If the air supplied > the stoichiometric air, A > I, this is a weak or lean

mixture, a fuel-lean mixture.

Generally, in the case of the petrol engine, if A > 1.2, the fuel will not ignite. This is
sometimes called the lean misfire limit (LML).

Much combustion chamber design effort takes place to produce good combustion
with lean mixtures m the lean-burn engine. This attempts to produce a good
combustion mixture at the ignition point while preserving a lean overall airmfuel
mixture. The improved combustion is accomplished by good combustion chamber
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design, high intake swirl and sculptured piston crowns and multivalve cylinders, to
give some examples. Further control is achieved by the introduction of electronlo
subroutines to monitor engine performance.

16.19 Ocreandcernenumbe-~

In the petrol engine, the ability of the fuel to perform well during combustion in the
engine cylinder is indicated by the octane number of the fuel.

Under certain operational conditions, the airmfuel mixture can be prone to pinking.
The higher the volume compression ratio of the engine, the more prone to pinking the
engine becomes. However, the higher the volume compression ratio, the higher the
theoretical thermal efficiency. Certain additives mixed with petrol enable it to operate at
the higher compressions. In the main these additives have been small quantities of
tetraethyl lead or tetramethyl lead (approximately 0.15 to 0.4 g/l). However, lead is
known to have toxic properties, and it leaves an engine in vapour form to become an
atmospheric contaminant and pollutant. Thus, petrols are now made for the lead to be
reduced or removed, and some petrol is now marketed as being unleaded or green.
Efforts are made to improve the combustion properties of unleaded fuel by the
introduction of other additives such as benzene, but they can also be toxic.

The probable combustion performance of petrol is usually given by the octane
number, obtained from an arbitrary scale of OmIOOThe scale is derived from a mix of
2,2, A-trimethylpentane  (iso-octane), which is given a value of 100, and n-heptane,
which is given the value O. 2,2,4-trimethylpentane has a low pinking characteristic,
whereas heptane has a high pinking characteristic. The octane number of a fuel is the
percentage of 2,2,4-trimethylpentane in a blend with n-heptane that appears to give
the same engine performance as the given fuel. The octane value, or rating, of a fuel
with a number greater than 100 is obtained by extrapolation from known data.

There are two accepted octane number scales, according to the test method used.
They are the research octane number (RON) and the motor octane number (MaN).
Usually it is the RON that is quoted. However, the MaN is probably from the more
severe test since this test attempts to simulate vehicle operational conditions. RON
and MaN numbers of standard petrols are given in the following table.

Number of stars RON MaN
2 90 80
3 94 82
4 97 86
5 100 86

Unleaded petrol is probably in the range 93M96 RON. The performance of diesel
fuel oil is indicated by the cetane number. Under certain Ssevere operational
conditions, a diesel engine can produce diesel knock. This has a certain similarity to
pinking in a petrol engine. A high cetane number suggest the ability of the diesel fuel
to resist knock. The cetane number is the percentage of cetane in a blend of cetanc
and I-methylnaphthalene  having the same ignition and performance quality as it
given fuel.
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16.20 The gas turbine

The concept of the gas turbine began to be developed in the latter half of the
nineteenth century. ldeas on gas turbines had accumulated earlier than this and, in
fact, a type of gas turbine was patented in 1791 by John Barber of Nuneaton. The
first gas turbine to run under its own power, and simultaneously to deliver external
power, appears to have been in 1905 in Paris. But only in recent years have there
been great strides in turbine design and use.

Gas turbines are very widely used in aircraft. The are increasingly used for the
generation of electrical power and there are many installations in ships as propulsion
units. Attempts are also being made to develop gas turbines as engines for
automobiles.

There have been many designs for gas turbines, but the arrangement that has
proved most successful in the continuous combustion, constant pressure, gas turbine.
Its three basic elements are illustrated in Fig. 16.26(a): an air compressor, a turbine
and a combustion chamber (sometimes there are a number of combustion chambers
instead of a single large chamber).

The method of operation is as follows. Air enters the air compressor in which it is
compressed through a pressure compression ratio of some 6:1 or 10:1. There are
some installations in which the pressure compression ratio is as high as 20:1 or even
40:1. The air compressors are usually of the rotary type and are either radial or axial
flow. An axial-flow compressor is illustrated.

The compressed air is passed from the air compressor into the combustion
chamber through a duct. If there are several combustion chambers, the take-off
volute from the air compressor will have ducts feeding the combustion chambers
equispaced around it.

In the combustion chamber, fuel (either a fuel oil, such as gas oil or kerosine, or a
gas) is passed into a burner and burnt continuously. Thus the air passing through the
combustion chamber has its temperature and volume increased while its pressure
remains constant. The combustion products are then passed from the combustion
chamber into a turbine in which they are expanded. From the turbine, the
combustion products are passed out to exhaust.

Figure 16.26(a) shows that the turbine is coupled back to the air compressor by a
coupling shaft. On the other side of the turbine there isa coupling by which the turbine
can be coupled to drive some external equipment. Part of the turbine output is used to
drive the air compressor, so the net output appears for driving external equipment. The
air compressor, shaft and turbine assembly is called a spool.

Due to the continuous combustion which occurs in the combustion chamber, steps
are taken to ensure that temperatures do not become too high. This is usually dealt
with by supplying considerable excess air above that required for complete
combustion. A special shroud is usually built round the burner in order to meter the
air to the combustion space. This ensures there is good burning of the fuel and that
further air is mixed with the very hot combustion products further down the
combustion chamber. This brings the final combustion product temperature down to
something workable before entry to the turbine. Much research and development in
metallurgy was necessary to develop metals which could withstand the high
temperatures and stresses in gas turbines.
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i hey are passed to exhaust. o
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Exhaust
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Fig. 16.27 Large gas turbine with high power output

Burner fuel connectors

Internal combuvtion engings 44

Output power (MW) 170
Thermal efficiency (%) 38
Heating rate (kJ/kWh) 9474
Fuel oil consumption (tonne/h) 35
Fuel gas consumption (m?/h) 42 400
Exhaust gas rate (kg/s) 454

562

Exhaust gas temperature ("C)

The hybrid burner-ring is shown in Fig. 16.28. The word hybrid refers to the fad
that the burners can accommodate both oil and gas. Figure 16.29 shows a schematic
diagram of one type of combined-cycle power plant (part of the GUD range by
Siemens). It shows the arrangement of a gas turbine in tandem with a three-stage
steam turbine. The electric generator lies between the two turbine arrangements. Gas
or oil can be used as fuel and the exhaust gas from the gas turbine feeds a three-stage
boiler system. Steam from the boiler system feeds the three-stage steam turbine. One
system, using the gas turbine described, has an overall thermal efficiency of 57.9 per
cent with an electrical output of 254 MW. Figure 16.30 illustrates a block elevation

diagram of the practical arrangement of the power plant.

Burner flames

Burners

Fig. 16.28 Hybrid burner ring

Figure 16.31 shows basic arrangements for some modern power plants fired by
fossil fuel. Many arrangements are possible and plants can be tailor-made for specific

needs. These plants allow considerable control to be exercised over noxIOus

emissions.
The gas turbine has a very wide use as an aircraft propulsion unit. Gas turbines are

variously designated as turbojet, turbofan, turboprop and turboshaft. The turbojet is
the simplest form, consisting of a compressor, combustion chamber(s) and turbine. It
is used to produce a high-velocity jet for aircraft propulsion.

The turbofan is the most commonly used arrangement in aircraft. Part of the air
intake is bypassed around the outside of the combustion chamber arrangement. The
remaining air passes through the combustion chamber system. The bypass flow either
rejoins the hot flow downstream of the combustion chamber system or is exhauted
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through an annulus surrounding the hot exhaust. The arrangement with turbofan
gives a lower jet velocity, improved lower-speed propulsive efficiency and specific fuel
consumption plus a lower noise level. Sometimes the fan section has variable pitch,
which helps to reduce fan noise and improves the engine control and flexibility.

Figure 16.32 is a cutaway illustration of a modern turbofan engine used for
aircraft. The engine illustrated is the Trent 700 manufactured by Rolls-Royce. Air
passes into the engine through the turbofan and then divides. Some air passes into
the air compressor of the engine but most of it becomes the bypass air. It travels
round the outside of the engine, through cowling, ultimately to join the jet exhaust at
the rear of the engine. The compressed air from the air compressor in the engine
passes into the combustion chamber ring then through the gas turbine to become the
jet exhaust and to combine with the bypass air. Some general statistics of the Trent

700 are given in the table.

Table of Trent 700 parameters

Rotational speed (rev/min) 3300

Engine mass (tonne) 6

Overall diameter (m) 3.66

Length (m) 7.9

Take-off thrust (kg) 34 000-40 800
Fuel flow rate (kg/h) 14 290

Cruise fuel consumption (kg/h per kg thrust) 0.545

Air mass flow rate (kg/s) 900-1200
Overall pressure ratio 39:1

Air bypass ratio 231

The turboprop and turboshaft engines are similar in arrangement ..They usually
have an additional turbine which produces power for external use. In the case of the
turboprop unit used on aircraft, the engine will provide power to drive a propeller,
and there will be some residual thrust obtained from the exhaust. The combined
effect of propeller and jet thrusts is sometimes called the effective power or the total
equivalent power. The turboshaft engine is used to power external equipment by
tapping the shaft power. It is used in ships, power and pumping stations, hovercraft
and helicopters.

Some jet engines in aircraft are used with vectored thrust. This means that the jet
nozzle assembly can be changed in direction. Such arrangements are used on
vertical and short take-off and landing (V/STOL) aircraft. Other jet engines on
aircraft will employ reverse thrust. This is a device in the jet exhaust for altering
the jet thrust to a more reversed direction, thus assisting in slowing down an
aircraft after landing. . . .

Gas turbines are not self-starting machines. In the reciprocating internal
combustion engine it is necessary only to turn the engine over one compression; the
engine will fire and will pick up speed on its own. The gas turbine will not start
simply by turning the burner on. It must first be motored up to some minimum
speed, called the coming-in speed, before the fuel is turned on. When this speed has
been reached, the fuel is turned on, ignited, and the turbine will then pick up speed

on its own.
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The turbine rotor is usually motored up to coming-in speed by a starter motor.
Usually an electric motor, it may be a small turbine. One design is driven for a very
short period by firing a special cartridge. The gas from the cartridge drives the small
starter turbine which is temporarily engaged with the main turbine rotor by gearing.
It is disengaged when the main turbine starts.

If there is more than one combustion chamber fitted to the turbine, they are
usually cross-connected in some way. This is a safety measure in case one of the
burners should become extinguished, called a flameout. This is dangerous because
fuel will continuously be pumped into the extinguished combustion chamber and, if
not immediately ignited, will accumulate, eventually to cause an explosion when the
combustion mixture reaches the exhaust from the other combustion chambers. An
explosion could wreck the engine. This is prevented by cross-coupling. There have
also been other devices developed to perform the same function in the event of
flameout.

Gas turbine speeds vary considerably, from as low as 3000 rev/min to as high as
35 000 rev/min. Reduction gearboxes are fitted to the high-speed turbines to reduce
this speed for coupling to external equipment.

Some aircraft gas turbines are fitted with an afterburner in the jet exhaust nozzle.
Burning fuel in the afterburner produces additional thrust on aircraft take-off or for
military engagement. The fuel used for aircraft gas turbines is usually paraffin
(kerosine). In all gas turbine arrangements there is some internal power requirement
necessary to run such auxiliaries as the fuel pump, the lubricating oil pump and the
electrical generation.

o
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3
©
=
X
o
-
[
-

Gas turbine

Combustion
chamber

Bypass air from turbofan
compressor

16.21 Gas turbine calculations

Figure 16.26(b) is the schematic diagram of the turbine shown in Fig. 16.26(a). This
type of diagram is very commonly used when discussing gas turbines. The
compressor is coupled to the turbine, so

Net work output = Turbine output — Compressor work (1]
When discussing the rotary air compressor in Chapter 14, it was shown that
Compressor work = m1, ¢, (T2 — T1) 2]

where #1, = mass of airflow per second
¢pa = specific heat capacity of air at constant pressure
T> = final compression absolute temperature
T, = intake absolute temperature

It will be remembered that the final compression temperature is above the normal
adiabatic compression temperature due to turbulence, friction, etc., which occurs in

the compressor.
The frictionless adiabatic temperature is calculated using gas laws and is obtained

from

(ta = 1)/7a
, P,
T5=T,| —= 3
LT, ( P|) 3]

Turbofan
Fig. 16.32 Modern turbofan engine

where 7, = adiabatic index for air
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The connection between the frictionless adiabatic compression temperature, 77,
and the final compression temperature, 75, is made through the adiabatic or
isentropic efficiency equation

. T,—-T
Isentropic 7jcomp = TZHTI 41
2T

T; may be calculated from the isentropic efficicncy of the compressor.
Figure 16.26(c) shows the air compressor P-V diagram. In the air compressor the
airflow is continuous, so by considering the flow of a particular mass of air, the air
compressor diagram will be as follows:

. 6-1 Air taken into compressor.
. 1-2  Air compressed in compressor.
. 2-5 Compressed air delivered from COmpressor.

Now to consider the turbine. By a similar analogy to that used for the air
compressor, the turbine output is obtained from

Turbine output = st ¢, (T3 — T,) (5]

where iz, = mass of combustion products through turbine per second
¢ = specific heat capacity of combustion products at constant pressure
T3 = inlet absolute temperature to turbine
T = exhaust absolute temperature from turbine

The final exhaust temperature from the turbine will be above the frictionless
adiabatic exhaust temperature as a result of the turbulence, friction, etc., which
occurs in the turbine.

Similar to the air compressor, these two temperatures are connected by

. T —-T,
Isentropic ., = =324 6
PIC Thurb ) (6]

where  Isentropic 7y, = isentropic efficiency of the turbine
T, = frictionless adiabatic absolute exhaust temperature

T, may be calculated from the gas law equation
(= D/n
P,
T,=T —“> 7
=72 )
where y, = adiabatic index for the combustion products through the turbine

Figure 16.26(d) shows the turbine P—V’ diagram. For a particular mass flow, taken
to be the same as through the air compressor, the turbine diagram will be as follows:

. 5-3 Combustion products enter turbine.
. 3-4  Combustion products expand in turbine.
. 4-6 Combustion products exhaust from turbine.

The pressure range in the compressor and the turbine is the same, so both P-F
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diagrams can be combined as shown in Fig. 16.26(e). This diagram clearly shows the
net output as the shaded area 1234. Note that 1234 is the same as the constant
pressure cycle. . '

The T—s diagram is shown in Fig. 16.33(a). Strictly, however, since mos_t gas turbmejs
are open circuit, meaning that fresh air is continuously entering while exhaust is
continuously leaving, the 7-s diagram should be like Fig. 16..33(b).. Here, the constz.mt
pressure process, 41, is shown dotted because it does not exist within the gas t.urbme
arrangement (see section 16.23). However, it is conventional to use the full diagram
(Fig. 16.33(a)) for calculation purposes.

T T

{a) (b)

Fig. 16.33 Simple gas turbine T—s diagrams (a) used for making calculations and (b) with
a broken line for process 4-1 because there is a continuous airflow

From equations [2] and [5]
Net turbine output = sy, (T — Ty) — riycp (To = T)) [8]

Now the mass of fuel used is usually small compared with the mass of air, so the
mass of fuel is often neglected. If this is the case, then

my =, =m (say) [9
If the fuel is neglected, it can be considered that

Cot = Cp = ¢, (s2Y) [10]
Substituting equations [9] and [10] in equation [8], then

Net turbine output = ric, (T3 — Ty) — e, (T, — T))

= e, (T3 — Ty) — (T — Th)] [11]

If i1 = mass of air in kg/s, then from equation [11]

Net power output of turbine = ri1c, [(T3 — Ty) — (T> — T))] kW [12]

The energy received in the gas turbine is in the combustion chamber at constant
pressure. In the combustion chamber the temperature is raised from 75 to T;. .If the
fuel mass is neglected as before, then the energy received at constant pressure in the
combustion chamber is

mc, (Ty — T,) = change in enthalpy [13]
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Now

Net work output

Thermal efficiency = :
Energy input

which from equations [11] and [13] becomes

e, [(Ts — Ty) — (T — T)]

Th ln=
ermal 7 ey (Ts = T)

(14]

_(L-T)-(T,-T)
(T3 -To)

[15]

Another point that arises with the gas turbine cycle is that of the maximum
possible work output within given temperature limits.

Consider the cycles A, B and C in Fig. 16.34. The temperature limits of each cycle
are low temperature 7} and high temperature 73. The maximum pressure ratio
possible between these temperature limits is given by

&:<Il>r/(yl):r ' [16]
P| T| pmax
T fW—)O fW—)o
B
7.1 frest
s

Fig. 16.34 Simple gas turbine: maximum work output

Consider cycle A shown in Fig. 16.34. Here the pressure ratio r, — r,m, but the
net cycle work § W — 0.

Consider cycle C. Here the pressure ratio r, — 0 and, once again, the net cycle
work § W — 0.

Somewhere in between, therefore, a cycle must exist in which §W: a maximum.
This is illustrated as cycle B. The problem now is to determine the pressure ratio, r,,
which will give the maximum net cycle work.

Equation [11] gives the net cycle work as

if;W: e, (T — Ty) ~ (T, — Ty)]

The pressure ratio of the cycle is given by

P_p
P P
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and
7= 1)/5
I;:<&)( /’:r,—l)/}
T P i
Ty=Tyr§= "0 (17]
also
by 1
T, _ (&>( )/ e
T, P, r
T 18
Te=oip 1)
rp

Substituting equations [17] and [18] into equation [11],

. T G- 19
%W:mcp[<'r3~rw}‘)/r> A(Tll"l? Tl)] [ ]
14

Assuming m, ¢,, T, and T3 to be constant, differentiating equation [19] with
respect to r, and equating to zero, it is possible to determine the value of r, to give
maximum ¢ W. Thus

d T Y A T (T, V7 —T,)| =0 for max. w [20]
ar, (\ T n ’ |
or
y o7 Y
from which
(V — 1>T3r(—2y+1)/7 _ (V__J.> T " =0
y ! Y g
(V - ]>T3r2’27'+')/7' - (7 - ]>T,rp /v
b Y
or
T3r£,*2'” Ny — Tlr;l/v
hence
rl;l/"l' _ E_
r;—2r+ /v T,
from which

pom - — B
r Tl
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or

ISV & )

r =
4 T]

pAG=0/r Ty
P
T

hence

T ¥/ - 1)]
»=(7)
T
T. yy—1)
rl) = <_3
T. [21]

Substituting equation [11] into equation [21] shows that within the given
temperature limits of 7} and T3, the maximum net cycle work is obtained when the
pressure ratio of the cycle is given by the expression

rp = /Fmax [22]

Note that from equations [15] and [17] and [22]

or

Ty = Tyr§ V7 = L o-vn_ T oy _ Ty
rl(xn—a;)/v 4 rl[72(vfl)/v] p r;’v"l)/r

But from equation [18]

T
Ty=—-3 _
rl<7vf 1}/y
.Hence it follows that when the maximum net cycle work is obtained within the
given temperature limits

T2 = T4 [23]
Furthermore, for this cycle
Thermal n = Ty =Ty = (T; - 1) ‘ [é4]
(T3 - Ty)
and
Work ratio = 3= Ta) = (I, = T)) 25
(T; - Tu) 23]
And T, = T, for the pressure ratio which gives maximum net work output, so for
that case ’

Thermal n = Work ratio [26]
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Example 16.1 [n a continuous combustion, constant pressure, gas turbine, air is taken into a
rotary compressor at a pressure of 100 KN/’ and temperature 18°C. It iy compressed
through a pressure ratio of 8:1 with an isentropic efficiency of 85 per cent. From the
compressor, the compressed air is passed to a combustion chamber where its temperature is
raised to 1000°C. From the combustion chamber, the high-temperature air is passed to a gas
turbine in which it is expanded down to 100 kN/m” with an isentropic efficiency of 88 per
cent. From the turbine, the air is passed to exhaust. If the air used is 4.5 kg/s and neglecting
the mass of fuel as small, determine

(a) the net power output of the turbine plant if the turbine is coupled to the compressor

(b) the thermal efficiency of the plant

(¢) the work ratio

Take cp = 1.006 kJjkg K,y = 1.4.

(a)

For the compressor

P (- Oy
T’2 =T (J) — 9] x g4 /14
1

=291 x 81/33
=291 x 1.811
= 527K

T, — T

Isentropic nwmp = T“T
27 4

! — u—
To-T)  _527-291 _ 236 o0y

Ty—T = = -
P77 Isentropic eomp 0.85 0.85

T, = 291 + 278 = 569 K
1, = 569 — 273 = 296 °C

For the turbine

. P, r=U/y R 1213
T,=T; <Fz) TRUA A T 1811 703K
. Ty, —T,
Isentropic =
S P Thurb T3 - TQ

Ty — Ty = (T35 — T) x Isentropic
= (1273 - 703) x 0.88
= 570 x 0.88

=502 K
Ty=1273-502 =771 K
ty =771 — 273 = 498 °C
Net power output = tire, [(Ty — Ty) — (T — T1)]
= 4.5 x 1.006(502 — 278)

=4.5 x 1.006 x 224
= 1014 kW
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(b)

(©)
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Thermal n = (T3 —Ty) — (T, - T})
(T; =T

_ 502278
1273 — 569

0.32
=32%

i

Net cycle work

Work ratio = ~———F————
Positive cycle work

1014
me(T3 - T4)

N 1014
4.5 x 1.006 x 502

1014
2273

= 0.446

Example 16.2 A gas turbine plant has temperature limits 1080 °C and 10 °C. Compression in
the compressor and expansion in the turbine are isentropic. Determine

(a)
(b)
(¢)
(d)
(e)

the pressure ratio which will give the maximum net work output
the maximum net specific work output

the thermal efficiency at maximum work output

the work ratio at maximum work output

the Carnot efficiency within the cycle temperature limits

Takey = 1.41 and cp = 1.007 kJ/kg K.

