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Introduction

Thermodynamics is a one-semester course. It igee th credit hour
degree course available to all students to takeardsv their B.Sc.
Physics, B.Sc. Education and other related progrsnmthe faculty of
science.

Thermodynamics owes its origin to the attempt toveot heat energy
into mechanical work and to develop the theory pération of devices
for this purpose. Two basic concepts in thermodyosarare work and
heat. The zeroth law establishes the existendeeofal equilibrium and
allows temperature to be measured using a therneonietie first law
places work and heat as the only way the intemaigy of a system or
a body can be increased. The second law talks aheuentropy of a
system. The first and second laws are used in iexpiathe operations
of the Carnot engine, real heat engines and theigeehtors.
Refrigerators are devices used to cool a systema @ody and the
process of doing this is called refrigeration cydlee third law gives the
condition for which a body or a system can be abdteabsolute zero
l.e. an infinite number of refrigeration cycle. Beefour laws of
thermodynamics i.e. zeroth, first, second and tlaves are based on the
observations made in the field of thermodynamics.

What you will Learn in this Course

The course consists of units and a course guids. ddurse guide tells
you briefly what the course is about, what coursgemals you will be
using and how you can work with these materials.atidition, it
advocates some general guidelines for the amouinhefyou are likely
to spend on each unit of the course in order topteta it successfully.

It gives you guidance in respect of your Tutor-MatkAssignment
which will be available in the assignment file. Téewill be regular
tutorial classes that are related to the coursks. didvisable for you to
attend these tutorial sessions. The course wilbdhice you to the four
laws of thermodynamics and their implications; at&b to prepare you
for other specialised courses in physics like aphesc

thermodynamics, geophysics, statistical physics dramal physics
among others.

Course Aims

The aim of this course is to give a comprehenseaciing on the
principles and applications of thermodynamics;sitalso to prepare
students towards scientific advancement in atmasphphysics,
geophysics, and thermal Physics among others.



PHY207 THERMODYNAMICS

Course Objectives

To achieve the aims set out, the course has & skjexrtives. Each unit
has specific objectives which are included at tbgitning of the unit.
You should read these objectives before you sthdyuinit. You may
wish to refer to them during your study to checkyomr progress. You
should always look at the unit objectives after pteting the unit.

Below are the comprehensive objectives of the @By meeting these
objectives, you should have achieved the aims eftturse as a whole.
In addition to the aims above, this course setsatbieve some
objectives. Thus, after going through the course, ghould be able to:

. Explain basic concepts of thermodynamics.

. Explain process of temperature measurement arel ztabth law
of thermodynamics.

. Explain the concept of heat, work and internal gpeand also
state the first law of thermodynamics.

. Explain the processes involve in Carnot / heatregycycles and
derive expression for efficiency in each case

. Explain the entropy of a system and state the skdaw of
thermodynamics

. Define each of the four thermodynamic potentialsl @erive
their differential forms

. Derive the four Maxwell relations and the thrédS equations
and their usefulness

. Explain the process of phase transition and deritie
Clapeyron’s equation

. Use relevant thermodynamic potential to describeottimg
process and free expansion of a gas

. Discuss the methods being used to achieve low tepe,

explain low temperature phenomena and state thd thw of
thermodynamics.

Working through this Course

To complete this course you are required to reath study unit, read
the textbooks and read other materials which mayrogided by the
National Open University of Nigeria.

Each unit contains self-assessment exercise aodri@in points in the
course you would be required to submit assignmémtsassessment
purposes. At the end of the course there is a #xamination. The
course should take you about a total of 17 weeksotaplete. Below
you will find listed all the components of the csey what you have to
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do and how you should allocate your time to each umorder to
complete the course successfully.

This course entails that you spend a lot of timeetd. | would advice
that you avail yourself the opportunity of atterglihe tutorial sessions
where you have the opportunity of comparing younwledge with that

of other learners.

Course Materials

Major components of the course include:

arwnPE

Study Units

The Course Guide

Study Units

Tutor Marked Assessment (TMA)
Presentation Schedule
References/Further Reading

The study units in this course are as follows:

Module 1

Unit 1
Unit 2
Unit 3
Unit 4

Module 2

Unit 1
Unit 2
Unit 3
Unit 4
Unit 5

Module 3

Unit 1
Unit 2
Unit 3
Unit 4

Basic Concept of Thermodynamics
Differential Calculus

Measurement of Temperature
Heat Transfer Mechanism

First Law of Thermodynamics

Consequences of the First Law

Entropy and the Second Law of Thermodynamic
Heat Engines

Refrigerators

Combined First and Second Law
Thermodynamic Potentials
Maxwell Relations

TdS Equations
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Module 4

Unit 1 Phase Transition

Unit 2 Throttling Process

Unit 3 Production of Low Temperature

Unit 4 Phenomena at Low Temperature and the Thaw of

Thermodynamics

The first unit of the course focuses on the basitcept and definitions
in thermodynamics. The second unit reviews the ema#tical tools

required for better understanding of the coursteghtial calculus. The
third unit is on measurement of temperature, dffiethermometers and
the zeroth law of thermodynamics. The fourth uaguses on the three
mechanisms of heat transfer and the equation ®retiergy loss rate
under each mechanism.

Module 2 comprises of five study units. Units fi@ed six treat the first
law of thermodynamics and its consequences. Uniersaunit is on

entropy and the second law; and unit eight and focas on the heat
engine cycles and the reversed of these cyclest tdni is on the
combined first and second law and the useful wmatithat can be
derived for this. Units 11, 12 and 13 focus on rin@dlynamic potentials,
their differential forms, Maxwell relations and tldS equations. Units
14 and 15 deal with the use of thermodynamic p@ksnin describing

thermodynamic processes like phase transition ttlimgp process and
free expansion of a gas. Units 16 and 17 focus etihoas of production
of low temperature and the third law of thermodyieem

Each study unit consists of three hours work. Estaldy unit includes
introduction, specific objectives, directions faudy, reading materials,
conclusions, summary, Tutor- Marked Assignments AB)M references
and other resources. The units direct you to warlexercise related to
the required readings. In general, these exerciess you on the
materials you have just covered or require youplait in some way
and thereby assist you to evaluate your progredst@meinforce your
comprehension of the material. Together with TM&mse exercises
will help you in achieving the stated learning abiges of the individual
units and of the course as a whole.

Presentation Schedule

Your course materials have important dates foréhdy and timely
completion and submission of your tutor-marked grssient and
attending tutorials. You should remember that yoe eequested to
submit all assignments by the stipulated time aatk.dYou should
guard against falling behind in your work.

iv
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Assessment

There are three aspect of the assessment of thsecdtirst is made-up
of self-assessment exercises, second consists eoftutor-marked
assignments and third is the written examinatiocth/@fh the course
examination.

You are advised to do the exercises. In tacklimgasignments, you are
expected to apply information, knowledge and teghes you gathered
during the course. The assignments must be sulohtdtgour facilitator
for formal assessment in accordance with the deeslistated in the
presentation schedule and the assignment file.Wdr& you submit to
your tutor for assessment will count for 30 percainyour total course
work. At the end of the course you will need tofsita final or end of
course examination of about three hours duratitis €xamination will
count for 70 percent of your total course mark.

Tutor-Marked Assignment (TMA)

The TMA is a continuous assessment component of gourse. It

account for 30 percent of the total score. You blgiven at least four
TMAs to answer. Three of these must be answeredréefou are
allowed to sit for the end of course examinatiohe TTMAs will be

given by your facilitator and you are to return le@ssignment to your
facilitator/tutor after completion. Assignment qgtiess for the units in
this course are contained in the assignment fileu Will be able to
complete your assignment from the information aheé tmaterial

contained in your reading, references and studysuhllowever, it is
desirable in all degree level of education to destrate that you have
read and researched more into your referenceshwhilk give you a

wider view point and may provide you with a deepederstanding of
the subject.

Make sure that each assignment reaches your &eilitutor on or

before the deadline mentioned by the course coatalinin the

presentation schedule and assignment file. Ifafor reason, you cannot
complete your work on time, contact your facilitéator before the

assignment is due to discuss the possibility oéxension. Extensions
will not be granted after the due date unless thaee exceptional

circumstances.

Final Examination and Grading

The end of course examination for Thermodynamidkshbei about three
hours and it has a value of 70% of the total counsmk. The
examination will consist of questions, which widflect the type self-

\'
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assessment exercise, practice exercise and tuttechaassignment
problems you have previously encountered. All adafie course will
be assessed.

You are advised to use the time between finishimg last unit and
sitting for the examination to revise the entireise. You might find it
useful to review vyour self-assessment exercise, oriMiarked
Assignments and comments on them before the exéionna

Course Marking Scheme

Assignment Marks

Assignments 1- 4 Four assignments, best three noétke
four count at 10 % each — 30 % of the
course marks

End of course examination 70 % of overall courseksa

Total 100 % of course materials

Facilitators/Tutors and Tutorials

There are 16 hours of tutorials provided in suppdrthis course. You
will be notified of the dates, times and locatidrtteese tutorials as well
as the name and phone number of your facilitaters@n as you are
allocated a tutorial group.

Your facilitator will mark and comment on your ggsnents, keep a
close watch on your progress and any difficulty yuoight face and
provide assistance to you during the course. Yeueapected to mail
your Tutor Marked Assignment to your facilitatorftwe the schedule
date (at least two working days are required). Thdlybe marked by
your tutor and returned to you as soon as possible.

Do not delay to contact your facilitator by telepkoor e-mail if you
need assistance.

The following might be circumstances in which yowul find
assistance necessary, hence you would have toctgotar facilitator if:

. You do not understand any part of the study or designed
readings

. You have difficulty with the self-tests

. You have a question or problem with an assignmentith the

grading of an assignment.

You should endeavour to attend the tutorials. Thike only chance to
have face to face contact with your course fatditaand to ask

Vi
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guestions which may/may not be answered instaMt can raise any
problem encountered in the course of your study.

To gain much benefit from the course tutorials,ppre a question list
before attending them. You will learn a lot fronrigapating actively in
discussions.

Summary

PHY207 is a course that intends to give a comprakierteaching on
the principles and applications of thermodynamiggon completion of
this course, you will be able to explain each oé ttour laws of
thermodynamics and also give the implications guulieations of these
laws. In addition, you will be able to answer thaldwing type of
guestions:

. Differentiate between a system and its surroundings

. Discuss the process of calibrating a thermometerdascribe the
principle of operation of some thermometers.

. Show that the entropy of an irreversible proceseeiases

. Differentiate between heat and temperature

. With the aid of PV diagram, describe all the preessinvolved

in an ideal Stirling heat engine cycle and obtdie &€xpression
for its efficiency.

. Derive the Clapeyron’s equation.
. Discuss the process of cooling by adiabatic dentagti®n
. State the third law of thermodynamics

These are, by no means, all the questions you dghmubble to answer
upon completion of this course. The basic thingpisnderstand all that
you have learnt in this course and be able to afgipdyn in solving
different problems on the course.

| wish you a splendid study time as you go throtighcourse.

vii
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MODULE 1

Unit 1 Basic Concepts of Thermodynamics
Unit 2 Differential Calculus

Unit 3 Measurement of Temperature

Unit 4 Heat Transfer Mechanism

UNIT 1 BASIC CONCEPTS OF THERMODYNAMICS
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1  Definition of Thermodynamics
3.2 ldea of a System and its Surrounding
3.3  Thermodynamic Properties/Coordinates
3.4  Thermodynamic System
3.5 Thermodynamic Processes
3.6  Thermodynamic Equilibrium
3.6.1 Mechanical Equilibrium
3.6.2 Chemical Equilibrium
3.6.3 Thermal Equilibrium
3.7 State of a System
3.8 Equation of State
3.8.1 The Ideal Gas
3.8.2 Van der Waals Equation of State
3.8.3 Extensive and Intensive Properties
4.0 Conclusion
50 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

Thermodynamics is a branch of physics that dedls eat and flow of
energy. The basic idea is that objects are madefuptoms and
molecules, which are in ceaseless motion. The rfab& motion the
hotter the object. However, thermodynamics dealg with the large-
scale response of a system, i.e. response thatbeaobserved and
measured, to heat flow. This unit examines the ch@sincepts of
thermodynamics as a way of introducing the course.

11
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2.0 OBJECTIVES

By the end of this unit, you should be able to:

. explain what thermodynamics is

. mention all thermodynamics coordinates and expthiange of
state

. describe all thermodynamics processes

. write equation of state and its usefulness

. differentiate between a system and its surrounding.

3.0 MAIN CONTENT
3.1 Definition of Thermodynamics

Thermodynamics is the study of the effects of wbeat, and energy on
a system. It deals only with the large-scale respaf a system, which
can be observed and measured in an experimenteatf dnd work.
Small-scale gas interactions are described byitreti& theory of gases.

3.2 Idea of a System and its Surrounding

Systemis a restricted region of space or a finite ported matter one
has chosen to study. Or the part of the univerg#) well-defined
boundaries, one has chosen to study.

Surrounding is the rest of the universe outside the regionntdrest
(i.e. the rest of space outside the system).

Boundary or Wall is the surface that divides the system from the
surroundings.

This wall or boundary may or may not allow interastbetween the
system and the surroundings.

3.3 Thermodynamic Properties/Coordinates

These are macroscopic coordinates or propertied tsalescribe or
characterise a system. Because they are macrospopperties or
coordinates, they can be observed and measurede 8gamples are
Temperaturg(T), Pressure(P), Volume (V), density (o), mass(m),

specific heat capacity at constant volun@ {, specific heat capacity at
constant pressuréCp), thermal conductivity(k ), thermal diffusivity
(a), and chemical potential).

12
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3.4 Thermodynamic System

This is a system that could be described in terinthermodynamic
coordinates or properties. Thermodynamic Systemsbeacategorised
into the followings depending on the type of bouwyda

Open System This is a system that its boundary allows transfanass
and energyinto or out of the system. In other words, the riary
allows exchange of mass and energy between themnsysind the
surrounding.

Closed SystemThis is a system that its boundary allows exclkaofy
energy alonginform of heat) between the system and its sundg
(i.,e. the boundary allows exchange of energy 3lofidis type of
boundary that allows exchange of heat is callethdranal boundary

Isolated System This is a system that its boundary allows neithess
nor energybetween it and the surrounding. In other words,tbundary
does not allow exchange of mass nor energy.

