BASIC THERMODYNAMICS 17ME33

Subject Title BASIC THERMODYNAMICS
Subject Code 17ME33 CIA Marks 40
No of Lecture Hrs + Practical Hrs/ Week 14 SEE Marks 60
Total No of Lecture + Practical Hrs 50 Exam Hours 03
CREDITS - 04
COURSE OBJECTIVES
1. Learn about thermodynamic systems and boundaries
2.Study the basic laws of thermodynamics including, conservation onservation of
energy or first law , second law and Zeroth law.
3.Understand various forms of energy including heat transfer %
4.1dentify various types of properties (e.g., extensive anddnten properties)

5. Use tables, equations, and charts, in evaluation of the namic properties

6. Apply conservation of mass, first law, in thermodynamic analysis of
systems (e.g., turbines, pumps, compress ; gers, etc.)

7.Enhance their problem solving skill

Module -1
Fundamental C ts & Definitions
Thermodynamics.defifiition afig scope, Microscopicand Macroscopic approaches. Some practical

pr ies. Thermodynamic state, state point, state diagram, path and process, quasi-
ocess, cyclic and non-cyclic ;processes; Thermodynamic equilibrium; definition,
mechanical equilibrium; diathermic wall, thermal equilibrium, chemical equilibrium, Zeroth law
of thermodynamics, Temperature; concepts, scales, fixed points and measurements.

Work and Heat

Mechanics, definition of work and its limitations. Thermodynamicdefinition of work; examples,

sign convention. Displacement work; as a part of a system boundary, as a whole of a system
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work; Electrical work.Other types of work.Heat; definition, units and sign convention.
10 Hours

Module -2
First Law of Thermodynamics

Joules experiments, equivalence of heat and work.Statement of the First law of thermodynamics,

extension of the First law to non - cyclic processes, energy, energy as a pro odes of
energy, pure substance; definition, two-property rule, Specific heat at constant volu
specific heat at constant pressure. Extension of the First law to ¢ me; steady state-

steady flow energy equation, important applications, analysis of unsteady“proce such as film
and evacuation of vessels with and without heat transfer.

N9

converting work to heat in a ther e; reversed heat engine, schematic

Second Law of Thermodynamics
Devices converting heat to work; (a) in a ther,

Thermal reservoir. Direct heat engine;

Equivalence of the two stat
process irreversible, reversible he
10 Hours
Module -3 ®

Entropy

ineguali ement, proof, application to a reversible cycle. Entropy; definition, a
change of entropy, principle of increase in entropy, entropy as a quantitative test for
irreversibility, calculation of entropy using Tds relations, entropy as a coordinate. Available and
unavailable energy.

Pure Substances

P-T and P-V diagrams, triple point and critical points.Subcooled liquid,saturated liquid, mixture
of saturated liquid and vapour, saturated vapour and superheated vapour states of pure substance

with water as example. Enthalpy of change of phase (Latent heat).Dryness fraction (quality), T-S
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and H-S diagrams, representation of various processes on these diagrams.Steam tables and its
use.Throttling calorimeter, separating and throttling calorimeter.

10 Hours
Module -4
Thermodynamic relations
Ideal

Helmholtz and Gibbs functions, Maxwell relation, ClausiusClayperon's ation.

10Hours

Module -5

Ideal gas mixture

Ideal gas mixture; Dalton's laws of partial p Amagat's law ofadditive volumes,

evaluation of properties, Analysis of various pro al Gases: Introduction. Vander Waal's
Equation of state, Van-der Waal's con critical properties, Law of corresponding
states, compressiblity factor; co , RedllichKwong equation, Beattie-bridgeman
equation.

10 Hours

Data Handboo
1. Thermodynamic

2. Properties d %
D . Raroiya\B

TE OOKS:

1. Thermodynamics, An Engineering Approach, YunusA.Cenegal and Michael
A.Boles, Tata McGraw Hill publications, 2002

2. Basic and Applied Thermodynamics, P.K.Nag, 2nd Ed., Tata McGraw Hill Pub.

hand‘ook, B.T. Nijaguna.
eranb & Psychometric(tables & Charts in SI Units), Dr.S.S. Banwait,
Pub. Pvt. Ltd., Delhi, 2008
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REFERENCE BOOKS:
1. Engineering Thermodynamics, J.B.Jones and G.A.Hawkins, John Wiley and Sons..
2. Fundamentals of Classical Thermodynamics, G.J.VanWylen and R.E.Sonntag,
Wiley Eastern.
3. An Introduction to Thermodynamics, Y.V.C.Rao, Wiley Eastern, 1993,
4. B.K Venkanna, Swati B. Wadavadagi “Basic Thermodynamics, PHI,New i, 2010

COURSE OUTCOMES:

1. Students will be able to acquire the fundamentals of thermodyna

energy interactions, various temperature scales and its measure

2. Students will be able to analyze and apply the laws of therm
physical problems

3. Students will be able to interpret the behavioref pur ts
applications to practical problems

4. Students will be equipped with the various the W mic relations and its
applications to ideal gas mixtures
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Sl.no CONTENTS PAGE NO.
1. Fundamentals Concepts and Definitions 06-15
Work and Heat 16-30
2. First Law of Thermodynamics 3148
Second Law of Thermodynamics 49-
3. Entropy -3

Pure Substances -82

4. Thermodynamic Relations 83-94
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MODULE -1
FUNDAMENTAL CONCEPTS & DEFINITIONS

Thermodynamics involves the storage, transformation, and transfer of energy. Energy is stored
as internal energy (due to temperature), kinetic energy (due to motion), potential energy (due to
elevation), and chemical energy (due to chemical composition); it is transformed from one of
these forms to another; and it is transferred across a boundary as either heat afwork. We will
present equations that relate the transformations and transfers of energy to propertieSisuch as
temperature, pressure, and density. The properties of materials thus become very important.
Many equations will be based on experimental observations that“have feen presented as
mathematical statements, or laws: primarily the first and second lawg 0f thermodynamics.

The mechanical engineers objective in studying thermodynamiessis most aften the analysis of a
rather complicated device, such as an air conditioner, an engimegor a power plant. As the fluid
flows through such a device, it is assumed to beja continuum which there are measurable
quantities such as pressure, temperature, and velo€my. This _book, then, will be restricted to
macroscopic or engineering thermodynamigs, Ifythe Behavior of individual molecules is

important, statistical thermodynamics must be constlted.

Macraseepic Vs Mieroscopic Viewpoint

There are two points of viewskom wihichithetbehavior of matter can be studied: the macroscopic
and the microscopic. In the mactescopiC approach, a certain quantity of matter is considered,
without the eventsgeccurring at€the molecular level being taken into account. From the
microscopic point ofWwiew, ®hatter is composed of myriads of molecules. If it is a gas, each
molecule at agiven instant has a certain position, Velocity and energy, and for each molecule
thesepchange verypfrequently as a result of collisions. The behavior of the gas is described by
stmming up the behavior of each molecule. Such a study is made in microscopic or statistical
thermagdynamics. Macroscopic thermodynamics is only concerned with the effects of the action
of many molecules, and these effects can be perceived by human senses. For example, the
macroscopic quantity, Pressure, is the average rate of change of momentum due to all the
molecular collisions made on a unit area. The effects of pressure can be felt. The macroscopic
point of view is not concerned with the action of individual molecules, and the force on a given

unit area can be measured by using, e.g., Pressure gauge.
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System:
We need to fix our focus of attention in order to understand heat and work interaction.

The body or assemblage or the space on which our attention is focused is called system. The
system may be having real or imaginary boundaries across which the interaction occurs. The
boundary may be rigid and sometimes take different shapes at different times. If the system has
imaginary boundary then we must properly formulate the idea of system in our mind.

Surroundings:

Everything else apart from system constitutes surroundings. Theyidea of surroundings gets

formulated the moment we define system. System and surroundings to what’is known

as universe.

WIroundings
° g Boundary

/

The system.

oundaryh]h which mass or material cannot be transferred, but only

energy can be tran dis @Iled closed system. In an actual system, there may not be energy

transfer. Wha i r the system to be closed is the inability of the boundary to transfer
m nl
©) tem:

If the System has a boundary through which both energy and mass can transfer, then it is called

open system.
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Isolated System

An isolated system is that system which exchang atter with any other

system or with environment.

Properties:
Variables such as pressure, temperatur lum ass are properties. A system will have a
single set of all these values.

Intensive properties:

The properties are independent Of amount contained in the system are called extensive

properties. For e le, take temperature. We can have a substance with varying amount but

still same tempera ensiff is another example of intensive property because density of water

ch is the water. Other intensive properties are pressure, Viscosity,

ies that depend upon amount contained in the system are called extensive properties.

Mass depends upon how much substance a system has in it therefore mass is an extensive

property.
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State:

It is defined as condition of a system in which there are one set of values for all its properties.
The properties that define the state of a system are called state variables.

There is certain minimum number of intensive properties that requires to be specified in order to
define the state of a system and this number is uniquely related to the kind of system. This

relation is phase rule which we shall discuss little later.

Process:

t e othertis called a
process. During a process the values of some or all state variables ghange, The“process may be
accompanied by heat or work interaction with the system. g
Equilibrium state: %

m%fies the condition for thermal
qu
S

ween different regions or locations within the

The changes that occur in the system in moving the system from one

A system is said to be in thermodynamic equilib
equilibrium, mechanical equilibrium and also ch m. If it is in equilibrium, there

are no changes occurring or there is no proc

Thermal equilibrium:

There should not be any tempera
system. If there are, then i 3 ocess of heat transfer does not take place.
Uniformity of te e system is the requirement for a system to be in thermal
equilibrium.Surr i stem may be at different temperatures and still system may

be in thermal e

Uniformity of pressure throughout the system is the requirement for a system to be in mechanical
equilibrium.Surroundings and the system may be at pressures and still system may be in

mechanical equilibrium.
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Chemical equilibrium:
There should not be any chemical reaction taking place anywhere in the system, then it is

said to be in chemical equilibrium. Uniformity of chemical potential throughout the system is the
requirement for a system to be in chemical equilibrium.Surroundings and the system may have

different chemical potential and still system may be in chemical equilibrium.

Thermodynamic process:
A system in thermodynamic equilibrium is disturbed by imposing some dri |
undergoes changes to attain a state of new equilibrium. Whatevergis h ning totthe system

between these two equilibrium state is called a process. It may be repre
the locus all the states in between on a p-V diagram as shown in theffigure b

SR %Q’

vy <

a ent which is in equilibrium, altering pressure

on the piston may be driving triggers a process shown above in which the volume

decreases and pressure increases. Jhis happens until the increasing pressure of the gas equalizes
that of the surroun f W‘Iocate the values of all intermediate states, we get the path on a p-

V diagram.

a roc

zans ,,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.

CYCLE

Any process or series of processes whose end states are identical is termed a cycle.
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4 p (Pressure)

-» V (Volume)

Cycle of operations.

TEMPERATURE
The temperature is a thermal state of a body which distinguishes a hot"Qedy a cold body.
The temperature of a body is proportional to the stored molecullar i.e., the average
molecular Kkinetic energy of the molecules in a system. (A r molecule does not have a
temperature, it has energy. The gas as a system has temper ruments for measuring ordinary
temperatures are known as thermometers and thoseSfor ring high temperatures are known

as pyrometers.

It has been found that a gas will notgoCcu lume at a certain temperature. This

temperature is known as absolute ze @ . The temperatures measured with absolute

centigrade. The point of abs

point of water. Then: ature = Thermometer reading in °C + 273.15. Absolute

pdynamics’ states that if two systems are each equal in temperature to a

t are'ggual in temperature to each other.

D
Co )

Zeroth law of thermodynamics
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THE THERMOMETER AND THERMOMETRIC PROPERTY

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, body3 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 calibrate ter, when any

other body 1 is brought in thermal communication with the thermometer, we say tha
attained equality of temperature with the thermometer, and hence with body 2. This wa e body 1
has the temperature of body 2 given for example by, say the heigh ry col
thermometer 3.

The height of mercury column in a thermometer, therefore, become etric property.

There are other methods of temperature measurement which @ vanigus other properties of
@. 2s. Six different kinds of
Qmetrigiproperties employed are given

materials, that are functions of temperature, as thermo
thermometers, and the names of the correspondin
below:

Thermometer Thermometric property

1. Constant volumes gas Pressure (p) %
2. Constant pressure gas Volume

3. Alcohol or mercury-in-g Len
5. Thermocoupl

6. Radiation (pyro

te re. 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

i) the ice point(freezing point of water).

Prof. Jagadeesh A Page 12
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The fixed points for these temperature scales are:

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

Method in use after 1954:
It was suggested by Kelvin that a single fixed point only w.

temperature. He pointed out that triple point of water (the state at
water vapour coexist in equilibrium) could be used as the single
1954, adopted this fixed point, and value was set at 0.01°C or e Kelvin scale thus

established.

Correspondingly, the ice point of 0°C on the C qual to 273.15 K on the

Kelvin scale. Celsius and Kelvin scales are disti ing distinct symbols t and T, the
relation between these two is then given by:

T (K= 1(°

The International Practical Te

Seventh General Conference on Weight and

nvenient scale known as the International Practical

at Thirteenth General Conference in 1968. It consists of
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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 zine (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

b

968

e triple point represents
an equilibrium state between solid, liquid and vapot a substance.