SOLUTION

First

T{K)
1353

draw a diagram (Fig. 16.395).

283 ——

S

Fig. 16.35 Diagram for Example 16.2

Internal combustion engines

(a)

Ty = 1080 + 273 = 1353 K
T, =10+273 = 283K

T p/ (1) )
Maximum pressure 1atio = rpmax = (ﬁ) (see equation [16])
i
1353 141/(1.41. 1)
- (78?)
— 4.78"‘“/“'4!
— 4.783'44
=2174
For maximum net work output
Pressure ratio = r, = \/fpmax  (S€€ equation [22])
= /2174
=14.74
(b)
Ty _ o-0p
22
T, r

T, = Tyrf -7 =283 x 14,7400 41 -1/141
= 283 x 14.74041/14!
=283 x 14.741/34
=283 x2.19
=620 K

And from equation [23] Ty = T, = 620 K.
Maximum net specific work output is

G =TH - (T - T) = 1.007[(1353 — 620) — (620 — 283)]
= 1.007(733 — 337)

= 1.007 x 396
=399 kJ
(©)
399
Thermal 1= ————
LT - T
B 399
7 1.007(1353 — 620)
399
~ 1007 x 733
_39
738
= 0.54

= 54%

555
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(d

From equation [26)

Work ratio = Thermal 7
=0.54

(e)
Ty~ T,

Carnot 5 = T
3

_ 1353 - 283
1353

_ 1070
1353

=0.79
=79%

16.22 Thermal efficiency improvement in gas turbines

The exhaust leaves the gas turbine with quite a high temperature and high residual
energy content. When the power is required in the shaft, the energy in the exhaust
will go to waste unless some effort is made to reclaim it. It is impossible to reclaim all
the energy in the exhaust. A common method is shown in Fig. 16.36.

Heat
exchanger
6 ' 1 Combustion
Exhaust -+—————ol -Lr‘ﬁchamber
1 Turbine
9 5 4] exhaust
Ai 3L——]
ir
compressorf | Turbine jg

Air intake

Fig. 16.36 Gas turbine with exhaust energy recovery

The basic units of the gas turbine circuit are as already discussed. In this
arrangement, however, a heat exchanger is fitted in the compressed air line from the
air compressor to the combustion chamber. The compressed air passes through this
heat exchanger on its way to the combustion chamber. And the exhaust from the
turbine passes through the heat exchanger on its way out to atmosphere.

Before it reaches the combustion chamber, the compressed air receives some heat
and has its temperature elevated by heat exchange from the exhaust gases. This
means that the quantity of fuel used in the combustion chamber can now be reduced
because the temperature rise now required in the combustion chamber is reduced.
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The output from the turbine is hardly affected by the introduction of the heat
exchanger. On the other hand, the fuel used has been reduced. This means there has
been an improvement in the thermal efficiency because there is much the same output
with reduced fuel input.

The energy recovered from the exhaust in actual gas turbines varies from 50-90
per cent. They operate most commonly at 70 -80 per cent recovery. The percentage
recovery of the heat exchanger is called its effectiveness. The thermal efficiency of gas
turbines without heat exchange is usually in the range 10-25 per cent, mostly from
15 20 per cent. With a heat exchanger fitted, the thermal efficiency is pushed up to
20--30 per cent and even as high as 35 per cent in a few cases.

The T-s diagram for the turbine arrangement with heat exchanger is illustrated in
Fig. 16.37. The maximum exhaust temperature drop available in the exchanger is
(T4 — T>) because T is the lowest temperature in the exchanger.

T 3/

Compressed air temperature
increase in combustion
chamber = {T,- T;)

/4 4 '

/% tE:r?‘apté?tature drop Maximum exhaust
in exchanger = (T,- T,) taevTi?:glaen#\e drop
exchanger = (T,-T,)

'

Compressed air temp-
erature increase in
exchanger = (T,-T,)

s
Fig. 16.37 Gas turbine with heat exchanger: T-s diagram
Let the effectiveness of the exchanger be k.
Then
ke, (Ty — T3) = mc,(Ty — To) = me,(Ts — Ts) 1]
and assuming 1 and ¢, to be constant throughout, then
KTy - Ty)=(Ty = Tg) =(T5s — T?) (2]

Equation [2] will enable the exhaust temperature from the exchanger, Ty, and the
compressed air temperature at entry to the exchanger, 75, to be determined.
As before

Net turbine output = rirc, [(T5 — Ty) — (T2 — T)] (3]

However, the energy required from the fuel is that required to increase the
temperature from 75 to T3.

Required energy = ritc, (T3 — T’s) [4]

This is evidently less than would be required if no heat exchanger were fitted, when
the required temperature increase required would be from 75 to T;.
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Thus, with a heat exchanger, the thermal efficiency of the plant is increased.

e, [((Ts — Ty) — (T, — T)]

Thermal n = - [5]
mc, (T3 — Ts)
and assuming m and c, constant throughout
Thermal n = LTy - (- Ty [6]

T, Ts

Example 16.3 An open-circuit, continuous combustion, constant pressure, gas turbine takes in
air at a pressure of 101 kNjm’ and at a temperature of 15 °C. The air is compressed in a rotary
compressor through a pressure ratio of 6:1. The air then passes at constant pressure through a
heat exchanger of effectiveness 65 per cent. From the heat exchanger the air passes ar constant
pressure through a combustion chamber in which its temperature is raised to 870 "C. From the
combustion chamber the air passes through a gas turbine in which it is expanded to a pressure
of 101 kN/m’ and it then passes through the heat exchanger to exhaust. The isentropic
efficiency of the compressor is 85 per cent while that of the turbine is 80 per cent. Neglect the
mass of the fuel and take the air mass flow rate as 4 kg/s. Determine

(a)
(h)
(c)
(d)
(e)

the net power output of the plant

the exhaust temperature from the heat exchanger

the thermal efficiency of the plant

the thermal efficiency of the plant if there were no heat exchanger
the work ratio

Take y = 1.4 and ¢, = 1.005 kJ/kg K.

SOLUTION
First draw a diagram (Fig. 16.38).

Fig. 16.38 Diagram for Example 16.3

(@)

For the compressor

P =1/r
Ty=T <FZ> =288 x 6U4-1/14
1

— 288 x 60,4/].4
= 288 x 6!/35
=288 x 1.67
=481K

Internal combustion engines
T, -T,
T,-T

0.85 =

T~ T, 481288 193
7= - =22 _ 27K
L-T 0.85 0.85 0.85

T, =227 +288 =515K
ty=515-273=242°C

For the turbine

o D/ (14 1)/14
, P, | 1143
T4:T3<—4> :ll43x<—) :m_684k

P; 6
080 = =T
T;-T,
Ty — Ty = 0.80(Ty — Th) = 0.80(1143 — 684)
= 0.80 x 459
=367K

T, = 1143 - 367 =776 K
ty =776 -273 =503 °C

Net power output = rite, (T3 = Ty) — (T2 — T1)]
=4 x 1.005 x (367 —227)
=4 x 1.005 x 140

= 563 kW
(b)
Maximum temperature drop available for heat transfer = (T4 — T»)
Actual temperature drop = 0.65(Ty — T2)
=0.65(776 — 515)
= 0.65 x 261
=170K
Exhaust temperature from heat exchanger = T4 — 170
=776 — 170
=606 K
1o = 606 — 273 =333 °C
()

(T; - Ty — (I, ~T\)
(T; — Ts)

Ts=T,+ 170 = 515+ 170 = 685 K

Thermal n =

367 — 227
hermal g = -2 — 227
Thermal n = s
0
458
= 0.306

= 30.6%

559
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C))

With no heat exchanger

(I —Ty) — (T, -Ty)
(T; - T)

Thermal n =

- 367 — 227
1143 — 515
_ 140
628

=0.223
=22.3%

(e)

Work ratio — Net cycle work

Positive cycle work
_ 563
M(’,;(Tz —Ty)

_ 563
4 % 1.005 x 367

_ 963
1475

=0.38

16.23 Gas turbine cycles in general

Qas turbines are capable of many other arrangements different from those already
discussed. Each arrangement is made to fit the turbine to the particular installation
required.

Figure 16.39 shows the turbine split into two components. First there is a turbine
which is coupled back to run the compressor. The combination of the air compressor,
combustion chamber and compressor turbine (enclosed by the dotted line in
Fig. 16.39) is called the gas generator unit.

Combustion Gas generator unit
chamber / enclosed by dotted line
-1

F—— — — — _——

— ___ﬁg__

Air compressor
COMPpressor  tyrbine | power
____________ 4 turbine

Air intake Exhaust

Fig. 16.39 Gas turbine with free power turbine
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The exhaust from the compressor turbine passes into a second turbine which is
completely separate. This is the free power turbine which is coupled to drive external
equipment. The advantage of this arrangement is that the free power turbine is
completely independent of the air compressor. In this way all units of the plant can
be designed to run at their most efficient speed. This is especially so if the free power
turbine speed is to be some fixed value such as 3000 rev/min. This is a common speed
required in the generation of electrical power.

The turbines discussed so far may be put under the general heading of open-cycle
or open-circuit gas turbines. This name is given to them because air is taken from the
atmosphere and the exhaust products are passed out to atmosphere. Work has also
been done on the closed-cycle, or closed-circuit, @as turbines. The basic principle of
this type of turbine is shown in Fig. 16.40. It shows the usual turbine-compressor
arrangement, but now the air operates in a closed circuit. It is the same air being
irHl 1t 4 th~ tim~ with th~ xntion of rv  mk-lin nrv rlll~ to Ik~

Heater

W

Compressor Turbine

IRAAAY

1 Cooler ‘

Fig. 16.40 Closed-circuit gas turbine

The compressed air passes from the compressor through a heater in which the air
is-indirectly heated. The heated air passes into the turbine and after expansion into a
cooler, where it is cooled then recirculated back to the compressor. The air in the
circuit, even on the low-pressure side of the circuit, is usually compressed above
atmospheric conditions. In this condition it has a higher density and has better heat
transfer properties.

This circuit has the advantage that the heater can use any type of fuel, solid, liquid
or gas, because there is no direct mixing with the working air. It is also possible to
use a nuclear reactor to provide the necessary energy. Then the circulating gas would
probably be changed to some gas such as helium, which is relatively immune to the
effects of radioactivity.

The disadvantage of this circuit is that it needs a large supply of cooling water for
the cooler and the use of indirect heating leads to a reduced thermal efficiency. On
small plants the closed circuit has a lower thermal efficiency than the corresponding
open circuit.

It is probably more advantageous to use the closed cycle in large turbine
installations in which many efficiency improvement devices can be installed.
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Example 16.4  Air enters a gas turbine plant at a pressure of 100 kNim’ and a temperature of

19 °C. It is compressed in a rotary compressor through a pressure ratio of 8:1 with an
isentropic efficiency of 85%. The compressed air then passes into a combustion chamber in
which its temperature is raised at constant pressure to 980 °C. From the combustion chamber
the air enters the compressor turbine whose isentropic efficiency is 88 per cent. In the
compressor turbine a pressure—temperature drop occurs such that the power output from the
compressor turbine is just sufficient to drive the compressor. From the compressor turbine the
air enters a free power turbine in which it is expanded 1o a pressure of 100 kN/m® with an

isentropic efficiency of 86 per cent. The air then passes to exhaust. Air is used at the rate of

7 kg/s. Neglecting the mass of fuel and taking y = 1.4 and c, = 1.006 kJjkg K, determine
(a) the pressure and temperature as the air leaves the compressor turbine

(b) the power output from the free power turbine

(¢) the thermal efficiency of the plant

(d) the work ratio .

(e) the Carnot efficiency within the cycle temperature limits

SOLUTION
First draw a diagram (Fig. 16.41).

s
Fig. 16.41 Diagram for Example 16.4

(a)

For the compressor

P (r— 1y
T'2 =T <_2> — 292 x g4 1/14 _ 59y g04/14

Py
' =292 x §!/33
=292 x 1.81
=529K
O.SS:L_—TI—
TZ—T]
T — -
ror =2 _329-32 237 _ g9y

0.85 0.85 0.85

T,=2719+T =279+292=571K
t=571-273 =298 °C
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For the compressor turbine

Ty - Ti=T,— T,
" This is because

Compressor turbine power = Compressor power
T, — Ty =219K

Te=T;—279 = 1253 - 279 = 974 K

1y =974 -273=701"C

The temperature as the air leaves the compressor turbine is 701 “C.

T, - T,
088 =2 -4
T, - T
o _Ti-Te 279 349k
BoTe="0% ~ 088

T,=T;-317= 1253 — 317 =936 K

G=N/y
I _ (P
T, \P,

T y/(y—1 2
P, = P, (4) and P, =8 x 100 = 800 KN/m
(7

1.4/(1.4-1)
936
= 800 —

_ 800 800
T34 279

— 287 kN/m?

s 2
The pressure as the air leaves the compressor turbine is 287 kN/m*.

)

For the free power turbine

(r—=1)/v (14-1)/1.4
Ty =T, (ﬁ> = 974 x (@>
° Py 287

974 _ 974
T 28735 T 135
=721K
Ty~ Ts
0.86 =
T,— T}

T4 e T5 = 086(T4 - T’S)
= 0.86 x (974 — 721)
= 0.86 x 253
=218K
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Ts=T,—-218=974-218 =756 K
ts =756 — 273 =483 °C

Power output from the free power turbine is

e, (Ty — Ts) = 7 x 1.006 x 218
= 1535 kW

(¢)

Thermal n = w
me, (Ty — T3)
_ Iy~ Ty

(T: - Ty)

__ o 28
1253 — 571 682

=0.32
=32%

(d)
Net cycle work

Work ratio = —————————
Positive cycle work

ne, (T3 — Ts)
_T =Ty

(T, - Ty)
__ 28 218

1253 — 756 497
=0.44

(e)
Carnot n = ;-1 _ 1253 —242
T 1253

_ 96l
1253

=0.77
=T7%

Example 16.5 An aircraft is flying at an altitude of 6100 m. At this altitude the atmospheric
pressure and temperature are 470 bar and —22.4 ° C, respectively. The aircraft is propelled by a
gas turbine. The pressure ratio through its air compressor is 30:1. The air mass flow rate: is
80 kg/s. The gas turbine produces power for the air compressor and engine auxiliaries. The
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ratio of twrbine power 10 compressor power s 1.25:1. In the combustion chamber the
compressed air temperature is raised 10 960 "C. Both the compressor and the gas turbine have
an isentropic efficiency of 86 per cent. Neglecting the mass of fuel, determine

(a) the pressure and temperature of the air after compression

(b) the power developed by the gas turbine

(¢) the temperature and pressure of the air entering the exhaust jet as if leaves the gas turbine
Take c, = 1.05 kJjkg K,y = 1.41.

(a)
Pg = 30 Pl
= 30 x 470 = 14 100 mbar
= 14.1 bar

For the compressor

P G -1/
Ty =T, (f) and T, =273 -224=250.6K

1
Ty = 250.6 x 30(]4] —1)/1.41
= 250.6 x 30!/34

= 250.6 x 2.688
=673.6 K
Isentropic 1 = Tp=T
,-T

T - T = Ty —T)  673.6—250.6 _ 423

- AT = 491.9K
Isentropic 5 0.86 0.86

T, = 250.6 +491.9 =742.5K
= 742.5 - 273 = 469.5 °C

The temperature after compression is 469.5 "C.

(b)

Temperature drop in turbine = 1.25(T> — T))
=1.25x 4919
= 614.88K

Power developed by turbine = 80 x 1.05 x 614.88
= 51 650 kW
= 51.65 MW

(o)
Temperature of air leaving turbine, 7, = 960 — 614.88
=345.12°C

Isentropic temperature drop = %8868_ =T71498 K

ty =960 — 714.98 = 245.02°C
Ty =245.02 +273 =518.02 K
T =960+ 273 =1233K
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1 1.41/0.41
Py =P <T—4> 14.1 x (_518'°2>
Ty

1233

14.1

X —
2.38344
14.1

“19.74
= 0.714 bar

The air pressure as it leaves the gas turbine is 0.714 bar.

Example 16.6 The gas turbine in a CHP generating plant has an output of 150 MW with a
thermal efficiency of 35 per cent. The fuel oil used has a calorific value of 43 MJ/kg. The
exhaust gas flow rate from the gas turbine is 400 kg/s and its temperature is 550 °C. The
exhaust gas from the gas turbine passes through a steam generator boiler plant and leaves at a

temperature of 90 °C. The steam generated is at a pressure of 10 MN/m’ and a temperature of

450 °C. The feedwater temperature to the boiler is 140 °C. The generated steam passes through
a steam turbine system with an isentropic efficiency of 0.86 to exhaust at a pressure of 0.5 MN/nr’.
The boiler system has a thermal efficiency of 92 per cent. Determine

(a) the mass of fuel oil used by the gus turbine in tonnelh

(b) the mass flow of steam from the boiler in tonne/h

(¢) the theoretical output from the steam turbine in MW

(d) the overall theoretical thermal efficiency of the plant

For the turbine exhaust gas, take ¢, = 1.1 kJjkg K.

(a)

Energy requirement from fuel in gas turbine = (150 x 3600) MJ/h

0.35

150 x 3600

Fuel required = ———————
0.35x 43 x 103

= 35.9 tonne/h

(b)
Energy available from gas turbine exhaust = 400 x 3600 x 1.1 (550 — 90)
= (400 x 3600 x 1.1 x 460) kJ/h

Energy transferred to steam = (400 x 3600 x 1.1 x 4.60 x 0.92) kJ/h

Energy required to raise steam = (3244 — 588.5)
= 2655.5 kJ/kg

400 x 3600 x 1.1 x 460 x 0.92
2655.5 x 103

= 252.4 tonne /h

Mass flow of steam =

(©

For the steam turbine
hy = 3244 XJ/kg
and

51 = 5, = 6.424 kJ/kg K
$2 = 52 + X3 (g2 — Sp2)
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(5 sp) (6424 —1.86)

Xy = =
(ng — Srz) (6819 - 186)
= 3368 _ g9
4.959

hyr = 640.1 +0.92(2747.5 — 640.1)
= 640.1 + (0.92 x 2107.4)
= 640.1 +1930.8
= 2570.9 kJ/kg

Theoretical steam turbine output = 0.86(3244 —2570.9)
= (0.86 x 673.1)
= 5789 kJ/kg

5789 x 252 x 10
3600 x 103

= 40.58 MW

Total theoretical steam turbine output =

C)]
(150 -+ 40.58)0.35

Overall theoretical thermal n = 150

~190.58 x 0.35
B 150

=0.445
=44.5%

16.24 Rotary engines

Many attempts have been made, and are being made, to develop rotary engines
which will produce direct rotary motion, thus dispensing with the reciprocating
piston, connecting-rod and crankshaft of the conventional reciprocating engine. Most
attempts have met with little success. Some success has, however, been obtained from
the Wankel engine developed by NSU of Germany. Its elements are illustrated in Fig.
16.42. The engine consists of a triangular rotor which rotates eccentrically in a casing.
The apexes of the rotor have gas seals which mate with, and slide freely across, the
inside surface of the casing. The operation is as follows.

In Fig. 16.42(a) a fresh air-fuel charge is being taken into space A. In space B
there is a compressed charge ignited by the spark-plug. In space C there is an
expanding gas which is just beginning to exhaust. A slightly later event is shown in
Fig. 16.42(b). In space A a fresh charge is being compressed. In space B the burnt
charge is just at the beginning of expansion. In space C the exhaust is about to end
and a fresh charge is about to enter.

The arrangement has no mechanically operated valves, so it produces events
similar to those of the two-stroke cycle engine. A high mass flow rate is possible
through such an engine which produces a fairly high power 1o weight ratio.
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by spark-plu
@) ) SParcPa (b)

Fig. 16 42 Wankel engine: (a) fuel being taken in; (b) a short time later

Disadvantages appear in obtaining good gas seal between the rotor and the casing.
Temperature distribution round the casing can be uneven because the fresh charge
burning charge and expanding gas always occur at their same respective positions?
Some combustion problems can occur in the narrow combustion space.

Questions

1.

A petrol .engine has a volume ratio of compression of 8:1. When 0.1 and 0.8 of the
compression stroke have been completed, the cylinder pressures are 103.5 kN/m? and

2 . .
451 kN/m~, respectively. Determine the value of the index n for the compression
curve.

‘ ' [1.28]
A continuous combustion, constant pressure, gas turbine takes in air at a pressure of

93 kN/m? with a temperature of 20 °C. A rotary air compressor compresses the air to

a pressure of 552 kN/m? with an isentropic efficiency of 83 per cent. The compressed

air is passed to a combustion chamber in which its temperature is increased to 870 °C.

Frgm the combustion chamber the high temperature air passes into a gas turbine in

W.thh it is expanded to 93 kN/m? with an isentropic efficiency of 80 per cent. For an

airflow of 10 kg/s and neglecting the fuel mass as small, determine

(a)  the net power output of the plant if the turbine is coupled to the compressor

(b)  the thermal efficiency of the plant

(c)  the work ratio

Take, y = 1.4 and ¢, = 1.00 kJ/kg K.

