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Basic Concepts of Thermodynamics

1.1. Definition of thermodynamics. 1.2. Thermodynamic systems—System, boundary and surroundings—Closed system—
Open system—Isolated system—Adiabatic system— Homogeneous system—Heterogeneous system. 1.3. Macroscopic
and microscopic points of view. 1.4. Pure substance. 1.5. Thermodynamic equilibrium. 1.6. Properties of systems.
1.7 State. 1.8. Process. 1.9. Cycle. 1.10. Point function. 1.11. Path function. 1.12. Temperature. 1.13. Zeroth law of
thermodynamics. 1.14. The thermometer and thermometric property—Introduction—Measurement of temperature—
The international practical temperature scale—Ideal gas. 1.15. Pressure—Definition of pressure—Unit for pressure—Types
of pressure measurement devices—Mechanical-type instruments—Important types of pressure gauges. 1.16. Specific
volume. 1.17. Reversible and irreversible processes. 1.18. Energy, work and heat—Energy—Work and heat.
1.19. Reversible work—Highlights—Objective Type Questions—Theoretical Questions— Unsolved Examples.

1.1. DEFINITION OF THERMODYNAMICS

Thermodynamics may be defined as follows :

Thermodynamics is an axiomatic science which deals with the relations among heat, work
and properties of system which are in equilibrium. It describes state and changes in state of physical
systems.

Or
Thermodynamics is the science of the regularities governing processes of energy conversion.
Or

Thermodynamics is the science that deals with the interaction between energy and material
systems.

Thermodynamics, basically entails four laws or axioms known as Zeroth, First, Second and
Third law of thermodynamics.

— the First law throws light on concept of internal energy.

— the Zeroth law deals with thermal equilibrium and establishes a concept of temperature.

— the Second law indicates the limit of converting heat into work and introduces the principle
of increase of entropy.

— third law defines the absolute zero of entropy.

These laws are based on experimental observations and have no mathematical proof. Like
all physical laws, these laws are based on logical reasoning.

1.2. THERMODYNAMIC SYSTEMS

1.2.1. System, Boundary and Surroundings
System. A system is a finite quantity of matter or a prescribed region of space (Refer Fig. 1.1)

3



4 ELEMENTS OF MECHANICAL ENGINEERING

Boundary. The actual or hypothetical envelope enclosing the system is the boundary of the
system. The boundary may be fixed or it may move, as and when a system containing a gas is
compressed or expanded. The boundary may be real or imaginary. It is not difficult to envisage a
real boundary but an example of imaginary boundary would be one drawn around a system consisting
of the fresh mixture about to enter the cylinder of an I.C. engine together with the remanants of
the last cylinder charge after the exhaust process (Refer Fig. 1.2).

Convenient
6\)<'°Unding imaginary
Boundary boundary
Real y _
boundary
S,
(/ffo
Unding
Fig. 1.1. The system. Fig. 1.2. The real and imaginary boundaries.

1.2.2. Closed System

Refer Fig. 1.3. If the boundary of the system is impervious to the flow of matter, it is called
a closed system. An example of this system is mass of gas or vapour contained in an engine cylinder,
the boundary of which is drawn by the cylinder walls, the cylinder head and piston crown. Here the
boundary is continuous and no matter may enter or leave.

Mass remains constant regardless Out Mass nqt
variation of boundaries necessarily
| | constant

: | :
I I I
I I I
e ) [ 4 cas | [ 4
I I I
I I I
I I I
I I

Boundary ' Boundary T| '
System In 1 System

Fig. 1.3. Closed system. Fig. 1.4. Open system.

1.2.3. Open System

Refer Fig. 1.4. An open system is one in which matter flows into or out of the system. Most of
the engineering systems are open.

1.2.4. Isolated System

An isolated system is that system which exchanges neither energy nor matter with any other
system or with environment.

1.2.5. Adiabatic System

An adiabatic system is one which is thermally insulated from its surroundings. It can,
however, exchange work with its surroundings. If it does not, it becomes an isolated system.
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Phase. A phase is a quantity of matter which is homogeneous throughout in chemical
composition and physical structure.

1.2.6. Homogeneous System

A system which consists of a single phase is termed as homogeneous system. Examples :
Mixture of air and water vapour, water plus nitric acid and octane plus heptane.

1.2.7. Heterogeneous System

A system which consists of two or more phases is called a heterogeneous system. Examples :
Water plus steam, ice plus water and water plus oil.

1.3. MACROSCOPIC AND MICROSCOPIC POINTS OF VIEW

Thermodynamic studies are undertaken by the following two different approaches.
1. Macroscopic approach—(Macro mean big or total)

2. Microscopic approach—(Micro means small)

These approaches are discussed (in a comparative way) below :

S. No.

Macroscopic approach

Microscopic approach

In this approach a certain quantity of matter
is considered without taking into account the
events occurring at molecular level. In other
words this approach to thermodynamics is
concerned with gross or overall behaviour.
This is known as classical thermodynamics.

The analysis of macroscopic system requires
simple mathematical formulae.

The values of the properties of the system are
their average values. For example, consider
a sample of a gas in a closed container. The
pressure of the gas is the average value of
the pressure exerted by millions of individual
molecules. Similarly the temperature of this
gas is the average value of translational
kinetic energies of millions of individual
molecules. These properties like pressure and
temperature can be measured very easily. The
changes in properties can be felt by our senses.

In order to describe a system only a few
properties are needed.

The approach considers that the system is
made up of a very large number of discrete
particles known as molecules. These molecules
have different velocities and energies. The
values of these energies are constantly chang-
ing with time. This approach to thermo-
dynamics which is concerned directly with the
structure of the matter is known as statistical
thermodynamics.

The behaviour of the system is found by using
statistical methods as the number of molecules
is very large. So advanced statistical and
mathematical methods are needed to explain
the changes in the system.

The properties like velocity, momentum,
impulse, kinetic energy, force of impact etc.
which describe the molecule cannot be easily
measured by instruments. Our senses cannot
feel them.

Large number of variables are needed to
describe a system. So the approach is
complicated.

Note. Although the macroscopic approach seems to be different from macroscopic one, there exists a
relation between them. Hence when both the methods are applied to a particular system, they give the same
result.
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1.4. PURE SUBSTANCE

A pure substance is one that has a homogeneous and invariable chemical composition even
though there is a change of phase. In other words, it is a system which is (a) homogeneous in
composition, (b) homogeneous in chemical aggregation. Examples : Liquid, water, mixture of liquid
water and steam, mixture of ice and water. The mixture of liquid air and gaseous air is not a pure
substance.

1.5. THERMODYNAMIC EQUILIBRIUM

A system is in thermodynamic equilibrium if the temperature and pressure at all points are
same ; there should be no velocity gradient ; the chemical equilibrium is also necessary. Systems
under temperature and pressure equilibrium but not under chemical equilibrium are sometimes
said to be in metastable equilibrium conditions. It is only under thermodynamic equilibrium
conditions that the properties of a system can be fixed.

Thus for attaining a state of thermodynamic equilibrium the following three types of
equilibrium states must be achieved :

1. Thermal equilibrium. The temperature of the system does not change with time and
has same value at all points of the system.

2. Mechanical equilibrium. There are no unbalanced forces within the system or between
the surroundings. The pressure in the system is same at all points and does not change with
respect to time.

3. Chemical equilibrium. No chemical reaction takes place in the system and the chemical
composition which is same throughout the system does not vary with time.

1.6. PROPERTIES OF SYSTEMS

A property of a system is a characteristic of the system which depends upon its state, but
not upon how the state is reached. There are two sorts of property :

1. Intensive properties. These properties do not depend on the mass of the system.
Examples : Temperature and pressure.

2. Extensive properties. These properties depend on the mass of the system. Example :
Volume. Extensive properties are often divided by mass associated with them to obtain the intensive
properties. For example, if the volume of a system of mass m is V, then the specific volume of

matter within the system is Z = v which is an intensive property.
m

1.7. STATE

State is the condition of the system at an instant of time as described or measured by its
properties. Or each unique condition of a system is called a state.

It follows from the definition of state that each property has a single value at each state.
Stated differently, all properties are state or point functions. Therefore, all properties are identical
for identical states.

On the basis of the above discussion, we can determine if a given variable is property or not
by applying the following tests :
— A variable is a property, if and only if, it has a single value at each equilibrium state.

— Avariable is a property, if and only if, the change in its value between any two prescribed
equilibrium states is single-valued.

Therefore, any variable whose change is fixed by the end states is a property.
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1.8. PROCESS

A process occurs when the system undergoes a change in a state or an energy transfer at a
steady state. A process may be non-flow in which a fixed mass within the defined boundary is
undergoing a change of state. Example : a substance which is being heated in a closed cylinder
undergoes a non-flow process (Fig. 1.3). Closed systems undergo non-flow processes. A process may
be a flow process in which mass is entering and leaving through the boundary of an open system. In
a steady flow process (Fig. 1.4) mass is crossing the boundary from surroundings at entry, and an
equal mass is crossing the boundary at the exit so that the total mass of the system remains
constant. In an open system it is necessary to take account of the work delivered from the
surroundings to the system at entry to cause the mass to enter, and also of the work delivered from
the system at surroundings to cause the mass to leave, as well as any heat or work crossing the
boundary of the system.

Quasi-static process. Quasi means ‘almost’. A quasi-static process is also called a reversible

process. This process is a succession of equilibrium states and infinite slowness is its characteristic
feature.

1.9. CYCLE

Any process or series of processes whose end states P A (Pressure)
are identical is termed a cycle. The processes through which
the system has passed can be shown on a state diagram, but
a complete section of the path requires in addition a
statement of the heat and work crossing the boundary of the
system. Fig. 1.5 shows such a cycle in which a system
commencing at condition ‘1’ changes in pressure and volume
through a path 123 and returns to its initial condition ‘1’.

1.10. POINT FUNCTION 1
3

When two properties locate a point on the graph (co-
ordinate axes) then those properties are called as point
function. (Volume)

Examples. Pressure, temperature, volume etc. Fig. 1.5. Cycle of operations.

»
>
\'

Ide =V, -V, (an exact differential).

1.11. PATH FUNCTION

There are certain quantities which cannot be located on a graph by a point but are given by
the area or so, on that graph. In that case, the area on the graph, pertaining to the particular
process, is a function of the path of the process. Such quantities are called path functions.

Examples. Heat, work etc.

Heat and work are inexact differentials. Their change cannot be written as difference between
their end states.

Thus IfSQ # ), — €, and is shown as ;@, or @, ,

Similarly I 126W # W, — W, and is shown as ;W, or W, ,

Note. The operator J is used to denote inexact differentials and operator d is used to denote exact
differentials.
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1.12. TEMPERATURE

o The temperature is a thermal state of a body which distinguishes a hot body from a cold
body. The temperature of a body is proportional to the stored molecular energy i.e. the
average molecular kinetic energy of the molecules in a system. (A particular molecule
does not have a temperature, it has energy. The gas as a system has temperature).

e Instruments for measuring ordinary temperatures are known as thermometers and those
for measuring high temperatures are known as pyrometers.

e It has been found that a gas will not occupy any volume at a certain temperature. This
temperature is known as absolute zero temperature. The temperatures measured with
absolute zero as basis are called absolute temperatures. Absolute temperature is stated
in degrees centigrade. The point of absolute temperature is found to occur at 273.15°C
below the freezing point of water.

Then : Absolute temperature = thermometer reading in °C + 273.15.

Absolute temperature is degree centigrade is known as degrees kelvin, denoted by K (SI unit).

1.13. ZEROTH LAW OF THERMODYNAMICS

o ‘Zeroth law of thermodynamics’ states that if two systems are each equal in temperature

to a third, they are equal in temperature to each other.

Example. Refer Fig. 1.6. System ‘1’ may consist of a mass of gas enclosed in a rigid vessel
fitted with a pressure gauge. If there is no change of pressure when this system is brought into
contact with system ‘2’ a block of iron, then the two systems are equal in
temperature (assuming that the systems 1 and 2 do not react each other
chemically or electrically). Experiment reveals that if system ‘1’ is brought
into contact with a third system ‘3’ again with no change of properties
then systems 2’ and ‘3’ will show no change in their properties when
brought into contact provided they do not react with each other chemically
or electrically. Therefore, ‘2’ and ‘3’ must be in equilibrium.

e This law was enunciated by R.H. Fowler in the year 1931.
However, since the first and second laws already existed at Fig. 1.6. Zeroth law of
that time, it was designated as zeroth law so that it precedes thermodynamics.
the first and second laws to form a logical sequence.

1.14. THE THERMOMETER AND THERMOMETRIC PROPERTY

1.14.1. Introduction

The zeroth law of thermodynamics provides the basis for the measurement of temperature.
It enables us to compare temperatures of two bodies ‘1’ and ‘2’ with the help of a third body ‘3’ and
say that the temperature of ‘1’ is the same as the temperature of ‘2’ without actually bringing ‘1’
and 2’ in thermal contact. In practice, body ‘3’ in the zeroth law is called the thermometer. It is
brought into thermal equilibrium with a set of standard temperature of a body ‘2’, and is thus
calibrated. Later, when any other body ‘1’ is brought in thermal communication with the
thermometer, we say that the body ‘1’ has attained equality of temperature with the thermometer,
and hence with body ‘2’. This way, the body ‘1’ has the temperature of body ‘2’ given for example by,
say the height of mercury column in the thermometer ‘3’.

e The height of mercury column in a thermometer, therefore, becomes a thermometric
property.
There are other methods of temperature measurement which utilize various other properties
of materials, those are functions of temperature, as thermometric properties.
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Six different kinds of thermometers, and the names of the corresponding thermometric

properties employed are given below :

Thermometer Thermometric property
1. Constant volumes gas Pressure (p)
2. Constant pressure gas Volume (V)
3. Alcohol or mercury-in-glass Length (L)
4. Electric resistance Resistance (R)
5. Thermocouple Electromotive force (E)
6. Radiation (pyrometer) Intensity of radiation (Z or ¢J)

1.14.2. Measurement of Temperature

Temperature can be depicted as a thermal state which depends upon the internal or

molecular energy of the body.
1.14.2.1. Temperature Measuring Instruments
These instruments may be classified in two broad categories :
1. Non-electrical methods :

(i) By using change in volume of a liquid when its temperature
is changed.