Normal boiling point is the temperature at whic boils at standard atmospheric

pressure of 760 mm Hg. Normal freezingfpoi olidification or the melting point

interpolation for each rang fo

1.From — 259.342 i i h

A platinum resist f a standard design is used and a polynomial of the

following form_i etwé@n the resistance of the wire Rt and temperature t
0 (1 + At +Bt2 + Ct3)

here RO = resistance at the ice point.
0°C'10,630.74°C (Antimony point):

based on platinum resistance thermometer. The diameter of the platinum wire must lie

between 0705 and 0.2 mm.
3. From 630.74°C to 1064.43°C (Gold point) :
It is based on standard platinum versus platinum-rhodium thermocouple. Following equation
between e.m.f. E and temperature t is employed:
E=a+bt+ct
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1) A temperature scale of certain thermometer is given by the relationt =a In p + 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.
Solution. t =a Inp + b (Given) On Celsius scale :

Ice point = 0°C, and Steam point = 100°C

=~ Fromgiven conditions, we have 0 =aln 1.5+ b (i)
and 100=aln7.5+b..(ii)

i.e.,, 0 =ax0.4054 + b ...(iii)

and 100 =a x 2.015+ b ...(iv)

Subtracting (iii) from (iv), we get 100 = 1.61a %
ora=62.112 %

Substituting this value in eqn. (iii),

we get b=—0.4054 x 62.112=— 25.18
~ When p = 3.5 the value of temperature is give
t=62.112 In (3.5) — 25.18=52.63°C.

2) A thermocouple with test junctd
ice point gives the e.m.f. a
and steam points. What will be
70°C?

on this thermometer where the gas thermometer reads

Solution. e=020¢—-5x 1042 mV
At ice point : When ¢ = 0°C, e = 0
‘At steam point : When t = 100°C,
e=0.20 x 100 =5 x 102 x (100)2 = 15 mV
Now, when t = 70°C
e=0.20x70-5x 104 x (70)2 = 11.5656 mV

When the gas thermometer reads 70°C the thermocouple will read

f= 100 x 11.55 ='T7°C, (Ans.)

15
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WORK AND HEAT

Mechanics definition of work: Work is done when the point of application of a force moves in
the direction of the force. The amount of work is equal to the product of the force and the
distance through which the point of application moves in the direction of the force. i.e., work is

identified only when a force moves its point of application through an observable distance.

Mathematically, W = 1f F.dx

However, when treating thermodynamics from a macroscopic poin

to tie in the definition work with the concepts of systems, properties an

Thermodynamic definition of work: It is a kind of interacti a occur at the system

boundaries. It can be positive or negative. Definition of Pos ork ¥§"said to be done by a

system when the ,,sole effect™ external to the syste he raising of a weight.

Comments: The word ,sole effect' indicates thé

interaction between the system and surroudingSyin to say that there is work interaction

between the system and the surroundi he »external to the system" indicates that the
i

of work interaction depends upon the system

work is a boundary phenomenon.ghhe
boundary. This is illustratedWwith‘an
Figure 1: Equivalence of Current Work Interaction between the System and the Surroundings

Switch Motor PU“GY
‘/ - e

L7 \1

< r 1 —_—
‘: : Mass M)
- { Kaisin
. 2Ystem 5 Battery | | - T|
Boundary || = i
(System 1) i S M m |
A —— J R

For the two systems shown in figure, system (1) comprising battery alone has work interaction
with the surroundings, whereas for system (2) which includes motor, weights etc along with the

battery, the work interaction is zero.
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Dept. of Mechanical Engg, HIT, Nidasoshi



BASIC THERMODYNAMICS 17ME33

The word ,,could be reduced to* indicates that it is not necessary that weights should actually be
raised in order to say that there is work interaction between the system and the surroundings. It is
just sufficient to have an effect which is equivalent to the raising of weight.

Here an electrical storage battery constitutes system 1 whose terminals are connected to an

electrical resistance coil through a switch. The circuit external to the batteryheonstitutes the

has been interaction between the system and the surroundings. Ac mechanics this
interaction cannot be classified as work because their has been cti
distance or of torque through an angle. However, as per ther n oncepts, the battery

(system) does work as the electrical energy crosses the syste ndary. Further, the electrical

resistance can be replaced by an ideal frictionle ement which can wind a

string and thereby raise suspended weight. The so al to the system, is raising of a

weight. As such interaction of battery with resistan

Sign Conventions for work:

Work is said to be positlve ifiti em on the surroundings

System

Positive work

Work is said to be tive, if it is done on the system by the surroundings

; Negative work

Therefore, W system + W surroundings = Z€ro

The unit of work is N-m or Joule. The rate at which work is done by, or upon, the system is
known as power. The unit of power is J/s or watt.
Work is one of the forms in which a system and its surroundings can interact with each other.

There are various types of work transfer which can get involved between them.

Prof. Jagadeesh A Page 17
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Work done at the moving boundary of a system (Expression for displacement work)

N

N
— L |
\\\

B

—>  |—

Consider a piston-cylinder arranger%%nt which contains certain working fluid und juasi-
static process.

Let  p =Pressure exerted by the fluid on the piston
A = Area of c¢/s of the cylinder

dx = displacement of the piston when the system has undergo %va change of state.
. Displacement work: dw = Force x displacement ’%
= p.A X dx
ie., dw =p.dv
Where dv is the infinitesimal change in volu f . If the system undergoes a finite
change of state from state (1) to state (2).

Then the displacement work is given bG

2 dw= .dVQ
The integration of above equatien 0 nly if the relationship between P and v during

the process is wn i.e., if the ‘path of the process is well defined. Hence, work is a path

function. As wor ends on the path of the process which it follows, there will be different

values of worl t mcess between two given states. Hence the differentials of the path
functions lifferentials. The symbol & will be used to designate inexact differentials.
n ork transfer by the system during the process from state.
state (2) containing unit mass of the fluid will be written as, or
{ W=, or Wp,.
The process can be represented by a full line on an appropriate thermodynamic coordinate
system (in this case p-V diagram) and the area under the curve gives the work done by the

system during the process.
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4 1 Quasi-Static

\Prgﬁss

P
—Ne—dv 2
>
v > v
Quiasi-Static pdV work Work-a path,fu

Inspection of the P V diagram above shows that just by specifying thesen tes Tyand 2 does not
determine the area (or work); the nature of the curve needs to b . The curve may be
arched upwards or it may sag downwards, and the area und urvegWill vary accordingly.

For the same initial and final states, the work do wing the paths A, B and

C are different. Therefore the work is a path functioma ot apoint function. Accordingly the

as a thermodynamic property.

)  The systemis closed

i) There is no friction within t
i)  The pressure and all

V) The system is not influ
Expression for

1) Constant
For a constan e
below. &

Wiz = [IpdV  butdv=0

(Wa) 12=0
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2) Constant pressure process: (Isobaric process).

For a closed system undergo a constant pressure process from state 1 (volume V1 and pressure

p1) to a final state 2 (volume V7). The process is represented in the p-V diagram as shown below.

p1=pz|.__1L > 2
PT

Wia = fp.dV, where p = constant

2

'::: —— e - =
<

—

S Wia = P _[12 dv

{Wd} 12=p {Vz - Vl}

3 Hyperbolic process I.

The hyperbolic expansion proces
below. t

ate 1 to state 2isrepresented on a p-V diagram as shown

pv=_
(Quasistatic)

g o e
Vi N V,

v
Process in which pV = Constant
Process in which pV = Constant

Wia= [p.dV
. |
But pV = constant e, pV =p1Vi, Lop= %
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SWia = Ep.dv

J- R
=[] %.d?
=p1 Vi[ln V2 —1n Vq] where p1 = Initial pressure of the system
V1 = Initial volume of the system

p2 = Final pressure of the system

V72 =Fmal volume of the system
13
1 €., dl 12~
(Wa) 2 7

4) Polytropic process, i.e., pV" = constant

A polytropic process is represented on a p-V dlagram a

. \ , pV" =C
=, ~— (Quasistatic)

Figure: Process in which pV"™ = Constant

Wion = fp.dV
But pV"” = constant ie.. pV"™ = p, V" = p,Vy

Vﬂ
Wi = J'IZ pl_l_dV

V'l
=p1 V1" 2V™.dVv

2
— Vln V——n+l
—rn+1 |

[

but p1 V1" = p2 V"

ces p.V, — p
1—nm

Page 21
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vV, - p,V.
(W) 12= P Il’z 2
n—

Where ‘n’ 1s called the index of expansion or compression

Note: 1. Work is a transient phenomenon ie., it is present only during a process.
Mathematically

speaking. work is a path function.
O 12 dw = w2 — W1 1S wrong
= w1 1.e., Ow 1s inexact differentials.

2. For irreversible process dw # [IP.dv

A 4
Other Types of Work Transfer
1. Shaft Work: ' D

Shaft work

Let  F;= Tangential force on the shaft
R =Radius of the shaft
dO = Angular displacement of the shaft in an interval of time ‘dt’

.. Shaft work in time interval ‘dt’, s dW; =F:. AA!

= Ft. Rd9
1.e., W;=T.dO
e dao _
.. Work done / unit time = Tt‘ = T. E =T.o  where ® = angular velocity, T = Torque
But o= — where N = rpm of the shaft
Prof. Jagadeesh A Page 22
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2aNT
Shaft work, Ws= 60 watts

2. Stirring Work: Stirring work is nothing but shaft work is done on the system by using a
stirrer which is driven by a shaft.

— System

‘ "T,;".T‘?.;;#..':.::;';q ; ARV W A

[ i| ! '!: | \ |

B U ] \\
Weight , -’a\ '\

/..";“ : )
P TR

Figure: Paddle-wh m -
As the weight is lowered, and the paddle whee is transfer into the system

which gets stirred. Since the volume of the syste nt, I pdv = 0. If m is the mass

of the weight lowered through a distance torque transmitted by the shaft in

rotating through an angle d6 , the differewA'aw nsfer to the fluid is given by

dw = mgdz = TdO

and the total work transfer 1s w = ff mgdz = Lz wldz = If TdO where W' is the weight

lowered
-

3. Electrical Wokk:,When a curgent flows through a resistor, taken as system, there is work

transfer into the s . Th"is because the current can drive a motor, the motor can drive a

The current I, flows is given by,

I= % where C = charge in coulombs
T
T = time in seconds
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Thus dC is the charge crossing a system boundary during time dt. If E is the voltage
potential, the work is dw = E.dC

=Eldt
5 _ J‘z
Sw=JEldt
- . : dw
.. The electrical work 1s, w = lim — =EI
5T1—»0 drt
This is the rate at which work is transferred. ‘
4. Work done in stretching a wire: Consider a wire as the system. h of the wire in

which there is a tension F is changed from L to L + dL, the infinit al amount ‘of work that is
done is equal to, w =- F dL
The -ve sign is used because a positive value of dL means an e lon,ofthe wire, for which

work must be done on the wire i.e., negative work:

For a finite change of length, w = [1> F dL

Within the elastic limits, if E is the modulus e : is the stress, ¢ is the strain,
and A is the cross sectional area, then

T= A=EcA

Therefore w =- E.c.AdL

Butde=dL/LordL=L x\

€
w=-TFdL=-EEA.Lde
i.e., w=-EAL [ IS
5. Work ing the area of a surface film: A film on the surface of a liquid has a

nw s a property of the liquid and the surroundings. The surface tension acts to

a ib

The wo

surface area of the liquid a minimum. It has the unit of force per unit length.

done on a homogeneous liquid film in changing its surface area by an infinitesimal

amount dA is
ow=-0cdA when ¢ = surface tension (N/m)
¥ == ff o dA
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6. Magnetization of a paramagnetic field: The work done per unit volume on a magnetic
material through which the magnetic and magnetization fields are uniform is,
ow =- H.dI

ie,w=- [*HdI
Where H = field strength
I = Component of the magnetization field in the direction of the ﬁeld.\

-ve sign provides that an increase in magnetization (+ve dI) involves -ve work.

Note: It may be noted in the above expressions that the work is

ua Mtegral of the
product of an intensive property and the change in its relate ivey property. These

expressions are valid only for infinitesimally slow quasi-static @ SS.

Network Transfer: The network interaction betwe stem and the surroundings for any

process will be the algebraic sum of all types of n that has taken place between

the system and the surroundings.

that™ takes place between the system and the
ce. Thus, heat is a transient phenomenon. It

can be recognized only during is not a thermodynamic property of the system. Like

work, heat is a(path function i.e;) the magnitude of heat transfer between the system and

surroundings depends,upon the type of process the system is undergoing.

Heat transfer always takes place from a region of higher temperature to a region of low
temperature. The magnitude of the heat transfer into unit mass of the fluid in the system

during a process from state (1) to state (2) will be written as [? 8=, or ¢, , and not as
I &=a,~q,

[? &7 represents the total heat transfer that takes place when the system undergoes a change

of state from state 1 to state 2.

System HE System

Sign Convention: —— 5
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Heat transfer is considered as positive if it takes place from the surroundings to the system and it
is considered as negative if it takes place from the system to the surroundings.
During an adiabatic process, Q =0

Units: Since heat is a form of energy transfer it will have the same units as that of energy. In SI
units it is expressed in Joules (J) or Kilo Joules (kJ).

Comparison between work and heat:

Similarities:

o Both are path functions and inexact differentials.
. Both are boundary phenomenon i.e., both are recognized at thesboundaries‘@f the system
as they cross them.
Both represent transient phenomenon; these energy int% only when a
system undergoes change of state i.e., botare asf:% rocess, not a state.
t astate.

Unlike properties, work or heat has no meanis

10a
%

Heat is energy interaction t r difference only; work is by reasons other
than temperature difference.

. A system possesses energy, but not work o

o Concepts of heat and work are associate a store but with a process.