3.5 Thermodynamic Processes

A system undergoes a thermodynamic process whee thesome sort
of energetic change within the system, generallgoeated with
changes in pressure, volume, internal energy, testyoe, or any sort of
heat transfer.

There are several specific types of thermodynamicgsses that happen
frequently enough (and in practical situations) tiey are commonly
treated in the study of thermodynamics. Each hasique trait that
identifies it, and which is useful in analyzing tle@ergy and work
change related to the process.

Adiabatic process This is a thermodynamic process in which there is
no heat transfer into or out of the system. Fos friocess, change in
guantity of heat is zero (i.2aQ=0 during this process)

Isochoric process This is a thermodynamic process that occurs at
constant volume (i.eAV =0 during this process). This implies that
during this process no work is done on or by thstesy.

Isobaric process This is a thermodynamic process that occurs at
constant pressure (i.Ap=0 during this process).

Isothermal process This is a thermodynamic process that takes @ace
constant temperature (i.AT =0 during this process)

13
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It is possible to have multiple processes withgirgle process. A good
example would be a case where volume and pressamge during a
process, resulting in no change in temperaturenandgeat transfer. This
kind of a process would be both adiabatic and esotial.

Cyclic ProcessesThese are series of processes in which after pertai
interchanges of heat and work, the system is redtir its initial state.

For a cyclic procesau =0, and if this is put into the first law (unit 5)
Q=W

This implies that the net work done during thisqa®s must be exactly

equal to the net amount of energy transferred ag; ltbe store of

internal energy of the system remains unchanged.

Reversible ProcessA reversible process can be defined as one which
direction_canbe reversed by an infinitesimal change in som@entes
of the system.

Irreversible Process An irreversible process can be defined as one
which direction_cannobe reversed by an infinitesimal change in some
properties of the system

Quasi-static ProcessThis is a process that is carried out in suchag w
that at every instant, the system departs onlynitesimal from an
equilibrium state (i.e. almost static). Thus a Gustetic process closely
approximates a succession of equilibrium states.

Non-quasi-static ProcessThis is a process that is carried out in such a
way that at every instant, there is finite departof the system from an
equilibrium state.

SELF ASSESSMENT EXERCISE 1
Explain the following:

I open system

. isolated system

iii. isochoric process
\Y2 isobaric process

V. guasi-static process

3.6 Thermodynamic Equilibrium

Generally, a system is said to be in equilibriumewlits properties do
not change appreciably with time over the intereélinterest (i.e.
observation time).

14
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A system is said to be in thermodynamic equilibriumth its

surrounding or with another system if and onlythie system is in
thermal equilibrium, in chemical equilibrium and imechanical
equilibrium with the surrounding or with anotheisegm. If any one of
the above conditions is not fulfilled, the systesmot in thermodynamic
equilibrium.

3.6.1 Mechanical Equilibrium

A system attains mechanical equilibrium with itsreunding or with
another system when there is no unbalance or net fo the interior of
the system and also none between the system amdritsundings or
another system. Suppose two systems are separgteal rnovable
boundary that does not allow exchange of mass at &g shown in
figure 1.1. If Py is greater thaRy, the partition will continue to move
toward system 2 untilP| is equal td®. When this occurs, the two

systems are said to be in mechanical equilibrium.
3.6.2 Chemical Equilibrium

A system attains chemical equilibrium when there are no chemical
reactions going on within the system or there is no transfer of
matter from one part of the system to other due to diffusion. Two
systems are said to be in chemical equilibrium with each other when
their chemical potentials are same.

3.6.3 Thermal Equilibrium

This occurs when two systems in thermal contac eystem that is in
thermal contact with the surrounding attains thmesaemperature. For
example if system 1 with temperatureahd system 2 with temperature
T, are in thermal contact, there will be exchangéhedt between the
two systems if there is a temperature gradient \leenT, #T,). This
process of heat exchange will continue until théreguilibrium is
attained (i.eTq =T»).

System 1 System 2
Py P,
V]_ V2
Ty \ Ts
AN

movable partition
Fig. 1.1: Two Systems Separated by a Movable Paiitin

15
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SELF ASSESSMENT EXERCISE 2

Explain what is meant by thermodynamic equilibrium.
3.7 State of a System

This is a specific situation in which macroscopigoperties
(thermodynamic properties) of a system have cestaloes (e.g. P=10
Pa, V=100 cry and T=300 K would be a state of a gas). It isdrtant
to note that the state of a pure substance ortamysan be defined or
specified by any two of its properties.

Change of stateoccurs when there is change in one, two or all the
properties of the system. Using figure 1.1 abovexasnple, suppose;

IS greater tharP, the partition will continue to move towards systm
until Py is equal td®>. When this happens, the system 1 and 2 have a

new set of coordinates in which Temperature rencainstant for the
two systems but pressure and volume changed. Thesay that the
state of system 1 and system 2 has changed.

Note: Change of state is not exactly the same thinghasige of phase

(Phase change). Change of phase or phase transittpospecial case of
change of state and it will be treated fully in mted4, unit 1.

3.8 Equation of State

This is the known relationship between the thernmadtyic variables or
properties. It is an equation which provides a mathtical relationship
between two or more state functions associated mikter such as its
temperature, pressure, volume, or internal energy.

From the above descriptions, Boyle's law, Chardaw/, Dalton’s law of

partial pressures are examples of equation of.s3at@e other examples
of equation of state are:

3.8.1 The ldeal Gas
The equation of state for ideal gas is
PV =nRT
whereP is the pressurey is the volumeR is the molar gas constant

(R=8.314 JK'mol), T is temperature in Kelvin, amdis the number of
mole of gas.

16



PHY207 THERMODYNAMICS

3.8.2 Van der Waals Equation of State

The equation of state for real gas also known asdé Waals Equation
IS

(P+_ )V ~b)=RT

m

where quantitiesa and b are constants for a particular gas but differ
for different gases.

There are many more equations of state besides tivesgiven above.
3.9 Extensive and Intensive Properties

Thermodynamic properties of a system can be catsgbrinto two
namely:

Extensive properties: These are properties of systat depend on the
mass of the system (e.g. n, V and total energy U)

Intensive properties: These are properties of systat are independent
of the mass of the system (e.g. T, P pnhd

Block 1

As an illustration of these two categories of thedynamic properties, assuming
you cut into two equal parts a hot bar of metaloform temperature T. Each half
will still have almost the same temperature T. Tdhesarly shows that temperature is
independent of mass of the ‘system’ (i.e. meta).lBwnt what about the volume of
each part, are they going to be the same as tgmalrivolume? This indicates that

volume of a system is dependent of mass (voluregtensive property).

Specific Valueof an extensive property (for example Volume, ¥) i
defined as the ratio of the volume of the propéayhe mass of the
system, or as volume per unit mass.
Specific volumeVy is
V
Vs -
Note that the specific volume is evidently the peccal of the density,
defined as the mass per unit volume:
m_1

PV TV,

17
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Molar Value of an extensive property (for example Volume, ¥) i
defined as the ratio of the volume of the prop&stthe number of moles
of the system, or as volume per unit mole.

Molar volumeV,, is

SELF ASSESSMENT EXERCISE 3

Differentiate between extensive and in-extensivperties of a system.
4.0 CONCLUSION

You have learnt in this unit, as way of introducthg course, the basic
concepts of thermodynamics. This of course will phgfou in
understanding the succeeding topics.

5.0 SUMMARY

In this unit, you have leant that:

. thermodynamics is a branch of physics that deals twat and
flow of energy
. thermodynamics coordinates are used to charactiwsstate of

a system and that a change in any or all of thesednates
brings about a change of state

. base on the type of constraint imposed on a sydfeensystem
can undergo thermodynamics processes like adiabsdichoric
and isothermal processes

. equations of state are the known relation betwebs t
thermodynamic coordinate of a system
. a system is a restricted region of space one haseohto study

while the rest of the universe is its surroundingsed that the
system and its surrounding constitute the universe.

6.0 TUTOR-MARKED ASSIGNMENT

1. Explain the followings:

a. thermodynamic coordinate

b. thermodynamic system

C. cyclic process

d. isobaric process

e. extensive and inextensive properties of a system
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2. The equation for ideal gasA¥ =nRT , suppose an ideal gas is in

equilibrium at initial state with temperature T 871°C, pressure
P = 0.75 x 10 Nm? and volume V = 0.75 M f there is a
change of state in which the gas undergoes aneisuti process
to a final state of equilibrium during which itslume doubled,
calculate the temperature and pressure of the gasisafinal
state.
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1.0 INTRODUCTION
One of the useful mathematical topics in thermodyica is partial
derivative. This unit gives a brief summary of soaig¢he most useful

formulas involving partial derivatives that we alikely to use in
subsequent units and modules of this course.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. explain what partial derivatives are

. explain what exact differentials are

. derive partial derivative of a given function
. solve some problems on partial derivatives
. state some rules of partial derivatives.

3.0 MAIN CONTENT

3.1 Partial Derivatives
A partial derivative of a function of several vdiies is its derivative

with respect to one of those variable with the mileeld constant.
X=X(z,Y) 2.1
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From equation 2.1,x a dependent variable is a function of two
independent variables and y. Partial derivative ofx with respect to

y with z held constant i$g—);)z.

For example, if
X =2y 2.2

then, the partial derivative of with respect toy with z held constant
IS

ox
—),=2 2.3
(ay)z zy

Similarly, the partial derivative ofk with respect toz with y held
constant is

ox 2
Y= 2.4
(az)y Y

3.2 Exact Differential

Suppose that there exists a relation among the ttwerdinatesx, v,
and z in such a way thax is a function ofy andz (i.e. x(z y)); thus
f(x,y,2)=0 2.5

The exact differential ok (dx)is
0x 0x
dx=(—),dy+(—),dz 2.6
(ay)z y+( aZ)y

Generally for any three variables, y, and z we have relation of the
form

dx = M (y,2)dy + N (y,2)dz g2
If the differentialdx is exact, then

oM oN
Ty = (— 2.8
(az)y (Gy)z

3.3 Implicit Differential

Consider an equation of the form
xy=x2y2 2.9
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One can differentiate the two sides of the equafichusing equation
2.6 (i.e differentiating both the left and rightritis side with respect to
x while y is held constant and with respect yo while x is held

constant).

D) i+ 200y gy =0V 0 @YD) 0y 2.0

Equation 2.10 gives

ydx + xdy = 2xy2dx + 2x2ydy 2.11
Collecting like term and then factorize to have
2 _
dy _ 2xy—2y 212
dx  x-2x°y

Another way to obtain expression fédj+y— is to consider equation 2.9 as
X

f =xy-x2?y? (i.e. moving the expression in the right side gfi@ion
2.9 to the left side and then equate the resuft }oThen
dy __of jof

= 2.13
dx ox/ oy

3.4 Product of Three Partial Derivatives

Suppose that there exists a relation among the twerdinatesx, vy,
and z; thus

f(x,y,2)=0 2.14
Then x can be imagined as a function pfand z
0x ox
dx=(—),dy+(—),d 2.15
X (ay)z y (az)y z

Also, y can be imagined as a functionxfand z, and

dy=(2 )de+(ay)xdz 216

Insert equation 2.16 in 2.15

0x oy oy 0x
dx=(=—) (=) ,dx + (=) ydz] + (=) , d
X (6y)2[(6x)z X+(6Z)X Z]"'(az)y Z

Rearrange to get

L) Y X By 0K
=) B (D + ()12 2.17
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If dz=0 anddx #0, it follows that
0
(—) (5)2=1

ox 1
=), = 2.18
oy ay/an),

Take note of thez in the expression on both sides of the equati®8,2.
indicating that the derivatives in equation 2.18 airconstang .

Block 1

Suppose that there exists a relation among the ttoerdinatesx, y, and
Z; thus f (x,y,2)=0. Going by equation 2.18, then the following hold

0x 1 oy 1

Gy)2= (ay/ax)z (ax)y (0%/82), 2% = azay)

Also from equation 2.17, ifix =0 anddz# 0, it follows that

( )( )x (—)y—O

Move (%)y to the other side of equation to get

0
( )( x == )y 2.19

Then divide both sides of the equation 2.19(%)%')y

(—) ("y) (%)= -1 2.20

This is called minus-one product rule.
3.5 Chain Rule of Partial Derivatives

Another useful relation is called chain rule of t@dr derivatives.
SupposeT is a function ofV and P, and that each o¥ andP is a
function ofZ, then
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oT oT, ,0Z

—)p =()p(l— 2.21
(aV)P (aZ)P(aV)P

Equation 2.21 is the chain rule of partial derivatiGoing by 1.2.21, the
following can as well be written:

NN
(a_P)T —(av )T(aP)T 2.22a
u, _au ot

(a—V)P—(aT)P(aV)P .22b

Equations 2.21 and 2.22 are called chain rule digbalerivatives.
3.6 Second Derivatives or Second Order Derivatives

Let f (x,y)be a function with continuous order derivativegnhve can

calculate first derivatives to beg—fx)z and (%)X. One can further

. 9%f 9%f 9°f 92t
calculate the second derivatives—, —— ——, and——. Take note
ox%  9z% oxdy 0yox

2 2

of these two second order derivates Eei andu, they are called
oxay 0yox

mixed second derivatives. It can be shown that ritiged second

derivatives are equal, i.e. it does not matterdfrder will perform the

differentiation.

= 2.23

SELF ASSESSMENT EXERCISE
2 _
1.  For xy=x2y?, by using equation 1.2.13 sholy =2xy—2y.
X x=2Xx°y
2 2
2. Given thatu = x?Iny show thatd Y = 90U _ 2x
oxdy o0yox Yy

3.7 Functions of More than Two Variables

Suppose thatf (x,y,z), the derivative off with respect to one of the
variables with the other two constant (e.g. deiweabf f x with y
and z constant) can be written as

of of of
(&)yz , (6_y) Xz and(g) Xy
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4.0 CONCLUSION

You have learnt in this unit some rules in partiativatives that you are
likely to apply in this course.

5.0 SUMMARY

In this unit you have learnt that:

. the partial derivates for three variableg, if x=zy2, the partial
derivative of x with respect toy with z held constant is

ox, _

(Fy)z_zzy
. for x(z,y)); thus f (x,y,z)=0, the exact differential ofx (i.e.