An open-circuit, continuous st oure g (b') e
s us combustion, constant pressure gas turbine received air

from the atmosphere at 15 "C and compresses it to 9.5 times the intake pressure in a

rotary compressor whose isentropic efficiency is 80 per cent. The compressed air then

passes through a heat exchanger, whose effectiveness is 60 per cent, in which there is

heat t.ransfer from the turbine exhaust to the compressed air. From the heat exchanger

the air passes through a combustion chamber at constant pressure in which its

temperature is raised to 1015 °C. From the combustion chamber the air expands

through a gas turbine to atmospheric pressure and at this pressure passes through the
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heat exchanger to exhaust. The isentropic efficiency of the turbine is 82 per ¢ont, The

flow of air through the plant is at the rate of 2.5 kg/s. Neglect the muss of fuel und

take y = 1.4 and ¢, = 1.006 kJ/kg K, throughout. Determine

(a)  the net power output of the turbine if the turbine is coupled to the compressor

(b)  the temperature of the air leaving the heat exchanger to enter the combustion
chamber

(c)  the thermal efficiency of the plant

" (d) the work ratio

(¢)  the Carnot efficiency within the cycle temperature limits
[(a) 412 kW (b) 452 “C; (c) 29%; (d) 0.34; (e) 78%|

An open-circuit, continuous combustion, constant pressure gas turbine takes in air at
20 °C and compresses it to 11 times the intake pressure in a rotary Compressor whose
isentropic efficiency is 82 per cent. A heat exchanger then transfers 70 per cent of the
heat available for this purpose from the turbine exhaust to the compressed air. The
compressed air then passes through a combustion chamber at constant pressure in
which its temperature is raised to 1100 °C. The air is then expanded through a gas
turbine, whose isentropic efficiency is 85 per cent. The pressure ratio through the
turbine is 6:1. From the turbine the air passes through the heat exchanger to exhaust.
The turbine is coupled to the compressor. Neglect the mass of fuel and take:

y = 1.39, ¢, = 1.006 kJ/kg K up to entry to the turbine
=134,¢,=101kJ/kg K through the turbine and heat exchanger to exhaust

Determine
(a)  the thermal efficiency of the arrangement
(b)  the percentage increase in fuel required if the heat exchanger were removed and
all other conditions remained the same.
[(a) 32%; (b) 24%]

A gas turbine plant has a maximum work pressure ratio of 13:1. The inlet temperature
is 8 °C. Compression in the compressor and expansion in the turbine are isentropic.
For the plant, determine
(a)  the maximum temperature
(b)  the net specific work output
(c) the thermal efficiency
(d)  the work ratio
(e)  the Carnot efficiency within the cycle temperature limits
Take 7 = 1.405 and ¢, = 1.005 kJ/kg K.
[(a) 957 “C; (b) 345 kI; (c) 53%; (d) 0.53; (e) 77%]

A CHP plant consists of a gas turbine and a steam turbine working in tandem to
produce a combined output. The exhaust from the gas turbine feeds a boiler which
raises steam for use in the steam turbine. The theoretical overall thermal efficiency of
the plant is 45 per cent. Steam flow from the boiler is 220 tonne/h. The steam feed to
the steam turbine is at a pressure of 8 MN/m? and at a temperature of 400 °F.
Feedwater temperature to the boiler is at a temperature of 143.6 °C. Expansion of the
steam in the steam turbine has as isentropic efficiency of 0.88 and the steam exhaust
pressure is 0.3 MN/m?. The output from the gas turbine is 125 MW, The fuel used is
natural gas with a calorific value of 38 MJ/m?®. Determine
(a)  the theoretical power output of the steam turbine in MW
(b)  the theoretical fuel gas requirement of the gas turbine in m*/h

[(a) 36.06 MW (b) 33 907 m*/h|
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7. An aircraft is flying at an altitude of 3000 m. Atmospheric temperature and pressure
are —4.8 °C and 697 mbar, respectively. The aircraft is powered by a turboprop gas
turbine. The engine compressor has a pressure ratio of 12:1. After compression the air
temperature .is. raised to 1100 °C in the combustion chamber. The gas turbine
arrangement 1s In two parts: the first follows the combustion chamber and runs the air
compressor, the second runs the propeller unit. The pressure drop in the second part
of the gas turbine is 85 per cent of that potentially available. The isentropic efficiency
of the compressor and turbine units can each be taken as 0.84. Determine
(a)  the temperature of the air after compression
(b)  the temperature and pressure of the air after expansion in the first part of the

turbine

(c)  the temperature and pressure of the air after expansion in the second part of the
turbine

(d)  the power output of the second part of the turbine for an air mass flow rate of
20 kg/s

Take ¢, = 1.02 kJ/kg K, y = 1.405; neglect the fuel mass.
{(a) 329.5 °C; (b) 765.7 °C, 2.55 bar; (c) 503.2 °C, 1.575 bar; (d) 4041 kW]

Chapter 17

Engine and plant trials

17.1 General introduction

When choosing an engine, or any engineering plant for that matter, it is necessary to
refer to the relevant performance characteristics. Engine performance characteristics
will have been determined during a series of trials then tabulated and, where possible,
graphed. Some of the general performance characteristics and their method of
determination are now discussed.

17.2 Torque

An engine is required to drive external equipment, so it is important to know how
much torque the engine will deliver at the various running conditions. The torque,
which is usually determined in newton-metres (N m), is measured by coupling a
measuring device, called a brake or dynamometer, to the engine output shaft. Four of
the most common types of brake are described in the following sections. The rope
and Prony brakes are now rarely used; they are included only to illustrate basic
principles.

17.3 The rope brake

A typical rope brake arrangement is illustrated in Fig. 17.1. It consists of a rope
(sometimes a leather or webbing band) which is wrapped around the flywheel. To one
end of the rope is attached a spring balance which is attached to the ground. To the
other end of the rope is attached a mass carrier. This mass carrier is allowed to hang
freely, although its bottom end is usually connected to the ground by a loosely hanging
chain. This is a safety chain in case the rope at any time tends to get caught up on the
flywheel, in which case the chain will hold back the mass. Note that the spring balance
is always on the side of the flywheel such that, when rotating, the flywheel turns toward
the balance. The mass carrier is always on the other side of the flywheel such that the
flywheel tends to lift the carrier.

For a heavy load on the engine, a large mass is placed on the mass carrier. For
light loads, some mass can be removed from the mass carrier. For no load, the rope
brake is usually removed from the flywheel.



572 Basic engineering thermodynamics

Flywheel

Rope

Load mass
Safety chain

Spring balance

Fig.17.1 Rope brake

Due to the friction between the rope and flywheel rim, and especially at the higher
loads, the flywheel rim will get hot. In small installations this may not be serious, but
in larger installations a water trough is built on the flywheel. Water is poured into the
trough and centrifugal action causes it to form a thin layer on the inside of the
flywheel rim. The friction heat transfer evaporates the water; this has a cooling effect
which keeps down the temperaturc of the flywheel. This brake is normally used for

relatively slow speed engines.
Now, let D = diameter of flywheel, m
d = diameter of rope, m
M = load mass, kg
m, = spring balance reading, kg

then the net tangential force (in N) that the engine is working against at the flywheel
rim is given by

&M —my) = 9.81(M — m,)

This is assuming the standard gravitational acceleration is 9.81 m/s’.
This force occurs at a radius (D + d)/2, hence the torque (in N m) developed by
the engine, 7, is given by

T = Tangential force x Radius at which tangential force acts
—9.81(M — ms)(¥)

Sometimes the diameter of the rope is very small compared with the diameter of

the flywheel, then the diameter of the rope can be neglected and the torque (in N m)
is given by

T=981(M- ms)g
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17.4 The Prony brake

The Prony brake is illustrated in Fig. 17.2. It consists. of brake shoes whic‘h are
clamped on to the flywheel rim by means of tie-bolts. Rim pressure can be adjusted
using nuts, operating through compression springs, on the tie-bars. A load-ba}r
extends from the top of the brake and to its end is attach§d a mass hanger. A mass is
hung on to this mass hanger and the load arm is kept horizontal.

Load-bar
Brake
Spring shoe | %-—Spring l an
== ;
! Mass |
hangar ‘
Flywheel i‘\ |
Mass
Tie-bolt ' «— Tie-bolt as
) \
o T —or
Brake L r
shoe

-
s

Fig. 17.2 Prony brake

As in the case of the rope brake, the flywheel is sometimes cooled by fitting a
water trough to the flywheel rim.

If M = mass on hanger, kg
r = distance from centre of flywheel to hanger, m
T = torque developed by engine, N m

then
T =981 Mr

The Prony brake is usually used for relatively low-speed engines.

17.5 The hydraulic dynamometer

There are many designs of hydraulic dynamometers. The basic Ielemcpts. are
illustrated in Fig. 17.3. They work on what is known as the torque reaction principle.

Rotor cover

. Rotor ROto,
Trunnion . ‘o
i Trunnion
bearing E’ bearing I
Cover
gggﬁgg bearing
Drive ;Mai_r:‘g
i eari
coup{lng Water
Main space
Bearing .

Fig. 17.3 Hydraulic dynamometer
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A rotor is mounted in a rotor cover which is suitably hydraulically sealed by
bearings and glands. The shaft of the rotor passes out from the cover bearings and is
mounted in the main bearings which are fixed on the dynamometer bed. The rotor
cover is not fixed, but is free to rotate in trunnion bearings which are again mounted
on the dynamometer bed.

From the side of the rotor cover extends a load-bar on to the end of which is
attached a mass hanger. The principle of operation is as follows. The rotor sometimes
has holes projecting blades and sometimes cups. The rotor cover may have matching
blades or cups. The space between the rotor and the cover is either filled or part-filled
with water, according to the design.

If the rotor is now rotated, a reaction will be set up with the water and the cover;
the cover will tend to rotate in the trunnion bearings with the rotor. The cover
rotation is prevented by hanging suitable masses on the mass hanger. Thus a torque
reaction is set up and this torque, which is the torque generated by the engine, can be
measured.

If M = mass on hanger, kg
r = distance from centre of dynamometer to hanger, m
T = torque developed by engine, N m

then
T= 9.81 Mr

The amount of torque absorbed by the dynamometer can be varied by control of
the water. In some dynamometers, the water depth is varied: the greater the depth,
the greater the load. In others, plates are introduced between the rotor and the cover.
The plates are controlled from the outside. If more plate is introduced, there is less
interference between the rotor and the cover, so less load is absorbed by the
dynamometer. If the plates are withdrawn, more interference will occur, so more load
will be absorbed.

In some hydraulic dynamometers there is a fixed quantity of water in the cover,
but in others the cover is usually filled and means are provided for the free flow of
water through the cover. This dissipates friction energy generated between the rotor
and the water.

17.6 The electrical dynamometer

This dynamometer is, in many ways, similar to the hydraulic dynamometer. It is of
the torque reaction type, but the reaction is not hydraulic; it is magnetic, between the
rotating armature of a generator and the magnetic field set up by the field coils
mounted in the outer casing of the generator.

The outer casing of the generator is not fixed as is usually the case; like the cover
of the hydraulic dynamometer, it is mounted in trunnion bearings. As the armature
of the generator is rotated by the engine, its reaction with the magnetic field tends to
pull the field coils and casing round with it. This rotation is prevented in the same
way as in the hydraulic dynamometer - a load-bar with mass hanger fitted to the
outside of the casing. Torque is measured as the product of the force required to keep
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the load-bar horizontal and the distance from the hanger to the centre of the

generator, so
T=981 Mr

where M = mass on hanger, kg
r = distance from centre of dynamometer to hanger, m

T = torque developed by engine, N m

The electrical power generated by this type of dynamometer is usually dissipated
through banks of electrical resistors. The load can be increased or decre‘ased on the
dynamometer, and hence the engine under test, by switching the resistors in or out.‘

Due to the fact that the field coils are free to rotate with the casing in the trunnion
bearings, the dynamometer is often called a swinging field dynamometer. In both the
hydraulic and electrical dynamometers the load hanger could be replaced by a
calibrated spring-loaded device.

17.7 Brake power (b.p.)

Using a brake or dynamometer it is possible to determine the useful work output of
an engine
Now

Work done = force x distance

If

F = tangential force on the brake in newtons, N
r = radius at which the force acts in metres, m

then during one revolution of the brake

Work done = F x 2mr
= 2nkFr
=22TNm =2aT] (1J=1Nm)

If the engine is running at N rev/s, then

Work done/s on the brake = 2zNT N m/s
= 2aNT watts (W)
= brake power (b.p.)

Any one of the brakes or dynamometers described can be used for determining the
torque 7, so the brake power (b.p.) can be determined. .

It is possible to estimate the brake power from an engine coupled to an electrical
dynamometer from a knowledge of the electrical output of the dynamometer.
Remember that the electrical dynamometer is really a generator.

Now, if

Generated voltage = V volts
Current output = Jamps
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then
Power output = VI watts (W)

Neglecting electrical losses, this will generally be very close to the brake power of
the engine.

17.8 Indicated power (i.p.)

The indicated power (i.p.) of an engine is the power actually developed in the
cylinders. The brake power will, in fact, be less than the indicated power because
losses occur from cylinders to shaft, such as friction and running auxiliary equipment
(e.g. fuel and oil pumps).

In order to determine the indicated power, it is necessary to know the work
conditions in the cylinders. The area of a pressure-volume diagram represents work. If
the engine cycle can be obtained in the form of a pressure--volume diagram, direct from
the cylinders, it would therefore be possible to obtain the work done by the engine as
indicated by the cylinder operations. And knowing the number of cycles per second, it
will be possible to determine the indicated power output from the cylinders.

A scaled-down pressure-volume diagram of an engine cycle can be obtained while
the engine is running by using an engine indicator. The engine indicator can appear
in various forms: mechanical, part mechanical and part electrical, and electronic.
Most modern engine indicators are electronic.

17.9 The engine indicator

Most modern engine indicators are electronic. Suitable transducers and sensors,
which monitor such parameters as cylinder pressure, temperature and crank angle,
are strategically placed on or in the engine. Signals from the transducers and sensors
are transmitted to an electronic processing unit which displays performance
information on a visual display unit (VDU). Information can be verbal or by
calibrated diagram; it can also be in colour. Verbal information can be cylinder
pressure and engine rotational speed, calibrated diagrams can be pressure-volume
(Figs 16.4(d) and ]6.5(e» or pressure--crank angle (Fig. ]6.24). The electronic engine
indicator can be used for continuous operational performance monitoring.

17.10 Indicated mean effective pressure (/MEP)

The indicated mean effective pressure (IMEP) is that constant pressure which, if it
acted over the full length of the stroke, would produce the same amount of work
done on the piston as is actually obtained during a complete engine cycle (see also
section ]5.1).

Figure 17.4 is a P-V diagram of a four-stroke cycle internal combustion engine.
Two separate areas are shown. The positive diagram area is the area which produces
work output. The negative diagram area is the area which requires work input. The
net area gives the theoretical positive cycle work output. In general the negative area
is small compared with the positive area, so it is frequently neglected. This is the case
with the four-stroke cycle engine.

Engine and plant 17l m;m
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Fig. 17.4 Determination of IMEP on a P-V diagram

In the case of the two-stroke cycle engine, only the positive diagram area 1s

present.
Now, let

Diagram area = A, mm’
Diagram length =/, mm . .
Indicator calibration = C, N/m? per millimetre mean diagram height

then IMEP (in N/m?) is given by
1
IMEP = A—IC (1]
17.11 Calculation of indicated power (i.p.)

From a knowledge of the IMEP of an engine, the i.p. can now be calculated.

Let Py = IMEP, N/m’
A = area of piston, m’
L = length of stroke, m
N = number of working strokes per second

Then
Force on piston = (Py X A4) newtons (N)

Work done/working stroke = force x length of stroke
=(PyxAxL)YNm
= (Pm x 4 x L) joules (J)

Work done/s = work done/stroke x number of working strokes/s
=(Py x AxLxN)J/s
— (PyLAN)J/s
= (PyLAN) watts (W) = Lp.
Consider the number of working strokes in three different cases:

. For the four-stroke cycle engine
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rev/s
2

because there is only one working stroke in two revolutions.
. For the two-stroke cycle engine

N =

N =rev/s

because there is one working stroke in each revolution.
. For the double-acting steam engine or double-acting two-stroke cycle oil engine

N=2xrev/s

because there are two working strokes in each revolution (assumes both ends have
same IMEP:; if they have different IMEP, each end must be treated separately).

17.12 Friction power (f.p.)

The i.p. is greater than the b.p. This is because there are losses from cylinder to shalft,
mainly as a result of friction in the various reciprocating and rotating parts. In the
four-stroke cycle, internal combustion engine there are also some pumping losses
during exhaust and induction. Also, there will be some loss to brake output as a
result of driving auxiliaries such as the oil pump and fuel pump. But a large part of
the loss is due to friction.

The difference between the i.p. and the b.p. is sometimes cumulatively called the
friction power (f.p.).

Hence
i.p.—b.p. =fp. 1]
from which
ip.—fp.=b.p. 2]

17.18 Indicated power by Morse test

In the absence of an engine indicator, a close estimate of the i.p. of a multicylinder
internal combustion engine can be determined from the Morse test. The method can
only be used on engines with more than one cylinder; this will become clear during its
description.

The engine under test is coupled to a suitable brake and, at the test condition, the
b.p. output, b, is determined. The first cylinder is now cut out. This can be achieved
in a petrol engine by shorting out the spark-plug of the first cylinder; for an oil
engine the fuel supply to the first cylinder is interrupted.

As a result of cutting out the first cylinder, the engine speed will drop. Load is now
removed from the brake in order to restore the original speed. The b.p. under this
new condition is now determined from the new brake load. The first cylinder
operation is now restored and the second cylinder is now cut out. The engine speed is
corrected, if necessary, to its original value and the b.p. with this second cylinder cut
out is now determined. This procedure is adopted for each cylinder in turn.

Take the case of a four-cylinder engine.

Let i), iy, i3, iy = 1.p. of each individual cylinder
f1, 2, 13, fa = f.p. of each individual cylinder

Now, in the case when all cylinders are working, i.e. normal operation At “m
Total b.p. = b = (iy — f1) + (b = f2) + (i3 = /3) + (ia — f2) A
=(h+i+i+i)— (Hth+/+f) )]

When the first cylinder is cut out, i/ is cut out but the friction and other lossen of

this first cylinder, f, remain. .
Thus the b.p. with the first cylinder cut out 1s

by =i +is+i) = (fi ot f3 +/a) 2]
Subtracting equation [2] from equation [1]
b—br=1i [3]

Thus the i.p. of the first cylinder is determined.
In a similar way, when the second cylinder is cut out
b—by=10
This is repeated for each cylinder in turn.
Finally, the total i.p. is given by
Total i.p. =i + i + I3+ [4]
The i.p. so determined is not quite accurate because the friction and pumping
losses when a cylinder is working are not the same as when it is not working. But the
method still gives a close approximation.

17.14 Mechanical efficiency

The méchanical efficiency of an engine is defined as the ratio of the b.p. to the i.p. or

. b.p.
Mechanical efficiency = %

The closer this value approaches unity the better, for this implies smaller losses. .

It is common to express the mechanical efficiency as a percentage by multiplying
the ratio b.p./i.p. by 100. Normal values are in the region 70-80 per cent, but
sometimes values lie outside this range.

Mechanical efficiency is often abbreviated to mech 77 OF Nmech-

17.15 Brake mean effective pressure (BMEP)

Sometimes the brake mean effective pressure (BMEP) is quoted for an engine. This is
obtained by multiplying the IMEP by the mech 7, or

BMEP = Py, = IMEP x mech 5
= Py x mech 7 (1]
The BMEP gives that amount of the IMEP which has been effective in producing

output at the brake. . . ‘ ‘
If the BMEP is known, then the b.p. can be determined by using an equation of

the same form as that used in the case of i.p.

b.p. = (PmpLAN) watts (W) 12]
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17.16 Fuel consumption

A knowledge of the fuel consumed by an engine and the time it takes to consume this
fuel is essential when assessing the qualities of the engine. In the case of a steam
engine or turbine, it will be the steam consumed. Consumption is usually measured in
kg/h (or kg/s).

In the case of an engine using gas. the fuel used will be measured in m*/h (or m¥/s).
For petrol and oil engines, the fuel is run through a special measuring device. This
may be a reservoir of fuel of known quantity, and the time for the engine to consume
this measured quantity of fuel is taken. Alternatively, the fuel may flow through a
special flowmeter which is calibrated to give the fuel consumption by direct reading,
usually kg/h (or kg/s).

For an engine using gas, the gas first passes through a gas meter before entering
the engine. A measured quantity of gas is timed in this case. For the steam engine or
turbine the exhaust steam is condensed in a condenser and is measured in tanks at
the outlet of the condenser. Alternatively, the steam as condensate is passed through
a direct reading flowmeter.

An important derivative from the fuel consumption or steam consumption is called
the indicated or brake specific fuel or steam consumption. This is obtained by
dividing the consumption by the i.p. or b.p. as appropriate (see also section 15.1).

Thus, in the case of the petrol or oil engine

Fuel used in kg/h

Indicated specific fuel consumption = -
1.p.

(1]

This will give the fuel (in kg) required to deliver one watt for one hour at the load
considered; its units are kg/Wh (or kg/kWh).

Fuel used in kg/h

Brake specific fuel consumption = 5
.p.

(2]

This will give the fuel (in kg) required to deliver one watt for one hour at the load
considered; its units are kg/Wh (or kg/kWh).
For an engine using gas

Gas used in m*/h

Indicated specific fuel consumption = -
i.p.

m?*/Wh (or m*/kWh)
(3]

Similarly

Gas used in m3/h

Brake specific fuel consumption = b
..

m*/Wh (or m*/kWh)  [4]

These give the fuel required (in m?) to deliver one watt (or one kilowatt) for one
hour, at the load considered.

In the case of the steam engine or turbine

Steam used in kg/h
i.p.

Indicated specific steam consumption =

kg/Wh (or kg/kWh)
{51
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. Steam used in kg/h
Brake specific steam consumption = ~ETL kg/Wh (or kg/kWh) [6]

These give the steam required (in kg) to deliver one watt (or one kilowatt) for one
hour at the load considered. - .