Dissimilarities:

. In a stable_system, there work transfer; however there is no restriction for the

transfer of

. The sole e ern@o the system could be reduced to rise of a weight but in the case

r effects are also observed.

energy whereas work is a high grade energy

1 system, confined by a piston and cylinder, undergoes a change of state such that the
product'ef pressure and volume remains constant. If the process begins at a pressure of 3 bar and
a volume 0.015m3® and proceeds until the pressure falls to half its initial value, determine the

magnitude and direction of the work flow.

Solution:
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TS

pV = C 1.e., hyperbolic process or p; V; = p> V>

Given, p; =3x 10°Pa V;=0.015m’ p2=15x10°m?
V2 =2 W1_2 = ?
20078 3x10°x0.015 3
We have, p1V; = p> V2 BN E— = 3 =0.03m
i a 1.5x10

v,
.. Displacement work, (Wy);> = sz.dV =p1V: In 7’

1
= 31719.16:F =3.1192 kJ

Positive sign indicates work is done by the systemyon th

340 5 bar and 0.03m®. The
agnitude and direction of work.

2 A certain amount of gas is compressed from 1
process is according to the law pV" = K. Determin
Solution: Given: p1 = 1 bar; V1 = 0.1 m%; p, =5 V2 =0.03
We have for a polytropic process,

_p

Displacement work, = (W(g)1

To find the com['ssion index n,
plpvln = pQVZH =C

e D _ {LJ
P2 V

{Takjng log’s on both sides we have

2=y n-2
y2p) "
ln;
In——
0.1
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i.e., work done on the gas = 14.706 kJ

3 Agas confined in a cylinder by a piston is at pressure of 3 bar and a volume of 0.015 m3. The

final pressure is 1.5 bar. Determine the magnitude and direction of work transfer for the
following

: - | ) : 1
processes. 1) pa V, 1) p o ; m)poaV-andiv)p a ?

Solution: Given: p; =3 x 10° Pa; V; =0.015 m"; p, = 1.5 x 10° P4 V=7 (Wg=?
»
DpaV i.e.‘_ﬁz-&:C:pz
V T, v,

We have, (Wy)1., = ,[12 p.dV

» DYV P p
= AV =—. ) VdV

1 1

Pr_ P V

e ')\
2

we have

3x10°
L Wy = 5 o=l 0075%— 0.015] =- 1.688 kJ
-ve sign indicates that Work\a‘v
1n)po 7 Le, pV=C

Ans: (W) =3.1192 kJ

V2
GivpaV' e, Po_Pc-L  y= B2 0106w’

(Waia= J? p.dv

- J %Vz.dV

1

P p
= V—;J‘l VZdV

1

Prof. Jagadeesh A

Page 28
Dept. of Mechanical Engg, HIT, Nidasoshi



BASIC THERMODYNAMICS 17ME33

=-0.9707 kJ
-ve sign indicates that work is done on the system

1 5 2
) p o = L PV ==, = p2V22

) 2 - 2
v [P :\/3)‘0‘015 =0.0212 m°
P 1.3

5 ol s o B
We have (Wy)1 = ,[fp.dV= L‘ p;/; Aav =p Vi f ~ .dV\

1 1
— 2 = —
o (Vl V;]
Substituting the given value ge 2 6 kJ
L : b

e system

4. The average h erson to the surroundings when he is not actively working is

about 950 kJ/hr._suppese thatyin the auditorium containing 1000 people the ventilation system

fails. a) How %s internal energy of air in the auditorium increase during the first 15
i th

r ation fails? b) Considering the auditorium and all the people as system

ingWno heat transfer. to surroundings, how much does the int. energy of the system

Solution: @) Average heat transfer per person = 960 kJ/hr

=960 /60 = 15.83 kJ /min
. Average heat transfer / person for 15 min = 237.5 kJ

. Average heat transfer for 15 min in the auditorium containing 1000 people
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Q =237.5x 1000 = 237500 kJ/min

From first law of TD, we have Q = AE + W
237500 =AE +0

~AE =237.5M]
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MODULE-2
FIRST LAW OF THERMODYNAMICS

First Law of Thermodynamics to open system:

In the case of closed system there is only energy transfer across the system boundary. But in

many engineering applications we come across open systems where in both s and energy

transfer takes place. The energies that cross the system boundary are as follows.
1) Internal energy: Each kg of matter has the internal energy ,,u” and as the matteg'erosses the
system boundary the energy of the system changes by ,,u“ for every f the
cross_es the system boundary. -

2) Kinetic energy: Since the matter that crosses the s ry> will have some
velocity sayV each kg of matter carries a k.E. V 2/ 2 thus ¢ the emergy of the system to
ing th ry.

e base. Thus ,,Z" is the elevation of

change by this amount for every kg of matter enté

3) Potential energy: P.E. is measured with refere
the matter that is crossing the system boundar g of matter will possess a P.E. of gZ.
4) Flow energy or Flow work: This ener y associated with the matter crossing
the system boundary. But it is associa that there must be some pumping process
which is responsible for the moy, t

to the system there must be

W energy.

s in which a fluid of mass dm; is pushed into the system at

N/ =
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In order to force the fluid to flow across the boundary of the system against a pressure p1, work
is done on the boundary of the system. The amount of work done is 6W = - F1.dly,

Where F1 is the force and dly is the infinitesimal displacement, but F1 = p1As
-~ OW =-piA1 dlL = - p1dvs
i.e., the flow work at section 1 = - p1vx

Similarly, the work done by the system to force the fluid out of the system at sect + P2V2

Hence net flow work = p2V2 — p1V1

For unit mass, the flow work is (p2V2 — p1V1i). Flow work is ex tirely” in terms

properties of the system. The net flow work depends out on the end state idand it is a
thermodynamics property. Also the fluid contains energies li nal engkgy, potential energy

and due to the motion of the fluid, kinetic energy, in additio he flow work. When a fluid

enters an open system, these properties will be ¢ . Similarly when the fluid

leaves the system, it carries these energies out of Us in an open system, there is a

change in energy of the system.

5 Control Volume: The first and m 0 p in the analysis of an open system is to

imagine a certain region enclosinggthe IS region having imaginary boundary is called

control volume, which can A C.V. is any volume of fixed shape, and of

fixed position and orientation the observer. Across the boundaries of the C.V. apart

from mass flow, ‘€nergy transfer inthe form of heat and work can take place just as similar to the

energy transfer ac
Thus the differe c C.V. and system are

dary may and usually does change shape, position, orientation relative
server, The C.V. does not by definition.

e bogdaries of a system.

i) atter may and usually does flow across the system boundary of the C.V. No such flow
across the system boundary by definition.

First law of thermodynamics for an open system (Flow process):
We have 1% law of thermodynamics to a closed system as,
8Q — W = dU + d(KE) + d (PE)

=d[E]
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V2
a’ml|:p1vl +u, + ?+ ng}
VZ
dm, |:p2v2 +u, + 72 + gZz}
The flow process 1s shown in fig. This analysis can be expressed mathematically as,
p; ~
00 — W +dm,| p,v, +u, +—i—+ gz,

Where state (1) is the entering condition and state (2) is the leaving €onditi % fluid. This is

a general equation of the first law of thermodynamics applied syste

Note: The equation is valid to both open and closed syste sedsystem, dm1=0 & dm. =0
Energy Equation for open system: The general aw ermodynamics applied to
an open system is called steady-flow energy eq S .., the rate at which the fluid

flows through the C.V. is constant or ste | is developed on the basis of the
following assumptions.
i) The mass flow rate through the C. sta ., mass entering the C.V. / unit time =

at mass within the C.V. does not change.

nd exit do not vary with time, i.e., there is no

er into or out of the C.V. do not vary with time.
ces$Pm=my=m; & d(E)o = 0 as Q£ (T) & WL (T)

V2 V2
u1+p1vl+?+gzl}+g :W+[u2+p2v2+72+g22}

2

e I,
or | i, + > + o7, |+ O =W\ Ak, + 2“ + o7,

2
.&l:h—n— Vz —|—gZz}
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Where Q = heat transfer across the C.V, W = shaft work across the C.V, h = Enthalpy,
V = velocity, Z = elevation and g = gravitational acceleration

Displacement work for a flow process (open system):

From SFEE, when changes in kinetic & potential energies are neglected, 6q — o dh
Or W =6q — dh --- (1)

From the 1% law of thermodynamics, we have 8q — W = du

For a rev. process, W = Pdv

d0q =du + Pdv

Also, from the definition of enthalpy, h =u + pv

Or dh =du +d (pv)

Sub 6q & dh in equation (1)

OW = [du + p.dv] — [du + d (pv)]

= p.dv —p.dv —v.dp

W =-vdp
Note: With negligible PE & KE, for a ow cess, the work interaction is equal to
[1? p.dv where as for a steady-flow.rev. ss, it Is equal to - [12 vdp

Application of SFEE:
i) Nozzle and Diffuser: Nozzle is aduct of varying c/s area in which the velocity increases with

a corresponding d

i pres%re. Since the flow through the nozzle occurs at a very high speed,
a fluid to gain or loose heat and hence flow of the fluid is assumed to

ere is no work interaction during the process, i.e., Ws=0,Q =0, Z1 =2Z>
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VP
We have from SFEE, Q —W = Ah + APE + AKE

V2_V2
Ozhg—h1+—2 !

Turbine and Compressor (rotary): Turbine is a device which pr@du by expanding a

high pressure fluid to a low pressure. The fluid is first acce @ in a sét of nozzle and then

directed through curved moving blades which arg fixed ewrotor shaft. The direction of the

fluid changes which it flows through the movingdgla ue to which there is a change in

momentum and a force exerted on the blades p e on the rotor shaft. Since the

velocity of flow of the fluid through the igh, the flow process is generally

assumed to be adiabatic, hence heat sfer The change in PE is neglected as it is
negligible.

W12

Vs

L ——— T ......

Zz = Z]_

< IS
. SFEE is Wio=(h; —hy) — % (V" — VD)

Compreér is a device in which work is done on the fluid to raise its pressure. A rotary
compressor can be regarded as a reversed turbine. Since work is done on the system, the rate of
work in the above equation is negative and the enthalpy after compression h, will be greater than

the enthalpy before compression h;.
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iii) Throttling Process: When a fluid steadily through restricted passages like a partially
closed valve, orifice, porous plug etc., the pressure of the fluid drops substantially and the
process is called throttling. In a throttling process, expansion of the fluid takes place so rapidly
that no heat transfer is possible between the system and the surroundings. Hence the process is

assumed to occur adiabatically. The work transfer in this process is zero.

1, 2 -
— i
1. ' 2
SFEE 1s Q1-2 — Wi-.=Ah + AKE + APE
We have, Q = 0; W =0: Z, 97Z,. V=V,
i.e., h] - h2
In a throttling process, the enthalpy remainsigon Nn‘rottling process is irreversible
because when a fluid is throttled, it pa: Aro ies of non-equilibrium states.

iii)  Heat Exchanger: A heat device in which heat is transferred from one

fluid to another. It is used ergy of the fluid flowing through the device.

Radiator in an automobile, con steam power and refrigeration plants, evaporator in a

refrigerator are les of heat
of the fluid throug

Eg: i) Steam :‘Used to condense the steam. It a device in which steam loses heat as it

hangers. There will be no work interaction during the flow

heat %Changer.

ough which water is flowing.

Steam in »— Control

e ‘I Ty 1 Surface
| 4
: —— ———— ——— a— = —
===
ou
—_— —— —— —» |
. = i t
Water; ' ! w2
o 2 1 WO T et IJL""““"‘"“"‘J
tw1 Condensate out
Figure: Heat Exchanger
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We have KE =0, PE =0 (as their values are very small compared to enthalpies)
W = 0 (since neither any work is developed nor absorbed)
SFEEisQ=h2-Mm
e hi— Q= hy— (1)
Where Q = heat lost by 1 kg of steam passing through the condenser.
Assuming there are no other heat interactions except the heat transfer between s and water,
then Q = heat gained by water passing through the condenser.
Substituting Q in the above equation (1),

h2' hl = mew(TWZ'Twl)

Where my, = mass of cooling water passing through the condens S
Cw = specific heat of water Q

In a condenser there are 2 steady flow streams namely, (i ur that losses heat (ii) The coolant
(water) that receives heat.
Let mw = mass flow rate of coolant
ms = mass flow rate of steam
hiw = Enthalpy-coolant entr
his = Enthalpy-steam entry %
it

how, hos = Enthalpy. of coolant, st

My hw+ Mg h w haw+ Mg h

atoflis a component of a refrigeration system and is used to extract heat
to be kept at low temperature. The refrigerating liquid enters the
ent heat from the chamber at constant pressure and comes out as a vapour.

ah; + O = mh, Since W = 0. AKE = APE = 0

Q = m (hy —hy)

Q is taken as positive because heat flows from the chamber to the evaporator coil.
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~~— Evaporator Coil
¥ z
Refrigerant | L Refrigerant
Liquxsd Vapoguer

iv)  Boiler: It is an equipment used for the generation of the steam, T, al energy, released
e

by combustion of fuel is transferred to water which vaporizes and gets ¢env into steam at
the desired pressure and temperature. The steam thus generated is u
rst
d

¢ Producing mechanical work by expanding it in steam e turbine.

ings i e
C cal and textile industries.

e Heating the residential and industrial buil

e Performing certain processes in the sugar m

Velocity change is negligib
Change in elevation is also ne 2=21
Work done =0

SFEE is h

U2 — Uz) + (P2 V2 — p1 V1)

First law of therm
“When a syst g0es a thermodynamic cyclic process, then the net heat supplied to the
fﬂ dings is equal to the net work done by the system on its surrounding”.

e., C-{ 0Q = ?[ OW where cj represents the sum for a complete cycle.

ami‘for a closed system undergoing a cyclic process

The first law of thermodynamics cannot be proved analytically, but experimental evidence has
repeatedly confirms its validity and since no phenomenon has been shown to contradict it,

therefore the first law is accepted as a law of nature
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Joule’s Experiment:

. Paddle Wheel
Thermometer Y

O Pulley
@ 2
d - ‘.\\

Insulated
Container -

A
p\ted by a

ergy interactions

Figure: Joule*s Experiment

the system during this process 2- 1
a definite amount(ef work input W1- the system followed by the transfer of an amount of heat Q-1
from the system.