. ox 0x
dx)is dx=(=),dy+(=),d
X) IS dx (ay)z y (az)y y
. ox, 0y, ,0z
. for any three variablesyz, (—),(=>)y(=—)y=-1.
y Yz (ay)z(az)x(ax)y
this is called minus-one product rule

. for T a function ofV and P, and that each o/ andP is a
) oT T 0Z
funct fZ,then(—)p =(—)p (—
unctuon or4, tnen (av)p (aZ)P(aV)P

92f _9°f

i for anyf(X,y ,ax—ay=w.
dy _ 2xy®-y
dx x—2x2y

6.0 TUTOR-MARKED ASSIGNMENT

2 2
1. If z=4x3y2, show thatuzu
oxoy 0yox
2. If u=x2+ y2 andv = 4xy, determine
o ox oy dy
ou’ ov’ du’ ov
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INTRODUCTION

Temperature is one of the seven Sl base quanditidst is measure in
Kelvin (K). Temperature measurement has its bastee Zeroth law of
thermodynamics. This unit deals with temperatureasuneements and
different thermometers.

2.0

OBJECTIVES

By the end of this unit, you should be able to:

explain the concept of heat and temperature

state the zeroth law of thermodynamics

define  thermometric property and mention different
thermometers

do some calculations on temperature scales.
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3.0 MAIN CONTENT
3.1 Definition

Temperature ) is defines as the degree of hotness or coldnkss o
body. Temperature is one of the seven Sl base itjganand it is
measure in Kelvin (K)Temperature of a body has no upper limit but it
has lower limit (absolute zero or zero Kelvin)

Heat Q) is a form of energy that is transferred from qeet of a
substance to another, or from one body to anothewitiue of a
difference in temperature (i.e. temperature grajlidine unit of heat is
in Joules (J).

Sign of heat Q)

Q is positive when there is a flow of heat into fystem
Q is negative when there is a flow of heat out ef slgstem

3.2 Temperature and Heat

Temperature is the degree of hotness or coldnegdotly. Heat, on the
other hand, is a form of energy that flows from @y of higher
temperature to a body of lower temperature. Froendifinition of heat,
it is clear that temperature gradient gives thedtion of heat flow(i.e.
from a body of higher temperature to a body of Ioteenperature). The
process of heat flow is called heat excharigm two bodies in thermal
contact, this process of heat exchange will coetinntil the two bodies
attained thermal equilibrium (i.e. equal tempemtur

For example, in figure 3.1 (a) the temperaturehef $ystem is greater
than that of the surroundings, so heat flows ouhefsystem£Q). In

(b) the temperature of the system Ts is less thandf the surrounding,
so heat flow into the system+ Q). In (d) the temperature of the system

and that of the surrounding Te are equal (i.e. they in thermal
equilibrium), hence no flow of hea@(= 0).
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/Environment I /Environment N\ /Environment I
Te Te Te

- T.=T, Qis
T>T,  Qlis- Te<T, QIS Zero
ve +ve
\ NG NG %
(@ (b) (©)

Fig. 3.1: Heat Flow
3.3 Zeroth Law of Thermodynamics

From the concept of heat and temperature discusbede in section
3.2, it is now clear that if two bodies are in that contact there will be
heat exchange (provided they are not at the sameet@ture). This
process of heat transfer will continued until the® tbodies attained the
same temperature. Then it is said that thermallibguim is reached.
Supposed one of the two bodies is in thermal com@b third body,
after some time thermal equilibrium will be reachmxtween these two
bodies. Using figure 3.2 as an illustration, sugpbsdyB is in thermal
contact with bodiesA and C but bodies A andC are not in thermal
contact. IfB is in thermal equilibrium with each &f andC, thenA and
C are in thermal equilibrium.

Adiabatic wall

Fig. 3.2: A Body in Thermal Contact with Two Separéed Bodies
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3.4 Temperature Scales

Available temperature scales are; the Celsius qedd® known as the
Centigrade scale), the Fahrenheit scale, the Kedeale, the Rankine
scale, and the international thermodynamic tempezatcale

3.4.1 Triple Point of Water

In setting up a temperature scale, there is nepttkosome reproducible
thermal phenomenon and, quite arbitrarily, assigmedain Kelvin
temperature to its environment; that is, we sedestandard fixed point
and give it a standard fixed-point temperaturepl&rpoint of water is
the temperature at which solid ice, liquid watend avater vapour
coexist in thermal equilibrium at the same tempeetnd pressure. By
international convention, the triple point of water273.16 K and this
value is a standard fixed-point temperatufg)(for the calibration of

thermometers.

T3 =27316K 3.1

Other fixed-point temperatures besideés are boiling point of water,
and absolute zero temperature. The boiling pointvater is 100 °C

while the absolute zero temperature (0 K) is tHegakes have zero
volume.
3.4.2 Conversion between Temperature Scales

There is possibility of changing from one tempematsicale to another.
The conversion formulas are listed below.

Kelvin Scale to Celsius Temperature Scale
The relation between Kelvin scale and Celsius Seale

T, =(T -27315)°C, 3.2

where T, is the temperature in degree centigrade, andis the
temperature in Kelvin.

Kelvin Temperature scale
The relation between Celsius scale and Kelvin seale

T = (T, +27315)K, 3.3
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where T, is the temperature in degree centigrade, andis the
temperature in Kelvin.

Fahrenheit Temperature scale
The relation between Celsius scale and Fahrentwls s

Te =2Tc - 32, 3.4

where T. is the temperature in degree centigrade, dpd is the
temperature in Fahrenheit.

3.5 Thermometers

Thermometers are instruments used to measure theetature of a
body or a system.

3.5.1 Thermometric Properties

It has been observed experimentally that the ptigseof many bodies
or objects change with temperature. Examples oh quoperties are
volume of liquid, length of metal rod, and electticesistance of a wire.
These properties of material can be used as the dlan instrument to
measure temperature and they are calleermometric Properties.

3.5.2 Calibration

Generally, calibration is the process of compatimg output value an
instrument is given with that of a standard insteam(i.e. the one that
its output is known to be true or correct valuejori this process,
adjustment can then be made to the instrument tallerated to give a
correct output. When this is done, the instrumgsiid to be calibrated.

The method being employed in calibrating thermonseie to use the
device to measure the easily reproducible tempestike triple point

of water and boiling point of water. If the thermetmc property being

used is recorded at these two temperatures, & lgreph can be plotted
using these two set of variables. From this graphnear relationship
can be obtained between temperature and the theztriorproperty.

In another way, one can measure the thermometapepty, say X,
when the thermometer is placed in contact with shstem or body
which temperature is to be measured. Then we have

T(X)=ax, 3.5
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where Ty is the temperature of the body to be measureds a
constant, andX is the value of the thermometric property B .
Equation 3.5 is also applies when the thermomstgiaced in contact
with easily reproducible temperature. The tripbénp of water is mostly
used. Then we have

T3 =27316K =aXs,

SO we obtain
o= 27316K . 36
X3
Insert equation 3.6 into equation 3.5
X
T(X)=(27316K)—— 3.7

X3
Equation 3.7 is generally applicable to all thernetens.

SELF ASSESSMENT EXERCISE 1

1. Explain what is meant by triple point of water.
2. State zeroth law of thermodynamics.

3.6 Types of Thermometers

Thermometer is named after the thermometric prgpesed for the
construction. For example, thermometric propertytttd mercury-in-
glass thermometer is the length of mercury columwhjle in the
constant-volume gas thermometer the thermometrapety is the
pressure of the gas. Examples of thermometer aeemtitouple
thermometer, resistance thermometer, liquid in @p@smometer (e.qg.
mercury in glass thermometer), and gas thermom(@sey. constant
volume gas thermometer) among others. Three typ#®onometer are
discussed below.

3.6.1 Thermocouple Thermometer

It has been observed that when two dissimilar raeted joined together
to make two junctions, an electromotive force (emfll flow in the
circuit. This emf can be measured using a voltmeted its value
depends on the temperature difference between uhetigns. The
arrangement is called thermocouple and the observad known as
Seebeck effect Thermocouple thermometer is based on $eebeck
effect

Thermometric property : emf generated when two junctions made from
two different metals are maintained at differembperature.
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Copper
o Terminals to
Test } Voltmeter
Junction d
Copper q Constantan

Reference Junctiofi—

at constant Temp.

0°C

Fig. 3.3: Thermocouple Thermometer

The diagram for Figure 3.3 shows the arrangementttie copper-
constantan thermocouple thermometer. The testipmid placed on the
body or inside the system whose temperature ietanbasured, while
the reference junction is maintained at constanptrature at 0 °C. The
potentiometer is connected to the terminals to woémeter. The
relationship between thenf and temperature is

emf =a+bT +cT2+dT 3 3.8

Where a, b, ¢, andd are constant and they are different for each
thermocouple.

Using equation 3.7, we can write
T(emf ) = (27316K) - 3.9
emf3
The range of measurement of thermocouple thermardetgends on the

choice of metals used. For example, a platinum-1Gédium/platinum
thermocouple has temperature range of 0 to 1600 °C.

Thermocouple thermometer is used extensively ierngific laboratories.
3.6.2 Resistance Thermometer

Electrical conductivity of a metal depends on thevement of electrons
through its crystal lattice. The electrical resist@ of a conductor, due to

thermal excitation, varies with temperature. Th@nfs the basic
principle of operation of resistance thermometesiftance thermometer
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therefore, uses the variation in electrical conditgtof a conductor to
indicate temperature.

Figure 3.4 shows a generalized form of a resistémeenometer. In the
diagram,RT is the resistance element which could be any octiodu
(e.g. platinum). This is usually wound round a feaoonstructed so as
to avoid excessive strains when the wire contragts coolingS is the
power supply and the purpose is to maintain a knosrstant current in
the thermometer while measuring the potential céffiee with the aid of
a bridge output (usually a sensitive potentiometer)

Resistance
Element

|

Bridge Output

Fig. 3.4: Resistance Thermometer

The relationship between the temperature and #redal resistance is
usually non-linear and described by a higher opdéynomial:

R(T)=R,(1+ AT +BT2+CT3+....) 3.10

Where T is the Celsius temperature, Ro is the nahmesistance at a
specified temperature, ad B, C are constants. The number of higher
order terms considered is a function of the reguisecuracy of
measurement. The constants (4. B and C etc.) depend on the
conductor material used and basically define theptrature-resistance
relationship. The valuer, is referred to as nominal value or nominal

resistance and is the resistance at 0°C. Mateoal sommonly used for
resistance thermometers are Platinum, Copper ac#deNiHowever,
Platinum is the most dominant material internatilgna

The calibration of this instrument requires the sugament ofR(T) at

various known temperatures and from these the abntssin equation
3.10 can be obtained. However, equation 3.7 carsed to obtained

T(R)=(27316K)-~ 3.11
R3
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WhereT(R) is the temperature of the body or system to besared,
R is the resistance at that temperature, Bgds the resistance at triple
point of water?

The range of measurement of resistance thermondefgends on the
choice of conductor used. Platinum resistance hagergt accurate
measurement within -253 to 1200 °C.

3.6.3 Constant-Volume Gas Thermometer

Constant-Volume gas thermometer is normally reterte as the

standard thermometer and is mostly used to cadibrather

thermometers. The working principle is based orpitessure of a gas in
a fixed volume. Figure 3.5 shows an example of stant-volume gas
thermometer. It consists of a gas-filled bulb caed by a tube to a
mercury manometer. By raising and lowering reseriRyithe mercury
level on the left can always be brought to the zdrthe scale to keep
the gas volume constant (Note that variation in ¢glas volume can
affect temperature measurement).

The basic equation is

P=P,-pgh, 3.12

where P, is the atmospheric pressuig,is the density of the mercury in
the manometer,gis the acceleration due to gravity, ard is the

measured difference between the mercury level entbo arms of the
tube.

The difference in heighh between the two arms of the manometer can
be measured when the gas filled bulb is surroutgetie system which
temperature is to be measured, and when it is wodex with water at
triple point. Using equation 3.7, the relationshigtween temperature
and the pressure of the gas is

T(P) = (27316K)(P£] 3.13

3

WhereT(P) is the temperature of the system which temperasui@ be
measuredp is the pressure of the gas at that temperatudePans the
pressure at triple point of water.
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Fig. 3.5: Schematic of Constant-Volume Gas Thermoner (after
Halliday et al., 2001)

SELF ASSESSMENT EXERCISE 2

1. Name four types of thermometer and their thermametr
properties.

2. A certain resistance thermometer at triple pointwater has
resistance 152.@ . What is the temperaturd (| of a system in
degree centigrade if the resistance of the thermemie 230.51
Q when inserted into the system?

4.0 CONCLUSION

The zeroth law of thermodynamics establishes th&tence of thermal
equilibrium and allows temperature to be measuresingu a

thermometer.. Thermometers are the instruments tsadeasure the
temperature of a body or a system. The basis fer working of

thermometer is the variations in physical properid¢ materials with
temperature. Those properties being used for thestaection of

thermometers are called thermometric propertiestaatmometers are
named after these properties.
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5.0 SUMMARY
In this unit, you have learnt that:
. that heat is a form of energy that flows from orwnp of the

system to another or from one system to anotherilewh
temperature is the degree of hotness or coldness lmidy or

system

. thermal equilibrium is reach when systems in cdni@icectly or
indirectly, attain the same temperature-statemeneth law

. thermometric properties are the physical propemiematerials

that change linearly with temperature; and thesgegmties are
used for the construction or thermometers

. difference temperature scales exist and one cavecofiom one
temperature scale to another.

6.0 TUTOR-MARKED ASSIGNMENT
Differential between temperature and heat.

1.
2. Discuss the process of calibrating a thermometer
3 With a well labeled diagram, describe a ressgahermometer.
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1.0 INTRODUCTION

Heat is a form of energy which transferred from paet of the body to
another or from one body to another. As discussedinit 3 the

temperature gradient determines the direction at Aew. The transfer
of heat energy is important in many aspects of lm&s. This unit is

therefore examined the three fundamental proceddesat transfer and
their useful applications in our daily lives.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. define heat

. mention and discuss the three (3) methods / presestk heat
transfer

. write the useful equations for the heat transfer

. state Newton’s law of cooling

. mention useful applications of heat transfer.
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3.0 MAIN CONTENT
3.1 Heat Energy

Heat (Q) is a form of energy that is transferred from @@t of a
system to another or to another system by virtue dafifference in
temperature. As earlier discussed in unit 3, teaipee gradient
determines the direction of heat flow.