(i) By using change in pressure of a gas when its temperature is
changed.

(iii) By using changes in the vapour pressure when the temp-
erature is changed.

2. Electrical methods :
(i) By thermocouples.

(ii) By change in resistance of material with change in temp-
erature.

(iii) By comparing the colours of filament and the object whose
temperature is to be found out.

(iv) By ascertaining the energy received by radiation.
The thermometers may also be classified as follows :
1. Expansion thermometers
(i) Liquid-in-glass thermometers
(i) Bimetallic thermometers.
2. Pressure thermometers
(i) Vapour pressure thermometers
(i1) Liquid-filled thermometers
(iii) Gas-filled thermometers.
3. Thermocouple thermometers
4. Resistance thermometers
5. Radiation pyrometers
6. Optical pyrometers.

1. Expansion Thermometers. The expansion thermometers
make use of the differential expansion of two different substances. Thus
in liquid-in-glass thermometers, it is the difference in expansion of liquid

30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 10 20

Fig. 1.7. Mercury-in-glass
thermometer.
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and the containing glass. And in bimetallic thermometers, the indication is due to the difference in
expansion of the two solids. These thermometers are discussed below :

(i) Liquid-in-glass thermometers. This is a very familiar type of thermometer. The
mercury or other liquid fills the glass bulb and extends into the bore of the glass stem. Mercury is
the most suitable liquid and is used from — 38.9°C (melting point) to about 600°C. The thermometers
employed in the laboratory have the scale engraved directly on the glass stem. A usual type of
mercury-in-glass thermometer is shown in Fig. 1.7. An expansion bulb is usually provided at the
top of the stem to allow room for expansion of mercury, in case the thermometer is subjected to
temperature above its range. The upper limit for mercury-in-glass thermometers is about 600°C.
As the upper limit is far above the boiling point of mercury, some inert gas i.e. nitrogen is introduced
above the mercury to prevent boiling.

Pentane, ethyl alcohol and toluene are the other liquids which can be used for liquid-in-
glass thermometers. Since these liquids are normally colourless a dye is added to facilitate reading.
These liquids have a low freezing point as shown below and are suitable for low temperature
thermometer.

Liquid Boiling point Freezing point
Pentane 36°C —130°C
Ethyl alcohol 78°C —100°C
Toluene 110°C -92°C

(ii) Bimetallic thermometers. In a bimetallic thermometer differential expansion of
bimetallic strips is used to indicate the temperature. It has the advantage over the liquid-in-glass
thermometer, that it is less fragile and is easier to read. In this type of thermometer two flat strips
of different metals are placed side by side and are welded together. Many different metals can be
used for this purpose. Generally one is a low expanding metal and the other is high expanding
metal. The bimetal strip is coiled in the form of a spiral or helix. Due to rise in temperature, the
curvature of the strip changes. The differential expansion of a strip causes the pointer to move on the
dial of the thermometer.

2. Pressure thermometers. In pressure thermometers liquids, gases and vapour can all
be used. The principle on which they work is quite simple. The fluid is confined in a closed system.
In this case the pressure is a function of the temperature, so that when the fluid is heated, the
pressure will rise. And the temperature can be indicated by Bourdon type pressure gauge. In general,
the thermometer consists of a bulb which contains bulk of the fluid. The bulb is placed in the region
whose temperature is required. A capillary tube connects the bulb to a Bourdon tube, which is
graduated with a temperature scale.

Pressure thermometers are discussed below :

(i) Vapour pressure thermometers. A schematic diagram of a vapour pressure
thermometer is shown in Fig. 1.8. When the bulb containing the fluid is installed in the region
whose temperature is required, some of the fluid vapourizes, and increases the vapour pressure.
This change of pressure is indicated on the Bourdon tube. The relation between temperature and
vapour pressure of a volatile liquid is of the exponential form. Therefore, the scale of a vapour
pressure thermometer will not be linear.

(ii) Liquid-filled thermometers. A liquid-filled thermometer is shown in Fig. 1.9. In this
case, the expansion of the liquid causes the pointer to move in the dial. Therefore liquids having
high co-efficient of expansion should be used. In practice many liquids e.g. mercury, alcohol, toluene
and glycerine have been successfully used. The operating pressure varies from about 3 to
100 kgf/cm2. These type of thermometers could be used for a temperature upto 650°C in which
mercury could be used as the liquid.
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Bourdon Pressure NN
spring measuring
device

Capillary
tubing

Fig. 1.8. Vapour pressure thermometer. Fig. 1.9. Liquid-filled thermometer.

In actual design, the internal diameter of the capillary tube and Bourdon tube is, made
much smaller than that of the bulb. This is because the capillary tube is subjected to a temperature
which is quite different from that of the bulb. Therefore, to minimise the effect of variation in
temperature to which the capillary tube is subjected, the volume of the bulb is made as large as
possible as compared with the volume of the capillary. However, large volume of bulb tends to
increase time lag, therefore, a compensating device is usually built into the recording or indicating
mechanism, which compensates the variations in temperature of the capillary and Bourdon tubes.

(ii7) Gas-filled thermometers. The temperature range for gas thermometer is practically
the same as that of liquid filled thermometer. The gases used in the gas thermometers are nitrogen
and helium. Both these gases are chemically inert, have good values for their co-efficient of expansion
and have low specific heats. The construction of this type of thermometer is more or less the same
as mercury-thermometer in which Bourdon spring is used. The errors are also compensated likewise.
The only difference in this case is that bulb is made much larger than used in liquid-filled
thermometers. For good performance the volume of the bulb should be made at least 8 times than
that of the rest of the system.

These thermometers are generally used for pressures below 35 kgf/cm?.

3. Thermocouple thermometers. For higher range of temperature i.e. above 650°C, filled
thermometers are unsuitable. For higher range of temperature, thermocouples and pyrometers
are used.

Millivoltmeter .
or temperature _Meas_urlng
recorder junction
ke ;opper leads Metal-1
(XX ]
/

L
‘E\\\\\\\\\\\

Beference _ Metal-2
junction

Hot body

Fig. 1.10. Thermocouple.
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In its smallest form a thermocouple consists of two dissimilar metals or alloys which develop
e.m.f. when the reference and measuring functions are at different temperatures. The reference
junction or cold junction is usually maintained at some constant temperature, such as 0°C. Fig. 1.10,
shows a simple circuit of a thermocouple and the temperature measuring device. In many industrial
installations the instruments are equipped with automatic compensating devices for temperature
changes of the reference junction, thus eliminating the necessity of maintaining this junction at
constant temperature.

Table 1.1 gives the composition, useful temperatures range and temperature versus e.m.f.
relationship for some commercial thermocouples.

Table 1.1. Composition, Useful Temperature Range and
e.m.f. produced for Some Thermocouples

Temperature (°C) Thermoelectric power
S.No. Thermocouple Composition — Remarks
Useful Max. °C Millivolt
range
1. |Platinum vs Pure platinum 400 to 1450 1700 0 0.0 Used for high
Platinum- vs Pt + 10 or 500 4.219 |temperature
rhodium 13% Rh 1000 9.569 | measurements
1500 15.498
2. Chromel vs 90% Ni + 10% Cr —200 to 1450 - 200 —5.75 | High resistance
alumel vs 95% Ni 1200 0 0.0 to oxidation
+5% (Al + Sn)Ma 300 12.21
600 24.90
900 37.36
1200 48.85
3. Iron vs constan- | Pure iron vs —200 to 1000 - 200 -827 |—
tan 45-60% Cu 750 0 0.0
+ 55-40% Ni 300 16.59
600 33.27
900 52.29
4. Copper vs Pure copper vs —200 to 600 - 200 —5.539 |Not suitable in
constantan Cu-Ni constan- 350 0 0.0 air due to exces-
tan 200 9.285 |sive oxidation
400 20.865

4. Resistance thermometers. The electrical resistance of the metals increases with the
temperature. This fact is made use of in resistance thermometers which are purely electrical in
nature. A resistance thermometer is used for precision measurements below 150°C.

A simple resistance thermometer consists of a resistance element or bulb, electrical loads
and a resistance measuring or recording instrument. The resistance element (temperature
sensitive element) is usually supplied by the manufacturers with its protecting tube and is
ready for electrical connections. The resistance of the metal used as resistance element should
be reproducible at any given temperature. The resistance is reproducible if the composition or
physical properties of the metal do not change with temperature. For this purpose platinum is
preferred. A platinum resistance thermometer can measure temperatures to within = 0.01°C.
However, because of high cost of platinum, nickel and copper are used as resistance elements
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for industrial purposes for low temperatures. The fine resistance wire is wound in a spiral form
on a mica frame. The delicate coil is then enclosed in a porcelain or quartz tube. The change of
resistance of this unit can be measured by instruments such as Wheatstone bridge, potentiometer
or galvanometer.

Advantages :
The resistance thermometers possess the following advantages over other devices :
1. A resistance thermometer is very accurate for low ranges below 150°C.
2. It requires no reference junction like thermocouples and as such is more effective at
room temperature.
3. The distance between the resistance element and the recording element can be made
much larger than is possible with pressure thermometers.
4. It resists corrosion and is physically stable.
Disadvantages :
1. The resistance thermometers cost more.
2. They suffer from time lag.

5. Radiation pyrometers. A device which measures the total intensity of radiation emitted
from a body is called radiation pyrometer.

The elements of a total radiation pyrometer are illustrated in Fig. 1.11. It collects the radiation
from an object (hot body) whose temperature is required. A mirror is used to focus this radiation on
a thermocouple. This energy which is concentrated on the thermocouple raises its temperature,
and in turn generates an e.m.f. This e.m.f. is then measured either by the galvanometer or

potentiometer method. Thus rise of temperature is a function of the amount of radiation emitted
from the object.

~< Thermocouple
1

-~ Mirror
S~ -7 —
Hot \‘: -<27¥ e
Object e =

- :\ Millivolt-
L meter

Fig. 1.11. A schematic diagram of radiation pyrometer.

Advantages of the pyrometers :
1. The temperature of moving objects can be measured.
2. A higher temperature measurement is possible than that possible by thermocouples etc.
3. The average temperatures of the extended surface can be measured.
4. The temperature of the objects which are not easily accessible can be measured.

6. Optical pyrometers. An optical pyrometer works on the principle that matters glow
above 480°C and the colour of visible radiation is proportional to the temperature of the glowing
matter. The amount of light radiated from the glowing matter (solid or liquid) is measured and
employed to determine the temperature.
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Fig. 1.12 shows a disappearing filament pyrometer.

Image
Red

Lens lamp Eye piece \ glass

N
0 Low reading

Correct

Hot
bod
H %

X

Ammeter

Fig. 1.12. Optical pyrometer.

Operation :

o The optical pyrometer is sighted at the hot body and focused.

e In the beginning filament will appear dark as compared to the background which is
bright (being hot).

e By varying the resistance (R) in the filament circuit more and more current is fed into it,
till filament becomes equally bright as the background and hence disappears.

e The current flowing in the filament at this stage is measured with the help of an ammeter
which is calibrated directly in terms of temperature.

o Ifthe filament current is further increased, the filament appears brighter as compared
to the background which then looks dark.

e An optical pyrometer can measure temperature ranging from 700 to 4000°C.
Table 1.2 gives the summary of temperature range of different instruments on next page.

1.14.3. The International Practical Temperature Scale

For the calibration of thermometric instruments the Seventh General Conference on Weight
and Measures held in 1927 formulated a convenient scale known as the International Practical
Temperature Scale. It was revised at Thirteenth General Conference in 1968. It consists of
reproducible reference temperatures or primary fixed points defined by a number of pure substances
with assigned values of temperatures determined with precision on ideal or perfect gas temperature
scale as given in Table 1.3.
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Table 1.3. Fixed Points of the International
Practical Temperature Scale of 1968

Equilibrium state Assigned value of temperature
T, K t,°C
1. Triple point of hydrogen 13.81 —259.34
2. Boiling point of hydrogen at 33.306 kPa 17.042 —266.108
3. Normal boiling point of hydrogen 20.28 — 252.87
4. Normal boiling point of neon 27.102 —246.048
5. Triple point of oxygen 54.361 —218.789
6. Normal boiling point of oxygen 90.188 —182.962
7. Triple point of water 273.16 0.01
8. Normal boiling point of water 373.15 100.00
9. Normal freezing point of antimony (antimony point) 630.74 357.59
10. Normal freezing point of zinc (zinc point) 692.73 419.58
11. Normal freezing point of silver (silver point) 1235.08 961.93
12. Normal freezing point of gold (gold point) 1337.58 1064.43

It is stated here that :

— The triple point represents an equilibrium state between solid, liquid and vapour phases
of a substance.

— Normal boiling point is the temperature at which the substance boils at standard
atmospheric pressure of 760 mm Hg.

— Normal freezing point is the solidification or the melting point temperature of the
substance at standard atmospheric pressure.

Based on the available method of measurement, the whole temperature scale may be divided
into four ranges. The equations for interpolation for each range are as follows :

1. From - 259.34°C (triple point of hydrogen) to 0°C :

A platinum resistance thermometer of a standard design is used and a polynomial of the
following form is fitted between the resistance of the wire R, and temperature ¢

R, =R, (1 + At + Bt*> + Ct3) (L)
where, R =resistance at the ice point.
2. From 0°C to 630.74°C (Antimony point) :
o It is also based on platinum resistance thermometer.
e The diameter of the platinum wire must lie between 0.05 and 0.2 mm.
3. From 630.74°C to 1064.43°C (Gold point) :
e It is based on standard platinum versus platinum-rhodium thermocouple.
o Following equation between e.m.f. £ and temperature ¢ is employed :
E =a + bt + ct? ..(1.2)
4. Above 1064.43°C :

o Itisbased on the intensity of radiation J ,at temperature T emitted by a black body at
a wavelength A in the visible spectrum and by comparing this to the intensity of radiation
J,, at the same wavelength emitted by a black body at the gold point.
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e The temperature is calculated from Planck’s equation for black body radiation

J exp. [};2 J -1
7 au exp. [—2] -1
AT

where, C,=0.01438in °C, and X = wavelength in metres.