Joule carried @ h e’periments with different type of work interactions in a variety of

systems, herfi at\ the net work input the fluid system was always proportional to the net

S the system regardless of work interaction. Based on this experimental
ev Joule'stated that,

“When"@,system (closed system) is undergoing a cyclic process, the net heat transfer to the
system is directly proportional to the net work done by the system”. This statement is referred to

as the first law for a closed system undergoing a cyclic process.

i_e_,cj' SQoujr SW
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If both heat transfer and work transfer are expressed in same units as in the S.I. units then the
constant of proportionality in the above equation will be unity and hence the mathematical form

of first law for a system undergoing a cyclic process can be written as

i.e.,(j. SQa(j SW

If the cycle involves many more heat and work quantities as shown in figure, thegsame result will

be found.

-

Figure: Cyclic Process on a

For this cyclic process the statement of first )

Jo0= Jow

1-2-3-4-1 _1-2-3-4-1
A\ J
The cyclic integral in the abo qun lit into a series of non cyclic integral as

P80+ 80+ 60+ 60= [ oW+ [ oW+ ow + . 5w

or 1Q; +2Qs3 +3Q4 + 4Q; = Wy +,W; + ;W + ,W,
ie. { 80/= cf SW
or (ZQ eyele = (Zw)cvcle

This is the first law for a closed system undergoing a cyclic process. i.e., it is stated as
“When a closed system is undergoing a cyclic process the algebraic sum of heat transfers is equal

to the algebraic sum of the work transfers”.
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First law for a closed system undergoing a non-cyclic process (i.e., for a change of state):
If a system undergoes a change of state during which both heat transfer and work transfer are
involved, the net energy transfer will be stored or accumulated within the system.

If Q is the amount of heat transferred to the system and W is the amount of work transferred

from the system during the process as shown in figure,

/W
/
Q | » System
/
The net energy transfer (Q-W) will be stored in the system. Energy ilv'storage,is netther heat or
work and is given the name internal energy or simply, the ener the system.
Q-W=AE
orQ=AE+W
If there are more energy transfer quantities involv e as shown in figure.
o fo o
W, | / System >
o 1
Jwegw |w,
J

First law gives

(Q2+Q3—Q1 W2 W5 — Wi — W)
i.e., energyais erved in the operation. Therefore the first law is a particular formulation

rinciple conservation of energy. It can be shown that the energy has a definite
Vi very State of a system and is therefore, a property of a system.
Ener A property of the system:

Y
A 2
B,
C
/

X

Figure: First law to a non cyclic process
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Consider a system that undergoes a cycle, changing from state 1 to state 2 by process A and returning
from state 2 to state 1 by process B.

We have from 1* law of thermodynamics, tj.é'Q = fj-é'W
For the process, 1-A-2-B-1, cj.é'Q = §5W
1-4-2-B-1 1-d-2-B-1

Considering the two separate processes, we have
100451, 80= W+ Low ()

Now consider another cycle, the system changing from state 1 to state 2 by process A, as before and
returning to state 1 by process C. For this cycle we can write

oo+l 00=Fow+ oW @
a
Subtracting (2) from (1), we get v

B—Pz‘SQ_chCSQ:Bﬁ‘SW'F —PzaWt
Since B and C represent arbitrary process e e 1 to state 2, we conclude that the

state 1 and state 2. ( Q - W) depends only
ollowed between the two states. This is a point

quantity ( Q - W) is the same for all pr:
on the initial and final states and
function and differential is ayprope th em. This property is called the energy of the

system, E. Therefare, we can wr

equation is the statement of first law for a closed system undergoing a non cyclic
process, where Q1> represents the net heat transfer between the system and the surroundings
during the process, W1 represents net work transfer between the system and the surroundings
during the process and (E2 — Ez1) represents the change in the energy of the system during the

process.
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Classification of Energy of the System:
The energy E is an extensive property and the specific energy e = E/m (J/kg) is an intensive property.
Energy E represents the total energy of the system.

I.e., E = kinetic energy (KE) + Potential Energy (PE) + remaining forms of energy.

Since K.E and P.E are macroscopic quantities and can be measured very easily and so they are

motion

gy
ergies is

considered separately in thermodynamics. The remaining energies (associated
and position of the molecules, energy associated with the structure of the atom, ch
etc), which cannot be measured directly and is the summation o scopic
called internal energy of the system.

Internal energy:

It is the energy associated with internal structure of matter. T @7 gy ot be determined in

its absolute values. But it is possible to determige the internal energy of the system
undergoing a process by first law of thermodynami

Total energy E = KE + PE + IE

Since thg terms comprising E are point func e ite

dE = d(KE) + d (PE) + dU
The first law of thermodynamics Cc ate of a system may therefore be written as

3Q =dU + d (KE) +d (PE)

In words this eqéation states that system undergoes a change of state, energy may cross the

boundary as eithezheat or work, and each may be positive or negative. The net change in the
energy of the be%xactly equal to the net energy that crosses the boundary of the

system. The-e he system may change in any of three ways, namely, by a change in IE,

KE an@PE in the above equation

d (mv?)

Q=du +d(mgz2) + W

In most of the situations the changes in KE and PE are very small, when compared with the

changes in internal energies. Thus KE and PE changes can be neglected.

~3Q = dUsW
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Law of conservation of energy (2nd corollary of first law of thermodynamics)

From first law of thermodynamips Qr2=E2-E1 +Wi2

This equation in effect, a stater-nent of the conservation of energy. The net change of the energy
af the system is always equal to the net transfer of energy across the system boundary as heat and
work. For an isolated system, Q =0, W=0E2—-E1=0

For an isolated system, the energy of the system remains constant.

Therefore, the first law of thermodynamics may also be stated as follows, “Hea k are
mutually convertible but since energy can neither be created nor_destroyed, the tatal energy
associated with an energy conversion remains constant”.

Perpetual Machine of first kind (3" Corollary):

Any system which violates the first law of thermodynami e Perpetual Motion

machine of first kind. i.e., “It is impossible to construct a ion machine of first

kind”. A perpetual machine is one which can do contin ut receiving energy from

other systems or surroundings. It will create ener, nd thus violates first law. But
from our experience we also know that it is i senstruct such a machine, as frictional
resistance would not allow it to run for an,i
Problems:

1. Inacyclic process, heat.temp J, -25.2 kJ, -3.56 kJ and +31.5 kJ. What is

the net work for this cycli

Solution: 1% law rmodynami

50 = Jow

i.e., Net w 53-3.56 +31.5=17.44 kJ
rocess in a closed system which includes three heat interactions, namely

= -6kJ, and Qs = -4 kJ and two work interactions for which W1 = 4500 N-m.

or a cyclic process is

Comp the magnltude of the second work interaction W in Nm.

Solution: We have for a closed system undergoing cyclic process,
o0 = o
20000 — 6000 — 4000 = 4500 + W>

W2 =5500 Nm
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3. When the state of a system changes from state 1 to state 3 along the path 1-2-3 as shown
in figure, 80 kJ of heat flows into the system and the system does 30 kJ of work. (a) How much
heat flows into the system along the path 1-4-3 if work done by the system is 10 kJ (b) when the
state of the system is returned from state 3 to state 1 along the curved path, the work done on the
system is 20 kJ. Does the system absorb or liberate heat? Find its magnitude. (c) If Uy =0 and Us

= 40kJ, find the heat absorbed in the process 1-4 and 4-3 respectively. Solution:

A
2 3

> %
1 4 %
\Y
a) Along the path 1-2-3, Q

From 1%taw of thermodynamics, Q1.3 = Us-
From the data given, 80 = (Us — U1) + 30
Along the path 1-4-3, we have

Qi3=Us— Ui+ Wi

From the data given, Q1.3 = 10

=60 Kj
i.e., Work is don
b) Along the p , @

he system

= 40-0+10(since W143 = W14 + Ws3 =10 + 0 = 10)

=50 kJ

Positive sign indicates heat is absorbed by the system
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Along the path 4-3

Q4-3=U3-U4 + W4-3

=50-40+0=10kJ

4. A domestic refrigerator is loaded with food and the door closed. During a certain period the
machine consumes 1 kwhr of energy and the internal energy of the system drops by 5000 kJ.
Find the net heat transfer. for the system.

Solution: Wi = 1 kWhr = -1 x3600 kJ U2 — U1 =-5000 kJ

From 1st law, Q12 = (U2-U1) + W12

=-5000 -3600 = -8600 kJ = - 8.6 mJ

5. For the following process in a closed system find the missing data (all mykJ)

Process Q w Ul U2

a) 35 20 -10

b) 15 -6 -27 21
c) -7 10 20 -17
d) -27 -7 -20

Solution: Process (a): Q=AU + W

Up=15Uz=5

Process

Up=-27 kJ

AU=U2-U1=-6+27=21KkJ
rocess(c) -7=U2-20+10

U2=3kJ AU=3-20=-17kJ
Process (d) AU=U2-U;=-20

=8-U1=-20 Up=28kJ

A=8-28-7=-27KJ
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6. A fluid system, contained in a piston and cylinder machine, passes through a complete
cycle of four processes. The sum of all heat transferred during a cycle is -340 kJ. The system
completes 200 cycles minutes. Complete the following table showing the method for each item,
and compute the net rate of work output in kW

Process Q (kJ/min) W (kJ/min) AE (kJ/min)
1-2 0 4340 -4340
2-3 42000 0 42000
3-4 -4200 69000 -73
4-1 -105800 -141340 35
Solution: Given 2 IQ =-340 kJ, No. of cycle = 200 min
cycle

Process 1-2: Q12 = (E2—E1) + W12
0=AE + Wi
AE = -4340 kJ/min

Process 2-3° 42000 = AE + 0
Qu2 = 42000 kJ/min

Process 3-4. -4200 =-73200 +W5.4
W34 = 69000 kJ/m\

Process 4-1: Q@E-340kJ

cycle

0 cyléle/min

68000 kJ / min

12 + Q&3 + Q34 + Q41 = -68000

68000 — 0 — 42000 + 4200

= - 105800 kJ/min
Also,l dE = 0, since cyclic integral of any property is zero

. (AE)12 + (AE)23 + (AE)3.4 + (AE)s1 =0
-4340 + 42000 — 73200 + (AE)s1 =0
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. (AE) 4-1 = 35540 kJ/min
Therefore Q4-1 = (AE)4-1 + Wa-1
- 105800 = 35540 + W3-1

- W3.1 = -141340 kd/min

Since YQ =YW
cycle
cycle

=- 68000 kJ/min

68000 _ 1133.33 kW
60

Rate of work output =
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SECOND LAW OF THERMODYNAMICS

The first law states that when a closed system undergoes a cyclic process, the cyclic integral of the heat is
equal to the cyclic integral of the work. It places no restrictions on the direction of the heat and the work.
As no restrictions are imposed on the direction in which the process may proceed, the cycle may be

reversed and it will not violate the first law.

Example (1): \

7777
N Y AT,
GAS | [/
X Y7
4 / GAS |
7 ._§.+W 7 L
5 :
W [ %z /JZ 7777
-Q P +Q

Fig: A closed system that under Minvolving work and heat.
In the example considered the syste derg ycle in which work is first done on the
is

|-

system by the paddle wheel as the ered. Then let the cycle be completed by

transferring heat to the sur

though tf#ﬂ/ iolate the first law
A
Example (2):

High Temperature

Q

Low Temperature
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Let two systems, one at a high temperature and the other at a low temperature undergoes a
process in which a quantity of heat is transferred from the high — temperature system to the low
temperature system. From experience we know that this process can take place. But the reverse
process in which heat is transferred from the low temperature system to the high temperature
system does not occur and that it is impossible to complete the cycle by heat transfer only.

These two examples lead us to the consideration of the heat engine and

refrigerator).

of each system would remain constant in the reversed process an
violation of the first law. It follows that there must be some other al
the first law and not deducible from it, which governs the dir process can take

place in an isolated system. This principle is the Second law o 0 ics.

PERPETUAL MOTION MACHINE RSB KIND (PMMKI)

No machine can produce energy withou
corresponding expenditure of energy i.e.,dt 1§ i ible*to construct a PMMK of first kind. The

machine violates the first law of ther j0dyin

have failed, thus showing teq .

Q=0

i
i
!
"
L

W

Fy
ENGINE - . ' W
Nachme

4 A PMNMK -I

The converse of A PMMIK -1

law of Thermodynamics
There are'two classical statements of the second law of thermodynamics
1) Kelvin — Planck statement

2) Clausius statement
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Kelvin — Planck statement

“It is impossible to construct a device which will operate in a cycle & produce no effect other
than the raising of a weight and the exchange of heat with a single reservoir”

No actual or ideal engine operating in cycles can convert into work all the heat supplied to the
working substance, it must discharge some heat into a naturally accessible sink because of this

aspect and the second law is often referred as the law of degradation of energy.