The importance of the specific fuel consumption is that it is possible to cF)mpare
the amount of fuel or steam required per hour, to deliver one watt (pr one kilowatt)
at a particular load with the amount of fuel required per hour to dehyer one watt' (or
one kilowatt) at another load. In each case it is one watt (or ope k}lowatt)., so if at
one load less fuel is required than at the other load, the engine is running more
efficiently at the lower specific fuel condition.

If the time interval is measured in seconds, then

lkg/Ws:lkg/%-s:lkg/J (7]

17.17 Thermal efficiency

The thermal efficiency of an engine is important because it determir}es how efﬁc.iently
the fuel is being used in the engine. There are two cases to .con51der: the u?dlcated
thermal efficiency and the brake thermal efficiency. Consider first the internal
combustion engine; its thermal efficiencies are

Energy equivalent of the i.p./s (]

Indicated thermal efficiency = Energy supplied by fuel/s

_ 1.p. ]
mx CV
where 11 = mass of fuel per second (volume for gases)
CV = calorific value of fuel

Energy equivalent of the b.p./s i3]
Energy supplied by fuel/s

Brake thermal efficiency =

__bp.__ [4]
mxCV

In the case of the steam engine or turbine the efficiencies are

Energy equivalent of the i.p./s (5]
Useful energy received/s

Indicated thermal efficiency =

Now the engine or turbine receives steam with specific e'nthalpyv .h. FI‘OII.I a
theoretical standpoint the steam in the engine could be ef.fe.:ctlve.ly utilised until it
finally became water at the exhaust pressure. In this cond%noAn, it would be of no
further use to the engine or turbine and would now have liquid enthalpy A Hence
the useful energy which could theoretically be extracted per kilogram from the steam
in the engine would be (& — he). If the steam engine uses i kg steam per second, then

Useful energy received/s = r(h — hy) (6]
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Hence
Indicated thermal efficiency = __bp. 7
m(h — k) 7l
In a similar way
Brak . _ bop.
rake thermal efficiency = — 2 8
mih — hy) 18]

17.18 Relative efficiency

The relative efficiency, or efficiency ratio as it is sometimes called, is the ratio of the

aculxal efficiency obtained from an engine or plant to the theoretical efficiency of the
engine or plant.
Hence

Actual efficiency
Theoretical efficiency Y

Relative éfﬁciency =

In the case of the steam engine, the theoretical efficiency is obtained from the
theoretical indicator diagram. In the case of steam plant the theoretical efficiency is
taken as the Rankine efficiency. In the case of internal combustion engines the
theoretical efficiency is taken from the theoretical cycle. But sometimes the
theoretical efficiency is taken from the constant volume cycle=1—1/r& V. This
cycle.hk.ls the highest efficiency of the practical internal combustion cycles',v 8o that is
wby.ll 18 proposed as the basis of comparison for internal combustion engine cycles.
Air is the gas theoretically used, consequently, the cycle is sometimes called the air
standard cycle. An average value of y for air is 1.4, therefore

Air stand: ]
ir standard efficiency = 1 mEE [2]

S o

17.19 The energy balance or energy audit

Ip any.thermal engine or plant, a quantity of energy is supplied from the fuel in a
gllvex? tlr‘pe. It is the purposes of the energy balance, or energy audit, to trace the
distribution of this energy through the engine or plant. The energy balance is often
taken over a period of time and the various energy quantities are often expressed as
percentages of the energy supplied from the fuel. The energy balance is often plotted
on a graph or displayed on a Sankey diagram.

Consider the piston internal combustion engine.

The energy supplied from the fuel (in J/s) is given by

Energy supplied = m x CV [1]
where, i = mass of fuel, kg/s

CV = calorific value of fuel, J/kg
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The general distribution of this energy through the engine will be
Energy to b.p. = b.p. (W) =b.p. (J/s) 2]

Energy to coolant = [mass of cooling water (kg/s) x specific heat capacity of
water (J/kg K) x temp. rise of cooling water (K)] J/s 3]

Energy to exhaust = [mass of exhaust (kg/s) x specific heat capacity of exhaust
(J/kg K) x temperature difference between exhaust
and atmosphere (K)] J/s [4]

Energy lost to surrounding air
This is not directly measured but is obtained by difference, in other words

Energy lost to surrounding air = energy from fuel — (energy to b.p.
+ energy to coolant + energy to exhaust)

The friction losses should not be treated separately in the balance (obtained from
the equation f.p. =1i.p. —b.p.). Any energy to friction will be dissipated in the
coolant, exhaust, radiation, etc. Since each of these quantities has been separately
measured and friction energy is a hidden part of these measurements, its separate
treatment would cause it to be included twice. It should therefore be omitted from
the energy balance.

Also i.p. = b.p. +f.p.: so b.p. and the energy to friction (f.p.) have been included in
the balance, so energy to i.p. has been included in the balance. The energy to i.p.
should not be treated as a separate item.

There will be an energy balance for each load condition of the engine. Results are
usually tabulated appropriately or graphed as shown in Fig. 17.5. Here it is assumed
that an energy balance has been drawn up for no load and for six other load
conditions. The energies at each load condition are plotted, one on top of the other,
each expressed as a percentage of the energy supplied. At each condition, therefore,
they will total 100 per cent. Smooth curves are drawn through the plotted points. The
graph will then clearly illustrate the distribution of energy through the engine at all
load conditions. The energy to b.p. varies from zero at no load to a maximum at full
load. But as a percentage of the energy supplied, it is very small; its maximum is
somewhere in the region of 20-40 per cent. The energy to b.p. expressed as a

-
(=4
[=]

I | AT i .
Energy to surrounding air
>
23
< “é Energy to exhaust
59 L
) Y
g3
£ = Energy to coolant
8s —
L © E b
o ner o b.p.
] gL P 1

1 2 3 4 5 6

No load Load

Fig. 17.5 Energy balance graph
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percentage of the energy supplied is, of course, the brake thermal efficiency; it is a
very low figure because there is considerable energy loss. It is unfortunately true that
most of the energy supplied to engine plant is lost. Much effort is made to develop
equipment to reclaim some of this waste energy. More details are given in the
sections on boilers, the gas turbine and the Stirling and Ericsson cycles.

A further method of representing an energy balance is by means of the Sankey
diagram.This is a stream or flow diagram in which the width of the stream represents
the energy quantity being considered, usually as a percentage of the energy supplied.
A Sankey diagram for the piston internal combustion engine is shown in Fig. ]7.6. It
starts at the bottom with a stream whose width represents the energy input from the
fuel, marked ]00 per cent. Moving up the diagram, the coolant loss stream is led off
to the left. The width of this stream represents the percentage loss to the coolant.
Next the exhaust loss stream is led off to the left and finally the surroundings loss is
led off to the left. The loss streams finally meet as a single loss stream, as shown. Of
the original vertical stream, only the b.p. output stream remains at the top of the

diagram. The figures on the diagram are percentages of the original energy supplied
in the fuel.

b.p.
20

Surroundings12

Loss 80

7

Energy from fuel 100

Fig.17.6 IC engine: Sankey diagram

The energy to exhaust is sometimes measured direct by the installation of an
exhaust gas calorimeter. This consists of a heat exchanger unit in which the exhaust
gas 1s cooled by cooling water passing through it. In this case

Energy (enthalpy) lost by exhaust gas = Heat transferred to cooling water

Hence, if 71 = mass of cooling water, kg/s
1 = inlet temperature of cooling water, °C
t; = outlet temperature of cooling water, °C
¢p = specific heat capacity of water, J/kg
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then
Energy to exhaust = ric,(t, — 1) J/s [5]

If the exhaust temperature is dropped to atmospheric temperature through the
calorimeter, this will give the total energy to exhaust. If this is not the case and only
part of the temperature drop is obtained, the total energy to exhaust is estimated by
proportion.

Thus, if 7. = exhaust temperature, °C
t, = atmospheric temperature, °C
t; = exhaust temperature leaving the calorimeter, °C

then

Total energy to exhaust = ric,(t, — 1)) x £tL_—t")J/S [6]
(ta - t3)

The steam engine and the steam turbine can also be analysed for energy balance.
The energy supplied to the engine or turbine is obtained from the useful enthalpy
content of the steam being admitted (see section 17.17). The energy will be divided up
into energy to exhaust, surroundings and b.p. The main bulk of the energy will
appear in the exhaust steam. A Sankey diagram for the steam engine or turbine is
shown in Fig. 17.7. The percentages shown are generally representative.

b.p.
12
Surroundings 10
Loss 88
//
22

Exhaust steam 78

Energy from steam 100
Fig.17.7 Steam engine or turbine: Sankey diagram

Figure 17.8 is a Sankey diagram for the energy balance for a steam plant. Both
boiler and turbine are included in the diagram. Losses are again fed off as streams to
the left, and the b.p. stream appears at the top. Representative percentage figures
appear on the diagram.

Figure 17.9 is a Sankey diagram for a basic CHP plant. Energy from a gas turbine
exhaust supplies a steam turbine plant. Outputs from the gas and steam turbines are
shown combined as are the combined losses of the plant as a whole. The percentages
are representative.
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Surroundings 10

)

Exhaust steam 45

Loss 70
/

Boiler loss 15

Energy from fuel 100

Fig.17.8 Steam plant: Sankey diagram

b.p. b.p.
Steam Gas
turbine turbine

30 35

7 :

/Gas turbine + steam//
turbine plant + surroundings

/ ,+ stack losses 357

Energy from gas
L turbine exhaust to
steam turbine

72

Fuel energy to gas turbine 100

Fig. 17.9 Basic CHP plant: Sankey diagram

17.20 Typical graph shapes

17.20.1 Torque
For a variable speed engine, the torque increases to a maximum then decreases as the

speed increases. The general shape of the graph is shown in Fig. 17.10(a). It is
generally a fairly shallow curve.
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T~

Torque
Torque

—? Speed b.p.

(a} (b)

Fig. 17.10 Torque graphs (a) for a variable speed engine and (b) for a constant speed
engine

For a constant speed engine the torque will increase in proportion to the b.p. and a
torque—b.p. graph results in a straight line, as shown in Fig. 17.10(b).

17.20.2 b.p. and i.p.

For a variable speed engine, both the b.p. and the i.p. increase as the speed increases.
The b.p. is lower than the i.p. and both graphs generally curve slightly toward the
top, as shown in Fig. 17.11(a). The difference between any two corresponding speed
values will give the f.p. loss.

For a constant speed engine, if the i.p. is plotted against b.p., as shown in
Fig. 17.11(b), a straight or nearly straight line of increasing value will occur. The
graph passes through the i.p. axis with a positive value when the b.p. is zero. This
gives the no-load i.p.

f.p.{loss)
. ‘\9‘ p
= o
o .
c a
© —
a
o
}No-load i.p.
Speed ‘ b.p.
(a) {b)

Fig. 17.11 Graphs of i.p. (a) for a variable speed engine and (b) for a constant speed
engine

17.20.3 Mechanical efficiency
The mechanical efficiency graph appears with a similar shape for both the variable
and constant speed engines. It increases from zero to a maximum then generally
begins to fall off in a smooth curve, as shown in Fig. 17.12. There is a maximum
mechanical efficiency condition for most engines. Beyond this condition, friction is
beginning to increase rapidly and the engine is becoming overloaded.

For a variable speed engine, mechanical efficiency is plotted against speed. For a
constant speed engine, mechanical efficiency is plotted against b.p. The efficiency
curve for a steam engine, may not show a decline up to full load.
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Mechanical efficiency (%)

Speed or b.p.

Fig. 17.12 Mechanical efficiency for variable speed and constant speed engines

17.20.4 Fuel and steam consumption

For a variable speed engine — usually an internal combustion engine - the fuel
consumption is usually plotted in kg/h against speed. It results in a graph of
increasing value, as shown in Fig. 17.13(a). It is usually a fairly straight line.

For a constant speed engine — an internal combustion engine, steam engine, or
steam turbine — fuel or steam consumption in kg/h is plotted against b.p., as shown
in Fig. 17.13(b). Once again, it results in a fairly straight graph of increasing value. It
crosses the fuel or steam axis with a positive value at zero b.p. This is the no-load
fuel or steam required to keep the engine motoring.

From the consumption graph, a cost graph can also be determined if the cost of
the fuel is known. It will have a similar shape to the consumption graph.

<
—_— S~
£ 2
S X
= g
g 2
w %]
S
©
& No-load fuel or steam
Speed b.p.
(a) {b)

Fig. 17.13 Fuel consumption (a) for a variable speed engine and (b) for a constant speed
engine

17.20.5 Specific fuel or steam consumption
For both variable and constant speed engines, the specific fuel or steam consumption
graph, either for i.p. or b.p., results in a curve like Fig. 17.14. For a variable speed
engine — usually an internal combustion engine — the specific fuel consumption (in kg/
Wh) is plotted against speed. For the constant speed engine — an internal combustion
engine or steam engine — the specific fuel consumption (in kg/Wh) is plotted against b.p.
The curve has a drooping characteristic, displaying a minimum value. This
minimum value will show the operating speed or b.p. at which the engine is operating
at its best and most economical condition. It will correspond with the maximum
thermal efficiency condition.
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~_

onsumption {(kg/Wh})

ﬁf_

Specific fuel or steam

Speed or b.p.

Fig. 17.14 Specific fuel or steam consumption

17.20.6 Thermal efficiency

Thermal efficiency, usually on b.p. basis, is plotted against speed for the va.riable
speed engine or b.p. for the constant speed engine. The curve incre_ases to a maximum
value then decreases as shown in Fig. 17.15. It displays a maximum value of the
thermal efficiency, the condition at which the engine is running at its best and with

the maximum economy.

Thermal efficiency (%)

Speed or b.p.

Fig. 17.15 Thermal efficiency

Example 17.1 During a test on a four-stroke cycle oil engine the fo

were obtained:

Mean height of indicator diagram
Indicator calibration
Swept volume of cylinder

21 mm
27 kN/m? per mm
14 litres

Speed of engine 6.6 rev/s
Effective brake load 77 kg
Effective brake radius 0.7m

Fuel consumption 0.002 kg/s
Calorific value of fuel 44 000 kJ/kg
Cooling water circulation 0.15 kg/s
Cooling water inlet temperature 38°C
Cooling water outlet temperature 71°C
Specific heat capacity of water 418 ki/kg K
Energy to exhaust gases 33.6kJ/s

lowing data and results
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Determine the indicated and brake outputs and the mechanical efficiency.

Draw up an overall
energy balance in kJ/s and as a percentage.

Example 17.2 The following data were obtained from a test on a single-cylinder, double=acting
steam engine fitted with a rope brake:

SOLUTION . . Cylinder diameter 200 mm
Indicated mean effective pressure is Stroke 250 mm
Py =27 x 21 = 567 kN/m? Speed 5 rev/s
Effective diameter of brake wheel 0.75 m ,
Indicated power = Py 142 Stop valve pressure 800 kN/m"
: Dryness fraction of steam supplied 0.97
i i ine i Brake load 136 kg
N/2 in this case because the engine is four-stroke. Spring balance reading 90 N ,
Now L4 = swept volume of cylinder Mean effective pressure 232 kN/n3
= 14 litres Condenser pressure 10 kN/m‘-
=14 x 1073 m3 Steam consumption 3.36 kg/min
Condenser cooling water 113 kg/min
Indicated power = 567 x 14 x 6.6 =26.2 kW Temperature rise of condenser cooling water 11K
10* 2 Condensate temperature 38 °C
Brake power = 22 NT .
=(2nx6.6%9.81 x 77 x 0.7)W Determine
= (2% 6.6 x 981 x 77 x 0.7 x 10-) kW (a) bp.
— 22kW (b) bp-
(¢) mechanical efficiency
2 (d) indicated thermal efficiency
Mech n = 262 (e) brake specific steam consumption . ) R
(f) draw up a complete energy account for the test on a one-minute basis taking 0 °C as
=0.84 datum
= 84%
Extract from steam tables
Energy from fuel = 44 000 x 0.002 = 88 ki/s Pressure (kN/m?) Sat. temp. r; (°C) Specific enthalpy (kJ/kg)  Spec. vol. Vg
Energy to brake power = 22 kW = 22 kJ /s (m3/ kg)
ht‘ hfg hg
ny nt =0, . -
Energy to coola t: (()).1155 : :1188 : gl 38) 800 170.4 7209 2046.5 2767.5 0.2403
=20.7kJ/s 10 45.8 191.8 23929 25848  14.67
Enerey to exhaust (given) = 33.6 ki/e Take the specific heat capacity of water 4.18 kJ/kg K and use the extract from steam tables.
Energy to surroundings, etc. = 88 — (22 + 20.7 + 33.6)
=88-76.3
=117kJ/s (a)
b.p. =2aNT
The energy balance can now be tabulated.
Kl /s Percentage =271 x 5 x [(9.81 x 136) — 90] x O‘Zi
Energy from fuel 88 100 —2mx 5 x (1334 - 90) %
Energy to brake power 22 25
Energy to coolant 20.7 235 0.75
Energy to exhaust 33.6 38.2 =2 x5 x 1224 x 2
Energy to surroundings, etc. 11.7 13.3

=14 656 W
= 14.656 kW
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(b)
i.p. = PyLAN
N 250« _ (200
=232 x T07 X ) X (103) x5 x 2 (double-acting so x2)
=232 % 0.25 x % x 0.22 x 10
= 18.2kW
(c)
Mechanical efficiency = b_p _ 15:656
1.p. 18.2
= 0.805
= 80.5%
(d)
Indicated thermal efficiency = 336 18.2
6— [720.9 + (0.97 x 2046.5) — 191.8]
_ 18.2
3.36
——=(720.9 -
60 ( + 1985 - 191.8)
_ 18.2
7336
=22(2705.9 —
%0 ( 191.8)
_ 18.2
7336
==~ x 2514.
0 x 2514.1
=0.1293
=12.93%
(e)
Brake specific steam consumption = 336 x 60
14.656
= 13.76 kg/kWh

U

Energy balance reckoned from 0 "C

Energy supplied/min = 3.36 x 2705.9
= 9902 kJ

Energy to bp/mm = 14.656 x 60 = 879 kJ

Energy to condenser cooling water/min = 113 x 4.18 x 11

= 5196 kJ
Energy to condensate/min = 3.36 x 4.18 x 38
=534 kJ
Energy to surroundings, etc./min = 9092 — (879 + 5196 + 534)
= 9092 — 6609
= 2483 kJ
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Example 17.3 Ina trial of an oil engine the following data were obtained:

Duration of trial 30 min

Speed 1750 rev/min

Brake torque 330 N m

Fuel consumption 9.35kg

Fuel calorific value 42 300 kl/kg

Jacket cooling water circulation 483 kg

Inlet temperature 17°C

OQutlet temperature 77 °C

Air consumption 182 kg

Exhaust temperature 486 °C

Atmospheric temperature 17 °C

Mechanical efficiency 83%

Mean specific heat capacity of the exhaust gas 1.25kJ/kg K
Determine

(a) the brake power

(b) the brake specific fuel consumption

(¢) the indicated thermal efficiency

(d) the energy balance, expressing the various items in kJ/min.
Tuke the specific heat capacity of water as 4.18 kJ/kg K.

(a)
b.p. = 2nNT
(2n « 1730, 330)w
60
= (27‘5 X @ x Qp,) kW
60 103
= 60.5 kW
(b)
Brake specific fuel consumption = 935x2
60.5
= 0.309 kg/kWh

(c)
ip. = 605 _ 128 kW
0.83

Indicated thermal efficiency = 935 X722-8

27 = % 42 300
3600

=0.332
= 33.2%
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(d)

Energy balance for one minute

Energy from fuel = %Z—S x 42 300 = 13 200 kJ
Energy to b.p. = 60.5 x 60 = 3630 kJ

Energy to cooling water = %3— X 418 x (77— 17)

:%x4.18x60

= 4038 kJ

182 +9.35

Energy to exhaust = (
30

) x 1.25 x (486 — 17)

_ 19135
30

= 3739 kJ

x 1.25 x 469

Energy to surroundings, etc. = 13 184 — (3630 + 4038 4 3739)
= 13184 — 11407
= 1777 kJ
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(b)

Mechanical efficiency = b—p
.p.

52
699

= 0.744
= 74.4%

Example 1 7.4 During a trial on a six-cylinder petrol engine, a Morse test was carried out as
the means Q( estimating the indicated power of the engine. The brake power output was 52 kW
running at full load, all cylinders in. The table shows the measured brake power outputs when

eachdcylmder was cut out in turn and the load reduced 10 bring the engine back to its original
speed.

Cylinder cut . 1 2 3 4 5 6
Brake power (kW)  40.5 40.2 40.1 40.6 40.7 40.0

From this data, estimate
(a) the indicated power of the engine
(b) the mechanical efficiency of the engine

(2)

i.p. cylinder | =52 -40.5=115
i.p. cylinder 2 =52—-402 =11.8
i.p. cylinder 3=52-40.1 = 11.9
i.p. cylinder 4 =52 - 40.6 = 11.4
i.p. cylinder 5=52-40.7 =113
L.p. cylinder 6 = 52 —40.0 = 12.0

Total i.p. = 69.9

Example 17.5 During a trial on a four-cylinder petrol engine running at 50 rev/s the brake
load was 267 N when all cylinders were working. When each cylinder was cut out in turn and
the speed returned to 50 rev/s the brake readings were 178 N, 187 N, 182 N, and 182 N. Using
these readings, determine the brake power of the engine and estimate its indicated power and
mechanical efficiency. For the brake, b.p. = FN/455 where F = brake load in newtons and
N = rev/s. The following results were also obtained during the trial:

Fuel consumption 0.568 litre in 130 s
Specific gravity of fuel 0.72

Calorific value of fuel 43 000 kJ/kg

Air: fuel ratio 14:1

Exhaust temperature 760 °C

Specific heat capacity of exhaust gas 1.015kJ/kg K
Cooling water inlet temperature 18 °C

Cooling water outlet temperature 56 °C

Cooling water flow rate 0.28 kg/s
Ambient temperature 21 °C

From these results, draw up an energy balance in kJ/s and as a percentage of the energy
supplied.