3.2 Methods of Heat Transfer

The transfer of heat from one part of a systemnimtleer or to another
system by virtue of a temperature difference cdg ba by one or more
of the three processes namely; conduction, coraecand radiation.
Each of these mechanisms or processes is discusdbe preceding
sections.

3.3 Conduction

This is the process of heat transfer whereby heatgy is transferred
directly through a material without any bulk movernhef the material.

3.3.1 Conductors and Insulators

Materials can be divided into two groups based logirtability to
conduct thermal energy namely; thermal conductod ahermal
insulator.

Conductors

Materials that conduct heat well are called therncahductors.
Examples of thermal conductors are metals (mosalsiate conductors)
like aluminum, copper, silver, and gold.

Why do conductors conduct?The behaviour of conductors in terms of
thermal conductivity can be explained with two nmesnlms namely;
collision mechanism and free electrons in metals.

Molecular collision: Atoms and molecules in a hot part of the material
vibrate or move with greater velocity (i.e. highenetic energy) than
those at the colder part. By means of collisiol® more energetic
molecules pass on a portion of their energy torthess energetic
neighbours. As the more energetic molecules collidin their less
energetic neighbours they transfer some of theiergn to the
neighbours. The collision mechanism does not depend bulk
movement of the material.
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Free electrons in metals:Good conductors of thermal energy, like
metals, have pool of electrons that are more os fese to wander
through the volume of the metal. These free elestrare capable of
transporting energy round the whole volume of cabohs. Free
electrons are also responsible for the excelleedtetal conductivity in
metals.

Insulators

Materials that conduct heat poorly are called tlarmmsulators.

Examples of thermal insulators are wood, glass,maosk plastics. These
materials poorly conduct heat energy because tbeatvove discussed
mechanisms for conduction are not possible witsd¢heaterials (i.e. the
molecules of these materials are not free to mowk @ the material
don’t contain free electrons).

3.3.2 Conduction of Heat through a Material

Consider a bar of material of area A and thickrngskeat Q transfer
through the material by conduction is

_ KAATt
L

Q 4.1

where AT is the temperature difference between the endseobar and
k is the thermal conductivity of the material. Uaitk is J/(s.m.CP°)

3.3.3 Thermal Resistance to Conduction (R-Value)
There is a term similar to the electrical resiseaRcused for thermal

resistance to conduction called R-value. To diffiéege this fronR that
we are familiar with, Riis used here for thermal resistance to

conduction.

Thermal resistanc&; of a slab of thicknesds is defined as

Rt =— 4.2

High value of R, indicates a bad thermal conduction or a good therm
insulation.

Note: R; is a property attributed to a slab of a specifiedkness, and
not to a material.
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3.3.4 Conduction of Heat through a Composite Mateal

Consider two materials of thicknesg and Lo with different thermal
conductivitieskq andko respectively as shown in figure 4.1. The outer

surfaces of the slab are in thermal contact withh reservoir at
temperatureTy and cold reservoir at temperatufe . Assuming that

the heat transfer through the slabs is a steady pedcess i.e. the
temperature everywhere in the slab and the ra¢mefgy transfer do not
change with time. Then, the conduction rate throtightwo slabs must
be equal. Using equation 4.1, the conduction Raggy IS

Peond =— =—— 4.3

Let Ty be the temperature of the interface between tbematerials, so

_ koA —Tx) _kiA(Tx =Tc)

R = 4.4
cond L, Ly
Solving for Ty in equation 4.4 gives
KiLoTe + ko4 T
Ty =-1-2/C *X2h1 H 45
k1L2 + k2 Ll
Insert equation 4.5 in equation 4.4 to obtain
_ Al -Tx) 46

I:)cond = i/ _Lo
k1 k2

If we apply this to any number n of materials, eopre4.6 becomes

= ATH =T fori =201 4.7

cond ~ 2 (L%i)
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Cold reservoir at
Tc

Fig. 4.1: Heat Transfer through a Composite Slab
3.4 Convection

Convection is the process in which heat energsaissferred from place
to place by the bulk movement of a fluid. A goodaemle of this
process is convection current in liquid.

This bulk movement of a fluid can be explained ennts of buoyant
force. When a portion of a liquid, such as watenvarmed the volume

of the liquid or fluid expands, and density deceaaso=$). From

Archimedes’ principle, the surrounding cooler amohser fluid exerts a
buoyant force on the warmer fluid and thus puslhesviarmer fluid

upward. As the warmer fluid is pushed upward, tinecainding cooler
fluid moved downward to replace the warmer fluitheTcooler fluid, in

turn, is warmer and pushes upward. This cycle iicoously repeated
and this is called convection current. This phenuoneis called natural
convection.

The phenomenon described above is called naturalection. Forced
convection occurs if the fluid is made to move irsimilar way as
natural convection by the action of a pump or a fan

Consider a fluid in contact with a flat or curvedliwvhich temperature
is higher than that of the main body of the fluitg rate of heat transfer
due to both conduction through the film and conegcin fluid is

% = hAAT 4.8

where h is the convection coefficient and it includes th@mbined
effect of conduction through the film and the cactien in the fluid, A
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is the area of the wall, amalT is the temperature difference between the
surface of the wall and the main body of the fluid.

Finding the value oh that is appropriate for a particular arrangemsnt i
problematic becausk depends on the following factors:

. whether the wall is flat or curved

. whether the wall is horizontal or vertical

. whether the fluid in contact with the wall is a gasa liquid

. the density, viscosity, specific heat, and therowiductivity of
the fluid

. whether the velocity of the fluid is small enoughdive rise to
larminar flow or large enough to cause turbuleonvfl

. whether evaporation, condensation, or formatiorsadle takes
place.

3.5 Radiation

This is a process in which energy is transferred rbgans of
electromagnetic waves. A good example of this & gblar radiation
from the sun traveling in all directions in spaPaurt of this radiation is
reaching the earth on daily basis and in actuatesethe bulk of energy
on earth is from the sun. All bodies, hot or caidntinuously radiate
energy in form of electromagnetic waves. But theoamh of this
radiation is proportional to the temperature ofbloely and the nature of
its surface.

3.5.1 Absorption and Emission of Radiant Energy

The surface of an object is very important in tle¢edmination of the
amount of radiant energy a body or object can dbswremit. An
experiment set-up to justify this is shown in figud4.2. Figure 4.2
consists of two identical blocks, one coated ircbland the other coated
with silver. If a thermometer is inserted on eathhe blocks and they
are exposed to direct sunlight as shown in therdmag It will be
observed that the temperature of the block coatdtbick will rise faster
than that of the one coated with silver. The rea®orthis is that the
block coated in black absorbed larger percentaghefolar radiation
falling on it and thus rapid rise in temperature da large heat energy
input.

Perfect Blackbody. This is a body that absorbs all the electromagnet
waves falling on it.

Generally, all objects can emit and also absorbtemagnetic waves.
So when an object is in thermal equilibrium wite gurroundings, it
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implies that the amount of radiant energy the dbgisorbs balances
with the amount the object emits. However, if thsaption is greater
than the emission, the object will experience agaat of radiant energy
and thus the temperature will rise. If the emiss®rmgreater than the
absorption, the object will experience a net loksadiant energy and
the temperature will fall. A good absorber is asgood emitter while a
poor absorber is also a poor emitter. Hence, aepetilack body is a
perfect absorber and also a perfect emitter ofrdgdinergy.

Y,
>

Temperature Termperature
rises fi 585 ?

mapidly

stowly

-.-""

Sihver-coated block

Lampbla ck-coated
Bhock

Fig. 4.2: (After Cutnell and Johnson, 1989)
3.5.2 Stefan-Boltzmann Law of Radiation

All matter constantly radiates energy in form ea@fomagnetic waves.

% =g eAT? 4.9

where g is the Stefan-Boltzmann constat,is emissivity and it has
value between 0 and 1. For a perfect reflecter) and for a black body
=1

Equation 4.9 is known as the Stefan-Boltzmann lavadiation, and the
law stated that the radiant energy, emitted imreeti by an object that
has a Kelvin temperature 0f a surface areA, and an emissivitg, is

given byQ = goT %At
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Emissivity € of an Object: This is the ratio of radiant energy emitted
by an object to the one it would have emitted Mvére to be a perfect
black body.

Assuming that the radiation a body would emit wvéere to be a perfect
body is represented bigad y,, then

_ radiation emitted
Rad phh

1a.

3.6 Newton’s Law of Cooling

Energy is lost to the surroundings by conductioonvection, and
radiation. The rate at which an object loses en&wghe surrounding is
determined by the temperature difference betweerothect y) and

the surroundingTg).
By conduction energy loss ratekA(Tg —=T,) /|

By convection, energy loss rate depends on whelieeair is forced to
flow (e.g. by a fan) or moves by natural convectiBnergy loss rate =
hA(Ts =To)

4

By radiation, energy loss rate =oA(Ty - T&)

The total effect of these three processes is te givate of energy loss
per second that is proportional to the temperalifference between the
object and its surroundings. This is known as Negttaw of cooling.

SELF ASSESSMENT EXERCISE

1. State the Stefan-Boltzmann Law of Radiation

2. In a light bulb, the tungsten filament has a terapee of 3.0 x
10° °C and radiates 60 W of power. Assuming the eRitgsof
the filament is 0.36, estimate the surface aresgheffilament.

o =567x10"83(sm?K%
4.0 CONCLUSION

The three (3) mechanisms of heat transfer are aimh) convection
and radiation. Heat can be transferred in or oua sfystem by one or
more of these three mechanisms.
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5.0 SUMMARY

In this unit you have learnt that:

. heat is a form of energy that can be transferreohfone body to
another
. heat can be transferred by three (3) main mechanism

. the rate of heat loss by conduction IA(Tg-T,)/l, by

convection ishAAT , and by radiation igA(To - TS

. the Newton’s law of cooling gives the rate at whestergy is lost
to the surrounding by the three mechanisms.

6.0 TUTOR-MARKED ASSIGNMENT

1. Name the three main methods of heat transfer arntk e
expression for the rate of heat transfer for eaethod.

2. A perfect blackbody has a temperature of 605 °Cidemtically
shaped object whose emissivity is 0.400 emits #raesradiant
power as the blackbody. What is the Celsius tentpeyaof this
second body?

3. The amount of radiant power produced by the sun is
approximately 3.9 x 8 W. assuming that the sun is a perfect
blackbody sphere with a radius of 6.96 ¥ 1, find its surface
temperature.
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1.0 INTRODUCTION

This unit focuses on heat and work as the only mdanwhich the
internal energyJ of a system can change.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. write expression for work for different systems

. explain heat transfe® into or out of a system

. state first law of thermodynamics

. write modified equation of the first law under @ifént known
processes.
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3.0 MAIN CONTENT
3.1 Work

Imagine a hydrostatic system contained in a cylindiégh a movable
piston like the one shown in figure 5.1 below. Frdhe diagram,
suppose an external foréeacted in the direction showed moving the
piston from initial point 1 to final point 2 throbg distancex. Suppose
that the cylinder has a cross section aeé#hat the pressure exerted on
the system at the piston faceFAsand that the force IBA. The system
also exerts an opposing force on the piston. Thekwone dwW on the
system in the process described above is

dW = PAdx 51
but Adx =dV
Therefore
dw = -PdVv 5.2

The negative sign in the last equation indicateatieg change in
volume (i.e. a decrease in volume).

Point 2 \r_gL\/POint 1

Force F

Fig.5.1: The Work Done on a System Compressed by texnal
Force

In a finite quasi-static process in which the voduohanges fronv; to
V¢, the work done is
Vi
W =- [PdV 5.3
Vi
Note the sign convention, work done on a systeposstive work, and
work done by system is negative work.
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3.1.1 Different Forms of Work

System Force Displacement Work
Wire Tension (F) Length (L) FAL
Film Surface Tension (S) | Area (A) SAA
Fluid Pressure (P) Volume (V) PAV
Magnet Magnetic Field (H) Magnetization HAM

(M)
Dielectric Electric Field (E) Polarization (P) | EAP
Chemical Chemical Potential (u)| Particle  numbe| pAN
reaction (N)

3.1.2 Work in Quasi-Static Process
For a quasi-static isothermal expansion of comjpras# an ideal gas

Vit
W =- [PdV 5.4
Vi
But an ideal gas is the one which equation of s&@® =nRT , where

n andR are constant. Repla&ewith ”Vﬂ in equation 5.4

Ve
W=- Iﬂdv
Vi \%

and sincerl is constant for isothermal process,

Vi
W =-nRT jd—v
\4 \
Integration gives
_ Vi
W =-nRT In— 55

|
3.1.3 Work and Internal Energy

When an adiabatic workd(V,4) is done on or by the system, the

internal energy of the system changes. The chamgeternal energy
(AU) is equal to the adiabatic work done.

du = dWad 5.6
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If a system changes from state 1 to state 2 bygdaghiabatic work, and
if the states are differed by a finite amount, then

Uo 2
'[Ul dU =U, -U; =j1 dW,g = Wy 5.7

Suppose the work done is mechanical work (i.e. reiclal adiabatic
work), then

U2—U1=—j12Pdv 5.8

3.2 Heat

Heat Q) is a form of energy that is transferred from qeet of a

system to another or to another system by virtuea dafifference in
temperature. As earlier discussed in unit 3, teatpee gradient
determines the direction of heat flow. When heatf in or out of a
system from its surroundings, the temperature @fsiystem increases or
decreases. And the internal energy of the systeanggs from initial
state (J;) to final state ;s ). This change in internal energyy must

be equal to the heat flow i.e.

AU=Uf—Ui=Q 5.9

Sign of Q
Q is positive when there is a flow of heat into fystem
Q is negative when there is a flow of heat fromdfstem

Heat bath or heat reservoir This is a body that is so large that its
temperature does not change appreciably when loga in or out of it.

Heat sink: Just like heat bath, this is a body that is sgdathat its

temperature does not change appreciably when lose in or out of it.
The temperature of heat sink is lower compare ab dhthe heat bath.