Hot Raservoir

Extracting heat Q, and using

it all to do work W would
consfitute a perfect heat engine,
forbidden by the second law.

A directional implication ofithe

PERPETUAL MOTION MACHIN E KIND (PMMKII)
«a

Thermal Reservow \

APMMK -II

Without violating the first law a machine can be imagined which would continuously absorb heat
from a single thermal reservoir and would convert this heat completely into work. The efficiency
of such a machine would be 100%. This machine is called PMMK Il. A machine of this kind will

violate the second law of thermodynamics and hence does not exist.
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Clausius Statement

It is impossible to construct a heat pump which operating in a cycle will produce no effect other
than the transfer of heat from a low temperature thermal reservoir to a higher temperature
thermal reservoir.

That is in order to transfer heat from a low temperature thermal reservoir to a high temperature

thermal reservoir work must be done on the system by the surroundings. Although the Kelvin —

Planck and Clausius statements appear to be different, they are really equivalent i pse that

a violation of one statement involves violation of the other.

Proof of violation of the Kelvin — Plank statement results in tio lausius
statement. c
A
HTR
HTER
Q" +QL 3
Q
HE HP
—— HP
W=QH
Ql_ 1
QL
LTR
LTR

pump in Q. amount of heat from a low temperature reservoir and pump (Qn + QL) amount
of heat to the high temperature reservoir.

From the diagrams we see that a part of heat Qn, pumped to the high temperature reservoir is
delivered to the heat engine, while there remains a heat flow Q., from the low temperature

reservoir to the high temperature reservoir, which in fact violates the clausius statement.
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Proof of violation of the Clausius statement results in violation of the Kelvin — Planck
statement.

HTR
‘ HTR
Q Qu Qu’Q
Qu-Q
== ‘ Qu- Q=W
HP HE | _ Qu-Q =W
& Q
LTR

Consider a heat pump that operating in a cyclic proce w amount of heat Q. from LTR
TRViolating the Clausius statement.

Let an amount of heat Qn, which i R, be transferred from high temperature

reservoir to a heat engine, an amount pe rejected by it to the LTR and an amount of

work W which is equal to - QL) 0 heat engine on the surrounding.

Since there is no‘€hange in heat transfer in the LTR, the heat pump, the HTR and the heat engine

together can be co red as& device which absorbs an amount of heat (Qn — QL) from the HTR

and produce 3 nt of work W = Qn - Qu which in fact violates the Kelvin — Planks

stateme

what facters promote the attainment of this max value? In trying to answer these questions,
thermodynamics has invented & used the concept of reversibility, absolute temperature and

entropy.
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Reversible Process:
For a system is defined as a process which once having taken place, can be reversed and leaves
no change in either the system or surroundings. Only ideal processes can do this and restore both
system and surroundings to their initial states. Hence an ideal process must be a reversible
process.
No real process is truly reversible but some processes may approach reversiility, to a close
approximation.
Example:

1) Frictionless relative motion

2) Extension and compression of a spring

3) Frictionless adiabatic expansion or compression of

4) Polytropic expansion or compression etc.,

The conditions for a process to be reversible may &
1. There should be no friction
2. There should be no heat transfer acro

3. Both the system and surrounding be

of two different substances

because a quasi-static process is

Examples of ﬁ pl&esses:

nite succession of equilibrium states.

n

Spring catch

%

(b) Extension of a spring

(a) Frictionless relative
motion
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Flywheel

Brake block KGQS ‘Vacuum

I | 2272227)
|
! b F B 2
! : | L/
g B o & ‘
System boundary /ﬂianhragm [I'nsulution
(i) Solid Friction (i) Free expansion

Proof that heat transfer through a finite temperature difference

SOURCE, Ta SOURCFE. Ta

0 O
+ 1 Wi
— ..
Gea= | @ e &

Heat transfer thr 5 Heat transfer through a finite temperature
finite temperature rence . difference is irreversible

Proof th@n % d expansion makes process irreversible
< Svstem

/ Boundary
|

vy o E

T ] ' -W

U 1 = 'P

1 GAS i

: GAS Vaccum E -t i EE—

1 _Q E
INTIAL STATE REVERSED PROCESS
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THE CARNOT CYCLE:

Carnot was the first man to introduce the concept of reversible cycle. The CARNOT engine
works between HTR & LTR.

. The Carnot cycle consists of an alternate series of two reversible
High temp . . . . .
. isothermal and two reversible adiabatic processes. Since the processes
reservolir - . !
in the cycle are all reversible the Carnot cycl a whole is
reversible.
Qy
v
CARNOT o )
Engine — > The Carnot cycle is independent of the“naturefof the working
W' substance and it can work with any sta likey gas, vapour,
Q electriccell.

A 4

Low temperature

reservoir

ReV: adiabatics

*Rev. isotherm (1)

Rev. isotherm (1,)

v
CARNOT CYCLE

1) Process 1-2: Gas expands isothermally absorbing heat Q1 from the source at Temperature Ti.
Work done during this process is given by the area under 1 — 2 (W12)
2) Process 2—-3: During this process cylinder is thermally isolated from the heat reservoir and the

head is insulated by the piece of perfect insulator. Gas expands reversibly and adiabatically to
temperature T to point 3. Work done is Waas.
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3) Process 3—4: Cylinder is in contact with the heat reservoir at T». Gas is isothermally and
reversibly compressed to point 4 rejecting an amount of heat Q to the sink. The work done on
the Waa.

4) Process 4-1: Cylinder is again isolated thermally from the thermal reservoir; gas is
recompressed adiabatically and reversibly to point 1. The cycle is now complete. Work done is
Wa1

The efficiency of the Carnot engine is given by,

Work Q Q
N output 1 —2
ot Heatinput Q1 (E
Q: Heat added during mRT; Vs
process 1 2 In VA % (2)

Heat rejected during process

Q2 (3)
4
Therefore, 4
0,0, (4)

Tcarnot Q1

Since process 2 — 3 isreversible adiabatic
1

V. [T, )=
22 = (_Zj __________ (5)
V3 Tl

Process 4 — lisalso reversible adiabatic

1
y-1
£=(TZJY ,Therefore,Vz Vs Ve (6)
V4 Tl 3 V4 Vl V4
T1 il Tz
. A R A 7
ncarnot Tl ( )
Bl = j M 1 T - Lc.>w Temperature ®)
1L, X High Temperature
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From the above equation we can have the following conclusions.

Even in an ideal cycle, it is impossible to convert all the energy received as heat from the

source into mechanical work. We have to reject some of the energy as heat to a receiver at
a lower temperature than the source (sink).

Since Carnot cycle consists of reversible processes, it may be performed in either direction.

High temp
- Tw
reservoir
I Qer \
CARNOT | -
Heat Pump
Iow temperature
- TL
reservoilr

Carnmnot heat pump with a gas

Reversible
Process 1 - 4 ) Temperature falls down from Ty to T
Procesgh - 3 ReverSgle Tothermal Temperature remains constant
ansion P
PrO %versible adiabatic
Compression Temperature increases from T to Tn
Reversible isothermal
Process 2 - 1 Compression Temperature remains constant
Qu Q@ __TH
COP ofheatpump = W Q _Q T _ T
H L H L
Q@ o o n
COP ofrefrigerator = W Q Q T T
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Problems:
A heat engine works on the Carnot cycle between temperature 900° C & 200° C. If the engine
receives heat at the higher temperature at the rate of 60 kW, calculate the power of the engine.
TH=900 + 273 =1173 k
TL=200+273=473k

Tw-T _ 1173-4718 _ (597
T
H 1173
W w . Q
Also, Ny = —=—— =W =7 un
Qu QH

.. W =0.597 x 60 = 35.82 kW %:
Carnot theorem and corollary “An irreversible heagen an pot have an efficiency greater
than a reversible one operating between the given two tctape es”.

HTR HTR. Ty

(@) \ Fig. (b)

In other Werds, for the assumed condition that I is more efficient than R, we find that heat is
being moved continuously from LTR to HTR without the external aid.
Instead of simply moving the heat as shown in fig (b), we could direct the flow of energy from

the reversible engine directly into the irreversible engine, as in fig (c), whose efficiency is 50%
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would allow to drive engine R, and at the same time deliver 10 KJ of work to something outside
of the system. This means the system exchanges heat with a single reservoir and delivers work.

These events have never been known to happen.
We say that the assumption that | is more efficient than R is impossible

nl < rlR
Corollary
All reversible engines have the same efficiency when working between the same
temperatures.

Consider two reversible engines R: and R», operating between the tw res. If'we

imagine R driving Rz backward, then Carnot theorem states that.
If R2 drives Ry backward, then

77R2 % 7R1 %%

It therefore follows that

77R1 = ?Rz
If this were not so, the more efficient enging cotld b to run the less efficient engine in the
tr

f heat from a body at low temperature to a

ording to the second law.

the measu perature depends on the thermometric property of a particulars substance
orking of the thermometer.

iple lord Kelvin device a temperature scale that is independent of the
thermometric property of the working substance and this is the Kelvin temperature scale or

thermodynamic temperature scale or absolute temperature scale.
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Problems (on second Law of thermodynamics)
Problem 1. An engineer claims to have developed an engine which develops 3.4 kW while
consuming 0.44 Kg of fuel of calorific value of calorific value of 41870 kJ / kg in one hour. The

maximum and minimum temperatures recorded in the cycle are 1400° C & 350° C respectively
is the claim of the engineer genuine (Sept./Oct. 1996)
Solution:

Temperature of source, TH=1400 C=1673K

Temperature of sink, T = 350 C=673K

We know that the thermal efficiency of the CARNOT cycle is the Imu tween the
specified temperature limits and is given as. o

ncarnot = _&zl_i
Oy Ty
T
e, g, =l B ] O
B 1673
= 62.8%

The thermal efficiency of the engine developed by the engineer is given as

' W
T]thermal L~ QL = :
Oy Qn
f NN
Wehave, W =34 kW
|
- 0.44 x 41870
O 3600

3.
&n, =5—142 = 0.664 or 66.4%

SINCe 7 4pmar > Newnor.  ENEINEET claim 1s not genuine Answer
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Problem 2. Two Carnot engines A and B are connected in series between two thermal reservoirs
maintained at 100 k and 100 k respectively. Engine A receives 1680 kJ of heat from the high
temperature reservoir and rejects heat to Carnot engine B. Engine B takes in the heat rejected by
engine A and rejects heat to the low temperature reservoir. If engines A and B have equal
thermal efficiencies determine (1) The heat rejected by engine B (2) The temperature at which
heat is rejected by engine A and (3) The work done during the process by ines A and B

respectively.

Solution:
Qua = 1680 KJ
High temp
reservoir Ny =Nz ~
T, =1000 K
We have,
Qua=1680KJ o)
+ ny=1- Q:
Wa = Qua - Qua
1T
T=T T;
L 2= Qe ;
v & 1y =1- (223
We=0Qua- Qs -HEB
HEB ——
b
Qus Tym
v
Low temperature
reservoir T.=
100K
1) Given =1z
T, T
Lot _ gtz
TH THS
T T T T
ie, L ="H— L _ "L
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ie. T =T, = T, =100 1000
= 100000 K*

[-. Tea=Tim=31623 K ie., the temperature at which heat is rejected by engine A]

i) We have also
T, 31623
== — — — ]-— —
Ta= s I, 1000
=0.624 or 683.4%
The heat rejected by engine B
O Tiw I
My =l-S _y_Z_y_ i
! Oy Ty T
O L T,
te, T L0, =0y b m
Qus A ue o T4
We have,
Or T
n, =l-=—0=1-—
! Qn.d TH
. T, 31623
Le, QLI = QH'.I TL‘:= 153{}}( W
=53127TKI= (s
Substituting this in (1) we get
100
=53127% ———=168KT Ans
Qrs 31623
iii) Wor e
Wa= Qua=1680-531.27=1148.73KJ

B=Qre—QL8=531.27-168=363.27KJ
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Problem 3. A reversible refrigerator operates between 35° C and -12° C. If the heat rejected to
35° C reservoir is 1.3 kW, determine the rate at which to heat is leaking into the refrigerator.

Solutions: Reversible refrigerator
Tg=35°C=308K

TL=-12°C=261K

(COP)Ref = QL = — 2 N
w QH = QL
-1 o It ible refrigerat
T.=308K -TH T (" It 1s a reversible refrigerator)
A
QE-,—W;%,QL ie . QL. _ I, - 26;
L {'_ 0,_0, In-T, 308-261
+ =5.553
0,
ie, 0, =5.553 [Q,, - Ql]: 55530, —5.5530,
T.=261K
ie, O, +5553 0, = 55530,
i ,QL=Z'55;><QH=22§§><1_3 = 1102kW Ans.
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MODULE-3
ENTROPY

The first law of thermodynamics introduces the concept of the internal energy U, and this term
helps us to understand the nature of energy, as defined by the first law. In the similar way the
second law introduces the concept of entropy S, like internal energy it is also athermodynamic
property and is defined only in terms of mathematical operations.

LAUSIUS THEOREM:

The thermal efficiency of reversible Carnot cycle is given by the expm
-

Q L, Q 0

U Carnot =
Qy

H

Where Ty and Ty are the temperatures of high temperature thermal reservoir and low temperature
thermal reservoir respectively, and Qg is the heat supplied and Qy is the heat rejected by the Carnot
engine.