SOLUTION

b.p. engine = 267 x50 =293 kW
455

b.p. cylinder 1 out = 178 x50 19.6 kw
455

i) =293 -19.6 =9.7kW

b.p. cylinder 2 out = ﬁ%;ﬁ = 20.6 kKW

ip =29.3 -20.6 = 8.7 kW

b.p. cylinder 3 out = %;ﬂ — 20 kW

iy = 29.3 - 20 = 9.3kW
b.p. cylinder 4 out = %ﬂ — 20 kW

iy =293 -20=9.3kW
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Total i.p. =9.7+8.74+9.3 4+ 9.3 = 37.0 kW

Mech np = b¥p = 293
ip. 370
=0.792
=79.2%
Mass of fuel/s = (M x 0.72 | kg
130
0.568
Energy from fuel/s = 0 x 0.72 x 43 000 = 1353 kJ
Mass of exhaust/s = 15 x 0.568 % 0.72
= 0.047 kg

Energy to exhaust/s = 0.047 x-1.015 x (760 — 21)
= 0.047 x 1.015 x 739
=353kJ

Energy to cooling water/s = 0.28 x 4.18 x (56 — 18)
=0.28 x 4.18 x 38
=44.5kJ

Energy to b.p./s = 29.3 kJ

Energy to surroundings, etc./s = 135.3 — (35.3 + 44.5 + 29.3)
=135.3-109.1
= 26.2 kJ
The energy balance can now be tabulated.

- kJ/s Percentage
Energy from fuel 135.3 100
Energy to brake power 29.3 21.7
Energy to exhaust 353 26.0
Energy to coolant 44.5 329
Energy to surroundings, etc. 26.2 19.4

Example 17.6 A two-stroke cycle diesel engine of a large ship has eight cylinders, each of

850 mm bore and with a stroke of 2200 mm. The BMEP of each cylinder is 15 bar and the
engine runs at 95 rev/min with a specific fuel oil consumption of 0.2 kglkWh. The calorific value
of the fuel oil is 43 000 kJ/kg. Determine

(a) the brake power of the engine in MW

(b) the fuel consumption of the engine in tonne/h

(c) the brake thermal efficiency of the engine

(a)
b.p. = Py LAN (see section 17.15)
95
bp. = 1500 x 2.2 x & x (0.85)% x 22 x 8
P g < (08
=23 719 kW
= 23.719 MW

(b)

(c)

Brake thermal 7 =
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N . 0.2 x23719
Fuel consumption = ———
103
= 4.74 tonne/h
3
Fuel used = (4.74 x 10°) kg/s

3600

(see section 17.17)
Energy from fuel/s

23719 x 3600
4.74 x 10* x 43 000

=042
= 42%

Questions

1.

The following results were obtained during a test on a two-cylinder, four-stroke cycle,
oil engine over a period of one hour:

Cylinder diameter 108 mm
Piston stroke 135 mm
Speed 16.5 rev/s
Brake torque 90 N'm
Fuel consumption 2.5kg

Calorific value of fuel 45500 kJ/kg
Mechanical efficiency 82%
On leaving the cylinders, the exhaust gases were passed through an exhaust gas
calorimeter and raised the temperature of 215 kg of water from 15°C to 61 °C.
Determine
(a) the brake thermal efficiency
(b)  the percentage of the energy supplied by the fuel which is carried away by the
cooling water, friction and radiation
(c)  the indicated mean effective pressure
(d)  the indicated specific fuel consumption
[(a) 29.5%; (b) 34%; (c) 558 kN/m?%; (d) 0.22 kg/kWh]
A six-cylinder, four-stroke cycle, marine oil engine has cylinders of diameter 610 mm
and a piston stroke of 1250 mm. When the engine speed is 2 rev/s it uses 340 kg of fuel
oil of calorific value 44 200 kJ/kg in one hour. The cooling water amounts to 19 200 kg/
h, entering at 15 °C and leaving at 63 °C. The torque transmitted at the engine coupling
is 108 kN m and the indicated mean effective pressure is 775 kN /m?. Determine
(a) the indicated power
(b)  the brake power
(© the percentage of the energy supplied per kilogram of fuel lost to the cooling water
(d) the brake thermal efficiency
(e) the brake mean effective pressure
(f) the mechanical efficiency
(g)  the brake specific fuel consumption
[(a) 1699 kW; (b) 1357 kW; (c) 25.6%; (d) 32.5%; (e) 619 kN/m%;
() 80%; (8) 0.25 kg/kWh]
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3.

A throttle-governed steam turbine uses 1820 kg of steam per hour when developing an
output power of 150 kW and 4000 kg/h when developing 375 kW. Estimate the
thermal efficiency of the turbine when developing an output power of 225 kW
assuming the steam supply is dry and saturated at 1.0 MN/m? and the exhaust is at
0.028 MN/m?.

[12.7%]
Extract from steam tables
Pressure (bar) Sat. temp.  (°C) Specific enthalpy (kJ/kg)
B hy hy -
2.8 67.5 283 - 262é
10.0 179.9 763 2778

The following data were obtained from a test on a single-cylinder, double-acting steam
engine fitted with a rope brake.

Cylinder diameter 203 mm
Stroke 254 mm
Speed S rev/s
Effective diameter of brake wheel 0.75 m
Stop valve pressure 800 kN/m?
Dryness fraction of steam supply 0.97
Brake load 1.425 kN
Spring balance reading 93.5N
Mean effective pressure from indicator card 235 kN/m?
Condenser pressure 10 kN/m?
Steam consumption 3.5 kg/min
Condenser cooling water 90 kg/min
Temperature rise of condenser cooling water 14 °C
Temperature of condensate 38°C
Determine

(a)  the brake power

(b)  the indicated power

(c)  the mechanical efficiency

(d) the indicated thermal efficiency

(e)  the steam consumption in kg/kWh

(f)  taking 0 °C as the datum, draw up an energy account for the test on a 1 s basis

Extract from steam tables

Pressure (kN/m?>) Sat. temp. ; (°C)  Specific enthalpy (kJ /kg) Spec. vol. v, (m*/kg)

he hy  h

g

10 458 192 2392 2584 14.67
800 170.4 721 2048 2769 0.2403

[(a) 15.7 kW; (b) 19.3 kW; (c¢) 81%; (d) 13.2%; (e) 10.9 kg/kWh;
(f) energy supplied, 146.8 kJ; brake, 15.7 kJ; cooling water, 87.8 kJ;
condensate, 9.3 kJ; surroundings, 34 kJ]
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An internal combustion engine working on the constant volume cycle has a bore of
150 mm and a stroke of 165 mm. The clearance volume is 0.5 litres. The fuel used has
a calorific value of 45250 kJ/kg and the brake specific fuel consumption is 0.334 kg/
kWh. The mechanical efficiency of the engine is 81 per cent. Determine
(a)  the volume ratio of compression
(b)  the ideal thermal efficiency
(c)  the indicated thermal efficiency
(d) the efficiency ratio
Take y = 1.4.

[(a) 6.84:1; (b) 53.7%; (c) 29.4%; (d) 0.547]

A diesel engine has a geometric compression ratio of 14:1 and an efficiency ratio of 0.7
when referred to the air standard efficiency. The fuel consumption is 5.65 kg/h. Take y
as 1.4 and the calorific value of the fuel oil as 44 500 kJ/kg. Determine the indicated
power developed.

[31.85 kW]

In a test on a two-stroke, heavy-oil, marine engine, the following observations were
made:

Oil consumption 4.05 kg/h
Calorific value of oil 43000 kJ/kg
Net brake load 579 N
Mean brake diameter I m

Mean effective pressure 275 kN/m?
Cylinder diameter 0.20 m
Stroke 0.250 m
Speed 6 rev/s
Calculate

(a)  the mechanical efficiency
(b)  the indicated thermal efficiency
()  the brake thermal efficiency
(d)  the quantity of jacket water required per minute if 30 per cent of the energy
supplied by the fuel is absorbed by this water. Permissible rise in temperature is
25 °C.
[(a) 84.2%; (b) 26.8%; (c) 22.6%; (d) 8.33 kg/min]

An engine working on the constant volume cycle has a geometric compression ratio of
8. It uses petrol having a calorific value of 44000 kJ/kg. If the brake thermal
efficiency of the engine is 60 per cent of the air standard efficiency, determine the
specific fuel consumption in kg/kWh. Take y = 1.4.

[0.241 kg/kWHh]

A four-cylinder, four-stroke, petrol engine has a bore of 75 mm and a stroke of
90 mm. It operates on the constant volume cycle and has a volume ratio of
compression of 8.5:1. The efficiency ratio is 55 per cent. When running at 50 rev/s, the
engine develops a brake mean effective pressure of 725 kN/m? and used 9.2 kg of fuel
per hour of calorific value 44 000 kJ/kg. Determine
(a) the indicated thermal efficiency
(b)  the brake thermal efficiency
(c)  the mechanical efficiency
(d)  the indicated specific fuel consumption

[(a) 31.6%; (b) 25.6%; (c) 81%; (d) 0.259 kg/kWh]
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10.

1.

13.

In a trial on a steam plant the following results were obtained:
Steam/h, 1150 kg at 12 bar having a dryness fraction 0.98
Feedwater temperature, 20 °C
Coal/h, 183 kg of calorific value, 26 500 kJ/kg
The steam was supplied to a turbo-alternator unit of output 180 kW. Determine
(a)  the thermal efficiency of the boiler
(b)  the overall plant efficiency
(¢)  the steam used per kilowatt-hour
(d)  the coal used per kilowatt-hour

Extract from steam tables

Pressure (MN/mZ)

Sat. temp. 1 (°C) Specific enthalpy (kJ/kg)

he hgg hy

1.2 188.0 798 1986 2784

[(a) 63%; (b) 13.4%: (c) 6.39 kg; (d) 1.017 kg]

During a trial on a four-cylinder, compression ignition oil engine, a Morse test was
carried out in order to estimate the indicated power of the engine. At full load, with
all cylinders working, the engine developed a brake power of 45 kW. The measured
brake power outputs (kW), when each cylinder was cut out in turn and the load
reduced to bring the engine back to the original speed, were as follows:

From this data, estimate
(a)  the indicated power of the engine
(b)  the mechanical efficiency of the engine
[(a) 54 kW, (b) 83.3%]

A four-cylinder, four-stroke cycle petrol engine has a stroke of 95.0 mm and cylinders
of diameter 64.5 mm. The volume ratio of compression is 7.5:1. When running at
42rev/s, the engine consumes 6.5 kg of petrol per hour. The petrol has a calorific
value of 44200 kJ/kg. The brake power developed is 16.5kW. Determine
(a)  the brake thermal efficiency
(b)  the cylinder clearance volume
(©) the brake mean effective pressure

[(a) 20.7%; (b) 0.477 x 10~* m%; (c) 633 kN/m?|

In a trial of a six-cylinder petrol engine a Morse test was carried out. When running at
full load, all cylinders working, the brake power was 56 kW. The measured brake
powers (kW) when each cylinder was cut out in turn and the load reduced to bring the
engine back to its original speed were as follows:

1 2 3 4 5 6
44.2 44.0 439 443 44.1 43.7

The following are further recordings taken during the trial:
Fuel consumption (i.p. basis) 0.342 litres/kWh
Calorific value of fuel 42000 kl/kg
Specific gravity of fuel 0.76

Engine and plant trials 601

Air-fuel ratio by mass 15.2:1
Exhaust temperature 400 °C
Specific heat capacity of exhaust gas 1.1 kl/kg K
Ambient temperature 18 °C
Cooling water inlet temperature 18 °C
Cooling water outlet temperature 56 °C

Cooling water flow rate 34 kg/min

From the above data, estimate the mechanical efficiency of the engine and draw up an
energy balance as a percentage of the energy supplied by the fuel.

[Mech 7, 78%: brake, 25.7%; exhaust, 16.2%; coolant, 41.3%;

radiation etc., 16.8%]

A two stroke cycle diesel engine has 10 cylinders. The bore and stroke of each cylinder
are 800 mm and 2000 mm, respectively. The BMEP of each cylinder is 16 bar and the
engine rotates at 100 rev/min. The brake thermal efficiency of the engine is 35 per cent
and the calorific value of the fuel oil is 42800 kJ/kg. Determine
(a)  the brake power of the engine in kW
(b)  the fuel consumption of the engine in tonne/h
(c)  the specific fuel oil consumption of the engine in kg/kWh

{(a) 26 808 kW; (b) 6.44 tonne/h; (c) 0.24 kg/kWh]



Chapter 18

Refrigeration

18.1 General introduction

If a body is to be maintained at a temperature lower than its surrounding or ambient
temperature, any heat transfer which will naturally occur down the temperature
gradient from the surroundings to the body (second law of thermodynamics) must be
transferred back to the surroundings. Unless this is done, the temperature of the
body will increase compared to that of its surroundings.

Now the transfer of heat from a colder to a hotter body is contrary to the second
law of thermodynamics; this implies that external energy is required to effect such a
transfer. The external energy can be supplied by a heating device or a compressor
(pump); either will produce the necessary increase in temperature,

The cyclic process by which natural heat transfer down a temperature gradient is
returned up the temperature gradient, using a supply of external energy, is the
process of refrigeration. The production of very low temperatures is usually known as
cryogenics. In any refrigerator, as the plant is called, an amount of energy will be

removed from the cold pody by the refrigeration process. This is called the
refrigeration effect. The ratio

Refrigerating effect
External energy supplied

is called the coefficient of performance (COP). This definition is similar to that used
for efficiency. The term efficiency is not used here because very often COP> |I; the
term coefficient is preferred for such cases.

The various heat transfers associated with the refrigeration process are illustrated
in Fig. 18.1. Note that the high temperature is higher than the ambient temperature
so that heat transfer can take place.

The heat transfer from the high temperature to the low refrigeration temperature
takes place in two stages. There is a natural heat transfer to the surroundings from
the high temperature to ambient temperature. This is followed by a natural heat
transfer from ambient temperature to the low refrigeration temperature. The heat

transfer from the low temperature to the high temperature requires external energy
and takes place directly.
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High temperature

Natural heat transfer
from high to ambient
temperature

Heat transfer from
low to high temperature
requires external energy

Ambient temperature

Nautural heat transfer
from ambient to low
refrigeration temperature

Low refrigeration temperature

Fig. 18.1 Heat transfers during refrigeration

The refrigeration cycle is the reverse of the heat engine cycle. In the heat engine
cycle, energy is received at high temperature and rejected at low temperature; work is
obtained from the cycle. In the refrigeration cycle, energy is received at low
temperature and rejected at high temperature; work (or heat) is required to perform
the cycle. Due to the transfer of energy from low to high temperature, the
refrigerator is sometimes called a heat pump.

18.2 Refrigerants

The working substances which flow through refrigerators are called refrigerants.
Refrigerants  remalll . the liquid phase at suitable pressures and subzero
temperatures « 0 0C); this is a crucial property. It is usual that heat transfer into the
liquid refrigerant at low pressure and subzero temperature evaporates the refrigerant.
This is called the refrigerating effect. Heat transfer from the refrigerant, at high
pressure and temperature, condenses the refrigerant.

Since about 1992 the refrigerants industry has experienced something of an upheaval.
Before then, probably the most commonly wused refrigerants were the
chlorofluorocarbons  (CFCs). Examples are freon 12 (dichlorodifluoromethane, CCI.Fy)
and methyl chloride (CHsCl). However, the world is becoming more ecologically
conscious, and it has been discovered that the release of CFCs into the atmosphere
produces significant ozone depletion in the upper stratosphere. This is mainly caused by
increased upper atmospheric loading of the chlorine released by CFCs.

The depletion of ozone seems to have produced major effects in the earth's polar
regions. Holes have appeared in the upper ozone layer, particularly in the southern
hemisphere during spring and summer.

The presence of ozone in the upper stratosphere is very important because ozone
attenuates the incoming ultraviolet (UV) light from the sun. Ozone depletion may
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lead to greater UV exposure at the earth’s surface, and too much exposure can have
a damaging effect on living organisms. Prolonged exposure can seriously affect
human skin, causing sunburn, especially to light-coloured skin.

A further consequence of the discharge of CFCs into the atmosphere is their
contribution to the so-called greenhouse effect or the global warming of the earth’s
atmosphere. The CFCs tend to absorb infrared radiation from the earth’s surface
into the atmosphere. Weight-for-weight, the greenhouse effect of CFCs appear to be
greater than for carbon dioxide (CO,), another greenhouse gas.

In 1987 the atmospheric damage caused by CFCs was eventually recognised at an
international conference in Montreal, Canada. The conference issued the Montreal
Protocol to restrict the production and consumption of CFCs, and has reconvened
several times to update it.

The protocol is upheld by monitoring the atmospheric condition and reporting the
findings. It provides important points of reference concerning the use and non-use of
particular refrigerants.

Refrigerants are commonly classified under R numbers. The hydrofluorocarbons
(HFCs) CH,F, and CF;CH,F are classified as R32 and R134a, respectively.
Ammonia (NHy) is R717. New and existing refrigerants should have the requirements
of non-toxicity, non-flammability, stability and low impact on the environment.
Many refrigerants are marketed under trade names and some are patented.

Property tables and charts are produced for the various refrigerants similar to
those produced for water and steam. Such tables and charts can be obtained from the
manufacturers. All new refrigerants should have zero ozone depletion potential
(ODP). Some substitute refrigerants to replace CFCs are as follows:

. The HFC R134a (CF;CH,F) to replace the CFC R12 (CCl,F;) and the CFC/
HFC blend R500 (CCI,F,/CH;CHF,)

. R22/R124/R152a (CHCI,F,/CHCIFCF;/CH;CHF,) blends to replace R12 and
R500

. R123 (CHCI,CF3) to replace R11 (CCLF)

. R717 (ammonia-NH,), HFC blends, propane (CH3;CH,CH;) and R134a as
possible replacements for R22 (CHCIF,)

A refrigerant which is made from a blend of various chemicals is called azeotropic
if its thermal behaviour is as though it were a single chemical substance. Also, if an
old CFC refrigerant can be directly replaced by a new environmentally friendly
refrigerant, the new refrigerant is called a drop-in replacement.

The following manufacturers are among those producing new ranges of
refrigerants:

. Du Pont de Nemours International SA, also associated with British Oxygen
Co. (BOC), produce the SUVA range.
ICI Chemicals and Polymers Ltd produce the KLEA range.
Rhéne-Poulenc Chemicals produce the ISCEON range

18.3 The reversed Carnot cycle

Figure 18.2 shows a T-s diagram of a reversed Carnot cycle.
The processes of the cycle are as follows:

° 4-1 Isothermal expansion at low temperature 7} = T,
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For an isothermal process, O = W
T| (S] — S4) = Q4,| = W4,,| = Ared 5416

1-2 Isentropic compression from 7, to T
The compression is also adiabatic
01_,=0 and W, ,=-U .

. 2-3 Isothermal compression at high temperature 7> = T;, also

—(Tz(Sz — S3) = —Tz(S] — S4) = 7Q2,3 = *Wz} = Area' 5623
(negative sign because heat transfer is negative, 1.¢. heat is lost)

° 34 Isentropic expansion from 73 to Ty (same as 7> to Ty)

The expansion is also adiabatic
03.,=0 and Wi 4=-Us 4

T
3 - 2
T,=Ts
=T, 7 > 1
5 6
S3=84 $1=8, S

Fig. 18.2 Reversed Carnot cycle

For this cycle
Heat received at low temperature = Refrigerating effect = T (s — s4)

Now, for a cycle
J-fe
or

Net work = Heat received — Heat rejected

In this case
Net WOrk = #W = T] (S] — S4) - T2 (Sl - S4)

= —(T, = Ty) (s — 54)
The negative sign shows that work must be supplied in order to perform the cycle.
Thus, the external energy supplied to perform the cycle is
(T — Ty (51— 54)
For a refrigeration cycle

Refrigerating effect

COP = ;
External energy supplied
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So in this case

COP = Tl (S] - ‘Y4)
(T, — T1) (51 — 54)
_ T
T

Now, the Carnot cycle is composed of reversible processes which are the most
efficient thermodynamic processes possible (see Chapter 6). Hence, the reversed
Carnot cycle will have the highest COP possible between any given limits of
temperature.

Note that the equation

T
T, - T,

COP =

can be rewritten

|

COP=————
(1,/T)) - 1

This shows that as 7, — T, so COP — co. Thus, to improve the COP of a
refrigerator, the limits of temperature must be as close as possible or, in other words,
do not refrigerate at a lower temperature than is necessary. Furthermore, as 7} — 75
so COP — oc, which shows it is possible to have COP values > 1.

18.4 Reversed air engines

Some early attempts to carry out the refrigeration process were made using reversed
air engines. Successful refrigerators resulted from the use of the reversed constant
pressure cycle. These were the Bell-Coleman, together with other refrigerators, of
about 1880 (see section 15.2).

The P-V and T-s diagrams for the reversed constant pressure cycle are illustrated
in Fig. 18.3. For the adiabatic process, Q = 0. The constant pressure process, 4-1,
produces the refrigerating effect.