Following points are worth noting for gas thermometers :

o The gas thermometers are never used for the measurement of temperatures. However, they
are ideal when used for calibration for establishing the ideal gas temperature scale, and
for establishing a standard because of precision, reproducible results, and their reading
being independent of the thermometric substance used.

e The gas thermometers can be used only for temperatures upto which gases do not liquify.

Method in use before 1954 :

e (Celsius and Fahrenheit scales are the two commonly used scales for the measurement of
temperature. Symbols C and F are respectively used to denote the readings on these two
scales. Until 1954 the temperature scales were based on two fixed points : (i) the steam
point (boiling point of water at standard atmospheric pressure), and (ii) the ice point
(freezing point of water).

The fixed points for these temperature scales are :

Temperature Celsius scale Fahrenheit scale
Steam point 100 212
Ice point 0 32
Interval 100 180

e The relation between a particular value C on celcius scale and F' on Fahrenheit scale is
found to be as mentioned below :
Cc _F-32  C_F-32 (1.4
100 180 5 9
Further the relation between a temperature difference Az, on Fahrenheit scale and Az, on
celsius scale is

Aty = % At = g At. = 1.8 At ..(1.5)
o The use of two fixed points was found unsatisfactory and later abandoned because of the
following reasons :

(1) It is difficult to achieve equilibrium between pure ice and air-saturated water (since
when ice melts, it surrounds itself only with pure water and prevents intimate contact
with air-saturated water).

(ii) There is extreme sensitiveness of the steam point to the change in pressure.
Method in use after 1954 :

It was suggested by kelvin that a single fixed point only was necessary to establish a
temperature. He pointed out that ¢ripe point of water (the state at which ice, liquid water and
water vapour coexist in equilibrium), could be used as the single point. The tenth CGPM, in 1954,
adopted this fixed point, and value was set at 0.01°C or 273.16 K in the Kelvin scale thus established.
Correspondingly, the ice point of 0°C on the celsius scale becomes equal to 273.15 K on the kelvin
scale. Celsius and kelvin scales are distinguished by using distinct symbols ¢ and 7, the relation
between these two is then given by :

T(K) = ¢(°C) + 273.15 ...(1.6)
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1.14.4. Ideal Gas
From experimental observations it has been established that an ideal gas to a good
approximation behaves according to the simple equation
pV =mRT (1T

where p, V and T are the pressure, volume and temperature of gas having mass m and R is a
constant for the gas known as its gas constant.

\%
Eqn. (1.7) can be written as pv=RT ...(1.8) (where v= ;j
In reality there is no gas which can be qualified as an ideal or perfect gas. However all gases
tend to ideal or perfect gas behaviour at all temperatures as their pressure approaches zero pressure.

For two states of the gas, (1.7) can be written as,

214 _ PV or L = &x& ...(1.9)
T T T rn
With the help of this eqn. (1.9), the temperatures can be measured or compared.

1.15. PRESSURE

1.15.1. Definition of Pressure

Pressure is defined as a force per unit area. Pressures are exerted by gases, vapours and
liquids. The instruments that we generally use, however, record pressure as the difference between
two pressures. Thus, it is the difference between the pressure exerted by a fluid of interest and the
ambient atmospheric pressure. Such devices indicate the pressure either above or below that of the
atmosphere. When it is above the atmospheric pressure, it is termed gauge pressure and is positive.
When it is below atmospheric, it is negative and is known as vacuum. Vacuum readings are given
in millimetres of mercury or millimetres of water below the atmosphere.

It is necessary to establish an absolute pressure scale which is independent of the changes
in atmospheric pressure. A pressure of absolute zero can exist only in complete vacuum. Any pressure
measured above the absolute zero of pressure is termed an ‘absolute pressure’.

A schematic diagram showing the gauge pressure, vacuum pressure and the absolute pressure
is given in Fig. 1.13.

A A
Positive

I gauge pressure Atmospheric

pressure

Negative
gauge pressure
y Or vacuum

Absolute

«— | pressure

Pressure ——»

Zero absolute pressure
Fig. 1.13. Schematic diagram showing gauge, vacuum and absolute pressures.

Mathematically :
(i) Absolute pressure = Atmospheric pressure + Gauge pressure

Paps = Patm. + pgauge'
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(i1) Vacuum pressure = Atmospheric pressure — Absolute pressure.

Vacuum is defined as the absence of pressure. A perfect vacuum is obtained when absolute
pressure is zero, at this instant molecular momentum is zero.

Atmospheric pressure is measured with the help of barometer.

1.15.2. Unit for Pressure
The fundamental SI unit of pressure is N/m2 (sometimes called pascal, Pa) or bar.
1 bar = 10° N/m? = 10° Pa. Standard atmospheric pressure = 1.01325 bar = 0.76 m Hg.

Low pressures are often expressed in terms of mm of water or mm of mercury. This is an
abbreviated way of saying that the pressure is such that which will support a liquid column of
stated height.

1.15.3. Types of Pressure Measurement Devices
The pressure may be measured by means of indicating gauges or recorders. These instruments
may be mechanical, electro-mechanical, electrical or electronic in operation.
1. Mechanical instruments. These instruments may be classified into following two groups :
— The first group includes those instruments in which the pressure measurement is made
by balancing an unknown force with a known force.
— The second group includes those employing quantitative deformation of an elastic member
for pressure measurement.
2. Electro-mechanical instruments. These instruments usually employ a mechanical
meanes for detecting the pressure and electrical means for indicating or recording the detected pressure.

3. Electronic instruments. Electronic pressure measuring instruments normally depend
on some physical change that can be detected and indicated or recorded electronically.

1.15.4. Mechanical-type Instruments
The mechanical-type instruments are classified as follows :
1. Manometer gauges
(i) U-tube manometer (i) Cistern manometer
(i1i) Micro-manometer etc.

2. Pressure gauges

(i) Bourdon tube pressure gauge (i) Diaphragm gauge
(izi) Vacuum gauge.

1.15.4.1. Liquid Manometers

Low pressures are generally determined by manometers which employ liquid columns. It is
difficult and costly to construct manometers to measure high pressures, as otherwise the liquid
column will become unwieldy and temperature corrections will also be difficult. Their use is,
therefore, restricted to low pressures only, and for such purposes they are quite accurate.

The liquids commonly employed for manometers are mercury and water. Mercury is used for
high and water for low pressures. For this purpose a liquid is suitable if it has a low viscosity, so
that it can adjust itself quickly, and also a low co-efficient of thermal expansion, so that density
changes with temperature are minimum.

1. U-tube manometer. A U-tube manometer is in the form of U-tube and is made of glass.
When no pressure is applied, the height of the liquid in the two legs is the same. The pressure is
then applied to one leg, whilst the other is open to the atmosphere. Under this pressure the liquid
will sink in this leg and will rise in the other. As the other leg is open to air, therefore, the pressure
on this side is known, and is barometric. Now the pressure applied to the first leg can be calculated.
This is explained with reference to Fig. 1.14. This consists of a water manometer.
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Considering equilibrium condition, we have Patm

Daim + Wh, =p; + wh, lpi
- V. -
D; = Paim + W, —W;h; B =

where p,, = atmospheric pressure,
p; = pressure over water surface in the con-
tainer,
h,, = height of liquid in U-tube manometer,
h; = difference between water surface and
lower surface of the liquid in manometer,

w,, = specific weight of liquid, and
w; = specific weight of water.

The U-tube manometer shown in Fig. 1.15 is of ~ Fig. 1.14. Principle of U-tube manometer.
the simplest form. However, readings have to be taken at two different places. Moreover, the deflection
of the two columns may not be the same. To avoid this difficulty cistern or well type manometer is
used.

>

Mercury
Reservoir

Fig. 1.15. U-tube manometer. Fig. 1.16. Cistern manometer.

2. Cistern manometer. Fig. 1.16 shows a cistern manometer. The mercury reservoir A is
made large enough so that change of level in the reservoir is negligible. This form of manometer is
generally used for measuring pressures above atmospheric. In this case, only one reading of the
level in the column is required. However, a zero setting is necessary.
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3. Micro-manometer. The U-tube manometer (discussed above) is not very suitable for
measuring very low pressures. Therefore, for such purposes, precision types are required. They are
called multiplying or micro-manometers, because they multiply the movement of the level of the
liquid. By far the most widely used type of multiplying manometer is the inclined manometer. If
the tube is inclined as shown in Fig. 1.17 the sensitiveness of the U-tube manometer is increased.

The inclined tube causes a larger displacement of the liquid along the tube for a given pressure
difference.

Fig. 1.17. Inclined manometer.

The principle of the inclined manometer is explained in Fig. 1.18. If pressure p, = p,, then
the level of liquid is shown by LM. However, when p, is slightly greater than p,, the level is the
reservoir sinks by h,, whilst level in the tube rises by a greater distance /2, as shown in the diagram.
If & is the vertical distance between the two surfaces due to difference of pressure, then

Fig. 1.18. Principle of inclined manometer.

h=h,+h,
also h,=dsin 0
and hyxA=dxa or h2=dx%

where A = area of cross-section of the reservoir, and
a = area of cross-section of the inclined tube.
Also the pressure difference Ap i.e. (p; —p,)

=hw = (dxsin6+d><ij w =dw (sin9+ij
A A

where w is the specific weight of the liquid.
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The sensitiveness of the instrument can be varied by changing the slope of the inclined tube.

The position of the inclined tube is so arranged that (sin 0+ %) is round figure.

. d
The multiplication factor of the gauge is — = 1

sin6+g
A

Thus the multiplication factor depends on 6 and % . The smaller the values of 6 and % ,the

greater the multiplication factor.
Advantages and disadvantages of Manometers :
Advantages. The manometer claims the following advantages :
1. Relatively inexpensive.
2. Easy to fabricate.
3. Requires very little maintenance.
4. Good accuracy and sensitivity.
5. Their sensitivity can be changed by changing manometric fluids.
6. Particularly suitable to low pressures and low differential pressures.
Disadvantages. The disadvantages of manometers are as follows :
1. Unsuitable for recording.
2. Generally large, bulky and fragile.

3. Their calibration is affected by changes in gravitational force and density of fluids and
their calibration changes with altitude and temperature.

4. Surface tension of manometric fluid creates a capillary effect and possible hysteresis.

5. A particular manometer can be used only for measurement of a particular fluid/fluids.

6. Meniscus height has to be determined by accurate means to ensure improved accuracy.
Elastic pressure elements :

Elastic pressure elements or mechanical type of transducers are used for measurement of
very high pressures upto about 700 MN/m?. There are three main types of pressure elements.

(a) Bourdon tube (b) Diaphragms (c) Bellows.

The action of these mechanical transducers depends upon the displacement caused by the
pressure. The displacement produced may actuate a pointer whose deflection may be direct measure
of the pressure applied or the displacement is measured with the help of a secondary transducer
which is electrical in nature. The output of the secondary transducer which is electrical in format
is a measure of the pressure applied.

(a) Bourdon tubes/elements. Fig. 1.19 shows Bourdon tube configurations.
Advantages. The Bourdon tube element has the following advantages :

1. Simple in construction and cheap.

2. Available in several different ranges.

3. Capability to measure gauge, absolute and differential pressures.

4. The sensitivities of Bourdon tube may be changed by changes in their dimensions.

5. Excellent sensitivity.

6. Simple and straight forward calibration with deal weight tester.

7. Easily adapted to strain, capacitance, magnetic and other electrical transducers.
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Disadvantages :
1. Susceptibility to shock and vibration.
2. Inherent hysteresis and slow response to pressure changes.
3. Unsuitable for low pressure applications.

Scale
Pi\fo// Scale
~ "% Small
zangular
displacement
o Fixed «—F P—
Applied pivpt
pressure, P point

(i) (i)
Fig. 1.19. (i) Twisted tube, (ii) Helical, (iii) Spiral.

(b) Diaphragm elements. Fig. 1.20 shows basic diaphragm types.

L L L

Flat Dish Corrugated Capsule

Fig. 1.20. Basic diaphragm types.

Advantages :

1. Small in size and moderately priced.

2. Wide linear range.

3. Can withstand high over pressures and under pressures.

4. Small hysteresis.

5. Can be used for measurement of absolute and differential pressures as also vacuum.
Disadvantages :

1. Need protection against shocks and vibrations.

2. Cannot be used to measure high pressures.

3. Difficult to repair.
(c) Bellow gauges/elements. Fig. 1.21 shows some bellow gauges.

. Scale
Pointer ~

1 '5 2 __» To pointer
—) Bellows
— —
<«— Bellows E Spring

e

(Pressure)
(a) Bellows pressure gauge (b) Spring loaded bellows gauge

Fig. 1.21. Bellow gauges.
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Advantages :
1. Simple and rugged construction.
2. Useful for measurement of low and medium pressures.
3. Moderate cost.
4. Can be used for measurement of absolute, gauge and differential pressures.
Disadvantages :
1. Need spring for accurate characterisation.
2. Greater hysteresis and zero drift problems.
3. Unsuitable for transient measurements due to longer relative motion and mass.
4. Requires compensation for ambient temperature changes.
1.15.5. Important Types of Pressure Gauges

The manometers and U-types (discussed earlier) are suitable for comparatively low pressures.
For high pressures they become unneccessarily larger even when they are filled with heavy liquids.
Therefore for measuring medium and high pressures, we make use of elastic pressure gauges.
They employ different forms of elastic systems such as tubes, diaphragms or bellows etc. to measure
the pressure. The elastic deformation of these elements is used to show the effect of pressure. Since
these elements are deformed within the elastic limit only, therefore these gauges are sometimes
called elastic gauges. Sometimes they are also called secondary instruments, which implies that
they must be calibrated by comparison with primary instruments such as manometers etc.