Considering the usual sign convention, +ve for the heat absorbed and —ve for the heat rejected, we
may write,

QH :_QL or QH+QL =()

r, 1, T, T, @
H L H
Theabove conclusionisforthe @arnotreversib e.Butitcanbe provedthatthe conclusionisvalid
for any reversibl . [ arbitrary reversible cycle a-b-c-d-a as shown. In such cycle
absorption and re not occur at two constant temperatures but take place at

r

I

Pressure

d h

Volume —
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The cycle can be now broken into an infinite number elementary Carnot cycle by drawing a
series of infinitely close adiabatic lines, eh, fg, mn, etc. efgh, fmng etc represents elementary
Carnot cycle in which sections ef, gh etc can be considered as isothermal lines.

For any differential Carnot cycle, efgh, let Qn1 be the heat absorbed during isothermal process ef
and Q.1 be the heat rejected during the isothermal process gh. The temperature of ef is Twi and
gh process is Tr1. Then we may write,

Q

H1

T 7T

H1 L1

Using proper sign convention +ve for the absorption of heat and -v rejection, We get

QHl QL1 %
R (1) %

H1 L1
Similarly,
H2 L2
+—= 00— (2) for the'eycl g
T T
H2 L2
From these relations we see that the ra e ratios of the amounts of heat transferred to
the absolute temperature for ‘ t cycles ther is equal to zero, thus,
(QH] + QL]J+[QH2 + QL2]+ 777777777 -0
THI TLI THZ TLQ
L . N -
. O Or
.e. -+ =0 —"——— 3
ie Z[ .t T 3

r
rno!cycles is very large, the sum of the terms gover the complete cycle

al to the cyclic integral of Q , We may , thereforewrite

—

Where R represents reversible cycle. This result is known as CLAUSIUS THEOREM. g is
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ENTROPY:
Definition: Entropy, S is a property of system such that its increase S - S1 as the system changes
from state 1 to state 2 is given by,

O
In differential form equation (1) can be written as dS = &

s
THE CLAUSIUS INEQUALITY: “

When any system undergoes a cyclic process, the integral around the cycle of — 1is less than or

equal to zero.

In symbols, 4% =S0—— 1 — _(1)

Where 6Q is an infinitesimal heat transfer, T is ab temperature of the part of the system to
which heat transfer 6Q occurs.

PROOF: For any reversible cycle from Cia% :

2 Z =0-—mm @)

From the Carnot’s theorem we know that the efficiency of an irreversible engine is less than that of a
reversible engine, 1.e. ?7] < UR

Where 77 [ 1s efficiency of the irreversible engine and 77 R 1s efficiency of the reversible engine

2% LY
Hence, 1 - —= (a3, O — 3
) o) ®

( H

Where I and R represents irreversible and reversible processes respectively.

For a re}sible engine, the ratio of the heat absorbed and heat rejected is equal to the ratio of the

absolute temperatures. Therefore
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1—(&} (1—(T—LJ ——————————— (4) ie. (ﬁJ
bQH I TH ! bQH I

[ () () T oo

Using sign conventions of +ve for absorption of heat and —ve for the rejection of heat ., we get.

00y LA T
( TH J1+( TL J1< . (6)

From this we see that the algebraic sum of the ratios of the amounts of heat transferred to the absolute
temperature for a cyclic irreversible process is always less than zero.

Combining equations (2) and (7). we get {7 A e e (8)

This is known as CLAUSIUS INEQUALITY.

W AN
CALCULATION OF ENTRO C N F DIFFERENT PROCESS

Entropy change in IRREVERSIBLE process:

For a process that occurs irreversibly, the change in entropy is greater than the heat change divided by

the absolute temperature. In symbols. ds ) %

Proof:
‘ Irreversible Path A

Reversible Path B
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Consider an arbitrary irreversible cycle 1-A-2-B-1 as shown in figure. The path 1 to 2(1-A-2) is

traversed irreversibly and the path 2 to 1 ( 2-B-1) reversibly. From the Clausius Inequality, we
have

f{ % ( 0 , for the cycle which is irreversible and

4% = 0, for the cycle which is reversible (D)
Since the entropy is a thermodynamic property. we can write
dds= [ ds, + [ ds,=0 ————- )
oQ
For a reversible process we have. _[ ds R R (3)
B N
Substituting this in equation (2). we get
de,+j: Ok e (4)
4 v B
Using equation (1), for an irreversible cycle, .

Tt
T A 7 ) b\ T ), ’

Now subtracting equation (5) from equation (4), we get

[ds;) f(g) ————— 6)
4 A\ IF
I
‘For small changes in states the above expression can be wniten as,

ds; ) (Q) ————— %
T I
9
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PRINCIPLE OF THE INCREASE OF ENTROPY':

Entropy Change for the System + Surroundings

Consider the process shown. Let 8Q is the heat transfer from a system at temperature T to the
surroundings at temperature T0, and W is the work of this process (either +ve or —ve ). Using
the principle of increase in entropy.

System Temperature dg.syn‘aﬂ -
=T

Q0
dS:un‘owtdfngs == = (2)
TD
for a reversible process )

The total change of entropy for the combined

Surroundings
Temperature =Ty

system
a 50 O
ds, +dS s = —+—
ystem swrroundings
2
] g i, 1
or dSs;srem + dSsurroundings 7 ()Q . ? +?
0

The same conclusion can be had for an open system, because the change in the entropy of the system
would be
A8 i = g +om,s; —omy,s,

The change in the entropy of the surroundings would be,

<dSsmow,dmgS = %— om;s; + om,s,

0
00
dSsystan + dssurroumﬁngs & T + To
Therefore, ; 1 1 since 7') T, and it follows
or dssystvm + dSsurroundings = ()Q o
\. & T
that — % +TL > 0 and therefore dssysrem as dSsurroundigs = O

0
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Problems on entropy:

Problem No.1. One kg of water at 273 K is brought into contact with a heat reservoir at 373 K.
When the water has reached 373 K, find the entropy change of water, the heat reservoir and of
the universe.

Solution: Let T: be the temperature of water, T> be the temperature of heat reservoir. Since

that net entropy change of the water and the reservoir together woul
the entropy change of water we have to assume a reversible path be n

equilibrium. A

1) Entropy of water

Heat reservoir

T,=373K

I

[ dT T,
AS e = Imcp— =mc, In—

5 L I,

373 :
=1x4.187In— =1.3068kJ / K

System (water)

O\

Problem No.2. Two kg of air is heated from 27°C to 427°C while the pressure changes from 100 kPa
‘to 600 kPa. Calculate the change of entropy.R =0.257 kJ / kg K, Cp,=1.005kT/kgK.

Solution: Given:

m=2kg
T1=27+273=300K P; =100 kPa
T>=427+ 273 =700K P, =600 kPa

The general equation used for the calculation of change of entropy is given by,
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T. P, 700 600
AS, =S,—S;=mc,In=> —len—2=2x1.005111[—]—2x0.257h1[—]
: P 300 100

=0.7821kJ /K

Problem No.3. Ten grams of water at 20 °C is converted into ice at - 10 °C at constant atmospheric
pressure. Assuming specific heat of liquid water to remain constant at 4.184 J/ g °C and that of ice to
be half of this value, and taking the latent heat of fusion of ice at 0 °C to be 335 T/ g, calculate the
total entropy change of the system.

Solution: Given :

m=10 gm
Water 1s available at temperature Ice 1s to be formed at temperature
T1=20°C=293k T4=-10°C=263K
Comaiy = 41847 /g °C Coey= ¥: x 4.1847/g°C
=4.184kJ / kg °C =% x 4.184kJ/ kg °C
‘0 -
293

273

263

ﬁ'—l

ASi ASy, AS,
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m
AS, = .[mc ﬂ:mc 111273: -0 x4.184111£
B 293

o P77293 1000
=—2.958x103%kJ/K

b) AS g 1e. entropy change of water at 0 °C to become ice at 0 °C

ASH:—’"QLZ— 10 335

x——=—0.0123kJ /K
T 1000 273

c) AS 7 1e. entropy change of ice as it 1s cooled from 0 ’Cto-10°C

A _2°3mc ar _ 26310 4184 263
o e p TTRKE 973710000 2 273

=—7.807x10*kJ /K

Therefore total entropy change of water as 1t 1s converted into ice will be

1 =AS; +AS; +AS;; =—2.958x107 +(—0.0123)+(—7.807x10™*)
=—0.01604kJ /K

N

ASy,

0
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ITHE PURE SUBSTANCE

The system encountered in thermodynamics is often quite less complex and consists of fluids
that do not change chemically, or exhibit significant electrical, magnetic or capillary effects.
These relatively simple systems are given the generic name the Pure Substance.

Definition

A system is set to be a pure substance if it is (i) homogeneous in chemical sition, (ii)

homogeneous in chemical aggregation and (iii) invariable in chemical aggregation.

Homogeneous in chemical composition means that the composition of
same as the composition of any other part. Homogeneous in chemical

v

Invariable in chemical aggregation means that the che egation should not vary with

respect to time.
Steam Ha2 + %2(02 Hz + O2
(G

(Gas)

ation implies that

the chemical elements must be chemically combined in the sa

ay in all parts of the system.

Figure: Illustration of the definition of pure substance

i)Satisfies condition,ii esmt satisfies condition (iii) are not pure substances

are shown. The system (i) shown in the figure is a mixture of steam and

is ogeneous in chemical composition because in every part of the system we have,
atom of oxygen we have two atoms of hydrogen, whether the sample is taken from
ater. The same is through for system (ii) consisting of water and uncombined mixture
of hydrogen and oxygen. System (iii) however is not homogeneous in chemical composition
because in the upper part of the system hydrogen and oxygen are present in the ratio 1:1 where as

in the bottom portion they are present in the ratio 2:1.
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System (i) also satisfies condition (ii), because both hydrogen and oxygen have combined
chemically in every part of the system. System (ii) on the other hand does not satisfies condition
(i) because the bottom part of the system has two elements namely hydrogen and oxygen have
chemically combined where as in the upper part of the system the (ii) elements appear as a
mixture of two individual gases.

Invariable in chemical aggregation means that the state of chemical combinatiomyof the system

should not change with time. Thus the mixture of hydrogen and oxygen, if it i Ing into
steam during the time the system was under consideration, chemical
aggregation is varying with time and hence this system is not a pure s Thus the system
(i) is a pure substance where as the systems (ii) and (iii) are not pur

Specific heat, C

When interaction of heat takes place between a urroundings, the internal

energy of the system changes. If 6Q is the amoun ed to raise the temperature of
1 kg of substance by dT, then, specific heat C =6

As we know, the specific heat of gas dep he temperature but also upon the type

of the heating process. i.e., specific ends on whether the gas is heated under

constant volume or under consta

We have dQ = m Cy. dT ar

From non-flow energy equation, 6Q = dU + 6W

OW = 0 since volume remains constant
8_Q =dU =Cy. dT

Int. U= CyT + k where k is a constant
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Enthalpy: Consider a system undergoing a quasi equilibrium constant pressure process. We

have from 1* law of thermodynamics for a non-flow process,
Q=0 -U; + Wy,
Wia= Epdv
Since pressure 1s constant Wy =p (Vo — Vi)
LQu=U-Up+p (V2-V))

=0+ p2Vo) — (U + p1V1)
i.e., heat transfer during the process is given in terms of the change in quantity (U + pV)
between initial and final states. Therefore, it find more convenient, i namics to define

% at transfer is equal to the change in

rgy and the work for this particular

this sum as a property called Enthalpy (H)

e, H=U+pV

In a constant pressure quasi equilibrium process
enthalpy which includes both the change in i

process.
The enthalpy of a fluid is the pro id, since it consists of the sum of a property and
the product of the two pro is a property, like internal energy, pressure,

specific volume and temperatu introduced into any problem whether the process is a

flow or a non-flo cess.

For a perfect gas. we haveh =u+pV
=Cy T+RT
=({Cv+R)T

‘ =Gl

ie.h=C,T& HF mC,T

Forany process, 6Q =dH

=mC,dT
-.Fora process between states 1 & 2

Change in enthalpy=(H> —Hj1) =mC,, (T> — T)
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Specific heat at Constant VVolume: When heat interaction takes place at constant volume, 6W =
0 and from Ist law of thermodynamics, for unit mass, (8q)V = dU The amount of heat supplied
or removed per degree change in temperature, when the system is kept under constant volume, is

called as the specific heat at constant volume,

o ol 2]

dT
Specific heat at Constant pressure When heat interaction is at ¢

I

Or dU=C~dT

essure, (©q)p = dh
The amount of heat added or removed per degree change in temperature, system is kept

under constant pressure, is called as the specific heat at constant pre
dh
ar], [dT],
Ordh=C, dT

Application of 1% law of thermodynamics t

process (V = constant)
Applying 1% law of thermodynamics t@oc
1€ |

system: a) Constant volume process (V = constant)

losed system: a) Constant volume

Applying 15t law of thermodynamics to the process.
Qiz2=1U:2-U1 + Wi
=U;-U;+0
i.e..Qi2=Cv(T2-Ty)

-
N substance, Q = mCV (T2 - T1)

b) Constamt pressure (p = Constant)

Applying 1st law of thermodynamics to the process,
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Qua=m—wm + Wy
The work done, W2 = ﬁp dV=p(V2—V1)

te, Qu=wm—u +p (Va—Vi)=(uz+pVy) — (m + pV1)
=h-Iy
1e,Q=GC;(T2—Tw)

For mass ‘m’ of a substance, Q =mC, (T2 —T))
c) Constant temperature process (Isothermal process, T = const %
Applying 1st law of thermodynamics to the process,
Q1-2=U2-U1+W1-2 %
=Cy(T:—T2) + Wi %

1e, Q=W I, =T,

Q2 =p1V1 InVa/'Vy

= Vi In pi/ps

adiabatic experiment, the wor 2 by the fluid is at the expense of a reduction in the

internal energy in an adiabatic composition process, all the work done on

~.0q +pd

= O - For an adiabatic process 6q =0

Also for a perfect gas, pV=RTorp=1§,—T
~.dU+RT d—V
Vv
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Also, u=Cy T ordu=CydT

av
S CydT+RT —
v

Int CyInT + R In'V = constant

Sub. T = pV/R

C.In &‘FR ln v = constant
R

]n%+(y—])lnl’= cunstant}

s ln p?f;"' In¥ 7' = constant

=1
or In & = constant

R
VJ'
,In P—=constaﬂt
R
VF
P g

S\

1e pV' = constant

we have pV=RT
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v

sub. This value of p in pV' =
RT .
A Vi=C or TV"! = constant —(a)

RT .
Also, V= 5 sub. This m equation pressure’ = C

. For a reversible adiabatic process for a perfect gas between states 1 & 2, we can write

PV =pVy  or 2= 7 —(0)
b, Vs
. (v~
TV =TVy" or 2= [—1) —(d)
L \n
1
I T, T r
T T (ﬂJ —©
Tl B,

(l"he Wor] doue in an adiabatic process 1s W =1u; —u»

\The gamn mn LE. of a perfect gas, isu; —1u; = Cy (T2 —Ty)
W=Cy(T1—T2)

R

But Cy= ——

r—1

o RE-T5)
y—1
v, — p.V-
Using pv =RT, W = 211~ £272 }1’2 2
}f——
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1. A cylmder contains 0.45 m’ of a gas at 1 bar & 80°C. The gas is compressed to a volume of

0.13 o', the final pressure being 5 bar. Determine 1) the mass of the gas, 11) the value of ndex

‘n’ for composmon, 111) the increase in internal energy of the gas and 1v) the heat received or
rejected by the gas during compression. (Takey = 1.4, R =294 2 J/kg-K).