P T 2

Isentropes
{adiabatic)
PVY=C

{a) (b}

Fig. 18.3 Reversed constant pressure cycle: (a) P-V diagram; (b) T—s diagram
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Refrigerating effect = rc, (T — T) 3
Energy is rejected as heat transfer during process 2-3, given by
Energy rejected = mc, (T, — T3) 2]

External energy supplied = Energy rejected — Refrigerating effect
= e, (Tr — T3) — ric, (Ty — T)
= 1ic, [(Ty — Ty) — (Ty = T)] [3]
(assuming ¢, constant)

From this
COP — me,(Ty — Ta)
e, [(Ty = T3) —(Th — To))
T, - T, (4]

T -T)— (T - T

Now for the adiabatic processes

G-/ G D
Lk = (fl) and L = (ﬁ>
T4 P4 Tl Pl

ButP_x:PzandP4:Pl

L_T (5]

7, T

from equation {4]

(T — Ty) (6]
COP=—"———-"-1
(T, — Ty)
from equation [5]
T, = LN and Ty= EEYH (7}
T2 7wl

Substituting equation [7] into equation [6]
T, —(I:;T/T) _,

COF =T, =@/
_ N (/7] 8]
Ll = (T/T)]

But from equations {5]
Ih_ 1y
T, T
so equation [8] becomes
cop=11_

T,

__n 9)
-T
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. This COP is less than for the reversed Carnot cycle within the same temperature
limits.
In this case

7,

COP (Carnot) = —4%
Th—-T,

Air is rarely used as a refrigerant. It has the disadvantage of a moisture content.
This moisture will freeze at 0 °C and could eventually block the refrigerator pipework
and valves.

Air-drying equipment can be installed, but it is doubtful whether the moisture can
be totally removed. Also, air has poor heat transfer properties and a refrigeration
plant requires good heat transfer. Nevertheless, air-conditioning plant, in which
cooled air is required, can use a circuit similar 1o Fig. 18.3. Turbomachinery would
prob'fibly be used instead of reciprocating machinery in many cases. Cooled air in this
case 15 passed directly into the air-conditioned chamber.

18.5 The vapour compression refrigerator

In the vapour compression refrigerator, as the name implies, liquid refrigerants are
used which are alternately evaporated and condensed. Using a liquid refrigerant, the
reversed Carnot cycle could be closely approximated. This is illustrated in Fig. 18.;1(a).
It was shown in Chapter 4 (on two-phase systems) that the temperature remains
C(?nstant during the evaporation of a liquid at constant pressure. Referring to
Fig. 18.4, a wet low-pressure, low-temperature refrigerant enters the evaporator at 4

and. is evaporated to a nearly dry state at 1. This evaporation produces the
refrigerating effect.

High-pressure side <—’—>Low-pressure side
2 ﬁ%& 1
Condenser Compressor
3
(a)

Evaporator

i Expander
A 4
I

T

(b) s (c) h

Fig.18.4 Approximation to the reversed Carnotc ircuit di i
ycle (a) circuit diagram; — ;
(©) Pt iz (a) g (b) T—s diagram;

. The r;frigerant then enters a compressor in which it is compressed, theoretically
1s.entr0plca11y, to 2. As illustrated, the refrigerant would then be dry saturated at a
higher pressure and temperature. The refrigerant then passes through a condenser at
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constant pressure and temperature and is condensed to liquid at 3. The refrigerant
then passes through an expander in which it is expanded, theoretically isentropically,
back to its original low-pressure, low-temperature, wet state at 4.

Temperature—entropy (7-s) and pressure-enthalpy (P-h) diagrams of the cycle are
shown in Fig. 18.4(b) and (c). It is common practice, however, to use a throttle valve
or regulator in place of the expander, as illustrated in Fig. 18.5. Most vapour
compression refrigerators have this basic arrangement. The throttling process 3-4
moves the cycle away from the reversed Carnot cycle but the refrigerator has now
become a more simple and practical arrangement.

High-pressure side <—T—>Low-pressure side

P} %@ 1
Compressor
Condenser P Evaporator
'"Throttle
3 valve 4
(a) X
T P /
3 V. 3 o
4 1 4 1
s
(b) @

Fig. 18.5 Refrigerator using throttle valve: (a) circuit diagram; (b) T—s diagram;
(c) P—h diagram

In large refrigeration plant the evaporator may be suspended in a secondary
refrigerant such as brine. The heat exchange then takes place in two stages: between
the cold chamber and the secondary refrigerant, which is pumped round the cold
chamber, then between the secondary refrigerant and the primary refrigerant in the
evaporator of the refrigerator. Again, in large refrigeration plant, the condenser may
be water-cooled or have forced-draught air cooling using fans.

In small refrigeration plant, such as the domestic refrigerator, the evaporator is
suspended directly in the cold chamber and the condenser is suspended in the
surrounding atmospheric air. Also, in small refrigeration plant, the throttling process
may be accomplished by using a short length of capillary tubing. This produces a fixed
low temperature in the evaporator. The control of the cold chamber temperature is
obtained by using a thermostat in the cold chamber. When the required temperature is
reached in the cold chamber, controls connected to the thermostat, switch off the motor
driving the refrigerator. The temperature in the cold chamber then slowly rises and the
thermostat switches on the motor; the process is then repeated. If a throttle valve is
fitted, there is a control on the evaporator temperature.

Figure 18.6 shows the T-s and P-h diagrams of the type of cycle more commonly
used in the vapour compression refrigerator. The modifications made to the cycle
already illustrated in Fig. 18.5 produce a more effective operation of the plant. Entry
to the compressor is at I, where the refrigerant is shown as being dry saturated.
Sometimes there is a slight degree of superheat, which increases the refrigcrutina
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Dry
T ,Undercooling compression

T ey

Increased refrigerating effect

(a) s (b) h

'\ _Ambient_
‘temperature

Fig. 18.6 More effective refrigeration: (a) T—s diagram, (b) P—h diagram

effect and produces dry compression in the refrigerator, shown as process 1-2. This
means there is no loss of mass flow due to evaporation of the liquid refrigerant in the
compressor during the induction stroke. If liquid refrigerant washes lubricant from
the cylinder waHs and carries it into the other sections of the plant, there may be a
reduction of heat transfer.

A further improvement can be obtained by undercooling (or subcooling) the
refrigerant after condensation, shown as process 4-5. The refrigerant is cooled
toward the ambient temperature, producing a wetter vapour at 6, after the throttling
process, therefore an improved refrigerating effect. The refrigerating effect per unit
time is caHed the duty of the refrigerator. It depends upon the end states of the
refrigerant in the evaporator and also the mass flow rate of the refrigerant.

Tables of properties for various refrigerants are similar to tables for steam (or
water substance, as it is sometimes caHed). The refrigerant tables have their own
reference state: commonly the specific enthalpy and specific entropy are considered to
be zero at -40°C.

Some refrigeration plants have a more complex circuit arrangement than shown in
Fig. 18.6.

18.6 Calculations for the vapour compression refrigerator

The cycle illustrated in Fig. 18.7 is representative of a typical vapour compression
cycle. Tables of properties are available for refrigerants, so the properties of state
points 7, 8,4 and 3 may be looked up in the relevant tables.

‘[3
2

AN

s =
(a) he= he (b] hy h, h

Fig. 18.7 Typical vapour compression refrigerator cycle: (a) T-s diagram; (b) P—h diagram
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At state point 1
This is at exit from the evaporator and entry to the compressor.

hy = hey + X (hgs = he7)
S = 57 + X (Sgg - Sf-;)

Compression 1-2 is considered as being theoretically isentropic, s0
ST =5

The specific volume of the refrigerant at entry to the compressor at 1,
together with the compressor characteristics, will control the mass flow of

refrigerant through the refrigerator.

V) = X} Vg3

At state point 2 . -
This is at delivery from the compressor and entry to the condenser; /i, may be

determined from superheat tables.
Alternatively

If ¢,y = specific heat capacity of the superheated vapour
hy = hyy + v (T2 = T3)
Since the compression is isentropic
5 =S

and s, may be determined from superheat tables.
Alternatively

o1 T,
§3 = 8g3 + Cpv ni

At state point S
This is at exit from the condenser and entry to the throttle valve.

If ¢, = specific heat capacity of the liquid
hs = hyy — oL (T — T5)

Alternatively, hs may be looked up in the tables as the specific enthalpy of
the liquid refrigerant at saturation temperature Ts.
Now 5-6 is a throttling process, so

hs = he

At state point 6
This is at exit from the throttle valve and entry to the evaporator.

Because of the throttling process
he = hs
Alternatively

he = h7 + Xo (hgg — hr7)
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Alternatively

he = hy — () — he)

= hy — specific refrigerating effect
from the information obtained

h] —h(,
h2 *hl

Theoretical COP =

In a refrigerator trial

Actual COP = Actual refrigerating effect

Actual energy input

Example 18.1 A vapour compression refrigerator uses the refrigerant ISCEON 69-S ( Rhine-
Poulenc) and operates between the pressure limits of 46247 kN and 1785.90 kN/m’>. At
entry lo the compressor the refrigerant is dry saturated and after compression it has a
temperature of 59°C. The compressor has a bore and stroke of 75 mm and runs at 8 rev/s with
« volumetric efficiency of 80 per cent. The temperature of the liquid refrigerant as it leaves the

condenser is 32°C and its specific heat capacity is 1.32 kJjkg K. The specific heat capacity of

the superheated vapour may be assumed constant. Determine

(a) the coefficient of performance of the refrigerator

(b) the mass flow of the refrigerant in kg/h

(¢} the cooling water required by the condenser in kg/h if the cooling water temperature rise is
limited to 12°C

Take the specific heat capacity of water as 4.187 kJlkg K. The relevant properties of the

refrigerant 69-S are given in the table.

Pressure Sat temp. Spec. enthalpy (kJ/kg) Spec. vol (m*/kg) Spec. entropy (kJ/kg K)
(kN/m?) t ("C) by hy v v, s 5y

462.47 -10 35.732 231.40 0.000 8079 0.045 73 0.141 8 0.861 4
1 785.90 40 99.270 246.40 0.000 9487 0.011 05 0.353 7 0.809 3

SOLUTION
First draw a diagram (Fig. 18.8).

T P

s
(a) {b) h
Fig. 18.8 Diagrams for Example 18.1
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(a)
From the table, #; = 231.4 kJ/kg and 5, = 0.861 4 kJ/kg K

$p =5
T
§p =83 + vy In—=
P T

T, = 59 +273 = 332K
Ty =40+ 273 = 313K

0.861 4 =0.809 3 + ¢,y In———

332
313

=0.809 3+ ¢,vIni.06
= 0.809 3 +0.058 ¢,v

. 08614-08093 00521 _ ¢ gogy/kg K
N 0.058 0058

hs = hy + o (Ts — To) = 246.4 + 0.898 x (332 = 313)
= 246.4 + (0.898 x 19)
= 246.4 + 17.06
— 263.46 kJ /kg

hs = hy — ¢ (Ta— Ts) = 9927 — 1.32 x (40 = 32)
— 9927 — (1.32 x 8)
—99.27 — 10.56
— 88.71 kJ/kg

And hs = hg, 50
hy — he 231.4 — 88.71

COP =~ 26346 2314
14269
32,06
=445
(b)
Specific volume of refrigerant at entry t0 compressor is v, = 0.045 73 m* /kg
0.0752 3
Swept volume of compressor/rev = (n X X 0.075) m
0.0752 3
Effective swept volume/rev = 0.8 X (n X X 0.075) m

0.075? 0.075) m’
Effective swept volume/h = 0.8 x 8 x 3600 x | & x 2 x 0. m

.8 x 8 x 3600 0.075°
Mass flow of refrigerant/h = 0.8 x 8 x J60) (n X x 0.075

0.04573

= 166.94 kg

613
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©
Heat transfer in condenser = i, — 45
= 263.46 — 88.71
= 174.75 kJ /kg

Heat transfer/h = (174.75 x 166.94) kJ
Let it = mass flow of water required per hour
Then 7z x 4.187 x 12 = 174.75 x 166.94

. 17475 x 166.94
M=

— 580.62 kg/h
4187 x 12 g/

18.7 The heat pump

During the analysis of the refrigeration process, notice that more energy is rejected at
the high temperature than is required to drive the refrigerator. If the temperature
during the rejection process is sufficiently high, perhaps the heat transfer during
rejection could be usefully used in a warming process. That this heat transfer is
greater than the energy required to drive the plant presents an attractive idea. The
concept was suggested by Lord Kelvin in 1852.

The vapour compresslOn refrigerator, with suitably arranged pressures and
temperatures, can be considered as being suitable for a heat pump. Many
commercial machines have been manufactured using this process; the evaporator is
buried under the soil or suspended in a river or lake. But the heat pump has not
gained wide acceptance as a heating system. It is more complex, more difficult to
run and more difficult to maintain than its conventional counterparts. However, a
decrease in fossil fuel availability could encourage its further development and
more widespread use.

Example 18.2 A simple heat pump circulates rejYigerant R401 (SUVA MP52, Du Pont) and

is required/or space heating. The heat pump consists of an evaporator, compressor, condenser

and throttle regulator. The pump works between the pressure limits 411.2 kN/m? and

1118.9 kN/m2  The heat transfer from the condenser unit is 100 MJ/h. The R401 is assumed

dry saturated at the beginning of compression and has a temperature of 60°C alier

compression. At the end of the condensation process the refrigerant is liquid but not

undercooled. The specific heat capacity of the superheated vapour can be assumed constant.

Determine

(a) the massflow of R40l in kg/h, assuming no energy loss

(b) the dryness jYaction of the R401 at the entry to the evaporator

(c) the power of the driving motor, assuming that only 70 per cent of the power of the driving
motor appears in the R401

(d) the ratio of the heat transferred jYom the condenser to the power required to drive the
motor in the same time

The relevant properties of R401 are given in the table.
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Pressure Sat. temp. Spec. enthalpy (kJ /kgﬁ)ﬁ - Sj)i entropy EkJ /kg K)
(kN/m?) t (°C) Iy h st S )

411.2 157 219.0 409.3 1.067 4 1.743 1
11189 50 265.5 426.4 1.217 3 1.719 2
SOLUTION

First draw a diagram (Fig. 18.9).

o
-

(a) s (b) h

Fig. 18.9 Diagrams for Example 18.2

(a)
From the table s; = 1.743 1 kJ/kg

I

53 =83+ cpvin
P T

Sy =5
T, =60+273 =333K
T, =50 +273=323K

333
1.743 1 = 1.719 2 + ¢, lnﬁ

= 1719 2 + ¢,y In 1.039 2
= 1.719240.030 4 ¢,

L7431 17192
VT 00304

B = s + cpy (Ty — Ts) = 426.4 + 0.786 x (333 — 323)
— 4264+ (0.786 x 10)

= 0.786 kJ /kg K

=426.4 + 7.86
= 434.26 kJ /kg
Heat transfer from condenser = 434.26 — 265.5
= 168.76 kJ /kg
100 000
P 401 = =592.6 kg/h
Mass flow of R 16576 g/
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(b)
hy = hs = 265.5 kJ/kg
265.5 = 219.0 + x5(409.3 — 219.0)

_2655-219.0  46.5
409.3 —219.0  190.3

5 =0.244

(©)
Specific work = iy — by = 434.26 — 409.3 = 24.96 kJ/kg
. 592.6
Mass flow of refrigerant = === — (.164
g 600 6 kg/s
Power to driving motor = M
0.7
= 5.87 kW
(d)
Heat transfer from condenser = 100 000 kJ/s
3600
Ratio — 100 000
3600 x 5.87
=4.73:1

18.8 The vapour ébsorption refrigerator

Figure 18.10 shows a circuit for a type of vapour absorption refrigerator. The
arrangement shown is sometimes called the Electrolux refrigerator or the Servel

refrigerator. It was originally devised by Carl G. Munters and Baltzar von Platen in
Stockholm.

Condenser

Evaporator
Qin
Refrigerating
effect

Strong solution

Generator
Qin
Heater

Fig.18.10 Vapour absorption refrigerator
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A solution of ammonia and water part-fills the generator. A vertical tube passes
through the top of the generator and is immersed in the ammonia-water solution. A
heater warms the solution; vapour formed above the surface of the solution forces the
level of the solution down, so some solution rises up the vertical tube. The solution level
in the generator eventually reaches the bottom of the vertical tube and some vapour
passes into the tube. Fresh solution passing into the bottom of the generator again lifts
the surface level above the bottom of the vertical tube; the process is then repeated.
Thus, alternate small quantities of weak solution of ammonia in water and ammonia
rich vapour lift in the vertical tube and pass into the separator.

In the separator, solution drains into trap 1. The ammonia vapour passes up out
of the separator and on into a condenser; it condenses and the liquid ammonia
drains into trap 2. Now, following trap 1 is the absorber and following trap 2 is the
evaporator; connections are as shown i Fig. 18.10. The evaporator-absorber
system contains some hydrogen at a partial pressure which s less than the
ammonia pressure on the condenser side of trap 2 and the separator side of trap |I.
Liquid ammonia from trap 2 drains into the evaporator and evaporates; the partial
pressure of this evaporated ammonia plus the partial pressure of the hydrogen
balances the ammonia pressure on the other side of the traps. Thus, in the
evaporator there is a lower ammonia pressure, so the saturation temperature at
which it evaporates s lower. This s the refrigeration temperature and the
evaporation produces the refrigerating effect.

The low-temperature ammonia vapour and the hydrogen eventually appear in the
absorber. Here the ammonia is absorbed in the weak solution draining from trap |I.
The hydrogen remains in the evaporator-absorber  system; it is unable to leave
because of traps | and 2 and the solution in the bottom of the absorber. The strong
ammonia-water  solution drains from the absorber and passes back to the generator
to complete the circuit. There are no moving parts and there is pressure balance
throughout. The heater can be electric or it can be fuelled by liquid fuel or gas.

The circuit shown is common in some domestic refrigerators. It has a low
coefficient of performance. Larger commercial plants are made which require a
mechanical circulating pump. They are sometimes employed where waste heat is
available.

Questions

1. A vapour compression refrigerator uses SUVA MP52 (BOC-Du Pont) refrigerant
between the pressure limits 110.9kN/m? and 860.7 kN/m2 At the beginning of
compression the refrigerant is dry saturated and at the end of compression it has a
temperature of 52°C. In the condenser the refrigerant is condensed but not
undercooled. The mass flow of refrigerant is 4 kg/min. Determine
(@) the theoretical coefficientof performance
(b)  the temperature rise of the cooling water in the condenser if the cooling water

flow rate is 960 kg/h

(c)  theice produced by the evaporator in kg/h from water at 15°C to iceat 0 OC.

Specificenthalpy of fusion of ice = 336 kJ/kg
Specific heat capacity of water = 4.187 kJ/kg
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The relevant properties of refrigerant MP52 are given in the table.

Pressure Sat. temp. Spec. enthalpy  (kJ/kg) Spec. entropy (kd/kg K)
(KN/m? it CC) hy hg o s

110.9 -20 176.8 389.3 0.9122 1.761 5
860.7 40 2515 422 1174 0 1.723 2

[(d) 3.07; (b) 10.9 K; (c) 105 kgjh]
A vapour compression refrigerator uses refrigerant ISCEON 49 (Rhone-Poulenc) and
operates between the pressure limits 266.6 kNjm? and 1110.3 kNjm2 The single-acting
compressor has a bore and a stroke of 60 mm. The compressor runs at 5 revjs and has
a volumetric efficiency of 85 per cent. At the start of isentropic compression the
refrigerant is dry saturated and after compression it has a temperature of 48°C. In the
condenser the refrigerant is condensed but not undercooled. Determine
(a) the theoretical coefficient of performance
(b)  the mass flow of refrigerant in kgjmin
(©) the refrigerating effect in kJjmin
(d) the theoretical power required by the compressor in kW
The relevant properties of the refrigerant are given in the table.
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Determine

(a) the coefficient of performance

(b) the ice produced by the evaporator in kgjh from water at 20 "C to ice at 0 °C
(c) the effective swept volume of the compressor in m'jmin

Specific enthalpy of fusion of ice = 336 kJjkg
Specific heat capacity of water = 4.187 kJjkg

The relevant properties of ammonia are given in the table.

Sat. temp. Spec. enthalpy  (kJjkg) Spec. entropy___(_k_ijg K) Spec. vol. (m' jkg)

tf (UC) hf hg Af g Vf Vg
-15 112.3 1426 0.457 5.549 0.001 52 0.509
30 323.1 1469 1.204 4.984 0.001 68 0.111

Pressure Sat. temp. Spec. enthalpy  (kJ/kg) Spec. vol. (mllkg) Spec. entropy (kJ/kg K)
KN/m'’ IrCC
( ) ) hr h, vr Vg sf sg
266.6 -5 193.13 386.1 0.000 791  0.075 0.974 9 1.6995
1 110.3 40 259.89 413.08 0.000 874 0.0181 1.2016 1692 5

[(a) 4.96; (b) 682 kgjh; (c) 2.21 m'jmin]
A heat pump uses ammonia between the pressure limits 0.516 Mij2 and 1.782 Mij2
The mass flow of ammonia is 0.5 kgjs and the ammonia is 0.97 dry at entry to the
compressor. At the end of isentropic compression the temperature is 86 “C. At the end
of condensation the temperature is 35°C. The specific heat capacity of the liquid
ammonia is 5 kJjkg K. Determine
(a) the heat transfer available from the condenser per hour
(b) the power required to drive the heat pump if the overall efficiency of the

compressor and driving motor is 75 per cent.

The relevant properties of ammonia are given in the table.

[(a) 4.64; (b) 0.543 kgjmin; (c) 68.53 kJjmin; (d) 0.246 kW]
A vapour compression refrigerator uses the refrigerant KLEA 134a (ICl). The low-
pressure section has a pressure of 200.5 kNjm? and the high-pressure section has a
pressure of 1011.8 kNjm2 The compressor is single-acting and rotates at 360 revjmin.
It has two cylinders in parallel each of 65 mm bore and 75 mm stroke. Each cylinder
has a volumetric efficiency of 75 per cent. At the start of compression the refrigerant is
dry saturated. At the end of compression the refrigerant temperature is 48°C. At the
end of condensation in the condenser the refrigerant is undercooled by 5 dC.
Assuming that the compression is isentropic and the expansion is at constant enthalpy,
determine
(@) the theoretical coefficient of performance
(b)  the dryness fraction of the refrigerant after expansion
(©) the mass flow of the refrigerant in kgjh
The relevant properties of KLEA 134a are given in the table.