Some of the important types of these gauges are enumerated and discussed below :

1. Bourdon tube pressure gauge

2. Diaphragm gauge

3. Vacuum gauge.

1. Bourdon tube type pressure gauge. A Bourdon type tube pressure gauge is used for
measuring high as well as low pressures. A simple form of this gauge is shown in Fig. 1.22. In this
case the pressure element consists of a metal tube of approximately elliptical cross-section. This
tube is bent in the form of a segment of a circle and responds to pressure changes. When one end of
the tube which is attached to the gauge case, is connected to the source of pressure, the internal

Bourdon

Fig. 1.22. Burdon tube pressure gauge.
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pressure causes the tube to expand, whereby circumferential stress i.e., hoop tension is set up. The
free end of the tube moves and is in turn connected by suitable levers to a rack, which engages with
a small pinion mounted on the same spindle as the pointer. Thus the pressure applied to the tube
causes the rack and pinion to move. The pressure is indicated by the pointer over a dial which can
be graduated in a suitable scale.

The Bourdon tubes are generally made of bronze or nickel steel. The former is generally used
for low pressures and the latter for high pressures.

Depending upon the purpose for which they are required Bourdon tube gauges are made in
different forms, some of them are :

(1) Compound Bourdon tube used for measuring pressures both above and below
atmospheric.

(it) Double Bourdon tube used where vibrations are encountered.
2. Diaphragm gauge. This type of gauge

employs a metallic disc or diaphragm instead of a bent
tube. This disc or diaphragm is used for actuating the
indicating device. Rack

Refer Fig. 1.23 when pressure is applied on the | Pinion

lower side of the diaphragm, it is deflected upward.
This movement of the diaphragm is transmitted to a Needb\‘
rack and pinion. The latter is attached to the spindle Z

of needle moving on a graduated dial. The dial can Corrugated
again be graduated in a suitable scale. diaphragm

3. Vacuum gauge. Bourdon gauges discussed
earlier can be used to measure vacuum instead of
pressure. Slight changes in the design are required
for this purpose. Thus, in this case, the tube be bent
inward instead of outward as in pressure gauges.
Vacuum gauges are graduated in millimetres of
mercury below atmospheric pressure. In such cases,
therefore, absolute pressure in millimetres of mercury Fig. 1.23. Principle of diaphragm gauge.
is the difference between barometer reading and
vacuum gauge reading.

¢

Vacuum gauges are used to measure the vacuum in the condensers etc. If there is leakage,
the vacuum will drop.

The pressure gauge installation require the following considerations :
(7) Flexibile copper tubing and compression fittings are recommended for most installations.
(i) The installation of a gauge cock and tee in the line close to the gauge is recommended
because it permits the gauge to be removed for testing or replacement without having to
shut down the system.
(ii7) Pulsating pressures in the gauge line are not required.
(iv) The gauge and its connecting line is filled with an inert liquid and as such liquid seals
are provided. Trapped air at any point of gauge lines may cause serious errors in pressure
reading.

1.16. SPECIFIC VOLUME

The specific volume of a system is the volume occupied by the unit mass of the system. The
symbol used is v and units are ; for example, m%kg. The symbol V will be used for volume. (Note
that specific volume is reciprocal of density).
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Example 1.1. Convert the following readings of pressure to kPa assuming that barometer
reads 760 mm of Hg.

(i) 80 cm of Hg (i) 30 cm Hg vacuum

(#21) 1.35 m H,0 gauge (iv) 4.2 bar.
Solution. Assuming density of Hg, py, = 13.596 x 1000 kg/m?
Pressure of 760 mm of Hg will be

760

=pxgxh=13.596 x 1000 x 9.806 x
1000

= 101325 Pa = 101.325 kPa.
(i) Pressure of 80 cm of Hg

% « 101.325 = 106.65 kPa. (Ans.)

(i1) 30 cm Hg vacuum

76 — 30 = 46 cm of Hg absolute.
Pressure due to 46 cm of Hg

_ 460

- 760
(ii7) Pressure due to 1.35 m H,0 gauge

= 1000 x 9.806 x 1.35 = 13238 Pa = 13.238 kPa. (Ans.)

x 101.325 = 61.328 kPa. (Ans.)

(iv) 4.2 bar
=4.2 x 102 kPa = 420 kPa. (Ans.)
Note. Pressure of 1 atmosphere = 760 mm of Hg or = 101325 N/m?.
The above values are standard. To get this value we have to use p,; = 13596 kg/m?® and g = 9.806 m/s?.

When we use Py, = 13600 kg/m® and g = 9.81 m/s?, we get p_, = 101396 N/m? which is slightly different from
101325 N/m?. It is recommended that for pressure of 1 atm. the value 101325 N/m? should be used.

Example 1.2. On a piston of 10 cm diameter a force of 1000 N is uniformly applied. Find the
pressure on the piston.

Solution. Diameter of the piston, d = 10 cm (= 0.1 m)

Force applied on the piston, F=1000 N

p . _ force F _ 1000
ressure on the piston, p=—="—=————
area A w4x(0.1)?
= 127307 N/m? = 127.307 kN/m2. (Ans.)
Example 1.3. A tube contains an oil of specific gravity 0.9 to a depth of 120 cm. Find the
gauge pressure at this depth (in EN/m?2).
Solution. Specific gravity of oil = 0.9
Depth of oil in the tube, h =120 cm = (1.2 m)
We know that p =wh
= p.g.h, p being the mass density
=(0.9 p,) x g x h, p, being mass density of water

{ Specific gravity = i}

w

=0.9 x 1000 x 9.81 x 1.2 N/m?
=10594.8 N/m? = 10.595 kN/m?. (Ans.)
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Example 1.4. A vacuum recorded in the condenser of a steam power plant is 740 mm of Hg.
Find the absolute pressure in the condenser in Pa. The barometric reading is 760 mm of Hg.

Solution. Vacuum recorded in the condenser =740 mm of Hg
Barometric reading =760 mm of Hg
We know that,

Actual pressure in the condenser
= Barometric reading — vacuum in the condenser
=760 — 740 = 20 mm of Hg
=20 x 133.4 N/m? (** 1 mm of Hg = 133.4 N/m?)
= 2668 N/m? = 2668 Pa. (Ans.)

Example 1.5. A vessel of cylindrical shape is 50 cm in diameter and 75 cm high. It contains
4 kg of a gas. The pressure measured with manometer indicates 620 mm of Hg above atmosphere
when barometer reads 760 mm of Hg. Determine :

(i) The absolute pressure of the gas in the vessel in bar.
(i1) Specific volume and density of the gas.
Solution. Diameter of the vessel, d = 50 ecm (= 0.5 m)

Height of the vessel, h=75cm (=0.75 m)

Mass of gas in the vessel, m =4kg

Manometer reading = 620 mm of Hg above atmosphere
Barometer reading =760 mm of Hg

Now, volume of the vessel = g d2xh= g x (0.5)2 x (0.75) = 0.147 m53.

(i) Total pressure in the vessel
=760 + 620 = 1380 mm of Hg

= 1380 x 133.4 N/m? [+ 1 mm of Hg = 133.4 N/m?2]
=1.841 x 10° N/m? = 1.841 bar. (Ans.) [+ 1bar =10°N/m?]
(ii) Specific volume = gﬁ = 0.03675 m%/kg. (Ans.)
Density -4 _o701 kg/m3. (Ans.)
0.147

Example 1.6. In a pipe line the pressure of gas is measured with a mercury manometer
having one limb open to the atmosphere (Fig. 1.24). If the difference in the height of mercury in the
two limbs is 550 mm, calculate the gas pressure.

Given : Barometric reading = 761 mm of Hg
Acceleration due to gravity = 9.79 m/s?
Density of mercury = 13640 kg/m?.
Solution. At the plane LM, we have

P =py+pgh
Now Dy = Pgh
where A = barometric height ; p = density of mercury ; p, = atmospheric pressure
Therefore, p =pghy + pgh =pg (hy+ h)
- 13640 x 9.79 (ﬂ ; ﬂj - 13640 x 9.79 (0.761 + 0.55)
1000 1000

=175.065 x 103 N/m? = 175.065 kPa = 1.75 bar. (Ans.)
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Fig. 1.24

Example 1.7. A U-tube mercury manometer with one arm open to atmosphere is used to
measure pressure in a steam pipe. The level of mercury in open arm is 97.5 mm greater than that in
the arm connected to the pipe. Some of steam in the pipe condenses in the manometer arm connected
to the pipe. The height of this column is 34 mm. The atmospheric pressure is 760 mm of Hg. Find the
absolute pressure of steam. (Poona University, Nov. 1995)

Solution. Equating the pressure in mm of Hg on both arms above the line XX (Fig. 1.25), we

get
Paps. t Pyater =pHg * Patm-
Now, Pater = 34 _ 95 mmof Hg. Steam
13.6 pipe
Do + 2.5 =97.5 + 760
or Daps = 97.5 + 760 — 2.5
= 855 mm of Hg.
= 855 x py, x g x 1075 bar Condensed
855 , steam
= m(m) x (18.6 x 1000) (kg/m?) X-=----
x 9.81 x 10
=1.14070 bar. (Ans.) Fig. 1.25

Example 1.8. A U-tube manometer is connected to
a gas pipe. The level of the liquid in the manometer arm
open to the atmosphere is 170 mm lower than the level of
the liquid in the arm connected to the gas pipe. The liquid
in the manometer has specific gravity of 0.8. Find the
absolute pressure of the gas if the manometer reads
760 mm of Hg. (Poona University, Dec. 1996)

Solution. Equating pressure on both arms above
the line XX (Fig. 1.26), we get

pgas + pliquid =Patm. (l)
Now, Pliquia = p.g.h

170

Fig. 1.26
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= 1334.16 N/m?
=0.0133416 bar
Dim. = 160 mm of Hg = 1.01325 bar
Substituting these value is eqn. (i) above, we have
Pgas +0.0133416 = 1.01325
Pgas = 0.9999 bar. (Ans.)

Example 1.9. Estimate the mass of a piston that can be supported by a gas entrapped under
the piston in a 200 mm diameter vertical cylinder when a manometer indicates a difference of 117 mm

of Hg column for the gas pressure. (Poona University, May 1994)
Solution. Refer Fig. 1.27.
Let m = mass of the piston, kg —d=200mm—>¥
p = pressure of the gas 77 Manometer
=117 mm of Hg column
Dia. of vertical cylinder, d = 200 mm
Now, downward force =m.g ..(7)
and upward force =p x n/4 d? ...(i0) Fig. 1.27
Equating eqns. (i) and (i), we get
m.g =p x n/4 d?
2
117\ = ( 200
m x 9.81 = [13.6x1000x 9.81 x X = X (- = pgh)
( 1000] 4 (1000] p=pg
m = 49.989 kg. (Ans.)
1.17. REVERSIBLE AND IRREVERSIBLE PROCESSES
Reversible process. A reversible process (also sometimes DA
known as quasi-static process) is one which can be stopped at any
stage and reversed so that the system and surroundings are exactly 1
restored to their initial states. Equilibrium
states

This process has the following characteristics :

1. It must pass through the same states on the reversed path
as were initially visited on the forward path.

2. This process when undone will leave no history of events
in the surroundings.

3. It must pass through a continuous series of equilibrium
states.

» v

Fig. 1.28. Reversible process.

No real process is truely reversible but some processes may approach reversibility, to close
approximation.

Examples. Some examples of nearly reversible processes are :
(i) Frictionless relative motion.
(i) Expansion and compression of spring.
(i17) Frictionless adiabatic expansion or compression of fluid.
(iv) Polytropic expansion or compression of fluid.
(v) Isothermal expansion or compression.
(vi) Electrolysis.
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Irreversible process. An irreversible process is one in which heat is transferred through a
finite temperature.

Examples.
(i) Relative motion with friction (zi) Combustion
(z17) Diffusion (iv) Free expansion
(v) Throttling (vi) Electricity flow through a resistance
(vit) Heat transfer (viii) Plastic deformation.
An irreversible process is usually represented by a dotted pA
(or discontinuous) line joining the end states to indicate that the
intermediate states are indeterminate (Fig. 1.29). 1
Irreversibilities are of two types : .\\ Nonz?:tiggrium
1. External irreversibilities. These are associated with N
dissipating effects outside the working fluid. AN
Example. Mechanical friction occurring during a process \‘\\N o
due to some external source.
2. Internal irreversibilities. These are associated with > v

dissipating effects within the working fluid.

Example. Unrestricted expansion of gas, viscosity and
inertia of the gas.

Fig. 1.29. Irreversible process.

1.18. ENERGY, WORK AND HEAT

1.18.1. Energy

Energy is a general term embracing energy in transition and stored energy. The stored energy
of a substance may be in the forms of mechanical energy and internal energy (other forms of stored
energy may be chemical energy and electrical energy). Part of the stored energy may take the form
of either potential energy (which is the gravitational energy due to height above a chosen datum
line) or kinetic energy due to velocity. The balance part of the energy is known as internal energy.
In a non-flow process usually there is no change of potential or kinetic energy and hence change of
mechanical energy will not enter the calculations. In a flow process, however, there may be changes
in both potential and kinetic energy and these must be taken into account while considering the
changes of stored energy. Heat and work are the forms of energy in transition. These are the only
forms in which energy can cross the boundaries of a system. Neither heat nor work can exist as
stored energy.

1.18.2. Work and Heat

Work

Work is said to be done when a force moves through a distance. If a part of the boundary of
a system undergoes a displacement under the action of a pressure, the work done W is the product
of the force (pressure x area), and the distance it moves in the direction of the force. Fig. 1.30 (a)
illustrates this with the conventional piston and cylinder arrangement, the heavy line defining the
boundary of the system. Fig. 1.30 (b) illustrates another way in which work might be applied to a
system. A force is exerted by the paddle as it changes the momentum of the fluid, and since this
force moves during rotation of the paddle room work is done.