3.3 First Law of Thermodynamics

From the previous discussions in this unit, we héant that the
internal energy of a system can change only if:

a. there is flow of heat into the system or out of slgstem
b. work is done on the system or by the system.
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Hence, the change in internal of a system is

AU =Uf—Ui=Q—W, 5.10

where Q is the heat andv is work. Equation 5.10 is the first law of

thermodynamic.
The differential for of first law of thermodynamics

dU =dQ - PdVv 5.11
The Statement of First Law of Thermodynamics

The internal energy of a system tends to increlisaargy is added as
heatQ and tends to decrease if energy is lost as Wérklone by the

system.
3.4 Response Functions

When heat is added or withdrawn from a systemgtigechange in one,
two or all its properties. This change in the mealie

property/properties (macroscopic behaviour) is/ale basis of
thermometer as we have discussed in unit 3. Wecbharacterise the
macroscopic behaviour of a system response’s fumsti These
functions can be measured experimentally from clangn the

thermodynamic coordinates by the use of externalbgs. Examples of
response functions are Heat Capacities, force aohge.g. isothermal
compressibility), and thermal response (e.g. expanp®f a gas).

3.4.1 Heat Capacities
When heat is added to a system, its temperature clvdnge. Heat
capacities are obtained from change in temperaitir@ system upon

addition of heat to the system.

From the equation of the first lawlQ = dU + PdV
Heat capacity at constant volume

0Q
Cy =(— 5.12
v (aT i

Heat capacity at constant pressure
0Q
Cp = (== 5.13
p =( pe= )p
Heat capacities can be measured experimentally.
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3.4.2 Force Constant

Force constants measure the (infinitesimal) rafiodigsplacement to
force and are generalisation of the spring constarémples include
isothermal compressibility of a gas

1 0V

ko =2V 5.14
T V(aP)T

and the susceptibility of a magnet
1 oM

AT =\7(6_B)T' 5.15
It can be shown using equation of state for aaligas @V OT) that
1
kT =E.

3.4.3 Thermal Response

This probes the change in thermodynamic coordingtte temperature.
Example, the coefficient of volume expansion (exgddty of a gas) is
given by

1 dVv
=—(— 5.16
B V(aT)P

And this is equal tG_lj_; for ideal gas.

3.5 Special Cases of First Law of Thermodynamics

Here we consider four different thermodynamic psses in which
certain restriction is imposed on the system aral ¢brresponding
implication when apply to the first law.

Adiabatic processdQ =0, and equation of first law reduces to

du =dw = PaVv 5.17

Isochoric procesgjV =0, and the equation of the first law becomes
dU =dQ =CydT 5.18
Cyclic ProcessdU =0, and the equation of the first law becomes

Free expansiomQ =W =0, and the equation of the first law becomes

du =0 5.19
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SELF ASSESSMENT EXERCISE

1. Write the equation for work for the followingstem
a. Film

b. Wire

C. Magnet

2. State first law of thermodynamics.

3. If there are 2 mole of gas kept at a consemperature of 20 °C
and if this gas is compressed from a volume of *ton2 nf,
calculate the work done on the gas. (R=8.31J/mol.K)

4. Consider that 200 J of work is done on a sysaech293.3 J is
extracted from the system as heat. In the senieedirst law of
thermodynamics, what is the value&f ?

4.0 CONCLUSION

The first law of thermodynamics gives an insightthie internal energy of a
system i.e. work and heat as the only means byhathie internal energy of a
system can change. The expression for work donesehamical system is
PdV and similar expression can be derived for workedonder different

systems. The differential form of first law dU =dQ - PdV . In the next

unit, we are going to be looking at some conseqeerf the first law of

thermodynamics.

5.0 SUMMARY

In this unit, you have leant that:

. the expression for mechanical work done on or byséem is
Pdv

. heat and work are the only way by which the inteemergy of a
system can change

. the differential for the first law of thermodynamiis
dU =dQ - PdVv

. the modified form of the first law can be obtairfedeach of the

known thermodynamic processes.
6.0 TUTOR-MARKED ASSIGNMENT

1. Derive the corresponding equation of the first laof
thermodynamics under the following processes:

(a) adiabatic process, (b) isochoric process, andy@)ocprocess

55



PHY207 THERMODYNAMICS

2. The equation of state of a gasA¥g =nRT (1—VE), where R is a

constant and B is a function of temperature al@tmmw that the
work done by 1 mole of this gas during a quaskst&othermal
expansion from initial volum¥; to a final volumev ¢ is

V
_RT|In— 4| B _B
Vi Vi Y
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INTRODUCTION

The focus of the unit will be to derive importaetations from the first
law of thermodynamics.

2.0

OBJECTIVES

By the end of this unit, you should be able to:

3.0

3.1

explain what is meant by energy equations
derive expression fo€y, in terms of derivative of U

derive expression foCp in terms of derivative of H

explain Gay-Lussac-Joule and Joule-Thomson expeatime
write the expressions for Joule coefficignand Joule-Thomson

coefficient u .

MAIN CONTENT

Energy Equation

Energy equations are the equations which expresgtarnal energy of
a system as a function of the variables definirggdtate of the system.
The energy equations, like equation of state, #ferdnt for different
systems or substances. Equation of state and tbegyerequation
together completely determine all the propertiesaosubstance or
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system. Energy equations are derived independebtly, not from
equation of state.

We are going to consider systems which state cadebleribed by the
properties P, V. and T.

3.2 T andV Independent

Consider internal energy U as a function of T andJT,V), then the
change in internal engingU between two equilibrium states in which
temperature and volume differ loif anddv is

ou ou
du =(—)y dT +(—)+ dV 6.1
(aT . (av )T

(g_?)V is the slope of isochoric line ar(%%)T is the slope isothermal

line in which U is plotted as a function of andV . (g—:)v can be

measured experimentally and it has physical dant.

The first law
dQ =dU + PdV , 6.2
put 6.2 in 6.1
ouU ou
dOQ = (—)y dT + (—)T dV + PdVv 6.3
Q (6T Y, (av )T

Rearranging
_ Y u
dQ = (aT W dT +[(6V )T + Pldv 6.4

For a process at constant volun®/ =0 and dQ =C,,dT, then 6.4
becomes

ou
CydT =(—)y dT
Y, (aT)V

So,
ou
—)y =C 6.5
(aT v =Cv
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The specific heat capacity at constant volu@gis the slope of

isochoric line on U-T-V surface and its experiméntaeasurement
determines this slope at any point.

Equation 6.4 can be written for any reversible psscas
ou
dQ =Cy,/ dT +[(— ) + Plav 6.6
v
For a process at constant pressd@= CpdT , SO 6.6 becomes

ou
CpdT =CydT +[(— Pldv
p v dT +[( aV)T + P]
- e\ ov :
Dividing through bydT and replacmgﬁ by (a—_l_)p, we obtain

U v
—cy =) + P 7
Cp-Cy [(aV)T + ](aT)P 6

Equation 6.7 holds for a system in any one equiltbrstate, but does
not refer to a process between two equilibriumestat

3.3 T and P Independent

The enthalpy H of a system, like the internal epddgis a property of

the system that depends on the state only and eaexpressed as a
function of any two variables P, V, and T. Eachtbé&se relations

defines an enthalpy surface in a rectangular coatdisystem in which

H is plotted along one axis while the other twosa&ee P and V, P and
T,or Tand V.

Consider enthalpy as function of T and P bgT,P),
oH oH
dH = (—)pdT +(—)TdP 6.8
(aT )p (aP )T

From the definition of enthalpy (to be discussedniodule 3 unit 2) for
a PVT system:

H=U+PV 6.9
Differential of H, dH is

dH =dU + PdVv +VdP 6.10
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Combining 6.10 with the first law (i.e. replacaU in 6.10 with
dQ - Pdv and makedQ the subject) gives

dQ = dH -VdP 6.11

insert 6.8 in 6.11, to obtain
oH oH
dQ = (—)pdT +[(—)1 —-V]dP 6.12
Q (aT)P [(aP)T ]
For an isobaric processf =0), dQ =CpdT . Hence

oH
—)p =C 6.13
(aT)P P

Equation 6.13 means that the specific heat capatitpnstant pressure
Cp is equal to the slope of an isobaric line on the T — P surface.

Equation 6.12 can be written for any reversiblecpss as

dQ = CpdT +[(‘;—';)T ~V]dP 6.14

In a process at constant volumi§) = C,,dT and

oH oP
Cp,-Cy =-(=)1 -ViI(=—= 6.15
p~Cv [(aP)T ](OT)V
If the temperature is constant, equation 6.14 besom
oH
dQ =[(==)1 -V]dP 6.16
Q=[(55)T ~VI

In an adiabatic procesdQ =0, then equation 6.14 becomes
T oH
Cp(—=)=-l(=)1 -V 1%
p(ap) [(aP)T ]

3.4 P andV Independent

Consider U as a function of P and V, U(P,V), them ¢hange in internal
energydU between two equilibrium states is

ou ou
dU =(—)y dP +(—)padV 6.18
(aP)V (aV)P
Consider also U(T,V)

ou ou
dU = (— ),/ dT + (—)1dV 6.19a
(6T i (OV )T
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and T(P,V) gives
oT oT
dT =(—)ydP +(—)padV 6.19b
(aP)V (aV)P
Eliminating dT in equation 6.19a (i.e. put 6.19b in 6.19a) weehav

u
oT

ouU

_ oy, orT, _.0U
du =[( aT)V(av)P+(av)T]dV 6.20

oT
v (a—P)v 1dP +[(

By comparing equation 6.20 with 6.18, it implieatth

I I

(O_P)V _(aT )v(ap)v 6.21
and

U, _@u, T, | au

(v p = Gplv G + G5t 6.22

Generally, for any property, and any three variables y,z the form
of equations 6.21 and 6.22 are

ow ow, ,0z

—)y = () y(— 6.23
(ax)y (az)y(ax)y
and
ow ow, ,0z ow
=&y &y o & 6.24
Cay)x = (v (gy)x * (5 )2
Note that equation 6.23 is the chain rule of phdgivatives.
Therefore forH (P,V,T) we have
oH oH, ,oT
My =2y, (2o 6.25
Gy)P= GG )P
and
oH oH, aT oH
2y = ED o (2D, + (2 6.26
(OP)V (6T)P(6P)V (OP)T
From equation 6.21, using 6.5 we obtain
ou oT
—)v =Cy (—— 6.27
(6P)V V(ap)v

61



PHY207 THERMODYNAMICS

Also from equation 6.25, using equation 6.13 weehav

oH aT

—)p =Cp(— 6.28
(av )p P(aV)P
We can as well show that

oT oT
dO=Cp(—)pdV +Cy, (—)y dP 6.29
Q P(aV)P + v(ap)v

and
P, _ . P
CvGy)s =CrGy)T 6.30
3.5 Gay-Lussac-Joule Experiment

The partial derivative(g—\Lj)T describe the way in which the internal
energy of a given system varies with volume at tartstemperature.
Similarly, (Z—E)T describe the way in which enthalpy of a given eyst

varies with pressure at constant temperature. Ttresalerivatives can
be calculated from equation of state of the sygwa®e free expansion of
gas for the partial derivative &f in module 4, unit 2).

Using
ou aVv oT
2y (D (), = -1
(aV)T(aT)U (OU)V
then
ou oT
—)r =-Cy (— .36
(6V )T v (6V U
Also,
oH oP oT
(Y, () = -1
(aP)T(aT)H (aH )P
then
oH oT
—) =—Cp(— 6.32
(6P )T P (aP)H
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From equation 6.31, measurement of the rate ofgdhah temperature
with volume in a process at constant internal engjges the desired

— . ,0U
d t el—)1).
erivatives (i.e (av )T)

Similarly, from equation 6.32, measurement of the&e rof change of
temperature with pressure in a process at constathialpy gives the

desired derivatives (i.e(%—I;)T ).

?
A ?
7 7
/ /A
. f
[ 9
7 7
;; 7
/ 7
| ;
% 7
. 7
VT A A A

Fig. 6.1: Gay-Lussac-Joule Experiment (After Sear rd
Salinger 1975)

Gay-Lussac and Joule made an attempt to measurgeffendence of
the internal energy U of a gas on its volume. Theeemental set-up
used by Gay-Lussac and Joule is shown in figure\Ge$sel A contains
a sample of the gas for the investigation and ianeoted to an
evacuated vessel B by a tube in which there is@csck that is initially

closed. The whole arrangement is immersed in arwatk of known

mass which temperature can be measure by a thert@ome

The whole set-up is allowed to attain thermal epguim and the
temperature is measured and recorded. Then theostofis opened and
the gas is allowed to undergo a free expansiontird@vacuated vessel.
The work done W during free expansion process i® 4eee free
expansion in module 4, unit 2). The system will reually come to a
new equilibrium state if pressure is the same irhbweessels. If
temperature of the gas changes during this prdcesdree expansion),
there will be heat flow between the gas and theemlaath and the final
temperature will be different from the initial oaéready measured and
recorded.

Gay-Lussac and Joule found that the temperaturagehaf the water
bath, if it changes at all, was too small to beedietd. The reason is that
the heat capacity of the bath is so large thatalldmeat flow in or out of

63



PHY207 THERMODYNAMICS

it produces only a very small change in temperatugémilar
experiments have been performed, using other tqabnand the results
showed that the temperature change of the gasglfree expansion is
not large.

Hence the postulate as an additional property ofdaal gas is that
temperature change during a free expansion is Zédre.first law of
thermodynamics (i.eAU =U; =U; =Q-W ), since bothQ andw are

zero, becomes

AU =0 6.33

Therefore the internal energy is constant, ancioideal gas,
oT .
—)y =0 idealgas 6.34
(av)u ( gas)

The partial derivative in equation 6.34 is called Joule coefficient and
IS represented by

oT
= (— 6.35
n (av)U

Note thatz is equal to zero for ideal gas but it is not Zexoreal gas.