Pressure Sat temp. Spec. enthalpy  (kJ/kg) Spec. heat cap cp (kilkg K) Spec. vol. vap.
kN/m’ feey o )
( ) ("C) he hg lig vap. (mJlkg)
200.5 -10 86.65 292.24 1.323 3 0.768 7 0.\
1 011.8 40 156.23 319.03 1479 4 0.858 6 0.02

[(a) 4.26; (b) 0.3; (c) 80.63]
A vapour compression refrigerator circulates 0.075 kg of ammonia per second.
Condensation ~ takes place at 30°C and evaporation at -15°C.  There ts no
undercooling  after condensation. The temperature after isentropic compression is
75°C and the specific heat capacity of the superheated vapour is 2.82 kJjkg K.

Pressure Sat. temp. Spec. enthalpy  (kJ/kg) Spec. entropy (ki/kg  K)
(MN/m? if C'C) he hg of s

0.516 5 204.5 1 450 0.799 5.276
1.782 45 396.8 | 474 1.437 4.825

[(@ 2.22 MIjh; (b) 1119 KW]



Chapter 19

Psychrometry

Psychrometry is the study of atmospheric humidity. Humid air contains water vapour
in suspension. This water vapour will usually be superheated at its partial pressure
within the mixture. Psychrometry is particularly useful to engineers concerned with
the heating and ventilating of buildings, ships, aircraft, etc. The presence of water
vapour (moisture), in atmospheric air, called the humidity of the air, can have a
profound effect on human comfort. The heating and ventilating engineer attempts to
produce a local microclimate which is comfortable for its occupants.

Apart from humidity, other factors influencing comfort can be ‘air velocity (e.g.
draughts), the ambient temperature and any energy radiation gains or losses to or
from the microclimate.

19.1 Composition
The composition of a mixture, such as humid air, can be characterised by assuming a

quantity, y, defined by

- Mass of dry air
Mass of airsteam mixture

’

]
From this equation:

. If y = | then only air is present.
. If y = 0 then only steam is present.

19.2 Specific humidity
The specific humidity of humid air is defined as

. . . Mass of water vapour in given volume
Specific humidity of mixture = p £

(1]

Mass of dry air in given volume
or
_ ms

w= (2]

my

where o =specific humidity of mixture
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Let V be the volume occupied by the air—vapour mixture. The air and vapour both
occupy volume V. Thus from equation [2]

:ms/V:l/vs:ﬁ 3]
m Vo 1/va v

where v, = specific volume of dry air

y, = specific volume of vapour

w

Now, from equation [1], section 18.9

}7 f— _——‘ma [4]
m, + mg
(m, + myy =my
myy +mgy = m,
from which

myy =hny —m,y
= =ym,

m _ a-»_ specific humidity (5
my Y

=w=V,/

Assume that both the dry air and the vapour behave as perfect gases, then

m, = 22V [6]
R,T

-1 7]
R.T

where p, = partial pressure of the dry air
ps = partial pressure of the vapour

Also

R, =R (8]

(see section 8.24) (9

where R = characteristic gas constant
R = molar gas constant
M = relative molecular mass

Substituting equation [8] in equation [6]

_ VM, [10]
* RT

Substituting equation [9] in equation 7

m :Eif% [11]
: RT
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Substituting equations [10] and [11] in equation [2]

p VM,  RT
W =X
RT  p, VM,

=Ly M [12)
p'd a

Now, M = 18 kg/kmol and M, (average) = 28.96 kg/kmol, so equation [12] gives

w=_18 . n
2895  p,
—0.622L [13]
Pa
Now
Total pressure, p = p, + p, [14]

Substituting equation [14] in equation [13]

w=0.622><< Ps ) [15]
P—Ds

Note that p is commonly equal to atmospheric pressure.

19.3 Relative humidity
The relative humidity of humid air is defined by

. - v
Relative humidity, ¢ = £ [1]
vS
where v, = specific volume of saturated steam at mixture temperature
vs = specific volume of the steam in the mixture corresponding to its partial
pressure and at mixture temperature

If v = v,, the air becomes saturated and ¢ = 1. Now from equation [3], section
19.2

Vs = — [2]
w

Substituting equation [2] in equation [1]

V,
=wt

Va

Pa Rstﬁ>< Pu
RaT Ds Ra pg

=wX

(3]

This assumes that both the air and steam behave as perfect gases.
Also, using the same assumption

Rs=i and R, = R
M, M,
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Substituting in equation [3]

Pl

¢ = x%xp—"
Pe

< X
=

A

s Pg

_ 2895 o Pa
18 Pe

<

= 1.608 x 2 4]
Pg

Note that p, is the saturation pressure at the mixture temperature.
Relative humidity can also be defined by

Mass of water vapour in a given volume

0= Mass of water vapour in an equal volume of saturated mixture at the same
temperature
(5]
From this
Density of the vapour mixture (6]

- Density of the saturated mixture at the same temperature

This results from

. Vv
Mass of water vapour in given volume = — = m 7]
vS
Mass of water vapour in equal volume of saturated mixture at the same

temperature = 14 =my (8]
Ve

Substituting equations [7] and [8] in [6]

b=" = Y te_% 9]
mg vy Voo
This is equivalent to equation [1].
Note also from equation [1], assuming the vapour behaves as a perfect gas

R,T
¢>:Xg— and pgy, = RT .. vy =——
Vg Py
R,T
also povs=RT . vg="2
Ps
¢:RSTX Ds -
¢, RT

_Ds [10]
Py
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19.4 Dew pOint

In a normal mixture of air and water vapour in the atmosphere, the water vapour is
superheated at its partial pressure and temperature. If such a mixture is slowly
cooled, the temperature reaches saturation temperature for the partial pressure of the
water vapour. The vapour will then begin to condense and the mixture becomes
saturated. In this context, the temperature at which condensation begins to occur is
called the dew point. This process is responsible for dew on the grass on cold, clear
mornings.

Dew point plays a major role in the formation of cloud. As height increases in the
atmosphere, the temperature normally decreases. If the temperature decreases to the
saturation temperature of the water vapour in the atmosphere, for a given partial
pressure, then the water vapour will begin to condense, forming cloud. If this
phenomenon occurs at ground level, mist and fog can ensue.

Observe also the effect of breathing moist air from the mouth onto a cold glass
window, and the ‘steaming up' of spectacles when passing from a cold external
atmosphere into a warm room.

Let the dew point temperature be Td. Value of y or w can be determined using
equation [5] section 19.2.

Let

v, = specific volume of dry air

vy = specific volume of saturated steam

Py = partial pressure of saturated steam at dew point
P = pressure mixture

Now

woL=P _ v

v, 1]
Also

v, = Ra Td

=——— from PV =RT
([) - pg) [2]
Substituting equation [2] in equation [1]

w:(l_y): RaTd
y ve (P — pg)

(3]

19.5 Hygrometry

Hygrometry is concerned with the measurement of humidity.

The usual technique is to use a pair of thermometers: a wet-bulb thermometer and
a dry-bulb thermometer (Fig. 19.1). A plain thermometer is mounted in the humid air
and this measures the dry-bulb temperature. Another thermometer is mounted in the
humid air but this time the bulb is surrounded by a wick which trails into a water
reservoir. This arrangement measures the wet-bulb temperature.
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Dry-bulb thermomete Wet-bulb thermometer

Wick surrounding wet bulb and

Humid air ——» tralllng into water reservoir

Water reservoir

Fig. 19.17 Wet- and dry-bulb thermometers

The wet-bulb temperature is usually lower than the dry-bulb temperature. This is
due to the evaporation of moisture from the wet wick surrounding the wet-bulb. The
dryer the air, the greater the temperature difference. If both dry-bulb and wet-bulb
temperatures are the same, the air is saturated. Assuming no heat loss, the wet-bulb
temperature is sometimes called the adiabatic saturation temperature. For general
atmospheric humidity measurement, the wet- and dry-bulb thermometers are
sometimes mounted in a portable frame which can be held by a handle and twirled
around. This is sometimes called the sling method. The wet- and dry-bulb
thermometer readings are applied to a psychrometric chart to determine the relative
humidity of the air.

Example 19.1 Compare the moisture content and the true specific volumes of atmospheric air
(a) on a cool day when the atmospheric temperature is 12 °C and the air is saturated

(b) on a warm day when the atmospheric temperature is 31 °C and the air is 0.75 saturated
Take the atmospheric pressure to be 101.4 kN/m?.

SOLUTION
From steam tables
At12°C: p=14kN/m’ v, =93.9m’kg
At 31°C: p=4.5kN/m’ vy = 31.1 m¥/kg
@
At 12°C: p, = 101.4 — 1.4 = 100 kN/m?
where p, = partial pressure of the dry air

Specific volume of the dry air, v, = RT
P

0287 x 285
100

=0.818 m*/kg
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. 0.
Mass of water vapour in same volume — 0818

93.9
=0.008 7 kg

True specific volume of humid air = 03818
1.008 7

= 0.811 m*/kg
(b)
AL3L'C: p, = 1014 — 4.5 = 96.9 kN /m?

Specific volume of the dry air, v, = %

= 0.9 m?/kg

0.9
311

=0.029 kg

Mass of water vapour in same volume =

But at 31 °C, the air contains only 0.75 saturation capacity, so

Actual mass of water vapour in same volume = 0.029 x (.75
=0.021 75 kg

0.9
1.021 75

= 0.876 m?/kg

True specific volume of humid air —

On the warm day the air contains (0.021 75)/(0.008 7) = 2.5 times the mass of water vapour

as on the cool day.

Example 19.2  Air with a relative humidity of 65 per cent is at a temperature of 20 °C. The

barometric pressure is 1000 mbar. For this air, determine
(a) the partial pressures of the vapour and the dry air
() the specific humidity of the mixture

(¢) the composition of the mixture

(a)
From steam tables, at 20 °C, Py = 2.34 kN/m?
From equation [10] section 19.3

s
Pg
Py = ¢pg = 0.65 x 2.34 = 1.52 1 kN /m?

From this

Partial pressure of dry air = 100 — 1.52]
= 98.479 kN/m?
(1000 mbar = 100 kN/m?)

(b)

From equation [15], section 19.2

w=0622 ("—)
P —Ps

= 0.622 x 1,521 )
w=5 100 — 1.521

_0.622 x 1.521
98479

= 0.009 6 kg/kg dry air

(c)

From equation [1], section 19.2

Mass of dry air
r= Mass of air-steam mixture

o
T1400096  1.0096

=0.99

Psychrometry
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Example 19.3 Moist air at a temperature of 25 °C has a relative humidity of 0.6. Barometric

pressure is at 101.3 kN/m®. For the moist air, determine
(a) the specific humidity

(b) the dew point

(c) the degree of superheat of the superheated vapour

(d) the mass of condensate formed per kilogram of dry air if the moist air is cooled to 12 °C

(@)
From equation [10}, section 19.3
¢="2
Py

Py = 0.6p, = 0.6 x 3.17 = 1.092 kN/m?

The partial pressure of the vapour is 1.092 kN/m?. From equation [15], section 19.2

1.092 )
P\ _ 1092
»= 0'622<H> = 0622 (101.3 ~1.092

1.092
=0.622 x ———-
0-622 % 55308

= 0.011 5 kg/kg air

The specific humidity is 0.011 5 kg/kg air.
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(b)

Dew point = saturated temperature at 1.092 kN/m’

19.6 The psychrometric chart

Figure 19.2 shows a simplified psychrometric chart. The baseline is the dry-bulb
1.092 — 1.817 temperature. Lines of percentage relative humidity curve upward from left to right.
m> The top curve represents 100 per cent relative humidity; a scale of wet-bulb
temperature (dew point) is plotted on this curve. From this plot of wet-bulb

— 1642 x% (%) temperature, lines of constant wet-bulb temperature are drawn, moving from left to
245 right. Lines of constant specific volume are also plotted. A vertical scale of moisture

content and an angled scale of specific enthalpy can also be included.

=16+2><<

= 16 +0.069
= 16.69 °C

(c)
Degree of superheat = 25 — 16.69
=8.31°C

(d)
At25°C

Pa=p~py=101.3 — 1.092 = 99.398 kN/m?*

_ RT _ 0287 x 298

(0.) "dwsy q|nq-7\\.|i \

Moisture content (kg/kg dry air)

%

Z
vd
X

Vo ~==L o2 0.86 m’
Pa 99.398 m/kg
5
At 16.69 °C C
2
Pg = 1.092 KN/m? &
P
0.
vy = 734 — (73.4 — 65.1) —269 —734— &3—?)@ —73.4 - 2.86 = 70.54 m’ /kg \
| [
Py = T 0.014 kg/m* -10 0 10 20 30 50 60
’ Dry-bulb temp. {°C}
For 0.86 m*, m, = 0.014 x 0.86
= 0.012 kg/kg dry air Fig.19.2 Psychrometric chart (not to scale)
At12°C

In use, the wet- and dry-bulb temperatures of the atmosphere under test are
determined, (e.g. by the sling method). These temperatures are referred to the
Py = — = 00107 ke/m® respective temperature lines on the psychrometric chart; where they interse?ct,

93.8 the relative humidity (or percentage saturation) can be determined by reading
from the lines of relative humidity. Other parameters, such as specific enthalpy and
specific volume, can also be determined knowing the point of intersection.

Figure 19.2 also shows an area called the comfort zone. Experiments have shown
Hence, mass of condensate is . that, for a large proportion of people, comfortable temperature and humidity in
still air lies somewhere within the tabulated limits. An accurate psychrometric chart
can be obtained from the Chartered Institution of Building Services Engineers
(CIBSE).

v, = 93.8 m/kg

For 0.86 m®, m, = 0.010 7 x 0.86
= 0.009 2 kg/kg dry air

0.012 - 0.009 2 = 0.002 8 kg/kg dry air
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Temperature (°C) Relative humidity (%)
20 70
28 70
22 40 ©
0 % ~——=]---,
| S
c I 2
19.7 Air-conditioning : & : <
] =
Air-conditioning is the process of producing a comfortable microclimate within a I
building, ship, aircraft, etc. It usuali)y controls the temperature and humidity of the @ : —J.__m_ : g
internal living or working environment. Aircraft cabin pressure must also be | & | <
controlled due to the reduction in pressure with increasing height. For passenger : :E /
aircraft, the cabin must be hermetically sealed. I 2 :
Any air-conditioning system must provide air changes, where stale air is replaced | = |
with fresh air. A schematic diagram of a fundamental air-conditioning system is ! |
shown in Fig. 19.3. Fresh and recirculated air enter at 1. The mixture passes through o : I |
an air filter which removes dust and other particulates, before mixing in an air mix h‘:‘ ( E ll
chamber. At 2 the air moves into a cooler, usually the condenser of a refrigeration 3 | |
unit. At 3, after appropriate cooling, the air enters a heater for any heating required. '; I W
The energy supply to the heater can be steam, electricity, gas, etc. c ' S% |
At 4 the air enters a humidifier, where water or steam can be injected to obtain the % : ] g % =11
desired humidity. A fan at S moves the air through the system. The conditioned air o | §.g’g 5 :
enters the internal environment at 6, where it is distributed through suitable ducting. | E 3 I
Stale air leaves the environment at 7. Some is rejected to the atmosphere; the rest is ' | W £
recirculated to mix with fresh air, thus completing the circuit. Figure 19.4 shows a : <5 | 2
psychrometric plot of the system in Fig. 19.3. | € -E : Z
There are numerous designs for air-conditioning systems, many of them tailor- | z8 ) ]
made to suit individual requirements. Control of air noise is required along the ' e | 2
ducting and at the exits, and draughts have to be controlled in living spaces. The : A e
whole system usually functions automatically using electronics. The operating ~ | Il 3
conditions may be varied and can be preset. | =8 I F
[ <is | s
[ | é
|
Example 19.4 A building has a volume of 56 000 m’. Air in the building is to be maintained at ™~ --—-t--- ’§
a temperature of 20 °C and at a relative humidity of 60 per cent. An air change through the ~ ° \n @
building is required twice per hour. External air is saturated and at a temperature of 8 °C. A g < ™
Determine s s ’g ég o5 .E =)
(a) the volume of external saturated air at 8 °C required to be pumped into the building per » S u ug:
hour o

(b) the mass of water in kg/h to be added to the air to maintain the required humidity at 20 °C

(c) the heat transfer required by the dry air in MJ/h to produce the required temperature of
20 °C

(d) the heat transfer required by the combined water vapour in the air and the extra water
needed in MJ/h

The water supply is at a temperature of 8 °C. Assume atmospheric pressure is 101.325 kN/m’

and take c, for superheated steam as 2.093 4 kJ/kg K.
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1
Fig. 19.4 Psychrometric plot of system in Fig. 19.3
Extract from steam tables
Pressure Sat. temp S
. . pec. enthalpy (kJ/kg) Spec. vol. 3k
KN/ O : ! ; I vg (m7/kg)
s N SR
1.072 8 33.6 2 516.2 121.0
1.401 12 50.4 2 523.6 93.8
2.34 20 83.9 2 538.2 57.8
(a)
From equation [10], section 19.3
¢="L
Pe a
from which
Ps = ¢pg [2]

So at 20 °C and writing atmospheric pressure as Py

Partial pressure of vapour, p,,, = 0.6 x 2.34
= 1.404 kN/m®

Partial pressure of air = 101.325 — 1.404
=99.92 kN/m?

Air required = 2 x 56 000
=112 000 m*/h

Partial pressure of entry at 8 °C = py — puap
=101.325 - 1.072
= 100.253 kN/m’

Psychrometry 633

99.92 281
100.253 ~ 293

Air required at 8 °C = 112000 x

2106285m3/h (from P]V]/T]ZPQVz/Tz)

)
From part (a), at 20 °C

Partial pressure of superheated vapour = 1.404 kN/m?, say 1.401 kN/m?

extract there is a line for a partial pressure of 1.401 kN/m” and a

In the steam table
°C. Assuming the superheated vapour behaves as perfect gas,

saturation temperature of 12
then at 20 °C

vV,

v= vgl (v/T =v,/T, at constant pressure) Y_ "

T, T g

b= 938 x 23 — 96.43 m’/kg
285

Mass of vapour in building air at 20°C = 112 000
96.43

=1161.5 kg/h

Mass of vapour supplied with saturated entry air at 8 °C = 1(1)212?)5

— 878.4 kg/h

Mass of water added = 1161.5 ~ 878.4
= 283.1 kg/h

(©)
For a perfect gas

o PV 100235 X 106285 _ 435 134 kg/h
RT 0287 x 281

Heat transfer required by dry air
mep(Ty — Ty) = 132 124 x 0.287 x 12

= 455 035kJ/h
— 455.035 MJ/h

(d)

Specific enthalpy of saturated vapour at 8 °C = 2516.2 kJ/kg
= 2523.6 +2.0934 x (20 — 12)
=2523.6 + (2.0934 x 8)
=2523.6+16.75
= 2540.35 kJ kg

Specific enthalpy of vapour building at 20 °C

s vapour = 878.4 x (2540.35 — 2516.2)
= 878.4 x 24.15
=21213kl/h

Heat transfer required for thi
\
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Heat transfer required for water added = 283.1 x (2538.2 — 33.6) Extract from steam tables ;
= 283.1 x 2504.6 Pressure Sat. temp. Spec. enthalpy (kJ/kg) ~ Spec. vol. v, (m"/kg)
=709 052 kJ/h (kN/m?) t (°C) he hy
. 137.8
Heat transfer required for vapour + supply water = 21 213 + 709 052 0.934 6 igz ; 2_]123 121.0
- 1.072 8 - ' '
= 730 265 kJ/h 1227 10 42.0 2519.9 106.4
=730.265 MJ /h 1401 12 50.4 25236 93.8
1.597 14 58.8 25272 82.9
2 640 22 99.2 2541.8 S1.5
Questions [(a) 47 741 m*/h; (b) 208.3 ke/h; (c) 202.473 MJ/h; (d) 524.546 MJ/h]

1. Air at a temperature of 22 °C has a specific humidity of 0.009 2 kg/kg dry air. The
barometric pressure of the air is 101 kN/m?. Determine
(a)  the partial pressure of the vapour in this air
(b)  the partial pressure of this air
(c) the relative humidity of this air
[(a) 1.473 kN/m?; (b) 99.53 kN/m?; (c) 0.558]
2. Moist air with a relative humidity of 0.58 has a temperature of 24 °C. The barometric
pressure is 1020 mbar. For this moist air, determine
(a)  the specific humidity
(b)  the dew point
(¢)  the degree of superheat of the vapour
[(a) 0.010 5 kg/kg dry air; (b) 15.19 °C; (c) 8.81 K]
3. Air with a relative humidity of 0.7 is at a temperature of 25 °C. The barometric
pressure is 998 mbar. For this air, determine
(a)  the dew point
(b) the mass of condensate formed per kilogram of dry air if the air is cooled to
14 °C
[(a) 18.113 °C; (b) 0.001 5 kg/kg dry air]
4. A building has a volume of 12 000 m>. The air in the building is at a temperature of
22 °C and has a relative humidity of 0.45. The barometric pressure is 996 mbar.
Determine
(a)  the mass of moisture in the air in the building
(b)  the increase in the mass of moisture in the air at 22 °C required to change the
relative humidity to 0.64.
[(a) 104.61 kg; (b) 44.63 kg]
5. A building has a volume of 20 000 m®>. The air in the building has a maintained
temperature of 22 °C and a relative humidity of 55 per cent. A change of air through
the building is required 2.5 times per hour. The external air has a temperature of
10 °C and a relative humidity of 80 per cent. Determine
(a)  the volume of external air to be pumped into the building per hour
(b) the mass of water in kg/h to be added in order to maintain the required
humidity in the building
(c) the heat transfer required by the dry air in MJ/h in order to maintain the
required internal temperature of 22 °C
(d)  the heat transfer in MJ/h required by the water vapour in the air plus the extra
water needed
Assume that the water is supplied at 10 °C and that the atmospheric pressure is
1010 mbar. Take c, from superheated steam as 2.093 kJ/kg K.