Work is a transient quantity which only appears at the boundary while a change of state is
taking place within a system. Work is ‘something’ which appears at the boundary when a system
changes its state due to the movement of a part of the boundary under the action of a force.
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Boundar §
Boundary Y™

Fig. 1.30

Sign convention :

o Ifthe work is done by the system on the surroundings, e.g. when a fluid expands pushing
a piston outwards, the work is said to be positive.

Le., Work output of the system = + W

o If the work is done on the system by the surroundings, e.g., when a force is applied to a
rotating handle, or to a piston to compress a fluid, the work is said to be negative.

ie., Work input to system = — W
Heat
Heat (denoted by the symbol @), may be, defined in an analogous way to work as follows :

“Heat is ‘something’ which appears at the boundary when a system changes its state due to a
difference in temperature between the system and its surroundings”.

Heat, like work, is a transient quantity which only appears at the boundary while a change
is taking place within the system.

It is apparent that neither W or 6@ are exact differentials and therefore any integration of
the elemental quantities of work or heat which appear during a change from state 1 to state 2 must
be written as

2
L W =W, ,or W, (or W), and

2
L 0Q =@, , or ,Q, (or @)

Sign convention :

If the heat flows into a system from the surroundings, the quantity is said to be positive and,
conversely, if heat flows from the system to the surroundings it is said to be negative.

In other words :

Heat received by the system = + @

Heat rejected or given up by the system = — Q.
Comparison of Work and Heat

Similarities :

(i) Both are path functions and inexact differentials.

(i) Both are boundary phenomenon i.e. both are recognized at the boundaries of the system
as they cross them.

(i17) Both are associated with a process, not a state. Unlike properties, work or heat has no
meaning at a state.

(iv) Systems possess energy, but not work or heat.



32 ELEMENTS OF MECHANICAL ENGINEERING

Dissimilarities :

(i) In heat transfer temperature difference is required.

(1) In a stable system there cannot be work transfer, however, there is no restriction for the
transfer of heat.

(ii7) The sole effect external to the system could be reduced to rise of a weight but in the case
of a heat transfer other effects are also observed.

1.19. REVERSIBLE WORK

Let us consider an ideal frictionless fluid contained in a cylinder above a piston as shown in
Fig. 1.31. Assume that the pressure and temperature of the fluid are uniform and that there is no
friction between the piston and the cylinder walls.

Let A = cross-sectional area of the piston,
p = pressure of the fluid at any instant,
(p —dp) A = restraining force exerted by the surroundings on the piston, and
dl = the distance moved by the piston under the action of the force exerted.

Then work done by the fluid on the piston is given by force F F | _—Cylinder
times the distance moved, “«—
ie., Work done by the fluid — N
= (pA) x dl = pdv v v
(where dV = a small increase in volume) ////,I,éli,%T}}l,ﬁ,l////
Or considering unit mass
Work done = pdv (where v = specific volume)
This is only true when (a) the process is frictionless and (b) the
difference in pressure between the fluid and its surroundings during
the process is infinitely small. Hence when a reversible process takes (p-dyA
place between state 1 and state 2, we have .
Work done by the unit mass of fluid Fig. 1.31
2
= L pdv ...(1.10)

When a fluid undergoes a reversible process a series of state points can be joined up to form
a line on a diagram of properties. The work done by the fluid during any reversible process is
therefore given by the area under the line of process plotted on a p-v diagram (Fig. 1.32).

pa

—>H<—dv v

Fig. 1.32
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i.e., Work done = shaded area on Fig. 1.32

= Lz pdv.

2
When p can be expressed in terms of v then the integral, j pdv, can be evaluated.
1

Example 1.10. An artificial satellite revolves round the earth with a relative velocity of
800 m/s. If acceleration due to gravity is 9 m/s? and gravitational force is 3600 N, calculate its
kinetic energy.

Solution. Relatively velocity of satellite, v = 800 m/s

Acceleration due to gravity, g =9 m/s?
Gravitational force, m.g = 3600 N
Mass, m = 3600 _ 369& =400 kg.
g

Kinetic energy = % mv? = % x 400 x (800)%2 J = 128 x 10¢ J or 128 MdJ. (Ans.)

Example 1.11. The specific heat capacity of the system during a certain process is given by
c,=(0.4+0.004T) kJ/ kg°C.

If the mass of the gas is 6 kg and its temperature changes from 25°C to 125°C find :

(i) Heat transferred ; (it) Mean specific heat of the gas.

Solution. Mass of the gas, m = 6 kg

Change in temperature of the gas = 25°C to 125°C

(i) Heat transferred, Q :

We know that heat transferred is given by,

125
Q= [ me,dr=6 [, ©4+0004m)ar

125
T2
=6 lOAT + 0.004[7]}
25

= 6[0.4 (125 — 25) + 0.002 (1252 — 252)]
=6(40 + 30) =420 kJ. (Ans.)
(ii) Mean specific heat of the gas, c, :

Q =m.c,.dT
ie., 420 =6 x ¢, x (125 — 25)
420

c, = = 0.7 kd/kg°C. (Ans.
n = 5x100 g'C. (Ans.)
Example 1.12. A temperature scale of certain thermometer is given by the relation
t=alnp+b
where a and b are constants and p is the thermometric property of the fluid in the thermometer. If at

the ice point and steam point the thermometric properties are found to be 1.5 and 7.5 respectively
what will be the temperature corresponding to the thermometric property of 3.5 on Celsius scale.

(Poona University)
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Solution. t=alnp+b ...(Given)
On Celsius scale :
Ice point = 0°C, and
Steam point = 100°C
From given conditions, we have

O=alnl5+5b (D)
and 100=aln75+b .(i0)
i.e. 0=ax0.4054 +b (713
and 100 =a x 2.015+b ...(tv)

Subtracting (iti) from (iv), we get
100 = 1.61a
or a=62.112

Substituting this value in eqn. (iit), we get
b =-0.4054 x 62.112 = - 25.18
When p = 3.5 the value of temperature is given by
t=62.1121n (3.5) — 25.18 = 52.63°C. (Ans.)

Example 1.13. A thermocouple with test junction at t°C on gas thermometer scale and reference
Jjunction at ice point gives the e.m.f. as
e=0.20t-5x 10742 mV.
The millivoltmeter is calibrated at ice and steam points. What will be the reading on this
thermometer where the gas thermometer reads 70°C.

Solution. e=0.20¢t-5x 1042 mV (Given)
At ice point : When ¢t =0°C,e =0
At steam point : When ¢ = 100°C,
e=0.20 x 100 — 5 x 1074 x (100)2 = 15 mV
Now, when ¢ = 70°C

e=0.20x70-5x 10 x (70)? = 11.55 mV
When the gas thermometer reads 70°C the thermocouple will read
. 100x11.55

=77°C. (Ans.)
15
1 Example 1.14. Comment whether the following quantities can be called as properties or not :
W [ pav, G) [ vdp, and Git) | pav+ [ Vdp.

Solution. (i) I pdV :

p is a function of V and integral can only be evaluated if relation between p and V is known.
It is thus an inexact differential and hence not a property.

(1) I Vdp :
It is not a property for the same reason as mentioned in (7).
i) [ pav+ [ vap:

jpdV+dep=j (pdV+Vdp>=jd<pV)=pv.
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Thus the integral can be evaluated without knowing the relation between p and V. It is an
exact differential and hence it is a property.

Example 1.15. Gas from a cylinder of compressed helium is used to inflate an inelastic
flexible balloon, originally folded completely flat, to a volume 0.6 m3. If the barometer reads 760 mm
Hg, what is the amount of work done upon the atmosphere by the balloon ¢ Sketch the system before
and after the process.

Solution. Refer Fig. 1.33. The firm line B, shows the boundary of the system before the
process, and dotted line B, shows the boundary after the process.

==~
- ~

' N
// “«¢— Final volume of balloon
! 3
/ /) =0.6m
/ ’
/ /7
1 e
1 e
Valve s o
\ —<= Balloon initially flat
1
T
1 I
! 1
! \
/ N

Helium cylinder

S

p =760 mmHg=101.325k Pa
Fig. 1.33

The displacement work,

Wd=IpdV+IpdV=O+IpdV

cylinder balloon balloon
=101.325 x 0.6 [+ dV=0.6m?
=60.795 kJ. (Ans.)

This is a positive work, because the work is done by the system. Work done by the atmosphere
is — 60.795 kdJ. Since the wall of the cylinder is rigid there is no pdV-work involved in it.

It is assumed that the pressure in the balloon is atmospheric at all times, since the balloon
fabric is light, inelastic and unstressed. If the balloon were elastic and stressed during the filling
process, the work done by the gas would be greater than 60.795 kJ by an amount equal to the work
done in stretching the balloon, although the displacement work done by atmosphere is still
—60.795 kJ. However, if the system includes both the gas and the balloon, the displacement work
should be 60.795 kd, as estimated above.

Example 1.16. Determine the work done by the air which enters into an evacuated vessel
from atmosphere when the valve is opened. The atmospheric pressure is 1.013 bar and 1.5 m? of air
at atmospheric condition enters into the vessel.
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Solution. Fig. 1.34 shows the initial and final conditions of the system.

1.5 m3 air

Valve Initial boundary

Final boundary

Fig. 1.34

No work is done by the boundary in contact with the vessel as the boundary does not move.
Work is done by the external boundary at constant pressure.

V. 0
w=[ pav=[ pav [+ V,=15mdandV,=0]
1 |

=p(0—-1.5)=1.013 x 10° x (- 1.5)
=-1.5195 x 10° J = — 151.95 kJ. (Ans.)

Since the free air boundary is contracting, the work done by the system is negative, and the
surroundings do positive work upon the system.

wExample 1.17. A piston and cylinder machine containing a fluid system has a stirring

device as shown in Fig. 1.35. The piston is frictionless, and it is held down against the fluid due to
atmospheric pressure of 101.3 kPa. The stirring device is turned 9500 revolutions with an average
torque against the fluid of 1.25 mN. Meanwhile the piston of 0.65 m diameter moves out 0.6 m. Find
the net work transfer for the system.

Solution. Refer Fig. 1.35.
Work done by the stirring device upon the system,
W, = 2nNT
where T =torque = 1.25 mN
N = number of revolutions = 9500
W, =21 x 9500 x 1.25 = 74622 Nm = 74.622 kJ
This is negative work for the system.
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p=101.3kPa

2

Z;ylinder Z Stirrer

Fig. 1.35

Work done by the system upon the surroundings
W, = (pA). L
where p = pressure = 101.3 kPa
A = area of the piston = /4 x (0.65)2 = 0.3318 m?
L = distance moved by the piston = 0.6 m
W, =101.3 x 0.3318 x 0.6 = 20.167 kJ
This is a positive work for the system.
Hence, the net work transfer for the system
W= W, +W,=-74622 + 20.167 = - 54.455 kJ. (Ans.)

Example 1.18. A diesel engine piston which has an area of 45 cm? moves 5 cm during part of
suction stroke. 300 cm? of fresh air is drawn in from the atmosphere. The pressure in the cylinder
during suction stroke is 0.9 x 10° N/m? and the atmospheric pressure is 1.013 x 10° N/m2. The
difference between the suction and atmospheric pressure is accounted for flow resistance in the suction
pipe and inlet valve. Find the net work done during the process.

Solution. Area of diesel engine piston
=45 cm?2 = 45 x 1074 m?2
Amount of fresh air drawn in from atmosphere
=300 cm? = 300 x 106 m?
The pressure inside the cylinder during suction stroke
= 0.9 x 10° N/m?
Atmospheric pressure = 1.013 x 105 N/m?
Initial and final conditions of the system are shown in Fig. 1.36.
Net work done = work done by free air boundary + work done on the piston
The work done by the free air = — ve because boundary contracts
The work done by the cylinder on the piston = +ve because the boundary expands
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300 cm” air at
atmospheric pressure

1
1
1
1
!
PISTON i
1
1
1
1
1
1

Cylinder \/ ____________________ l

PISTON

System condition—Initial System condition—Final

Fig. 1.36

Net work done = I pdV + I pdV

piston free air
boundary

= [0.9 x10° x45x 1074 x% —~1.013x10° x 300 x 10‘6}

=[20.25-30.39] =-10.14 Nm or J. (Ans.)

Example 1.19. The properties of a closed system change following the relation between pressure
and volume as pV = 3.0 where p is in bar V is in m3. Calculate the work done when the pressure
increases from 1.5 bar to 7.5 bar.

Solution. Initial pressure, p, = 1.5 bar
Final pressure, Dy = 7.5 bar
Relation between p and V, pV=3.0
Work done, W
The work done during the process is given by
Vy
W= j pdV
Vi
Vl = ﬁ = ﬂ =2 m3
D1 1.5
V2 = ﬁ = ﬁ = 04 m3
D2 7.5
04 3.0
W =10° IQ A dV Nm [~ 1bar = 10° N/m?
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=105 x 3.0 [log, V]g'4 =10° x 3.0(log, 0.4 — log, 2)

=—3 x 105 log, (2/0.4) = — 3 x 10° x log, 5 = — 3 x 10° x 1.61 Nm
=—-4.83x10°Nm =-4.83 x 10°J = - 483 kJ. (Ans.)
Example 1.20. To a closed system 150 kJ of work is supplied. If the initial volume is 0.6 m>

and pressure of the system changes as p = 8 — 4V, where p is in bar and V is in m3, determine the
final volume and pressure of the system.