From equation 6.31, sinag®g, is finite, then for ideal gas
ou
—)1 =0 6.36
(av )T

The implication of equation 6.36 is that the inw®renergy U, for an
ideal gas, is a function of temperature only. Tiedbr an ideal gas, the

partial derivative(g—ﬁ)v is a total derivative and

du
Cy =——,dU =CydT 6.37
VST %

Integrating equation 6.37 from reference lewg)( T,) to (U,T ), and if
Cy Is constant that is

U T
b, 4 =U-Us _CVjTOdT

which gives
U=Ugy+Cy(T-T,) 6.38

Equation 6.38 is the energy equation of an idesal ga
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3.6 Joule-Thompson Experiment

Joule and Thomson made an attempt to measure pendience of the
enthalpy of a gas on its pressure (i.e. equatiB0)6.The experimental
set-up used by Joule and Thomson is shown in fi§u2e The gas in
compartment 1 (withT,, P;, andV,;) was allowed to expand freely
through a porous plug. The gas expands from pred3uio P by the
throttling action of the porous plug. The entiresteyn is insulated so
that the expansion occurs adiabatically (@e= 0).

Porous plug

D D P

p p—— o ) P, —a= ¥ 3

T

Fig. 6.2 Joule-Thomson Experiment (After Sear and Salinger 475)

The Gas is allowed to flow continuously through gerous plug, and
when steady state condition have been reachecethperatures of the
gas before and after expansion,

T1 and T2, are measured directly with sensitive thermocouple
thermometers. The total work done during the expansan be written
as

W =W1 +W2 = P]_Vl - P2V2 6.39

The overall change in internal energy of the gashduhe adiabatic
expansion is then

AU =Q+W =0+W =+W 6.40

AU = P]_V]_— P2V2 =U2 _Ul

rearranging gives
U2 + P2V2 = Ul + P]_Vl 6.41
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But

H=U+PV,
then, equation 6.41 becomes

Hi=H, 6.42
This is therefore alSOENTHALPIC expansion and the experiment

measures directly the change in temperature ofavwjh pressure at
constant enthalpy. The Joule-Thomson coefficigns,

T
= (— 6.43
H (aP)H
For an ideal gas,
oH .
(aP )T (ideal gas)
The implication of equation 6.44 is that the erplga, for an ideal gas,

Is a function of temperature only. That is for @eadl gas, the partial
derivative (Z—E)T is a total derivative and

co =M aH =cpar 6.45
aT

Integrating equation 6.45 from reference level,( T,) to (H,T), and
if Cp is constant that is

j:odH =H - H, =ijTTodT

gives

H=Hy,+Cp(T-T,) 6.46
Equation 6.46 is the enthalpy equation for an idga and is analogue
of equation 6.38.

Therefore for ideal gas, from 6.36 and 6.44

ou oH
— )\ =(—)1 = A7
( v T = ( 3P )T =0 6
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Then equations 6.7 and 6.17 become
ov oP
Cp-Cy =P(——)p =V(=)y =nR
p—Cy (aT )p (aT v =n
And from equation of state of ideal ga®/ = nRT
ov oP
P=)p =V(—)y =nR
(aT)P (aT v =n

Hence for ideal gas,
Cp-Cy =nR 6.48
3.7 Reversible Adiabatic Process

From equation 6.30, for any substance in a reViersitiabatic process,

P. Cp 0P
Ty ==P & 6.49
(aV)S Cy (av )T

For an ideal gas,

oP P
— ) = —— 6.50
(6V T v

Check block 1 for how equation 6.50 could be detive

If we representing the ratiGp /Cy, by y,

That is,

Cp
6.51
Cv

y

and inserting 6.50 and 6.51 in 6.49, and omittindpssript S for
simplicity then,

d—P+yd—v=0 6.52
P \%

Integrating equation 6.52
INP+yInV =InK

or
PVY =K 6.53
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where K in equation 6.53 is a constant of integrati

From equation 6.53, eliminating V gives

TPI=N!Y = constant , 6.54

and eliminating P gives

TV Y1 = constant . 6.55

Equation 6.54 and 6.55 are based on the fact teatgas obeys its
equation of state in any reversible process.

Block 1
Ideal gas equation is
PV =nRT

PdV +VdP =nRdT
at constant T (i.e. dT=0)

VdP = -PdV
P, _ P
(aV)T— v

SELF ASSESSMENT EXERCISE

1. What is energy equation?
2. Obtain equation 6.54 and 6.55 from 6.53.
3 The internal energy of a van der Waals gas is giyen

u==CyT —\% + constant

shows that for a van der Waals gas

1
Cp _CV =nR
L2V -b)?
nRTV 3

4.0 CONCLUSION

Some of the consequences of the first law of thedgymamics were
discussed in this unit. From the first law, withrfeal derivatives as
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tools, we have derived the expressions for spebdéat capacities. Also
discussed were the experiments by Gay-Lussac-Jaalk Joule-
Thomson which established that, for an ideal gas,internal energy
(U ) and the enthalpyH ) are functions of temperature only.

7.0 SUMMARY
In this unit, you have learnt that:

. energy equations are the equations which exprebksemternal
energy of a system as a function of the variablefinthg the
state of the system

. the specific heat capacity at constant volumeéjs= (3—$)V

. the difference between the specific heat capacitie
ou ov
Cp -Cy =[(=)7 +Pl(-—
p—Cv [(aV)T"' ](aT)P
. for adiabatic reversible processy ¥ =K .

8.0 TUTOR-MARKED ASSIGNMENT

1. Show that(g—:) p=Cp-PBVv

2. For an ideal gas show that ((a%LPi)T =0.
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1.0 INTRODUCTION
One of the statements of the second law of thermaxycs is that the
change in entropy of a system cannot be negateeit(is either zero or

positive). This unit focuses on entropy, its vatlging reversible and
irreversible processes, and the second law of theymamics.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. define entropy

. write the equation for change in entropy duringersible and
irreversible processes

. state the second law of thermodynamics

. describe the Carnot cycle / engine

. calculate the efficiency of Carnot engine.
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3.0 MAIN CONTENT

3.1 Entropy of a System

In unit 1 we defined a system as a restricted regibspace one has
chosen to study. Also, we mentioned that the ptegseor coordinates
used to describe thermodynamic system are the tuymamic
properties or coordinates. One of such propersiemtropy. Entropy, S,
is the degree of disorderliness of a system. Urdikergy, entropy of a
system does not alwapbey a conservation law.

3.2 Change in Entropy

The change in entropgSof a system during a process that takes the
system from initial staté to a final statef is defined as

AS=S; - S =jide—Q 7.1

Equation 7.1 implies that change in entropy depamdboth the energy
transfer as heat during the process and the tetoperaf the system.
The S.I unit of entropy and change in entropy iddper Kelvin (JK).

3.2.1 Reversible Process

For a reversible process that occurs in a closatesy the entropy
always remains constant. That is, the change iogytfor a reversible
process is zeroAS = 0). This statement can be explained using a Carnot
cycle (See section 3.5.3 of this unit).

3.2.2 Irreversible Process

An irreversible process can be defined as one wthigttion_cannobe

reversed by an infinitesimal change in some prgpeftthe system. A
good example of irreversible process is illustratedigure 7.1. Figure
7.1 shows a hot reservoir at temperattige in thermal contact through

a conductor with a cold reservoir at temperalgre Suppose the

arrangement is isolated from the surrounding Kiceheat flows in or out
of the arrangement), heat flows from hot resertmicold reservoir and
not in reversed direction. This process is anversible process.
Suppose hea® flows from the hot reservoir to the cold reseryove

can then write the equation for the total entropsirge AS during the
process.
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The change in entropy for the cold reserSi¢ , using equation 7.1 is
Q
ASc = — 7.2
C Te

ASc is positive because he@t flows into the cold reservoir and is
positive Q . Similarly the change in entropy of the hot resar&Sy ,
using equation 7.1 is

ASy = -2 7.3

TH

ASy is negative because heatflows out of the hot reservoir (i.e.

-Q).
The total entropy is

AS = ASy +ASc
which gives

AS=—&+Q>O 7.4

Ty Tc
The total entropyAS is greater than zero becaugg is greater
thanTc .

We can then say tha&(S > 0 for irreversible process.

==

Hot reservoir Cold reservoir
To Tc

Fig. 7.1: HeatQ Flows from Hot Reservoir to Cold Reservoir

3.2.3 Change in Entropy during Adiabatic and Isothermal
Processes

Change in entropy is given by equation 7.1 ansl & function ofQ and
T.
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Reversible adiabatic processduring adiabatic processiQ =0, and
this implies that during reversible adiabatic ps=dQ, =0. Then, going
by equation 7.1

dS=0 7.5
Reversible isothermal processAn example of reversible isothermal
process is phase change and this occurs at cormtesgsure during
which the temperature also remains constant.

St -Si =] == dQ, =— 7.6

whereQ is the latent heat or latent heat of transfornmatio

3.3 Entropy as a State Function

Entropy, like pressure, energy, and temperature pioperty of the state
of a system and is independent of how that statesished.

The above statement can be justify from the equaifahe first law of
thermodynamics

du =dQ -dw
For a reversible isobaric process,

dQ = PdV +nCpdT 7.7
Using the equation for the ideal g&sjn equation 7.7 can be replaced

with ”Vﬂ. Then dividing through by T, gives

d—Q=an—V+nde—T 7.8
T Vv T

Suppose each term of equation 7.8 is integrateddaset an arbitrary
initial statei and an arbitrary final staté we get

Lf%gzjfnR%%+Lf”CP%l

But change in entropgsS is already given to bng in equation 7.1, so
Vi Tt
AS=Sjf - S =nRInV—.+nCpInT—_ 7.9
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Equation 7.9 thus implies that the change in ewntrag between the
initial state and final state of an ideal gas dejseonly on properties of
the initial and properties of final state (iASdoes not depend on how
the gas changes between the two states).

3.4 The Second Law of Thermodynamics

The change in entro@ds, as discussed in section 3.2, for a process
occurring in a closed system is zero for reversplgcess and greater
than zero for irreversible process. This is ondhaf statements of the
second law of thermodynamics.

The second law of thermodynamics gives the diractio which the
natural process will take place.

Statement of the Second law of thermodynamics

If a process occurs in a closed system, the entaipyhe system
increases for irreversible processes and remainstaat for reversible
processes. Entropy of a system never decreases.

Mathematical statement of the Second law of thermgahamics

AS=20 7.10

3.5 Carnot Engine

Carnot engine is the most efficient kind of heagiea and because of
this it is sometime referred to as an ideal hegiren Ideal in the sense
that all processes in the cycle are reversible mmdvasteful energy
transfer occur due to friction and turbulendéis engine is after a
French scientist and engineer N.L. Sadi Carnot. Hhediagram of the

Carnot cycle is shown in figure 7.2 and the arrowilee plot indicate the
direction of the cycle (i.e. clockwise). During baxycle, the engine (i.e.
the working substance) absorbs enei@y as heat from a thermal
reservior at constant temperatifg and ejects energ®. as heat to a

second reservoir at a constant lower temperaigre

Description of the Processes

. Processde is an isothermal process during which h€af is
transferred at temperatarg to the working from the hot

reservoir. This causes the gas to undergo isothezr@ansion
from volumeVy to Ve.
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. Processef is an adiabatic expansion i.e no heat is addettheas
working substance expands from volurdg to V¢ . Temperature
decreases during the process from to T¢

. Processfg is an isothermal process during which h€ is
transfered at temperatufie. from the working to cold reservior.
This causes the gas to undergo isothermal compressom
volumeV; toVy.

. Processegd is an adiabatic compression i.e. no heat is traadf
as the working substance compresses from vol\igpeto V.

Temperatures increases during the process figrand T, .

Heat engine is discussed in more detail im#nd unit (i.e. Module 2,
unit 4)

v

Fig. 7.2: PV Plot for the Carnot Cycle

Work:
From the first law of thermodynamic\§ =Q-W ), the total work

done during a cycle or cyclic process can be caledl For a cyclic
proces@U =0, the total heat transfer per cyQe Qy —Qc, and the

total work done isw . Then, the first law of thermodynamic for the
Carnot cycle is

W =Qy -Qc 7.11
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3.5.1 Efficiency of a Carnot Engine

The efficiency of a heat engine is
W _ work output

Qn heat in
Using equation 7.11, equation 7.12 becomes

E= (in one cycle) 7.12

E=QH _QC =1- QC 7.13
QH QH

But the ratio of the rejected he&-to the input heatQy for a
reversible process can be written as

Qc _Tc 714
Qu Th

where temperaturé- andTy are temperatures in Kelvin.
Rearranging 7.14 gives

Qn _Qc 7.15
T Tc '

Insert equation 7.14 in equation 7.13 to obtain

E=1-— 7.16

Equation 7.16 is the efficiency of a Carnot engaperating between
two heat reservoirs in which heat is taking in eahperatureT,; and

heat is ejecting at temperatge. Temperature3; andTc must be in

Kelvin. The relation in equation 7.16 gives the maxm possible
efficiency for a heat engine operating between ietvin temperatures
TH and TC .

3.5.2 Another Statement of Second Law of Thermodymics

The efficiency of an ideal heat engine is givendayation 7.16. The
implication of this is that no heat engine can haffeiency greater than
that of a Carnot engine. It is clear from equati@ris3 and 7.16 that the
efficiency of a Carnot engine is less that 100 %isTof course is
another statement of the second law of thermodycanihat is, the
efficiency of heat engine is always less than 100T¥s statement is
called Kelvin's statement
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Kelvin’'s Statement. No process is possible whosle sesult is the
complete conversion of heat into work.

3.5.3 Entropy Change of a Reversible Process

A good example of a reversible thermodynamic preee€£arnot cycle.
In a Carnot engine, there are only two reversibkergy transfers as heat
(i.e. entropy change at; and atT: ). The net entropy change per cycle

IS

AS=ASy +ASe = 2H _S¢ 7.17
Ty Tc

where ASy is the positive entropy because ene@y is added to the
working substance (i.e. increase in entropy) ak} is negative
entropy because energ@®. is removed from the working substance as

heat (i.e. decrease in entropy). Using equati@b, then equation 7.17
becomes

AS = ASy +ASc =91 _Qc g 7.18
Tw Tc

Therefore the entropy for a reversible procasSsis zero (i.e. AS=0).

SELF ASSESSMENT EXERCISE

1. Define entropy.

2. How much heat is required for a reversible isott@rexpansion
of an ideal gas at 132 °C if the entropy of the igpaseases by
46.0 J/K?

3. A Carnot engine does 20,900 J of work and rejeB8) 0 of heat
into the hot reservoir at 25 °C. What is the Kelamperature of
the hot reservoir?