Solution: V;=045m’ p;=1x10’Pa V,=0.13m’ T;=353K
p2=5%x10"Pa
1x10° x0.45

1) Wehavep;Vi=mRT; .m= ——=0.433
’ o : 294.2x353 ke
g . (Y
i) pVi"=pVa® ie, [+ =2

) P

or (ﬂ) ={2J ~n=1296
0.13 1

n-1 0296
iif) LAl J2 ~Th=509.7K
7, \7, 0.13

. Increase in int. energy, AU=mC, (T>—T))

potential energy

absent. a) Evaluate thedinitial value of the sp. i.e., of the fluid. b) Determine the magnitude and sign of the

work done duri .
Solution: Total iitial energy E; =KE; + PE; +U;

q 85=17+5+U; ~Ui=63 K
» _ 63
. Imitial sp. 1e., = ST 15.108kJ / kg

Final state: Ey=key + Pe; + Us=19+1.1+4.17 (150) = 628.5kJ
From 17 law, 6Q =E; —E; + W

0=6285-63+. . W=-5655KkJ
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A mass of 0.2 kg of a pure substance at a pressure of 1 bar and a temperature of 313 k occupies a
volume of 0.15 m’. Given that the int. energy of the substance is 31.5 kJ, evaluate the sp. Enthalpy of
the substance.

Solution: m=02kg P=1x10" N/m’ T=313k v=0.15 v=315k]
We have, enthalpy =U + Pv
=315x10°+1x10°x0.15
=465k >

~.sp. Enthalpy = 46.5/0.2 =232.5 ki/kg
3. A gas enters a system at an initial pressure of 0.45 MPa and flow r nd leaves at a
pressure of 0.9 MPa and 0.09 m%s. During its passage through the syste ini.e., is 20 kJ/s.
Find the change of enthalpy of the medium.
| ﬁ « M
Solution: p; =045x 10" Pa Vi=025m/s
p2=09x10°Pa V,=0.09 m’/s

(m—u)=20x 10° J/s

We have from 1% law for a constant pressure quasi static process

Qr2=(m + p2Vz) — (m + p1V1)
=(H2—Hy)
= Change 1n enthalpy
q = —w)+pVa—piVi
=20x10°+0.9x10°x0.09-0.45%x 10°x 0.25
(H,—H))=-115kl/s

. There 1s a decrease in enthalpy during the process
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MODULE-4
THERMODYNAMIC RELATION

Ideal Gas

Definition: A substance is said to be an ideal gas if it satisfies the following equations
e, Pv=RT andu=1f(T)
Where P is the pressure exerted by the substance, v is the specific volume of the anee, T is

the temperature in degree Kelvin, u is the specific internal energy. and R is the gas constant.

Experience has shown that almost all real gases satisfy the above equ wideranges of

pressures and temperatures. However there are certain situations w, th

treated as ideal gases. %
Mole of a Gas

A mole of a gas is that quantity of gas whose ma i equal to its molecular weight.
For example, 1 kg mol of hydrogen is equ olecular weight of hydrogen is 2.
Therefore if n is the total number of mgoles, and M is the molecular weight then,
nM=m

Avogadro’s Hypothesis

Avogadro®s law states that equal vo f es measured at the same temperature and

pressure contain same numbe

gas equation can also be written in terms of R as PV = nMRT =n R T where R = R/M
as u and h are functions of temperature.

From the above equations, du = cV dT and dh = cP dT

For a mass of m kg of gas the equations become

dU =mcV dT and dH = m cP dT On integrating we get

Prof. Jagadeesh A Page 83
Dept. of Mechanical Engg, HIT, Nidasoshi



BASIC THERMODYNAMICS 17ME33

T.
T,

T
ETHHT .Hz _Hl — m]ﬂ',dr
T,

Relation between specific heats for an ideal gas

Foranidealgash=u+RT
ah du
Therefore — =] — |+ R
) [dT]+ &
Or c=oyt R z

ie, cp- Oy =

Dividing the above equation by oy, we get

r—1=£
cl"'
Or ¢, = R
r—1

Sumlarly, dividing the above eguation by cp, we get
R
y—1

Nperfect gas during a reversible adiabatic process in a closed system:
Fro first law of TD,

::.F'=

For an adiabatic process, 6q=0
Hence the work done by a unit mass of a perfect gas on a piston during an adiabatic expansion

process is equal to the decrease in internal energy, i.e., dw = -du

Whereas, for an adiabatic compression process, the internal energy of the gas will increase with
a consequent increase in temperature.
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For a perfect gas, du=c.dT
;oW =—c dT

A Polytropic process is one for whic
where the exponent n for the giv
ranging from plus infinity
From the above equation, it is

irreversible polytropic process of a perfect gas may be written in the form

. ‘
P _[n
R v,
n_—l n-1
I, (A" _[»
I, B Vi
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There are four values of the exponent n that indicate processes of particular interest. When

* n=0, constant pressure or isobaric process
* n == o0, constant volume or isovolumic process
* n=1, constant temperature or isothermal process
e N =y constant entropy or isentropic process
These processes are shown in the fig. on p-v and T-s diagrams.

n="1
n =t s = Const.
v = Const.

co

n = 0.p = Const.

n=1T= Const

\ 4

0
00& .

v
Figure: Polytropic Process o

Work done and heat transfer by a p¢ @ '

For the closed system, the work urmg a
Gl g

R
Wy, = jpa’v: l(Tl -T,)

I n—

s _Bv - P,y
n—1
n-l
_"Fiv] 1- ‘PZ "
n—1 A

The workidone for a steady flow system during a polytropic expansion process is given by,

n-1

n By, 1 P, n
n—1 B
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)] The heat transfer for a closed system:
From the first law of thermodynamics for a unit mass of substance
d0q =0w +du
Since du = cvdT and
for a reversible process
dw = pdv
0q =cvdT + pdv
i) The heat transfer in a steady flow process:
From the first law for steady flow system for a unit mass of fluid
dq = 6w + dh But dh = ¢pdT and
for a reversible steady flow process
dw = -vdp
Therefore 8q = cpdT — vdp
Change in Entropy

Let Py, v1, T1, St apply to the initial conditio c unt of gas. P2, v2, T2, Sy, apply to
the final conditions after adding some heat.

From first law of TD, 6q = ow + du

0q =P.dvi du

Also by definition, du =cvd

2 2

O dT
Integrating, I?Q = |mc, —
1

v
1
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T.
S, — 8, = mec,.In>2
I,

2. Constant Pressure Process
o =aW + dU

=P.dv + dU
=mR dT + mc, dT
=m (R + ¢c,.)dT
=m (Cp — Cv+ Co)dT

darT
Divide by T, L =MmMCp ——

; T %
2 o 2

. d
Integrating, |— = jmc P

3. Isothermal Prm:gs
We have 6Q = oW + dU

H""i
N
Y

But dU =0
- v,
S.o0=FBv, In—

WV

SO mRT,
< Divide by T, 22 = "4 1,

T T Y

v
Integrating we get, S, —.5, = mRIn—2
Y
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4. Reversible Adiabatic Process
3Q=0
Therefore S, —S;1 =0

Hence the process is called isentropic process

o0 y—nPdv
T  y—1 T

Divide by T,

L2 _y—npdv
”JT_ y—1 ;[PT

We know Pv=RT,1e.. P=RT/v

s, -5, =L"" RT dv :

1. 1.25 m? of air at 180 °C at 8 bar is undergoing a constant pressure until the volume is

doubled. Determine the change in the entropy and enthalpy of air.

Solution: Assuming air behaves like a perfect gas we have, Cp = 1.005 kJ/kg °K,
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Cv=0.718 kilkg °K and R = 0.287 kJ/kg °K

Given: V1= 1.25m°, Ty = 180 + 273 = 453° K, P; = P» = 8 x 10°N/m? and V2 = 2Vy

For a constant pressure process, change in entropy is
2
S2 = S1=mCpIn| —
T

We have P1V1=mRT1

8x10° x1.25
Mo 7.69kg
287x453

Also w _ P2V, <%
T1 T

T _ 2x1.25x453 _ 9060 K
2 1.25

Therefore change in entropy = 7.69x1.005l

doubled, and is heated at constant volume until the pressure is doubled. For the total
path find i sfehl) Heat transfer, iii) Change in entropy
Solutlon ,T1= 300 K V2 =2Vq, P3=2P,=2P;

P
t g °

vV —»
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Process 1-2: Constant pressure

process

i) Work done, Wi =P (V2 - V1)
=PV2-PV;

=mR (T2—-Ty)

Also PVi_ PaVe

Ty T

T T

1 2

Therefore T, = 2T1 = 600°K
Therefore work done W12 =1 x 0.287 x (600 — 300)

ViV
ButPi=P . ' % ButVa _2V;

=86.1kJ

i) From first law of TD, Heat Transfer, Q1> = W;. 1
+ T2-Ti)

= x 0.718 x (600 — 300)

O N ¢ A

iif) Change in entropy, S, —S; = mCp ]11?2

1

600
=1(1.005)In——
( 2 300

= 0.6966 kI/’K
‘Process 2-3: Constant Volume Process
GiVEII., P3 = Q,Pj, Tz =600 K

BV, BV

We have
T, I;

_ TR _T,x2P

ST= -
2 2
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=2xT,=1200K
1) Work done, Wy3=0
1) Heat transfer, Qx3 = Wa3 + (Us—Uy)
=mC, (T3 —T2)
=4308kJ
u1) Change n entropy S; — 8, = mCp ]11%
=0.4977 kjf"K
Therefore work transfer in total path, Wiz = W12 + Wa.3
=86.1+0
=86.1kJ
Heat transfer in total path, Q1.3 = Q12 + Q23
=301.5+430.8
=732.3 kJ
Change in entropy for the total path = 1) S2) +(S2—-S1)
4977 + 0.6966

11943 kJI°K
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We have P1V1=mRT;

700x0.028
m =5

= X028 0.128kg
0.287x533

Now l2: P2V2: 0.084: 3

T1 PV 0.027

Therefore T2 =3 x 533 = 1559 K

Heat transfer in process 1-2, Q1-2=mcp (T2—T1)
=0.128 x 1.005 (1599 — 533)

=137.13kJ
For process 3-1
Qsz1=dU+Ws1
On substituting, Q3-1 = - 64.53 kJ
Heat received in the cycle 137.13 kJ

Heat rejected in the cycle Q2 = 19.59 + 64.53 = 84.12

4. 1 kg of air at a pressure of 7 bar and a temp r 0°C undergoes a reversible polytropic
process which may be represente V1 , final pressure is 1.4 bar. Evaluate i) The
final specific volume, temper a C in entropy, ii) Work done and heat transfer.

Solution: Given, m = 1 kg, P1 = Tbar, W T, =363°K,PV! =C, P, = 1.4 bar

Also PoVo= mRTo2

Therefore T, = 313.61°K

Change in entropy for a polytropic process is,

Substituting the values, noting y = 1.4 and R = 0.287 kJ/kgOK, we get
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Sp— S1.= 0.31495kJ/kg’K
P1VPoV
Work done, W1_» = —rre
n-1

Substituting we get, W12 = 141.75 kJ/kg
Heat transfer Q1-2 = W12 + (U2 — U1)

=Wi12+mCy (T2-T1)

=141.75 — 35.462

= 106.29 ki/kg

®
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MODULE-5
IDEAL GAS MIXTURE

Thermodynamics of Non-reactive Mixtures

Assumptions:

1. Each individual constituent of the mixture behaves like a perfect gas.
2. The mixture behaves like a perfect gas.

3. Individual constituents do not react chemically when the mixture is undergoing

Mixture characteristics:

S
TN

Figure: Homogeneous gas mixture

Consider a mixture of gases a, b, c, .... exis q m at a pressure P, temperature T and
having a volume V as shown in figure.
The total mass of the mixture is e

i.e, Mm=mag+ mp+meg+.°

Mass fraction: The mass fraction

component to the ass %the mixture. It is denoted by m;.
) (m\ ~ -
Thus, m,=—2. mgz,=—2, m, =—=
‘ - T L - -
oM Mg Mg +.....=¥mf' =1

Whermubscript i stands for the i component. It shows that the sum of the mass fraction of
all components in a mixture is unity.