Solution. Amount of work supplied to a closed system = 150 kJ
Initial volume = 0.6 m?
Pressure-volume relationship, p = 8 — 4V
The work done during the process is given by

W= J'; pdV

\Z
- 10° j * 8- aviav =10° {sv 4 xv—z}
0.6 2 06
= 105[8(V, — 0.6) — 2(V,2 — 0.62)]
=105[8V, - 4.8 - 2V,2 + 0.72]
= 10°[8V,, - 2V,2 — 4.08] Nm or J
But this work is equal to — 150 x 103 J as this work is supplied to the system.
: — 150 x 10% = 105[8V,, — 2V,,2 — 4.08]

or 2V,2 -8V, +2.58 =0
8+.J64—4x2x258 8§+6.
V, = i _826.585 _ 354 ms

Positive sign is incompatible with the present problem, therefore it is not considered.
Final volume, V,=0.354m?. (Ans.)
and final pressure, p,=8-4V =8-4x0.354
= 6.584 bar = 6.584 x 10° N/m?2 or Pa. (Ans.)

Example 1.21. A fluid at a pressure of 3 bar, and with specific volume of 0.18 m3/kg, contained

in a cylinder behind a piston expands reversibly to a pressure of 0.6 bar according to a law, p = %
v
where C is a constant. Calculate the work done by the fluid on the piston. (PTU)
Solution. Refer Fig. 1.37.
p; = 3 bar = 3 x 10° N/m?
v, = 0.18 m¥/kg

2
Work done = shaded area = j P dv

2 C 2 dv
ie., Work done, W = L v_z-dU:CL v—2=C

1% 177> 1 1 .
[T el ] el 1] ¥
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4 p(Nm)

3x10°

0.6 x 10°

» v(ms/kg)

Fig. 1.37
Also C =pv?=p,v,2=3x0.182 = 0.0972 bar (m%kg)?

and vy = /£ = /0'0972 = 0.402 m®/kg
D2 0.6

Substituting the values of C, v, and v, in equation (i), we get

11
—_— 5 TN Ano
Work done, W=0.0972 x 10 [0.18 0.402} Nm/kg

= 29840 Nm/kg. (Ans.)

wExample 1.22. A cylinder contains 1 kg of a certain fluid at an initial pressure of 20 bar.
The fluid is allowed to expand reversibly behind a piston according to a law pV? = constant until the
volume is doubled. The fluid is then cooled reversibly at constant pressure until the piston regains
its original position ; heat is then supplied reversibly with the piston firmly locked in position until
the pressure rises to the original value of 20 bar. Calculate the net work done by the fluid, for an
initial volume of 0.05 m3.

Solution. Refer Fig. 1.38.

Mass of fluid, m=1kg
Py =20 bar = 20 x 10° N/m?
V, =0.05 m?

Considering the process 1-2
piVi? =p,V,’

V; 2 Vi ?
= Y11 =20 (—J [+ V, =2V, (given)]
Py =D [Vg] 2V, 2 118
= @ =5 bar
4

2
Work done by the fluid from 1 to 2 = Area 12 ML1 = j pdV
1
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p (N/m?)
A

20 x 10°

(0]
£
=
o
>
<
3
2
o
O
~ 2
3 Constant pressure
L M >V (m3)
0.05 0.1
Fig. 1.38
: n» C 2 2 6
Le., W, = j —5dV, where C = p,V,* = 20 x 0.05% bar m
n V

1 0.1

W,_, = 10° x 20 x 0.0025 [_ _}
0.05
11

=10° x 20 x 0.0025 | —— —— | = 50000 Nm
0.05 0.1

Work done on fluid from 2 to 3
= Area 32 ML 3 = p, (V, - V) = 105 x 5 x (0.1 - 0.05) = 25000 Nm
Work done during the process 3-1
= 0, because piston is locked in position (i.e., volume remains constant)
Net work done by the fluid
= Enclosed area 1231 = 50000 — 25000
=25000 Nm. (Ans.)

HIGHLIGHTS

1. Thermodynamics is an axiomatic science which deals with the relations among heat, work and properties
of systems which are in equilibrium. It basically entails four laws or axioms known as Zeroth, First,
Second and Third law of thermodynamics.

2. A system is a finite quantity of matter or a prescribed region of space.

A system may be a closed, open or isolated system.

3. Aphaseis a quantity of matter which is homogeneous throughout in chemical composition and physical
structure.

4. A homogeneous system is one which consists of a single phase.
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A heterogeneous system is one which consists of two or more phases.

A pure substance is one that has a homogeneous and invariable chemical composition even though
there is a change of phase.

A system is in thermodynamic equilibrium if temperature and pressure at all points are same ; there
should be no velocity gradient.

A property of a system is a characteristic of the system which depends upon its state, but not upon how
the state is reached.

Intensive properties do not depend on the mass of the system.

Extensive properties depend on the mass of the system.

State is the condition of the system at an instant of time as described or measured by its properties. Or
each unique condition of a system is called a state.

A process occurs when the system undergoes a change in state or an energy transfer takes place at a
steady state.

Any process or series of processes whose end states are identical is termed a cycle.

The pressure of a system is the force exerted by the system on unit area of boundaries. Vacuum is
defined as the absence of pressure.

A reversible process is one which can be stopped at any stage and reversed so that the system and
surroundings are exactly restored to their initial states.

An irreversible process is one in which heat is transferred through a finite temperature.

Zeroth law of termodynamics states that if two systems are each equal in temperature to a third, they
are equal in temperature to each other.

Infinite slowness is the characteristic feature of a quasi-static process. A quasi-static process is a
succession of equilibrium states. It is also called a reversible process.

OBJECTIVE TYPE QUESTIONS

Choose the correct answer :

A definite area or space where some thermodynamic process takes place is known as

(a) thermodynamic system (b) thermodynamic cycle

(¢) thermodynamic process (d) thermodynamic law.

An open system is one in which

(a) heat and work cross the boundary of the system, but the mass of the working substance does not

(b) mass of working substance crosses the boundary of the system but the heat and work do not

(c) both the heat and work as well as mass of the working substances cross the boundary of the
system

(d) neither the heat and work nor the mass of the working substances cross the boundary of the
system.

An isolated system

(a) is a specified region where transfer of energy and/or mass take place

(b) is a region of constant mass and only energy is allowed to cross the boundaries

(c) cannot transfer either energy or mass to or from the surroundings

(d) is one in which mass within the system is not necessarily constant

(e) none of the above.

In an extensive property of a thermodynamic system

(a) extensive heat is transferred (b) extensive work is done

(c) extensive energy is utilised (d) all of the above

(e) none of the above.

Which of the following is an intensive property of a thermodynamic system ?

(a) Volume (b) Temperature

(c) Mass (d) Energy.
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Which of the following is the extensive property of a thermodynamic system ?

(a) Pressure (b) Volume

(¢) Temperature (d) Density.

When two bodies are in thermal equilibrium with a third body they are also in thermal equilibrium
with each other. This statement is called

(a) Zeroth law of thermodyamics (b) First law of thermodynamics
(¢) Second law of thermodynamics (d) Kelvin Planck’s law.

The temperature at which the volume of a gas becomes zero is called

(a) absolute scale of temperature (b) absolute zero temperature
(c) absolute temperature (d) none of the above.

The value of one bar (in SI units) is equal to

(a) 100 N/m? () 1000 N/m?

(¢) 1 x 10* N/m? (d) 1 x 10° N/m?

(e) 1 x 10° N/m?.
The absolute zero pressure will be
(@) when molecular momentum of the system becomes zero

(b) at sea level (c) at the temperature of — 273 K
(d) under vacuum conditions (e) at the centre of the earth.
Absolute zero temperature is taken as

(a) —273°C (b) 273°C

(c) 237°C (d) — 373°C.

Which of the following is correct ?

(a) Absolute pressure = gauge pressure + atmospheric pressure
(b) Gauge pressure = absolute pressure + atmospheric pressure
(¢) Atmospheric pressure = absolute pressure + gauge pressure
(d) Absolute pressure = gauge pressure — atmospheric pressure.
The unit of energy in SI units is

(a) Joule (J) (b) Joule metre (Jm)

(c) Watt (W) (d) Joule/metre (J/m).

One watt is equal to

(@) 1 Nm/s (b) 1 N/min

(c) 10 N/s (d) 100 Nm/s

(e) 100 Nm/m.

One joule (J) is equal to

(¢) 1 Nm (b) kNm

(c) 10 Nm/s (d) 10 kNm/s.

The amount of heat required to raise the temperature of 1 kg of water through 1°C is called
(a) specific heat at constant volume (b) specific heat at constant pressure

(c) kilo calorie (d) none of the above.

The heating and expanding of a gas is called

(a) thermodynamic system (b) thermodynamic cycle

(¢) thermodynamic process (d) thermodynamic law.

A series of operations, which take place in a certain order and restore the initial condition is known as
(a) reversible cycle (b) irreversible cycle

(¢) thermodynamic cycle (d) none of the above.

The condition for the reversibility of a cycle is

(a) the pressure and temperature of the working substance must not differ, appreciably, from those of
the surroundings at any stage in the process

(b) all the processes, taking place in the cycle of operation, must be extremely slow

(c) the working parts of the engine must be friction free

(d) there should be no loss of energy during the cycle of operation.

(e) all of the above () none of the above.
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In an irreversible process, there is a

(a) loss of heat (b) no loss of heat

(c) gain of heat (d) no gain of heat.

The main cause of the irreversibility is

(a) mechanical and fluid friction (b) unrestricted expansion

(c) heat transfer with a finite temperature difference

(d) all of the above (e) none of the above.

According to kinetic theory of heat

(a) temperature should rise during boiling (b) temperature should fall during freezing

(c) at low temperature all bodies are in solid state

(d) at absolute zero there is absolutely no vibration of molecules
(e) none of the above.

A system comprising a single phase is called a

(a) closed system (b) open system
(c) isolated system (d) homogeneous system
(e) heterogeneous system.

Answers
1. (@) 2. (c) 3. (o) 4. (e) 5. (b)
6. (b) 7. (a) 8. (b) 9. (d) 10. (a)
11. (a) 12. (a) 13. (@) 14. (a) 15. (a)
16. (¢) 17. () 18. (¢) 19. (e) 20. (a)
21. (d) 22. (d) 23. (d).

THEORETICAL QUESTIONS

Define a thermodynamic system. Differentiate between open system, closed system and an isolated
system.
How does a homogeneous system differ from a heterogeneous system ?
What do you mean by a pure substance ?
Explain the following terms :
(i) State, (i1) Process, and (ii1) Cycle.
Explain briefly zeroth law of thermodynamics.
What is a quasi-static process ?
What do you mean by ‘reversible work’ ?

UNSOLVED EXAMPLES

A cylindrical vessel of 60 cm diameter and 80 cm height contains 3.2 kg of a gas. The pressure measured
with manometer indicates 60 cm of Hg above atmosphere when barometer reads 760 mm of Hg. Find :
(i) the absolute pressure of the gas in the vessel in bar, and (ii) specific volume and density of gas.

[Ans. 1.81 bar ; 0.09 m%kg ; 11.11 kg/m?]
A force of 1600 N is applied uniformly on a piston of 8 cm diameter. Determine the pressure on the
piston. [Ans. 319 kN/m?]
An oil of specific gravity 0.8 is contained in a tube to a depth of 80 cm. Determine the gauge pressure
at this depth in kN/m?. [Ans. 6.275 kN/m?|
A vacuum recorded in the condenser of a steam power plant is 745 mm of Hg. Find the absolute
pressure in the condenser in Pa. The barometer reading is 760 mm of Hg. [Ans. 2262 Pa]
The pressure of gas in a pipe line is measured with a mercury manometer having one limb open to the
atmosphere. If the difference in the height of mercury in the two limbs is 562 mm, calculate the gas
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pressure. The barometer reads 761 mm Hg, the acceleration due to gravity is 9.79 m/s?, and the density
of mercury is 13,640 kg/m?. [Ans. 1.77 bar]
A turbine is supplied with steam at a gauge pressure of 1.4 MPa. After expansion in the turbine the
steam flows into a condenser which is maintained at a vacuum of 710 mm Hg. The barometric pressure
is 772 mm Hg. Express the inlet and exhaust steam pressures in pascals (absolute). Take the density
of mercury as 13600 kg/m?. [Ans. 1.503 MPa ; 8.27 kPa]
Gas from a bottle of compressed helium is used to inflate an inelastic flexible balloon, originally folded
completely flat to a volume of 0.5 m3. If the barometer reads 760 mm Hg, what is the amount of work
done upon the atmosphere by the balloon ? [Ans. 50.66 kJ]
A rubber balloon (flexible) is to be filled with hydrogen from a storage cylinder which contains hydrogen
at 5 bar pressure until it has a volume of 1 m3. The atmospheric pressure may be taken as 1.013 x 10° N/m2.
Determine the work done by the system comprising the hydrogen initially in the bottle.