4. State the second law of thermodynamics in relatoentropy

4.0 CONCLUSION

Entropy of a system is the degree of disorderlirefsa system. The
change in entropy of a reversible process is zehidewthat of an

irreversible process is greater than zero. Thithés statement of the
second law of thermodynamics and mathematically &S > 0. Carnot

engine is the most efficient heat engine and nb eagine operating
between two temperatures as that of Carnot engaseelfficiency as
high as that of Carnot engine.
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7.0 SUMMARY

In this unit you have learnt that:

. entropy of a reversible process is constant and tiaan
irreversible process increases

. the second law of thermodynamicsAS >0

. Carnot engine is the most efficient heat engine

. the efficiency of Carnot engine operating betweemo t

. T
temperatureg, andTc is E= 1—T—C.
H

8.0 TUTOR-MARKED ASSIGNMENT

1. A 2.50 mole sample of ideal gas expands reugrsiand
isothermally at 360 K until its volume is double&hat is the
increase in entropy of the gas?

2. A lump of steel weighing 30 kg at a temperatofet27 °C is
dropped in 150 kg of oil at 27 °C. The specificteez the steel
and oil are 0.47 KJ/kgK and 2.5 KJ/kgK respectivétgtimate
the entropy change of the steel, the oil and tls¢esy consisting
of oil and the lump of steel.

3. A Carnot engine operates between reservoirshagimperatures
are 700 K and 400 K. To improve the efficiency lu# £ngine, it
is decided to either raise the temperature of thterdservoir by
30 K or to lower the temperature of the cold reseripy 30 K.
Which of these options gives the greater improvefestify
your answer by calculating the efficiency in eaabec
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8.0 INTRODUCTION

As discussed in the last unit, Carnot engine isdaal heat engine and
no real heat engine has efficiency as high as dha Carnot engine.
This unit discusses some of the available realrawyi

9.0 OBJECTIVES

By the end of this unit, you should be able to:

. name some of the available heat engines and drawPtV
diagram for each of them

. explain the processes involve in the cycle of di@aar heat
engine

. derive expression for efficiency for each of thesat engines.
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3.0 MAIN CONTENT

3.1 Heat Energy

A heat engine is a device used to convert thermatgy (i.e. heat) into
mechanical work and then exhausts the heat whichatébe used to do
work.

3.1.1 Basic Operation of Heat Engine

The working body absorbed heat from the hot reseataelatively high

temperature. Part of the absorbed heat is usekenywarking body to do
mechanical work. The unused energy is then ejeatetieat at lower
temperature. The process of converting thermalggngy mechanical
work by heat engine is shown in figure 8.1.

T

hot reservoir

Tc

working cold reservoir

body

W
work done

Fig. 8.1: Heat Engine

Heat engine as shown in the figure 8.1 above caaprdf two heat
reservoirs, one hot aty and the other cold & . The interaction

between these two reservoirs and the working baehdd to the
conversion of heat energy to mechanical work. Aeotxplanation is
that the working body absorbs he@f, at temperaturgéy , uses part of

it do mechanical work, and then ejected the uniead energy Q¢ ) at
temperaturel through the cold reservoir

3.2 Thermodynamic Efficiencye of Real Engines
The efficiency of a heat engine is

_ W _workoutput

9 — (in one cycle) 8.1
H
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The efficiencyE measures the fraction of heat pumped into the igrk
body that is converted to mechanical work by thekimy body. The
efficiency of real heat engines is always less tnaity.

The Changes in energy of the working body areedl& the changes in
the thermodynamic properties. Using the combinest fand second
laws of thermodynamics,

dU =TdS - PdV =dQ -dwW 8.2

wheredQ is the heat into the working body ad&v is the mechanical

work (i.e. work output). But the working body opesin a cycle (i.e.
cyclic process), returning the system back to nitial state. We can
integrate 8.2 over a complete cycle.

0= §du= §Tds— §Pdv 8.3

cycle cycle cycle

where §dU =U final —Uinitia =0 Since the system returns to its initial

cycle
state.
[ Pdv =w is the work done in a cycle
cycle

§dQ =Qy —Qc =Q the total heat transfer to the working body in a
cycle
cycle. So equation 8.3 becomes

0=QH —Qc —W 8.4
Rearrange to have

W = QH _QC 85
Insert equation 8.5 in equation 8.1

E=QH _QC =1- QC 8.6

QH QH

Therefore,

E=1- Qc —1- heat released 8.7

Qy heatabsorbed

Equation 8.7 is the generalized form of efficiefayheat engine

82



PHY207 THERMODYNAMICS

Some examples of real engines are Otto engindjn§tiengine, and
steam engine. We are going to treat here only éitgine and Stirling
engine.

3.3 Otto Cycle/Engine

Otto cycle consists of two adiabatic processestandconstant volume
(isochoric) processes or strokes. The PV diagra@ttd cycle is shown
in figure 8.2 and as indicated in the PV diagraeaths absorbed during
one of the isochoric processes and heat is rejedteshg the other
isochoric process.

Adiabatic

Fig.8.2: PV Diagram for Otto Cycle

3.3.1 Description of the Processes

. Procesgle is an adiabatic compression i.e no heat is addedea
volume of the working substance decreases frommelw/y to

Ve. The temperature rises froiy to T, according to equation
Tdde_l =TV ™
. Proces®fis an isochoric process during which h€g{ is added

as the temperature of the working substance changesT, to
T+ and pressure also increases fregnto P; .

. Processfg is adiabatic expansion i.e. no heat is added as th
volume of the working substance increases from mely, to
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Vq. The temperature decreases frdm to T, according to
equationT¢ vt =Tv} ™

. Processegd is an isochoric process during which hegt is
ejected as temperature changes fiyno Ty .

3.3.2 Efficiency of Otto Engine

Generally, the efficiency of heat engine is giverequation 8.6 as

E=1-C

QH
Heat is added during isochoric proce$snd the temperature increases
from T, to T4+ and pressure increase also fréinto P¢ . Heat added

Qu is
Tt
QH =J‘T CvdT =CV (Tf —Te) 8.8
e
Heat is ejected during isochoric procegd and the temperature

decreases fronTy to Ty and pressure increase also fratg to Py.
Heat added)c is

.
Qc =de9cV dT =Cy (Tg - Tg) 8.9

Equation 8.9 is because heat ejected is negate otherwise
(Tg —Tg) would be(Ty -Tyg).

Put equations 8.9 and 8.8 in equation 8.6 to have
_Qc _, “v({d~Tg)

E = = 8.10
QH Cv (Tt -Te)
Tg -T
E = 1_M 8.11
(Tf -Te)
Two adiabatic processes where involved in the cgnbkthese give
TVt =Tevd ™t 8.12a
and
TVt =Tovd ™t 8.12b

Subtracting equation 8.12b from equation 8.12agjive
(Tg =TaVJ ™ =(Ts ~TeVd™
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Rearrange to have

To7Td _ Veyy-1 8.13
Tt —Te Vq

And insert equation 8.13 in equation 8.11 to have
E=1-(&)
5

Cp
But y=—,
y Cy
Therefore the efficiency of Otto cycle is

Cp-Cy
E=1-(&) Cv 8.14
Vd

where Cy and Cp are the specific heat at constant volume and press
respectively

3.4 Stirling Engine

The PV diagram for an ideal Stirling heat enginshswn in figure 8.4
below. The cycle consists of two isochoric processad two isothermal
processes. Three important components of Stirlmggre are:

Heat Exchangers As the name implies, these transfer heat betwhsen
working gas and the outside of the system.

Displacer Mechanism The purpose of this is to move the working gas
between the hot and cold ends of the machine thrtheyregenerator.

Regenerator. This is a device normally placed between hot eold
portions of the machine that is in contact with lle¢ and cold reservoirs
respectively. It consists of packing of steel woola series of metal
baffles of low thermal conductivity. The purposetiois device is to act
as thermal barrier and also as thermal store tocyicle.
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. QH
€
9 1
QC g-.__. TC
\Y%

Fig. 8.3: PV Diagram for Stirling Engine

3.4.1 Description of the Processes

86

Processfg is an isothermal (constant temperature) expansion
during which heatQy is absorbed at temperatdifg. Due to
expansion, work is done during the process (igh lpressure the
working gas absorbs heat from the heat absorbiagdwchanger
and expands isothermally, thus work is done).

Processgd is an isochoric (constant volume) process. The
displacer transfers all the working gas isocholyctirough the
regenerator to the cold end of the machine. Healbs®rbed from
the gas as it passes through the regeneratorfiibusmperature
decreases fronfy to Tc and pressure also decreae fré to

Pa
Processde is an isothermal compression. During this process,

work is done on the gas and this compresses thisgthermally
at temperatur€: , then heatQ¢ is ejected to the cold reservoir

through the heat rejecting heat exchanger.

Processef is an isochoric process. During this process, the
displacer transfers all the working gas isocholyctirough the
regenerator to the hot end of the machine. Heatltded to the
gas as it passes through the regenerator, thushgatbe
temperature of the gas fromz to Ty and pressure also

increases fronP, to Ps .
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3.4.2 Efficiency of Stirling Engine
Generally, the efficienc¥ is

W _ work output

E= _ 8.15
QH heatin
The total work done in Stirling-cycle engine is
W = -§ Pav 8.16

The integral in the equation 8.16 is over a clokegp. From the PV
diagram, two isochoric processes occurs duringyee atTy andTc

(i.e. work is done only during isothermal expansard compression
processes). No work is done during isochoric preeg the cycle.

Therefore total work done/ is

g e
W = —“f PAV +J‘dpdv} 18

Suppose the equation of stateAg = nRT, and sincerl is constant for
the isothermal process, then work done during esotlal process is

V2 V2
I pav = [ ZnRT I = nRT[nV]2 =nRTINYZ  8.18
V1 V1 \Y 1 Vl
Substitute equation 8.18 into 8.17

\ \Y
W =-|nRTy In—% + nRT¢ In—& 8.19
Vi Vg

We can further simplify equation 8.19 since wewrtbatV =V, and

Vv \%
Vg =Vg4 and also know thai‘nv—e = —Inv—g, so that we have
g e

Vg
W =-nRIn—=(Ty -T¢) 28.
Ve
The work done represents energy out of the systmd, so has a
negative value according to the sign conventiorhaxe been using.
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Heat Flow into an Ideal Stirling Engine

The heat flowing into and out of a Stirling-cyclegine can be evaluated
by considering the integral of temperature wittpezs to entropy:

Q= ITdS 8.21

For this cycle, heat is transfer into and out & $lystem only during the
two isothermal processes. During closed cyclehemwmhal expansion
procesdg we have

Sg
QH = TH ds 8.22
St
This integral can be most easily evaluated by ctamngig the first law of
thermodynamics
dQ =dU —-dw 8.23
But we know thatdlQ =TdS anddw =-PdV , so 8.23 becomes

TdS =dU + PaVv

Therefore 8.22 now is
U \V
= 9du +| 9 Pdv 8.24
QH _[U f Ivf

Suppose the equation of stateAg = nRT, so thatP =nvﬂand since

T is constant for the isothermal process, then Bebbmes

U] Vv
g g av Vg
Q =I dU+I NRTy — =0+ nRTy [InV
H U Vi HV H[ ]\/f

ButV; =V, so we have
Vg
QH = nRTH |nV— 8.25

e
Similarly we can show that

Vg
QC = —nRTC In— 8.26
Ve
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. Vg V4 . : : :
The ratio—2 =—4 s called the expansion ratid the working gas. The

Ve Vf
inverse of this is called the compression ratio

The efficiency of an ideal Stirling engine is there

Vg
nRInT(TH _TC)

- e
E= Vg
NRTH In—
Ve
And it gives
e=1H-TC 8.27
TH

Recall that the efficiency of the Carnot engineEi$THT—_TC. This
H

implies that the efficiency of the Carnot engineegual to that of an
ideal Stirling engine. Hence the Stirling-cycle engine llze maximum
efficiency possible under the Second Law of Therynaanics.
However, the efficiency of aeal Stirling engine is less than that of
Carnot engine.

Note that no real engine can have an efficiencytgrethan that of a
Carnot engine when both engines work between theesawo
temperatures.

SELF ASSESSMENT EXERCISE

1. Draw the PV diagram for Otto engine and describle tiz
processes in the cycle.
2. Show that the work done by the ideal Stirling heat engine is

W = —nRIn://—Z(TH -Tc) whereV; andV, are the two volumes
1

at which the isochoric processes occur on the Rgrdm and

thatV2 >V1

4.0 CONCLUSION

Heat engines are devices used to convert heat \yertergnechanical
work. Real heat engines always have efficiency fleaa that of Carnot
engine when they operate between the same two tatopes.
Examples of real engines are Otto engine and&jigdngineln the next
unit, you will learn about a reverse cycle of heagine i.e. refrigeration
cycle.
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5.0 SUMMARY

In this unit you have learnt that:

heat engines are devices used to convert heatdbaneal work
W _ work output

. the efficiency of heat engine 5 = _
QH heatin
Cp-Cy
. the efficiency of Otto engine i€ =1- (\\;—e) Cv
d

. the work done by an ideal Stiring engine

\% -

W =-nRIn—2(Ty -T¢), and its efficiency i -TH -Tc
Ve TH

6.0 TUTOR-MARKED ASSIGNMENT

An ideal Stirling engine operates between 325 K 460 K. If the
expansion ratio of the working gas is 2.5, calaiklie amount of heat
ejected by the engine at cold reservoir and theieficy of the engine (n
= 2mol and R = 8.3 JkMol™).
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1.0 INTRODUCTION

Refrigerator is necessary household equipment fmepreservation of
foods and drinks and also for laboratory uses. This focuses on the
principles of operation of refrigerators

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. describe refrigeration cycles

. distinguish between refrigerator and heat pump

. explain what is meant by coefficient of performanoé
refrigerator

. derive expression for coefficient of performance éach of the

refrigeration cycle.
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3.0 MAIN CONTENT
3.1 Refrigerator

This is a device that uses work to transfer enefigyn a low

temperature reservoir to a high temperature regeagois continuously
repeats a set series of thermodynamic procességdrator operates in
a direction opposite to that of the heat enginee ®ystem that
undergoes this reverse cycle of heat engine iedakfrigerant. Air
conditioners, heat pumps are also example of extigrs.