Mole fraction: If the analysis of a gas mixture is made on the basis of the number of moles of
each component present, it is termed a molar analysis. The total number of moles for the mixture

is equal to the sum of the number of moles of the individual gases
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L&, Mm=Na+Np+nNc+........ where subscript m = mixture, a, b, ¢ = individual gases.

(A mole of a substance has a mass numerically equal to the molecular weight of the substance,
i.e., 1 kg mol of Oz has a mass of 32 kg, 1 kg mol of N> has a mass of 28 kg, etc.,)

The mole fraction of any component is defined as the ratio of the number of moles of that
component to the total number of moles. It is denoted by y

Le. ¥, = Ve =—. V. =
H H n

m ™ m

c

and . Y, 4PtV ten =2y, =1

i.e., the sum of the mole fraction of all components in a mixture is u

The mass of a substance m is equal to the product of the numb olesn and the molecular
weight (molar mass) M, or m = nM

-. For each of the components we can write,

NmMm=naMa+n, Mp+nMc+ ...

Where Mn is the average molar mass or ight of the mixture.

Or Mnp = YaMa + yoMp + ycMc

Thus, the average molecular e is the sum of the products of all the
ole fraction

nstant R M

components of t esponding molecular weight of each component.

Note: Universal
=8.3143 kl/kg-

here M = molecular weight, R: specific gas constant, and R

a & b = gases of the mixture

P, V=Totalvolumeofthe mixture

Mixture T, T = Temperature of the mixture

Partial pressure of a constituent in a mixture is the pressure exerted when it alone occupies the

mixture volume at mixture temperature. If P, is partial pressure of gas ,,a“, then PaV = maRaT
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Where m, = mass of gas ,,a“, Ra = gas constant for gas ,,a“, similarly PoV = myRpT

Partial Volume: Partial volume of a gas in a mixture is the volume occupied by the gas
component at mixture pressure and temperature. Let V. = partial volume of gas ,,a" and Vy =
partial volume of gas ,,b".

i.e., PVa=maRaT & PVp = mpRpT

The Gibbs-Dalton Law

Consider a mixture of gases, each component at the temperature of the mixture

entire volume occupied by the mixture, and exerting only a fraction e total pressure as

shown in figure.

mal pa| mbv pb1 m01 p01

TV TV T, V.
+ + +

Applying the equation of state for this mixture we

PmV:mmRmTzanmRmT_znmRT

Similarly  paV aRT

ppvV b
oV ncRT

The above equati known as the Gibbs Dalton Law of partial pressure, which states that the

total pressure rr%dure of gases is equal to the sum of the partial pressures of the

individual if each component is considered to exist alone at the temperature and
mixture
G tant far the mixture:
have P2V = maRaT
PoV = mpRpT

Or (Pa+Pp) V =(maRa + mpRp) T
Also, since the mixture behaves like a perfect gas,

We have PV = mRT - (1)
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By Dalton*s law of partial pressure, which states that, the pressure of mixture of gas is equal to
the sum of the partial pressures of the individual components, if each component is considered to
exist alone at the temperature and volume of the mixture.

i.e, P=Pa+Pp

The Amagat-Leduc Law: Expresses the law of additive volume which states that the volume of
a mixture of gases is equal to the sum of the volumes of the individual camponents at the
pressure and temperatwe of the mixture.

aVm=Va+Vp+Ve....p 7= Vi|

For Dalton law, Pm = Py + PbZ+Pc + ... \;T =P

Gibb’s Law: It states that the internal energy, the enthalpy and the opysef a mixture of gas is
equal to sum of the internal energies, the enthalpies and entropigs.r of the individual

gases evaluated at mixture temperature and pressure.

~U=Ug+ Up
mU=maUa + mpUp
U=msaUa+mMspUp
du du
U Ve g s
dT fa dT o dT V.
Similarly Cp = mfa (Cp)a + My p)%

An ideal gas is a

aving no es of intermolecular attraction. The gases which follow the

gas laws at all ran resslises and temperatures are considered as ,,ideal gases”. An ideal gas

early the same way as a perfect gas. But since at high pressure or at low temperatures
the deviation of real gases from the perfect gas relation is appreciable, these conditions must be
observed carefully, otherwise errors are likely to result from inappropriate application of the

perfect gas laws.
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Due to these facts, numerous equations of state for real gas have been developed, the derivation
of which is either analytical, based on the Kkinetic theory of gases, or empirical, derived from an
experimental data.

4

» & . _
600 _— 10.8 5.0 24 ‘ 05 0.0 0.0 0.0

500

400~

300

200

.
100 100kPa
l 10kPa
0.8kP: -
0 ).\l\l' a [ . ; 0.0 L
0.001 0.01 0.1 1 10 100 vom The
Figure:Percentage of error (| | Vable — Videat | MVyiie] X 100) involved in assuming steam to
be an ideal gas, and the region where steam can be treated as an ideal ges

with less than | percent error.

alsMon of State:

g equation of state for perfect gases it is assumed that the volume occupied by the

fes of the gas in comparison to the volume occupied by the gas and the force of attraction
the adjacent molecules is very small and hence the molecules of gas are neglected. At
low pressures, where the mean free path is large compared to the size of the molecules, these
assumptions are quite reasonable. But at high pressure, where the molecules come close to each
other, these are far from correct. Vander waals* equation introduces terms to take into account of

these two modifying factors into the equation of state for a perfect gas.
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The Vander Waals’ equation of state is given by,

RT a .
or P _  __  P=Pressure v=Volume/unitmass R = gas constant

v b oV
where a and b are constants for any one gas, which can be determined experimentally, the

constants account for the intermolecular attractions and finite size of the molecules which were
assumed to be non-existent in an ideal gas. The term accounts for the intermolecular forces i.e,
force of cohesion and the term b was introduced to account for the volume occupied by the

molecules i.e., co-volume. 2 va

Determination of Van der Waals constants in terms of critical properties

The determination of two constants a and b in the Van der Waals equation is based on the fact
that the critical isotherm on a p-v diagram has a horizontal inflexion point at the critical point.
Therefore the first and second derivative of P with respect v at the critical point must be zero.

Compressibility Factor and Compressibility Chart:

The specific volume of a gas becomes very large when the pressure is low or temperature is high.
Thus it is not possible to conveniently represent the behaviour of real gases at low pressure and
high temperature.

For a perfect gas, the equation of state is Pv = RT. But, for a real gas, a correction factor has to
be introduced in the perfect gas to take into account the deviation of the real gas from the perfect

gas equation. This factor is known as the compressibility factor, Z and is defined as,

Pv
Z _ ___
RT
Z =1 for a perfect gas. For real gases the value of Z is finite and it may be less or more than

unity depending on the temperature and pressure of the gas.

Reduced Properties:

The real gases follow closely the ideal gas equation only at low pressures and high temperatures.
The pressures and temperatures depend on the critical pressure and critical temperature of the
real gases. For example — 100°C is a low temperature for most of the gases, but not for air or

nitrogen. Air or nitrogen can be treated as ideal gas at this temperature and atmospheric pressure
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with an error which is <1%. This is because nitrogen is well over its critical temperature of -
147°C and away from the saturation region. At this temperature and pressure most of the
substances would exist insolid phase. Hence, the pressure and temperature of a substance is high or

low relative to its critical pressure or temperature.

Gases behave differently at a given pressure and temperature, but they behave very much the
same at temperatures and pressures normalized with respect to their critical temperatures and
pressures. The ratios of pressure, temperature and specific volume of a real gas to the
corresponding critical values are called the reduced properties.

Generalized Compressibility Chart:

The compressibility factor of any gas is a function of only two properties, usually temperature
and pressure so that Z: = f (Tr, Pr) except near the critical point. This is the basis for the
generalized compressibility chart.

The generalized compressibility chart is plotted with Z versus Pr for various values of Tr. This is

constructed by plotting the known data of one or more gases and can be used for any gas.

1.1
1.0 =
e Tyl=2.00
_\:\‘*‘\L*‘ A A At
o
0.9 g "\g}\.‘
\3 30, ) Ty =|1.50 ) sl L
p = P b /
0.8 q \g\n BN o d * _.(—-"A/ P A
i \‘C? x T e X /7//
T, =(1.30 ' /
0.7 Aq X ® R 7}( /B/
' 33 ® ¢ O o |38 X /
= S Ry im0 g /
& x
_”m 0.6 < o] e rv;fx//y
L R l,’{( 1.20 = /,A
° s o0 p/
0.5 ® Q : =
o) o~
}\N\‘rk = 1.10 yao/‘ Legend
: e 2002 oo —
D4 ST % Methane m Iso-pentane
P / o Ethylene < n-Heptane
0.3 § Tg=({1.00 4 A Ethane A Nitrogen
g /U o Propane ® Carbon dioxide
‘ e o0 n-Butane e Water
b o
0.2 o Average curve based on data
on hydrocarbons
0.1 | I I |
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

Reduced pressure Py
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It may be seen from the chart that the value of the compressibility factor at the critical state is
about 0.25. Note that the value of Z obtained from Van der waals™ equation of state at the critical
point,

The following observations can be made from the generalized compressibility chart:
o At very low pressures (Pr <<1), the gases behave as an ideal gas regardless of

temperature.
e At high temperature (Tr > 2), ideal gas behavior can be assumed with good accuracy
regardless of pressure except when (Pr >> 1).

e The deviation of a gas from ideal gas behavior is greatest in the vicinity of the critical
point.
The compressibility factor can also be obtained from v-T or v-P data. Since the critical volume

may not be consistent with the generalized chart, the pseudo critical specific volume vcl is used
in the definition of reduced volume. It is defined by . The pseudo reduced volume c c c P RT

Table: Critical Point Data of Gases

Gas Chemical Pressure Temperature Specific Volume
Formula ~ Pcbar v,m’ | kg — mole
T.K
Air 37.7 132.8 0.083
Ammonia NH; 112.8 405.8 0.073
Argon A 447 151.0 0.075
Carbon dioxide CO; 73.8 304.2 0.094
Carbon monoxide Cco 35.0 133.0 0.093
Freon-12 CClyF; 40.3 385.0 0.215
Helium He 2.3 5:2 0.058
Hydrogen H, 13.0 33.2 0.065
Nitrogen N, 33.9 126.1 0.090
Oxygen 0, 50.6 154.5 0.075
Sulphurdioxide SO, 78.8 430.5 0.0123
Steam H,0 220.9 647.3 0.056
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Table: Van Der Waals’ Constant

Gas a b Z = pv/RT
kN m*/(kg-mol)®> | m®/kg-mol
Air 135.8 0.0365 0.284
Oxygen 138.0 0.0318 0.29
Nitrogen 136.7 0.0386 0.291
Water 551.7 0.0304 0.23
Methane 228.6 0.0427 0.29
Carbon monoxide 147.9 0.0393 0.293
Carbon Dioxide 365.6 0.0428 0.276
Ammonia 4249 0.0373 0.242
Hydrogen 248 0.0266 0.304
Helium 3.42 0.0235 0.30
Problems

1

perfect gas equation, (b) the Vander Walls™ equation of state and (c) generalized

compressibility chart, determine the pressure which would be exerted by the air on the

vessel.

Solution: (a) The perfect gas equation is Pv = RT

or poRL _RT
Vv My

-

0.3 B

Specific volume of the gas = v = E =0.03n" /kg

A rigid vessel of volume 0.3 m3 contains 10 kg of air at 3000K. Using (a) the

From the critical point data of gases, we have T, =132.8 K, P = 37.7 bar

We can also take the values of a and b from Thermodynamic Data Hand Book. [From table C-8

we have a = 135.8 kN m*/(kg-mol)? and b = 0.0365 m?kg-mol]
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3 If the values for the reduced pressure and compressibility factor for ethylene are 5 bar and

1.04 respectively, compute the temperature.

Solution: From generated computer chart (from chart 7 in thermodynamic Data Hand Book
compiled by B.T. Nijaguna and B.S. Samaga)

We find for PR=5& Z2=1.04, Tr=2.7

T
ButTr = T

c

5. T=(282.4)(2.7) Since for ethylene T¢ =282.4°%K

0
=762.48K

4. Using the compressibility chart calculate (a) density of N, at 260 bar & 15°C. (b) What

should be the temperature of 1.4 kg of CO. gas in a container at a pressure of 200 bar to be have
as an ideal gas.

Solution: For N2. from table C-6 (in thermodynamic Data Hand Book compiled by B.T.
Nijaguna and

B.S. Samaga) T =125.9°K P = 3.94

P, = P: 260 =7.66, T, I _ 288 =229

3.94 T 1259

2 |
9%}

S.Fromchart 7, forPr=7.66 & T =2.29,7=1.08
Py P ] P
L=—-=—— lie., p=——
RT  pRT ZRT

= 281.54 kg/m®
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(b) For CO,, from table C—6, T. = 304°K, P. = 73.85 bar.
As the gas behaves like anideal gas, 7=1

200
73.85

PR = =271

.. From compressibility chart (chart 7), forZ=1 & P =2.71, T, = 2.46

S T=T.Tg =304 (2.46) = 747.84°K
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