[Ans. 101.3 kJ]
When the valve of the evacuated bottle is opened, atmospheric air rushes into it. If the atmospheric
pressure is 101.325 kPa, and 1.2 m3 of air (measured at atmospheric conditions) enters into the bottle,
calculate the work done by the air. [Ans. — 60.8 kJ]
A pump forces 1.2 m3/min of water horizontally from an open well to a closed tank where the pressure
is 0.9 MPa. Compute the work the pump must do upon the water in an hour just to force the water into

the tank against the pressure. [Ans. 15972 kJ]
14.5 litres of gas at 172 MN/m? is expanded at constant pressure until its volume becomes 130.5 litres.
Determine the work done by the gas. [Ans. 199.5 kJ]

1 kg of a fluid is compressed reversibly according to a law pv = 0.25 where p is in bar and v is in m3/kg.
The final volume is 1/4 of the initial volume. Calculate the work done on the fluid and sketch the
process on a p-v diagram. [Ans. 34660 Nm]
A gas having a volume of 0.05 m? and pressure of 6.9 bar expands reversibly in a cylinder behind a
piston according to law pv!? = constant until the volume is 0.08 m3. Calculate the work done by the
gas. Also sketch the process on a p-v diagram. [Ans. 15300 Nm]
A certain fluid at 10 bar is contained in a cylinder behind a piston, the initial volume being 0.05 m?.
Calculate the work done by the fluid when it expands reversibly, (@) At constant pressure to final
volume of 0.2 m3 ; (b) According to linear law to final volume of 0.2 m? and a final pressure of 2 bar ;
(¢) According to a law pv = constant to a final volume of 0.1 m? ; (d) According to law pv?3 = constant to
a final volume of 0.06 m3. Sketch all processes on p-v diagram.
[Ans. (@) 150000 ; (b) 90000 ; (c) 34700 ; (d) 7640 Nm]
A fluid undergoes the following processes :
(i) Heated reversibly at a constant pressure of 1.05 bar until it has a specific volume of 0.1 m%kg.
(i1) It is then compressed reversibly according to a law pv = constant to a pressure of 4.2 bar.
(zii) It is then allowed to expand reversibly according to a law pv'? = constant.
(iv) Finally it is heated at constant volume back to initial conditions.
The work done in the constant pressure process is 515 Nm and the mass of fluid present is 0.2 kg.
Calculate the net work done on or by the fluid in the cycle and sketch the cycle on a p-v diagram.
[Ans. — 422 Nm]
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2.1. Internal energy. 2.2. Law of conservation of energy. 2.3. First law of thermodynamics. 2.4. Application of first law
to a process. 2.5. Energy—a property of system. 2.6. Perpetual motion machine of the first kihndk—PMM1. 2.7. Energy
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flow or closed system. 2.10. Application of first law to steady flow process. 2.11. Energy relations for flow process.
2.12. Engineering applications of steady flow energy equation (S.F.E.E.)—Water turbine—Steam or Gas turbine—
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2.1. INTERNAL ENERGY

It is the heat energy stored in a gas. If a certain amount of heat is supplied to a gas the
result is that temperature of gas may increase or volume of gas may increase thereby doing some
external work or both temperature and volume may increase ; but it will be decided by the conditions
under which the gas is supplied heat. If during heating of the gas the temperature increases its
internal energy will also increase.

Joule’s law of internal energy states that internal energy of a perfect gas is a function of
temperature only. In other words, internal energy of a gas is dependent on the temperature change
only and is not affected by the change in pressure and volume.

We do not know how to find the absolute quantity of internal energy in any substance ;
however, what is needed in engineering is the change of internal energy (AU).

2.2. LAW OF CONSERVATION OF ENERGY

In the early part of nineteenth century the scientists developed the concept of energy and
hypothesis that it can be neither created nor destroyed ; this came to be known as the law of the
conservation of energy. The first law of thermodynamics is merely one statement of this general
law/principle with particular reference to heat energy and mechanical energy i.e. work.

2.3. FIRST LAW OF THERMODYNAMICS

It is observed that when a system is made to undergo a complete cycle then network is done
on or by the system. Consider a cycle in which network is done by the system. Since energy cannot
be created, this mechanical energy must have been supplied from some source of energy. Now the
system has been returned to its initial state : Therefore, its intrinsic energy is unchanged, and

46
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hence the mechanical energy has not been provided by the system itself. The only other energy
involved in the cycle is the heat which was supplied and rejected in various processes. Hence, by
the law of conservation of energy, the network done by the system is equal to the net heat supplied
to the system. The First Law of Thermodynamics can, therefore, be stated as follows :

“When a system undergoes a thermodynamic cycle then the net heat supplied to
the system from the surroundings is equal to network done by the system on its
surroundings.

or § d@=§aw

where fﬁ represents the sum for a complete cycle.

The first law of Thermodynamics cannot be proved analytically, but experimental evidence
has repeatedly confirmed its validity, and since no phenomenon has been shown to contradict it,
the first law is accepted as a law of nature. It may be remarked that no restriction was imposed
which limited the application of first law to reversible energy transformation. Hence the first law
applies to reversible as well as irreversible transformations : For a non-cyclic process, a more
general formulation of first law of thermodynamics is required. A new concept which involves a
term called internal energy fulfils this need.

— The First Law of Thermodynamics may also be stated as follows :

“Heat and work are mutually convertible but since energy can neither be created
nor destroyed, the total energy associated with an energy conversion remains constant”.

Or

— “No machine can produce energy without corresponding expenditure of energy,
i.e., it is impossible to construct a perpetual motion machine of first kind”.

Fig. 2.1 shows the experiment for checking first law of thermodynamics.

Pulle:
Thermometer yj
\Q (@]

Q J Weight
Insulated

container\ﬂ/

<_

Fig. 2.1. Heat and work.

The work input to the paddle wheel is measured by the fall of weight, while the corresponding
temperature rise of liquid in the insulated container is measured by the thermometer. It is already
known to us from experiments on heat transfer that temperature rise can also be produced by heat
transfer. The experiments show : (1) A definite quantity of work is always required to accomplish
the same temperature rise obtained with a unit amount of heat. (ii) Regardless of whether the
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temperature of liquid is raised by work transfer or heat transfer, the liquid can be returned by heat
transfer in opposite direction to the identical state from which it started. The above results lead to
the inference that work and heat are different forms of something more general, which is called
energy.

— It can be stated as an invariable experience that whenever a physical system passes

through a complete cycle the algebraic sum of the work transfers during the cycle ff dw

bears a definite ratio to the algebraic sum of the heat transfers during the cycle, § dQ.

This may be expressed by the equation,

§ dW = in; dQ (2.1)

where o/ is the proportionality constant and is known as Mechanical Equivalent of heat.
In S.I. units its value is unity, i.e., 1 Nm/J.

2.4. APPLICATION OF FIRST LAW TO A PROCESS

When a process is executed by a system, the change in stored energy of the system is
numerically equal to the net heat interactions minus the network interaction during the process.

E,~E,=Q-W
AE=Q-W [or @=AE + W]
2
or [ aQ-w=sE=E,-F, (2.2)

where E represents the total internal energy.

If the electric, magnetic and chemical energies are absent and changes in potential and
kinetic energy for a closed system are neglected, the above equation can be written as

2
[ aQ-w=av=u,-v, (2.3)

Q -W=AU=U,-U, ..(2.4)

Generally, when heat is added to a system its temperature rises and external work is
performed due to increase in volume of the system. The rise in temperature is an indication of
increase of internal energy.

Heat added to the system will be considered as positive and the heat removed or rejected,
from the system, as negative.

2.5. ENERGY—A PROPERTY OF SYSTEM

Consider a system which changes its state from state 1 to state 2 by following the path L,
and returns from state 2 to state 1 by following the path M (Fig. 2.2). So the system undergoes a
cycle. Writing the first law for path L

QL=AE + W, ..(2.5)
and for path M
Qu=AE, +W, ...(2.6)
The processes L and M together constitute a cycle, for which

5{>dW=§dQ
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W, + W, =Q, +Qy

or QL-W, =W, -Q, ...(2.7)
From equations (2.5), (2.6) and (2.7), it yields
AE, =-AE, ...(2.8)
PpA
2
L
N
1
v

Fig. 2.2. Energy—a property of system.

Similarly, had the system returned from state 2 to state 1 by following the path N instead of
path M

AE, =-—AEy ...(2.9)
From equations (2.8) and (2.9),
AE, =AE), ...(2.10)

Thus, it is seen that the change in energy between two states of a system is the same, whatever
path the system may follow in undergoing that change of state. If some arbitrary value of energy is
assigned to state 2, the value of energy at state 1 is fixed independent of the path the system
follows. Therefore, energy has a definite value for every state of the system. Hence, it is a point
function and a property of the system.

2.6. PERPETUAL MOTION MACHINE OF THE FIRST KIND—PMM 1

— The first law of thermodynamics states the general principle of the conservation of energy.
Energy is neither created nor destroyed, but only gets transformed from one form to
another. There can be no machine which would continuously supply mechanical work
without some form of energy disappearing simultaneously (Fig. 2.3). Such a fictitious
machine is called a perpetual motion machine of the first kind, or in brief, PMM 1. A PMM 1
is thus impossible.

Q

- — — -

i
1
v

Engine —»W Engine —»W

Fig. 2.3. APPM 1. Fig. 2.4. The converse of PMM 1.
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— The converse of the above statement is also true, i.e., there can be no machine which
would continuously consume work without some other form of energy appearing
simultaneously (Fig. 2.4).

2.7. ENERGY OF AN ISOLATED SYSTEM

An isolated system is one in which there is no interaction of the system with the surroundings.
For an isolated system,

dQ =0,dW=0
The first law of thermodynamics gives
dE =0
or E = constant

The energy of an isolated system is always constant.
2.8. THE PERFECT GAS

2.8.1. The Characteristic Equation of State

— At temperatures that are considerably in excess of critical temperature of a fluid, and
also at very low pressure, the vapour of fluid tends to obey the equation

% = constant = R

In practice, no gas obeys this law rigidly, but many gases tend towards it.

An imaginary ideal gas which obeys this law is called a perfect gas, and the equation % =R,

is called the characteristic equation of a state of a perfect gas. The constant R is called the gas
constant. Each perfect gas has a different gas constant.

Units of R are Nm/kg K or kd/kg K.
Usually, the characteristic equation is written as

pv=RT ..(2.11)

or for m kg, occupying V m?
pV =mRT ...(2.12)
— The characteristic equation in another form, can be derived by using kilogram-mole as a

unit.

The kilogram-mole is defined as a quantity of a gas equivalent to M kg of the gas, where M
is the molecular weight of the gas (e.g., since the molecular weight of oxygen is 32, then 1 kg mole
of oxygen is equivalent to 32 kg of oxygen).

As per definition of the kilogram-mole, for m kg of a gas, we have
m =nM ...(2.13)
where n = number of moles.
Note. Since the standard of mass is the kg, kilogram-mole will be written simply as mole.
Substituting for m from eqn. (2.13) in eqn. (2.12) gives

pV =nMRT
_pV
or MR = T

According to Avogadro’s hypothesis the volume of 1 mole of any gas is the same as the volume
of 1 mole of any other gas, when the gases are at the same temperature and pressure. Therefore,
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V. is the same for all gases at the same value of p and 7. That is the quantity i—; is a constant for
n

all gases. This constant is called universal gas constant, and is given the symbol, R,,.

; _R - PV
Le., MR =R, = T
or pV=nR,T ..(2.14)
Since MR = R, then
R,
=3 ...(2.15)

It has been found experimentally that the volume of 1 mole of any prefect gas at 1 bar and
0°C is approximately 22.71 m3.

Therefore from eqn. (2.14),

R - PV _1x10°x22.71
0" WT T 1x273.15
= 8314.3 Nm/mole K

Using Eqn. (2.15), the gas constant for any gas can be found when the molecular weight is
known.

Example. For oxygen which has a molecular weight of 32, the gas constant

R, 8314
= ﬁ = 3—2 =259.8 Nm/kg K.

2.8.2. Specific Heats

— The specific heat of a solid or liquid is usually defined as the heat required to raise unit
mass through one degree temperature rise.

— For small quantities, we have
dQ = medT
where m = mass
¢ = specific heat
dT = temperature rise.

For a gas there are an infinite number of ways in which heat may be added between any two
temperatures, and hence a gas could have an infinite number of specific heats. However, only two
specific heats for gases are defined.

Specific heat at constant volume, c,

and Specific heat at constant pressure, c,-
We have
dQ =m ¢, dT For a reversible non-flow process at constant pressure ...(2.16)
and dQ =mc, dT For areversible non-flow process at constant volume ...(2.17)

The values of ¢, and ¢, for a perfect gas, are constant for any one gas at all pressures and
temperatures. Hence, integrating eqns. (2.16) and (2.17), we have

Flow of heat in a reversible constant pressure process

=mc, (Ty-T)) ...(2.18)
Flow of heat in a reversible constant volume process
=mc, (T,—T)) ...(2.19)

In case of real gases, c, and ¢, vary with temperature, but a suitable average value may be
used for most practical purposes.
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2.8.3. Joule’s Law
Joule’s law states as follows :
“The internal energy of a perfect gas is a function of the absolute temperature only.”

ie., u=f(T)
To evaluate this function let 1 kg of a perfect gas be heated at constant volume.
According to non-flow energy equation,
d@ =du + dW
dW = 0, since volume remains constant
. dQ =du
At constant volume for a perfect gas, from eqn. (2.17), for 1 kg
dQ =c dT
. d@ =du =cdT
and integrating u=c, T + K, K being constant.

According to Joule’s law u = AT), which means that internal energy varies linearly with

absolute temperature. Internal energy can be made zero at any arbitrary reference temperature.
For a perfect gas it can be assumed that « = 0 when T = 0, hence constant K is zero.

ie.,
or

Internal energy, u = ¢, T for a perfect gas ...(2.20)

For mass m, of a prefect gas

Internal energy, U=mec, T ..(2.21)

For a perfect gas, in any process between states 1 and 2, we have from eqn. (2.21)

Gain in internal energy, ...(2.22)
Uy-U,=mc, (T,-T,)

Eqn. (2.22) gives the gains of internal energy for a perfect gas between two states for any

process, reversible or irreversible.

2.8.4. Relationship between Two Specific Heats
Consider a perfect gas being heated at constant pressure from 7' to T,
According to non-flow equation,
Q=U,-Up+W
Also for a perfect gas,
Uy,-U,=mc, (Ty-T))
Q=mc, (Ty,-T)+W
In a constant pressure process, the work done by the fluid,
W=pV,-V))
s p )V =mRT
=mR(T,-T,) PoVo = mRT,
Py = Py = p in this case
On substituting
Q=mc,(T,—T)) + mR (Ty—T,) =mlc, +R) (T, —T),)
But for a constant pressure process,
Q= me, (Ty,-T)
By equating the two expressions, we have
m(c, + R)Ty—T)) = mc,(Ty - T))
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- c,+R = ¢,
or c,—c¢,= R ...(2.23)
Dividing both sides by c,, we get
c
P _ 1= R
CU cl)
c,= E_ 12,23 (@)]
y-1

where y = cp/cv
Similarly, dividing both sides by ¢, we get
_ R
c,= = ..[2.23 (b)]
= E . C, = R C.= YR
voJg0 Jiy -1 (y=-1J

In SI units the value of oJ is unity.