absolute
temperature, Charles' law 99
scale 4
zero of temperature 4, 100
absorptivity 263
adiabatic
calorimeter 240
efficiency 414
index 121
process 23
frictionless 122
gas 121
reversibility 148
saturation temperature 625
steam 90,164
advance, angle of 535
advanced gas cooled reactor 288
alr 187
conditioning 630
compressors 392
clearance volume 396
multistage 402
reciprocating 392
rotary 411
gine, reversed 606
excess 208
andard cycles 425
standard efficiency 425, 582
air-steam mixtures 129
alternating current 30
alternator 31
ampere 30
angle of advance 535
Atkinson cycle 430, 483
Atkinson, J. 430,483
atmospheric

pollution 246
pressure, standard 4
atom 185

Index

atomic mass
relative 185
weight 185
attemperator 279
average
characteristic gas constant 221
molar heat capacity 222
relative molecular mass 219
Avagadro's hypothesis 191

bar, the 5
Barber, John 538
barometric
condenser 296
leg 296

black body 262

blower, Roots 414

boiler 55, 276, 278
calculations 290
economic 281
equivalent evaporation 291
fire-tube 278

nuclear reactor 288
once-through 286
package 281

radiant heat 284
super-economic 281
thermal efficiency 291
waste heat 287
water-tube 278, 281
boiling 55

point 55

Boltzmann, Ludwig 263
bomb calorimeter 234, 236
bottom dead centre 511
Boyle, Robert 96

Boyle's law 96

brake 571

mean effective pressure 579
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power 575
Prony 573
rope 571

thermal efficiency 581
Brayton, George 428
burner, hybrid 541

caloric 18

calorific value 27

fuels 234

gross 234

net 234,235
calorimeter

adiabatic 240

bomb 234, 236

gas 234, 240

isothermal jacket 240
separating 76
throttling 78
calorimetry 23
carburettor 513
Carnot cycle 427

gas 431

reversed 604

steam 301

Carnot efficiency 435
Carnot, Sadi 51
Carnol's principle 151
Cayley cycle 426
Celsius, Anders 3
Celsius

scale 3,4
thermodynamic scale 4
centigrade scale 3
cetane number 537
chain reaction 288
characteristic equation

and polytropic process 116
of perfect gas 102
characteristic gas constant 104
average 221
Charles, Jacques A. 101
Charles' law 99
chemical symbols 186
choked nozzle 356
Clausius, Rudolf 52
clearance

ratio 397

volume, air compressors 396
closed system 34, 38
coal, pulverised 284
coefficient

of performance 602
of thermal conductivity 253
coil ignition system 516

combined heat and power 287, 542, 543, 544

combustion 184
analysis
delay period 535
mass 190
volumetric 190,202
enthalpy of 243
equations, stoichiometric 188
internal combustion engines 533
internal energy of 243
period of incubation 535

products
mass 199
volume 203

comfort zone 629
composite cycle 473
composition 621
compound 185
steam engine 335
compounding
pressure 371
pressure-velocity 372
velocity 371
compression ratio 452
geometric 452
compressor
air 392
gas 392
multistage reciprocating 402
reciprocating 392
condensate 276
extraction pump 276
condenser 276, 295
barometric 296
calculations 299
counter flows 296
dry 296
effect on steam engine 334
jet 295, 298
low level 296
parallel flow 296
surface 295
transverse flow 296
vacuum 298
wet 296
conditioning, air 630
conduction 252
conservation of energy 35
constant pressure
cycle 427,441
gas turbine 538
heating of gas 112
process 7
and reversibility 149
and steam 55,84
constant temperature process 7

constant volume

cycle 429,451

heating of gas 109
process 7

and reversibility 149

and steam 82
continuity, mass flow 43
control volume 35
convection 252, 256
cooling correction
calorimeter 238
Regnault-Pfaundler 238
cooling system 522
cooling tower 278
counter flow condenser 296
crank end 321
critical

point 66

pressure 354

ratio 354
crosshead 322
Crossley cycle 429
cryogenics 602

current
alternating 30
direct 30

curtis turbine 371
customary temperature scale 4
cut-off governing 332
cycle 7
four-stroke 508
two-stroke 506
cycles, air standard 425
cycle, gas 424
Atkinson 483
Brayton 428
arnot 427,431
Cayley 426
composite 473
constant
pressure 427, 441
temperature 436
volume 429,451
Crossley 431
Diesel 430, 463
dual combustion 473
Ericsson 428,490
four-stroke 508
high-speed Diesel 473
Holtzwarth 483
Lenoir 428
modified constant pressure 464
Otto 439, 510
Reitlinger 429
Rochas, Beau de 429

"

Stirling 426, 490
two-stroke 506
cycles, ideal steam plant 301
Rankine 301,302
cyclone precipitator 285

Dalton's law of partial pressures 129
deflector piston 507
degree of

reaction 375

superheat 62
de Laval turbine 370
delay period 535
density

of gas mixture 220

of steam 69
dependent property 3
DERV 526
dew point 624
Dewar

flask 268

Sir James 268
diagram factor, steam engine 325
diatomics 186
diesel

cycle 430,463

high speed 473
engme 526, 530
fuel pump 527

Diesel, Rudolph 430,463
direct current 30
displacement energy 37
distributor pump 528
double-acting steam engine 321

indicator diagram 321
double-expansion engine 335
double-flow turbine 375

dry
condenser 296
flue gas 207

saturated steam 56
volume of 68
dryness fraction 64
determination of 76
dual combustion cycle 473
dynamometer 571
electrical 574
hydraulic 573
swinging field 575

ebullition 55
eccentric 322

rod 322
ecological
considerations 248
pollution 246
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economic boiler 281
economiser 279
effective

power 545

swept volume 397
effectiveness, heat exchanger 557
efficiency

adiabatic 414

air standard 425, 582
brake thermal 581
Carnot 435
indicated thermal 581
isentropic 414
isothermal 394
mechanical 579

of expansion 360
Rankine 304

ratio 424

relative 424, 582
stage 313

thermal 25, 423
volumetric 397

electrical
dynamometer 574
power 30

electronic control system 518
Electrolux refrigerator 515
electrostatic precipitator 285
element 185

emissivity 263

endothermic reaction 184
energy 7

audit 582

balance 582
conservation of 35
displacement 37

flows 37

internal  7,18,19,36
kinetic 8, 36

non-flow equation 40
potential 36

steady-flow equation 42
engine

cooling system 522
diesel 526, 530

firing order 532

gas 503

heat 28

indicator 576

internal combustion 26, 503
petrol 512,518,520
rotary 567

steam 320
thermodynamic, principle of 25
trials 57

Wankel 567

enthalpy 25

dry saturated vapour 61
formation of steam 59

liquid 56,60

super heat 56

super heated vapour 62

tables 59

reference state 59

enthalpy of

combustion 243

evaporation 56,60

reaction 243

enthalpy-entropy chart, vapours 167
enthalpy-pressure chart, vapours 168
enthalpy-temperature chart, vapours 65
entropy 53, 155

chart gas 173

gas 169

liquid 157

of evaporation 159

super heated vapour 161

vapours 157
entropy-enthalpy chart, vapours 167
entropy-temperature  chart, vapours 162
equilibrium expansion, nozzles 357, 359
equivalent

evaporation, boiler 291

power, total 545

Ericsson

cycle 428, 491

John 428,491
evaporation

enthalpy of 56, 60

entropy 0 159
excess air 208

factor 536
exothermic reaction 184
extensive property 2

Fahrenheit

Daniel Gabriel 3

scale 3
fast reactor 288
feed

heat 301,313

pump 276
fire-tube boiler 278
firing order, internal combustion engine 532
first law of thermodynamics 49
flash point 526
flow energy 37
flue gas, dry 207
fluid pressure 5
/luidised bed combustion 286
formation of steam 55,59
fossil fuel 184

Fourier's equation 253
four-stroke cycle 508
free air delivery 400
frequency 31
friction power 578
frictionless adiabatic process 122
frigoric 18
fuel 184
consumption 580
specific 424
gaseous 245
infection 513
liquid 246
oil 246
petrol 246
pump, oil engine 527
solid 243
testing specifications 243
fundamental interval 4

gas
adiabatic process 121
calorimeter 240
Bey's 242
constant
characteristic 104
molar 217
specific 104
universal 217
cycles 423
engine 503
entropy 169
chart 173
generation unit 560
ideal power cycles 423
isothermal process 123
polytropic process 115, 126
specific heat capacity 108
turbine 538
constant pressure 538
spool 538
gases 96
single-phase systems 96
gaseous fuels 244, 245
gasoline 246,512
Gay-Lussac, Joseph-Louis 101
Gifford, Paul 428
governing
cut-off 332
steam engine 331
throttle 331
governor 322
graph shapes, engine trials 586
gravimetric analysis 190
grey body 262
gross calorific value 234
ground state 53

Index

head end 321
heat 19,20,38
and work 23
capacity, specific 20
engine 28

exchanger, effectiveness 557
insulation 267

latent 56

pump 614

of combustion 234
transfer 8,252

overall 269

surface 269
hertz, the 31
high-speed diesel cycle 473
Holtzwarth gas turbine 483
horizontal engine 511

humidity
relative 622
specific 620

hybrid burner 541
hydraulic dynamometer 573
hydrocarbon 184
hygrometry 624
hyperbolic process

and work 16

gas 98, 123
steam 84
ideal

gas power cycles 423
steam plant cycles 301
ignition
advance 535
high tension 515
coil 516
magneto 517
system 514,522
temperature 526
impulse turbine 370
incubation, period of 535
independent property 2
index
adiabatic 121
polytropic 13

indicated
mean effective pressure 576
power 576

thermal efficiency 581
work done 425
indicator, engine 576
injector nozzle 530
inner dead centre 511
insulation, heat 267
intake depression 399,510,514
intensive property 2

641
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internal liquid fuel 246 nuclear and gas 115, 126
combustion engine 26, 503 liquid-vapour equilibrium 57 reaction 288 and reversibility 149
combustion 533 low-level condenser 296 reactor 288 and steam 87
energy 7, 18,36 fast 288 and work 14
of combustion 243 mach number 356 thermal 288 specific heat capacity 128
gas 106 macroscopic analysis 2 potential
reaction 243 magneto ignition system 517 octane number 537 difference 30
_vapours 79,71 magnox reactor 288 oil energy 36
firing order 532 Mariotte, Edme 97 engine 526, 530 gravitational 36
ignition system 515 mass flow continuity 43 fiing 285 power
coil 516 mean effective pressure 425 once-through boiler 286 brake 575
electronic 518 brake 579 one-flow system 34 effective 545
magneto 517 indicated 576 open electrical 30
oil (diesel) 526, 530 mechanical cycle diagram 549 friction 578
overhead camshaft 508 efficiency 579 system 34,41 indicated 576
valve 508 power 29 Otto mechanical 29
petrol 512,518,520 microscopic analysis 2 cycle 429, 510 total equivalent 545
property 2 mixture 185 Dr. N.A. - 429 practical temperature scale 4

side va_Ive:* 508 moderator 288 outer dead centre 511
valve timing 511 overall heat transfer 269
isentropic efficiency 414 coefficient 271

precipitator 285
cyclone 285
electrostatic 285

modified constant pressure cycle 464
modified Rankine cycle 308

_isobari(? process 7 molar overhead ) pressure 5,20
isochoric process 7 gas constant 217 camshaft engine 508 atmospheric 5
isometric process 7 heat capacity 221 valve engine 508 bar, the 5

isopiestic process 7

average 222
isothermal 9

package boiler 281 compounding 371

mole, the 218 ; ; fluid 5
ici ' Papin, Denis 320
_eff|<:|ency .394 mole volume 219 p" Al d 296 gauge 280
jacket calorimeter 240 lecul parafiel Tlow conaenser mean effective 425
rocess 7 molecular partial pressure, Dalton's law of 129 .
P q ibility 148 mass 185 pascal, the 5 receiver 399
and reversibili ! i
and stearm 92y163 average 219 perfect gas, characteristic equation of 102 relief v_alve 280
’ relative 185 tual i stagnation 419
gas 98, 123 . perpetual motion . 57
. ’ weight 185 first kind 50 and saturation temperature
isotope 288 molecule 185 second kind 52 standard atmospheric 4
jet condenser 295, 298 mollier chart 168 petrol 246 total 419

Morse test 578

Joule, James Prescott 24 engine 512,518,520 pressure--crank angle diagram 534
joule, the 24 motor octane number (MON) 537 phase 6, 54 pressure-enthalpy ~ chart, vapours 168
Joule's law 106 mult!stage air compressor - 402 diagram 67 pressure-velocity cpmpoundlng 372
multivalve engine 523 heterogenous 6 pressure-volume diagram 8
Kelvin Munters, Carl G. 616 homogenous 6 for vapour 71
Lord 4,52 single 6 pressurised water reactor 288
temperature scale 4 Net calorific value 234, 235 two 6,54 process 6
kelvin, the 4 neutron 288 phlogiston 18 adiabatic 23
kinetic energy 36 Newcomen, Thomas 320 pinking 535 reversible 147
knocking 455 newton, the 5 piston position 510 constant
non-flow Planck, Max 52 pressure 7
latent heat 56 energy equation 40 plant trials 571 temperature 7
Iaw_s of thermodynamics 48 and polytropic law 126 plutonium 290 volume 7
first 49 and reversibility 150 point function 2 hyperbolic 14
second 51 process 40 pollution 246 isobaric 7
third 53 normal temperature scale 4 polyatomic 186 isochoric 7
zeroth 48 nozzles 350 polytrope 13 isometric 7
lean-burn engine 536 choked 356 polytropic isopiestic 7
lean-misfire limit 536 equilibrium expansion 357, 359 experiment 13 isothermal 7
Lehmann, Wilhelm 427 injector 530 index 13 reversible 148
Lenoir, Etienne 428 steam flow 357 process 12 polytropic 12

liquid enthalpy 56,60 supersaturated expansion 357, 358 and characteristic equation 116 reversible 149
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products of combustion

by mass 199

by volume 203
Prony brake 570
property 2

dependent 3

extensive 2

independent 2

intensive 2

internal 2

tables, two-phase 59

thermostatic 2

transport 3
psychrometric chart 629
psychrometry 620
pulverised

coal 284

fuel burner 284
pulverising mill 284
pump, vane 415
pumping loop 510
pure substance 2

radiant heat boiler 284
radiation 252, 261, 263
Rankine

cycle 301,302
efficiency 304
modified 308
William John 304
Rateau turbine 372
reaction

degree of 375
endothermic 184
enthalpy of 243
exothermic 184
internal energy 243
turbine 370, 373
reactor

advanced gas-cooled 288
fast 288

fast breeder 290
magnox 288
pressurised water 288
thermal 288
receiver 399

pressure 399
reciprocating air compressor
reference state, enthalpy tables
refrigerant 603
refrigerating effect 602
refrigeration 602
refrigerator 602
Electrolux 616
Servel 616

vapour

absorption 616

392
59

compressiOn 608
regeneration 490
regenerator 490
reheat 301,311
reheater 279
Regnault-Pfaundler cooling correction
Reidinger
cycle 429
Edmund 429
relative
atomic mass 185
efficiency 424, 582
humidity 622
molecular mass 185
average 219
relief valve 280
research octane number (RON) 537
reversed
air engine 606
Carnot cycle 604
thrust 345
reversibility 147
and adiabatic process 148
and constant pressure process 149
and constant volume process 149
and isothermal process 148
and non-flow energy equation 150
and polytropic process 149
Rochas, Beau de 429
Root's blower 414
rope brake 571
rotary
air compressors 411
engine 567
Rumford, Count 18

Sankey diagram 584
saturation temperature 55
and pressure 57
scavenging 508
Schmitt, Professor Gustav 427
Schole's bomb calorimeter 236
second-law of thermodynamics 51
separating calorimeter 76
Servel refrigerator 616
shell type boiler 281
side-valve engine 508
single phase 6
systems 55
sodium 290
solid fuels 243
sonic velocity 356
spark-plug 515
specific
fuel consumption 424, 580
gas constant 104

238

heat capacities of gas, difference of 114
heat capacity 20
at constant pressure 108
at constant volume 108
of gas 108
isobaric 21
polytropic 128
humidity 620
quantity 3
steam consumption 424, 580
spool, gas turbine 538
stage-efficiency 313
stagnation
pressure 419
temperature 419
standard
atmospheric pressure 4
reference condition 241
state  2,3,53
static temperature 419
steady-flow energy equation 42
steam 54
adiabatic process 90,164
constant
pressure process 55, 84
volume process 82
consumption, specific 424
density of 69
dry saturated 56
engine 320
compound 335
diagram factor 325
double-acting 321
governing 331
hypothetical indicator diagram 323
valve 322
enthalpy of 59
entropy of 157
equilibrium expansion nozzle 357, 359
formation of 55
hyperbolic process 84
internal energy of 59
isothermal process 92,163
polytropic process 87
plant 276
cycles 301
space 279
superheated 56
and two-phase systems 54
volume of 67
tables 59
turbine 369
blade height 387
Curtis 371
de Laval 370
impulse 370

Index 645

pressure-compounding 371
pressure-velocity compounding 372
Rateau 372

reaction 370, 373

velocity compounding 371
velocity diagram 377, 383, 385

wet 55

steam-air mixtures 129

Stefan, Joseph 262
Stephan-Boltzmann law 262
Stephenson, George 491
Stirling

cycle 426

Dr. Robert 426,491
James 426,491
Stoichiometric

air 191,536

mass 190

volume 190
Stoichiometry 188
combustion equations 188
sublimation 59
substance

pure 2

working 1
super-economic boiler 281
superheat

degree of 62

enthalpy 56
superheated steam 56
volume of 69
superheated vapour, entropy of 161
superheater 279

primary

secondary

supersaturated expansion nozzles 357, 358
surface

condenser 295

heat transfer 269
transfer coefficient 270
swinging-field dynanometer ~ 575
system 34

closed 34,38

cooling 522

one-flow 34

open 34,41

ignition 514

single-phase 55

two-flow 34

temperature 3
absol ute
scale 4
zero 4
customary scale 4
gauges
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kelvin, the 4

Kelvin scale 4

normal scale 4

practical scale 4

saturation 55

scale 4

stagnation 419

static 419

thermodynamic 4

total 413

truncated thermodynamic scale 4
temperature--enthalpy diagram 65
temperature--entropy chart

gas 173

vapours 162
thermal

conductivity, coefficient of 253
efficiency 25, 423, 581

boiler 291

brake 581

Carnot 435

indicated 581

relative 424, 582

theoretical 25,423

reactor 288
thermodynamic

engine, principle of 25
reversibility 147

temperature 4
thermodynamics

laws of 48
first 49
second 51
third 53
zeroth 40

meaning of 1

thermometer

dry bulb 624

wet bulb 624

thermometry 3
thermonuclear reactor 288
thermostatic property 2
third law of thermodynamics 53
Thompson, Benjamin 18
Thompson, William 52
throttle governing 332
Willan's-line 332
throttling 73
calorimeter 78

of vapour 73

timing diagram

four-stroke engine 511
two-stroke engine 511
top dead centre 510
torque 571

total

equivalent power 545

pressure 419

temperature 419
transient quantity 8
transport property 3
transvers flow condenser 296
trials, engine and plant 571
triatomic 186

triple

expansion engine 335
point 57

turbine

blade height 387

Curtis 371

closed-circuit 561
closed-cycle 561

de Laval 370

double flow 375

gas 538

impulse 370

open-circuit 549, 561
open-cycle 561

pressure compounding 372
pressure-velocity compounding 372
Rateau 372

reaction 370, 373

steam 369

velocity compounding 371
velocity diagram 377, 383, 385

turbocharger 522
two-flow system 34
two-phase 54

mixture 6, 55

property tables 59

system 55

pressure-volume diagram 71

U coefficient 271

universal gas constant 217
uranium 288

vacuum, condenser 298
valve

internal combustion engine 508
overlap 512
steam engine 322

timing, internal combustion engine 511
vane pump 415
vapour

absorption refrigerator 616
compression refrigerator 608
enthalpy of 59

entropy of 157

internal energy of 59,71
pressure-volume diagram 71
wet 55

vectored thrust 545

velocity
compounding 371
diagram
impulse turbine 377
reaction turbine 385
sonic 356
vertical engine 510
viscosity 3
volt 30
volume 6
dry saturated steam 68
steam 67
stroke 9
superheated steam 69
swept 9, 397
water 67
wet steam 68
volumetric efficiency 397

Wankel engine 567
waste heat boiler 287
water
gauge 280
volume of 67

Index

water-tube boiler 278, 281
Watt, James 29, 320
watt, the 29,31

wet

condenser 296
steam 55
volume of 68
vapour 55

and dryness fraction 64
Willan's line, throttle governing 332
Wilson, ¢.T. 358
line 358

Winderhausen 428

work 8,38
and heat 23
and hyperbolic process 16
and polytropic process 14
and pressure-volume diagram 8
as transient quantity 8
indicated 425
ratio 424

working substance |

zeroth law 48
zirconium alloy (zircaloy) 288
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