In M.K.S. units: ¢, —¢

2.8.5. Enthalpy

— One of the fundamental quantities which occur invariably in thermodynamics is the
sum of internal energy (u) and pressure volume product (pv). This sum is called
Enthalpy (h).
ie., h=u+pv ...(2.24)

— The enthalpy of a fluid is the property of the fluid, since it consists of the sum of a
property and the product of the two properties. Since enthalpy is a property like internal
energy, pressure, specific volume and temperature, it can be introduced into any problem
whether the process is a flow or a non-flow process.

The total enthalpy of mass, m, of a fluid can be

H=U + pV, where H = mh.
For a perfect gas,
Referring eqn. (2.24),

h=u+pv
=c,T+RT [+ pv=RT]
=(c, +R)T
= cpT [ c,=c,+ R]
Le., h = cpT
and H= mcpT.

(Note that, since it has been assumed that u =0 at T=0, then 2 =0 at T = 0).

2.8.6. Ratio of Specific Heats

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

. c

ie., v= -2 ..(2.25)
cU

Since ¢ L, =Cp F R, it is clear that ¢ , must be greater than c, for any perfect gas. It follows,

c
therefore, that the ratio, £ =y is always greater than unity.
[
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In general, the approximate values of y are as follows :
For monoatomic gases such as argon, helium = 1.6.
For diatomic gases such as carbon monoxide, hydrogen, nitrogen and oxygen = 1.4.
For triatomic gases such as carbon dioxide and sulphur dioxide = 1.3.
For some hydro-carbons the value of y is quite low.
[e.g., for ethane y = 1.22, and for isobutane y = 1.11]

2.9. APPLICATION OF FIRST LAW OF THERMODYNAMICS TO A NON-FLOW OR
CLOSED SYSTEM

(1) Reversible Constant Volume Process (v = constant)—Isochoric process

In a constant volume process the working substance is contained in a rigid vessel, hence the
boundaries of the system are immovable and no work can be done on or by the system, other than
paddle-wheel work input. It will be assumed that ‘constant volume’ implies zero work unless stated
otherwise.

Fig. 2.5 shows the system and states before and after the heat addition at constant volume.

pA

2
Eixed Constant
piston volume

process
1
Vi=V, v
(b)

Fig. 2.5. Reversible constant volume process.

Considering mass of the working substance as unity and applying first law of thermodynamics
to the process

Q=wy—u)+W ...(2.26)
2
The work done W= L pdv=0asdv =0.
Q=wy—uy)=c(Ty-T)) ...[2.27 ()]

where ¢, = specific heat at constant volume.
For mass, m, of working substance
Q=U,-U, =mc,(T,-T)) ..[2.27 (b)]
[+ mu=Ul
(2) Reversible Constant Pressure Process (p = constant)—Isobaric process
It can be seen from Fig. 2.5 (b) that when the boundary of the system is inflexible as in a
constant volume process, then the pressure rises when heat is supplied. Hence for a constant pressure
process, the boundary must move against an external resistance as heat is supplied ; for instance a
gas [Fig. 2.6 (a)] in a cylinder behind a piston can be made to undergo a constant pressure process.
Since the piston is pushed through a certain distance by the force exerted by the gas, then the work
is done by the gas on its surroundings.
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Fig. 2.6 shows the system and states before and after the heat addition at constant pressure.

Considering unit mass of working substance and applying first law of thermodynamics to
the process

Q=wy—u)+W

~T N Final
’
| _ L WS _‘_(/_ position paA

»
»

Constant pressure
___________ / process
Movable
W\ /_ piston 1 2

4 ! i
g Initial i i
] position ! P(vy = Vy) !
: ! !
1 H 1
v
—» V4 (Vo = vy) —»
V|
(a) (b)
Fig. 2.6. Reversible constant pressure process.
2
The work done, W= J.1 pdv =p(v, —v,)
Q = (uy—uy) + plvy —vy) = uy —u, + pvy —pv;
= (ugy + pvy) — (uy + pvy) = hy—h, [ h=u+pv]
or Q=hy—hy=c,(Ty-T)) ...(2.28)
where & = enthalpy (specific)
c,= specific heat at constant pressure.
For mass, m, of working substance
Q=H2—H1=mcp (T,-T,) ...[2.28 (a)]

[+ mh=H]
(3) Reversible Temperature or Isothermal Process (pv = constant, 7' = constant)

A process at a constant temperature is called an isothermal process. When a working substance
in a cylinder behind a piston expands from a high pressure to a low pressure there is a tendency for
the temperature to fall. In an isothermal expansion heat must be added continuously in order to
keep the temperature at the initial value. Similarly in an isothermal compression heat must be
removed from the working substance continuously during the process.

Fig. 2.7 shows the system and the states before and after the heat addition at constant
temperature.

Considering unit mass of working substance and applying first law to the process
Q=W,—u)+W
=c,(Ty-T)+W
=0+W [ T,=Tl

2
The work done, W= L pdv
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paA
1
Pyp---
Constant temperature
process (p.v. = constant)
Po-== 1A= =~ =~ A A 2
)
Heat source i
v, V,

<V

(a) (b)

Fig. 2.7. Reversible isothermal process.

In this case pv = constant or p = ¢ (where C = constant)
v

v dv % v
N oY — Z2
W= J' c<=cC {logev} = Clog, !
Uy
The constant C can either be written as p v, or as p,v,, since

D1V = PyU, = constant, C

i.e., W =p,v, log, %2 per unit mass of working substance
U
or W = p,v, log, L2 per unit mass of working substance
U1
Q=W=pw,log, 22 ..(2.29)
U
For mass, m, of the working substance
V.
Q=p,V,log, -2 ...[2.29 ()]
Vi
or Q=p,V,log, 2L Y p ..12.29 (B)]
Dy Vi by

(4) Reversible Adiabatic Process (pv' = constant)

An adiabatic process is one in which no heat is transferred to or from the fluid during the
process. Such a process can be reversible or irreversible. The reversible adiabatic non-flow process
will be considered in this section.

Considering unit mass of working substance and applying first law to the process
Q=wy—u)+W
O=@wy—u)+W
or W = (u, — u,) for any adiabatic process ...(2.30)

Eqn. (2.30) is true for an adiabatic process whether the process is reversible or not. In an
adiabatic expansion, the work done W by the fluid is at the expense of a reduction in the internal
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energy of the fluid. Similarly in an adiabatic compression process all the work done on the fluid
goes to increase the internal energy of the fluid.

For an adiabatic process to take place, perfect thermal insulation for the system must be
available.

To derive the law pv' = constant :

To obtain a law relating p and v for a reversible adiabatic process let us consider the non-
flow energy equation in differential form,

dQ =du + dW
For a reversible process

dW = pdv
. d@Q =du +pdv=0
(Since for an adiabatic process @ = 0)
Also for a perfect gas

pv=RT or p= %
Hence substituting,
du + RT;dv =0
Also u=cT or du=cdT
cars BT
Dividing both sides by T, we get
CU d_T + Rdv =0
v
Integrating
c,log, T + R log, v = constant
Substituting 7" = %
c, log, % + R log, v = constant
Dividing throughout both sides by c,
log, pu, R log, v = constant
R v
. R R
Again c,=———— or — =y-1
g I c, Y
Hence substituting
pu
log, Rt (y—1) log, v = constant

log, % +log, v¥~1 = constant

y-1
log, PXYU = constant
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¥
ie., log, % = constant
¥
ie., PU_ — peonstant — constant
R
or pvY = constant ...(2.31)

Expression for work W :
A reversible adiabatic process for a perfect gas is shown on a p-v diagram in Fig. 2.8 ().

paA
/j i
Insulated p.v' = constant
system
Piston
Paf---- 2
vy \ T/

(a) (b)
Fig. 2.8. Reversible adiabatic process.

The work done is given by the shaded area, and this area can be evaluated by integration.

U2
Le., W= J. pdv
U
Therefore, since pvY = constant, C, then
U.
ooyt =
vy oY UY
v. —y+1 |2
ie., W=cj2@=c U
Yy oY -y+1
U
(Uz—y+1 _ Ul—y +1) (Ul—y+1 _ vz—y +1)

aiel s e e s

The constant in this equation can be written as p,v,¥ or asp,v,’. Hence,

-y+1

W = p'o "t ' Pavy 'y _ P1U1 ~ Pols
y-1 y-1
i.e., W= % .(2.32)
or w=BL-T) .(2.33)

y-1
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Relationship between T and v, and T and p :

By using equation pv = RT, the relationship between T and v, and T and p, may by derived
as follows :

ie., pv =RT
_ RT
v
Putting this value in the equation pv” = constant
RT

W - vY = constant
ie., TvY~1! = constant ...(2.34)

Alsov = % ; hence substituting in equation pvY = constant
Y
p (ﬂj = constant
p

Y
T_l = constant

"
or 7;_1 = constant ...(2.35)
(p)
Therefore, for a reversible adiabatic process for a perfect gas between states 1 and 2, we can
write :

From eqn. (2.31),

¥
plle =pzv2Y or & — (v_lj (236)
b1 \Ug
From eqn. (2.34),
T. v vt
T v y-1 - v y-1 or —22 [—1) .--(2.37)
Y1 2V T, \v,
From eqn. (2.35),
y-1
L _ 5 . L_(p) ..(2.38)
y-1 v-1 T )2

(pl) Y (pz) !
From eqn. (2.30), the work done in an adiabatic process per kg of gas is given by W =
(v — u,). The gain in internal energy of a perfect gas is given by equation :

uy—u, =c, (Ty-T,) (for 1 kg)
- W=c, (T,-T,
Also, we know that
CcC = i
v ,Y _ 1
Hence substituting, we get
W R, -T,)
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Using equation, pv =RT
W= P11~ Pabs
y-1
This is the same expression obtained before as eqn. (2.32).
(5) Polytropic Reversible Process (pv" = constant)

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

We know that for any reversible process,

W= j pdv
For a process in pv" = constant, we have
p= %, where C is a constant
v
v -n+1 (. -n+1_ -n+l)
W=cC I : d—,'l’ _c|Y _coj%___"u
vyov -n+1 L -n+1 J
( -n+1 _ —n+1\ n, -n+l _ n, —n+l
. _ U Y2 _Pi1 Y Dals U
ie., wW=C L J =
n-1 n-1
(since the constant C, can be written as p,v," or as p,v,")
ie., Work done, W= 2L-F22 (2.39)
T, -T.
or W= % ...(2.40)

Eqn. (2.39) is true for any working substance undergoing a reversible polytropic process. It
follows also that for any polytropic process, we can write

n
U
L [—1] (2.41)
b Uy

The following relations can be derived (following the same procedure as was done under
reversible adiabatic process)

n-1
T _ [ﬂ] ..(2.42)
7 Uy

n-1
I _ (&j n ..(2.43)
T Dy

Heat transfer during polytropic process (for perfect gas pv = RT) :
Using non-flow energy equation, the heat flow/transfer during the process can be found,
ie., Q=wy—u)+W
R(T, -Ty)
=c,(Ty—-T)) + e

_R@-Ty)

ie., Q= o1 ¢, Ty —Ty)
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Also c, = _R
(y-1

On substituting,

_ R R
Q=L (T,-T)- 75 (T~ T
; - _ 1 1
ie., Q=R(T,-T,) (n—l y—l)
_RTG-T)-1-n+1) RO -THW-n)
- y-Dn-1) y-D®r-1
Q- (y —n) R(Ty - T,)
y-1) (-1
or Q—[Y_JW [ W= D } ...(2.44)

In a polytropic process, the index n depends only on the heat and work quantities during the
process. The various processes considered earlier are special cases of polytropic process for a perfect
gas. For example,

When n=0 pv° = constant i.e., p = constant
When n = pv*= = constant
or p1/°° v = constant, i.e., v = constant
When n=1 pv = constant, i.e., T = constant
[since (pv)/T = constant for a perfect gas]
When n =y pvY = constant, i.e., reversible adiabatic

This is illustrated on a p-v diagram in Fig. 2.9.
(i) State 1 to state A is constant pressure cooling (n = 0).
(i) State 1 to state B is isothermal compression (n = 1).

PA
C D
B on o
o\\) \
F N
AN ON1 =0 &
A 4 5
> N
N\
n=o - B’
D'e c

<V

Fig. 2.9. Polytropic process.
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(it17) State 1 to state C is reversible adiabatic compression (n =v).

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

Similarly,

(i) State 1 to state A’ is constant pressure heating (n = 0).

(i) State 1 to state B’ is isothermal expansion (n = 1).

(i17) State 1 to state C’ is reversible adiabatic expansion (n =Y).

(iv) State 1 to state D’ is constant volume cooling (n = o<).

It may be noted that, since y is always greater then unity, then process 1 to C must lie
between processes 1 to B and 1 to D ; similarly, process 1 to C’ must lie between processes 1 to B’
and 1to D"

(6) Free Expansion

Consider two vessels 1 and 2 interconnected by a short pipe with a valve A, and perfectly
thermally insulated (Fig. 2.10). Initially let the vessel 1 be filled with a fluid at a certain pressure,
and let 2 be completely evacuated. When the valve A is opened the fluid in 1 will expand rapidly to
fill both vessels 1 and 2. The pressure finally will be lower than the initial pressure in vessel 1.
This is known as free or unresisted expansion. The process is highly irreversible ; since the fluid is
eddying continuously during the process. Now applying first law of thermodynamics (or non-flow
energy equation) between the initial and final states,

Q=Wy,—u)+W

/— Valve

Vessel Vessel
1 2

Fig. 2.10. Free expansion.

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

Le., ug—u; =0 or Uy =Uy
In a free expansion, therefore, the internal energy initially equals the initial energy finally.
For a perfect gas,
u=c,T
For a free expansion o