Carnot engine is capable of being reversed and whemreversed it is
called a Carnot refrigerator. Just like Carnot eagiCarnot refrigerator
is an ideal refrigerator. The Stirling cycle is alsapable of being
reversed and is the most useful type of refrigerathis reversed cycle
is called Stirling refrigeration cycle.

Tc

cold reservoir

Th

working hot reservoir

body

W
work done

Fig. 9.1: Refrigerator

Figure 9.1 shows the refrigeration process. Comgatfiis with figure

8.1 in the last unit (module 2, unit 4) and obsehee directions of heat
and work in the two diagrams. For refrigeration qass (figure 9.1)
work is done on the working body (i.e. on the gdrant) and this work
is supplied by an electric motor or by other medie work supplied is
used to remove he&@. from the cold reservoir and deposit h&aj

into the hot reservoir. These processes are ravarséhe one in heat
engine.

The interior of a refrigerator (i.e. the space deswhere we put things
like food, fruits and drinks) is the cold reseryaiuhile the exterior is the
hot reservoir. You should have noticed that thesidetsurfaces (usually
the sides and back) of most refrigerators are wartouch while they

are operating. The reason for this is becausedhethe hot reservoir.
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Energy conservation holds also for refrigerationocpss (i.e.
Qn =W +Qc).

. T . .
EquatlonQ—C =—C also holds for ideal refrigerators.

H TH

Heat Pumps: Heat pumps work on the same principle as refrigera
The only difference is that for the heat pumps, dblel reservoir is the
outdoor while the hot reservoir is the inside af titouse. Another name
for the heat pump is electric heating system. Tieetgc heating system
is normally used to warm the house during wintecad weather.

Air conditioners: For the air conditioners, the cold reservoir is the
inside of the house while the hot reservoir isdbtside of the house.

Refrigerators, air conditioners, and heat pumpssarglar devices and
their principles of operation are similar.

3.1.1 Coefficient of Performance of Refrigerators

A term similar to the efficiency of the heat engumed to measure the
performance of a refrigerator is the coefficientpgiformancea . The
Coefficient of performance is defined as the rafitheat extracted from
the cold reservoiQ¢ to the work doné&V on refrigerant

_ Heat extracted fromcold reservoir
work doneonrefrigerant

Therefore

QC — QC 9.1

w= =
W Qy -Qc

3.1.2 Coefficient of Performance of Heat Pumps

Coefficient of performance of heat pumpsis defined as the ratio of
heat delivered to the hous®, to the work donew required to deliver

It.

_ Heatdelivered
work doneon required

Therefore

=24 9.2
W
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Two examples of the refrigeration cycles (i.e. @atycle refrigeration
and Stirling-cycle refrigeration) are discusseceher

3.2 Carnot Refrigerator

Carnot refrigeration is a reversed of Carnot cydgarnot-cycle
refrigerator is identical to Carnot-cycle enginecept that the heat-
absorbing end of the machine now becomes the egjwm, while the
heat rejecting end of the machine becomes the égibm. The PV
diagram of the Carnot-cycle refrigerator is shoiviigure 9.2.

v

n \ 14

Fig. 9.2: PV Diagram for Carnot-Cycle Refrigerator

3.2.1 Description of the Processes in the CarnotyCle
Refrigerator

The processes in Carnot-cycle refrigerator as shiowiigure 9.2 are
described below.

. Procesgyf is an isothermal expansion. During this procesaf he
Qc is absorbed from the cold reservoir at temperaligeand

the working substance undergoes isothermal expangmm
volumeVg to V.

. Procesde is an adiabatic compression i.e no heat is adddtea
working substance compresses from volum&/; to Ve.

Temperature increases during the process ffgnto Ty, .
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. Processed is an isothermal compression. During this process,
heatQy is ejected to the hot reservoir at temperafyye
. Procesdlg is an adiabatic expansion i.e. no heat is traadfas

the working substance expands from volurkg to V.
Temperatures decreases during the processTgpno Tc .

3.2.2 Coefficient of Performance of Carnot-Cycle Bfrigerator

The purpose of any refrigerator is to extract aximhbeat as possible
from a cold reservoir with the expenditure of dgeliwork as possible.
The output is the heat extracted from the coldrveseand the input is
work.

Using equation 9.1, coefficient of performancdas

Qc _ Q¢

w= =
W Qny -Qc

For a Carnot cycle, it has be established that

Qn _Qc
T Tc
Then
w=—_¢ 9.3
TH-T¢

« may be considerably larger than unity.

3.3 Ideal Stirling-Cycle Refrigerator

An ideal Stirling-cycle refrigerator is a reverdean ideal Stirling-cycle
engine. The cycle consists of two isochoric proesssnd two
isothermal processes. The PV diagram of an idealin8tcycle
refrigerator is shown in figure 9.3 below.
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N Qy

QC Oh----- TC

v

Fig. 9.3: Pﬁ Diagram of an Ideal Stirling‘chIeRefrigerator

3.3.1 Description of the Processes in the Idealiding-Cycle
Refrigerator

The processes in the ideal Stirling-cycle refrig@ras shown in figure
9.3 are described below.

Processed is an isothermal expansion during which hegt is
absorbed from the cold reservoir at temperatygre

Processdg is an isochoric process. The temperature of theking
substance increases frofy to Tc and pressure also increases from

Pd to Pg.

Processgf is an isothermal compression during which h€xt is
ejected to the hot reservoir at temperalyye

Processfe is an isochoric process. The temperature of theking

substance decreases froig to Ty and pressure also decreases from
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3.3.2 Coefficient of Performance an Ideal StirlingCycle
Engine

Coefficient of performance of refrigeraioris

w=3¢
w

From Stirling engine, the expression for wotk has been obtained to
be

\Y
W = nRInV—g(TH -Tc) (i.e. from equation 8.20)
e

And heatQ¢ as

\
Qc =nRTc Inv—g (i.e. from equation 8.26)
e

Therefore

\%
NRT¢ Inv—g -
e =_¢C 9.4

w= =
Th -Tc

Vg
NRIN—~(Ty - T¢)
Ve

Equation 9.4 is the coefficient of performance ideal Stirling-cycle
refrigerator and is equal to that of Carnot-cyaddrigerator. But the
efficiency of the real Stirling-cycle refrigeratdi.e. the practical
Stirling-cycle refrigerator) is always less tharatthof Carnot-cycle
refrigerator operating between the same tempemaiigeand Ty, .

3.4 Clausius Statement of the Second Law

No process is possible whose sole results is dresfier of heat from a
cooler body to a hotter body.

SELF ASSESSMENT EXERCISE

1. A Carnot heat pump is used to heat a house to peeture of
294 K. How much work must be done by the pump tivele
3350 J of heat into the house when the outdoor ¢eatpre is
260 K.

2. Draw the PV diagram of the Stirling-cycle refrigena and
describe all the processes.
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4.0 CONCLUSION

Refrigeration cycle is a reverse of heat engindecyRefrigeration is the
process of withdrawing heat from a cold systemejrdting it into a hot
reservoir while the mechanical work is done on #ystem. The
Clausius statement of the Second Law of thermodicgstates that no
process is possible whose sole results is the faamd heat from a
cooler body to a hotter body.

5.0 SUMMARY

In this unit, you have learnt that:

. refrigeration cycles is a reverse of heat engiraecy
. heat pumps, air conditioner and refrigerators similevices and
their principles of operation are similar
. the coefficient of performance of the Carnot cyefigeration is
Tc
w=
TH-Tc
. the coefficient of performance of the ideal Stiglincycle
: o Tc
refrigeration isw=
H-Tc
. the coefficient of performance of real Stirling tycefrigeration

Is always less than that of Carnot cycle refrigeratvhen both
operate between the same temperatures.

6.0 TUTOR-MARKED ASSIGNMENT

1. A Carnot air conditioner uses 25, 500 J of eleatrenergy, and
the temperatures indoors and outdoors are 27 °C38ndC
respectively. Calculate the amount of heat depdsiteédoors.

2. Draw the PV diagram of a Carnot-cycle refrigeratnd describe
all the processes involve.
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MODULE 3
Unit 1 Combined First and Second Laws
Unit 2 Thermodynamic Potentials
Unit 3 The Maxwell Relations of Thermodynamics
Unit 4 TdS Equations

UNIT 1 COMBINED FIRST AND SECOND LAWS
CONTENTS

1.0 Introduction

2.0 Objectives

3.0 Main Content
3.1. Combined First and Second Laws of Thermodyogmi
3.2 T andV Independent
3.3 T and P Independent
3.4 P andV Independent

4.0 Conclusion

5.0 Summary

6.0 Tutor-Marked Assignment

7.0 References/Further Reading

1.0 INTRODUCTION

The first and second laws of thermodynamics caodmebined to obtain
very important thermodynamics relations.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. write the equation for combined first and seconaslaof
thermodynamics
. derive some useful thermodynamics relations froendbmbine

first and second laws.
3.0 MAIN CONTENT

3.1 Combined First and Second Laws of Thermodynamics
The first law of Thermodynamics is

dQ=dU +dwW 10.1
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And the second law of thermodynamics is

dQ=TdS 10.2

but differential work
dw = PdVv 10.3

The combination of these three equations in anpiteSimal reversible
process, for a PVT system gives

TdS=dU + PdV 10.4

Equation 10.4 is the combined form of the first asetond laws of
thermodynamics for a PVT system. Some useful thdgmamics
relations can be derived from equation 10.4 bycselg T and V, T and
P, P and V as independent variables. It is impbtanote that the state
of a pure substance (Module 1 Unit 1) can be ddfioespecified by
any two of its properties.

3.2 TandV Independent
From equation 10.4

ds=Ti(du +PdV) 10.5

Consider the internal enerdy as a function off andV, i.e. U(T,V),
then the derivative of U is

ou ou
dU =(— ) dT +(—)r+dV 10.6
(6T WV (av )T

Put equation 10.6 in 10.5

1 ouU 1.,0U
dsS = —(—)y dT +=[(—)+ + PJdV 10 .7
T(aT)V T[(aV)T ]

Also consider entropys as function of two independent variablesnd
V, i.e.Y(T,V), then the derivative 0§ is

dS 0S
dS=(—), dT +(—)+ dV 10.8
(aT)v (6V T

By comparing equation 10.7 with 10.8 (or equate/ 1dnd 10.8), we
obtain
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1 ouU 0S
= (= (22 10.9
T ( P v =( T i
and
10U _0S
?[(_OV )T +P]= (_OV T 10.10

If we differentiate equation 10.9 partially withspeect to V at constant T
and differentiate 10.10 partially with respect toahd constant V,
equating the mixed second-order partial derivatofeS gives

oU oP
)T =T —-P 10.11
Gy =TGPV

It can be shown that (check SEA1 in module 3, dl)‘(l%l:?)v =£,

Kk

therefore, equation 10.11 becomes

u. T8
— ) = - 10.12
(av )T ”

Equations 10.11 and 10.12 show the dependencezahthrnal energy
of a system on volume, at constant temperature thrl can be
calculated from the equation of state (i.e. usiggag¢ion 10.11), or from
the values of, x, T andP (i.e. using equation 10.12).

Recall from module 2, unit 2 under consequencetheffirst law of
thermodynamics that

ouU ov . .
Cp -Cy =[(6_V)T + P](a—_l_)p (i.e. equation 6.7)

By making use of equation 10.11, we have

1= Y, BTV

Co-Cy =T(— - = 10.13
p—Cy (aT)V(aT)P ”

Thus the difference Gp —C,, ) can be calculated for any substance,
from equation of state or from valuesTafV, p andk.

SELF ASSESSMENT EXERCISE

1. Derive equation 10.11 from equation 10.9 and 10.10
2. Find Cp-Cy, for a certain gas whose equation of

statgP +b)V =nRT .
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3. We know that(g—g)v =Cy , put this and equation 10.11 in 10.6

to obtain
dU = Cy dT +[T (g—_Fr’)V SRy, 10.13
3.3 T and P Independent

In terms of enthalpi =U + PV, equation 10.4 can be rewritten as
ds =T1(dH _VdP) 10.14
Check block 1 for how we arrived at 10.14

Consider the enthalpy as a function off andP, i.e. H(T,P), then the
derivative ofH is

oH oH
dH =(—)pdT + (—)+dT 10.15
(aT)P (aP)T

Put equation 10.15 in 10.14, then

1 oH 1 oH
dS==(—)pdT +=[(—)+ -V ]dP 10.16
T(aT)P T[(aP)T ]

Also consider entrop$ as function of two independent variablesnd
P, i.e.Y(T,P), then the derivative & is

0S 0S
dS=(—)pdT +(—)+dP 10.17
(aT)P (aP)T

By comparing equation 10.16 with 10.17, we obtain

dS 1 0oH
Sy =104, 10.18
Gr)P =1 Gr)r
and
dS 1. 0H
—)r ==[(—)+ -V]. 10.19
(aP)T T[(aP)T ]

If we differential equation 10.18 partially withsgect toP at constanT
and differentiate 10.19 partially with respect To and constantP,
equating the mixed second-order partial derivatofes gives

oH ov
T =-T(oo)p +V 10.2
Gp)T GGret 0.20
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: : oV
From using equation 5.13a—T)p = BV , then

oH
—)r =-AVT +V 10.21
(aP T =-BV

Equation 10.21 is similar to equation 10.12. sk the dependence of
enthalpy on pressure, at constant temperaturetamadn be calculated
from the equation of state (i.e. from equation @P.®r from the values
of B, T andV (i.e. from equation 10.21).

Also since we know tha((;—':)p =Cp, put this and equation 10.20 in
equation 10.15 to have
dH = CpdT ~[T (g—\T’)p ~V]dP 10.22

Block 1
Enthalpy H=U + PV

Derivative of H gives
dH=dU + PdV +VdP

make dU subject of the expression
dU =dH - PdV -VdP *

but ds=% (dU + PdV) %

put equation (*) in (**) gives
dS=T1(dH - I?/ -VdP + Pdy)

Then,

ds = Tl(dH -VdP)

3.4 P andV Independent

Consider entrop$ as a function oP andV, i.e.S(P,V), derivative ofS
IS

0S 0S
dS=(—)y dP+(=——)pdV 10.23
(aP)V (aV)P
Also consider internal energy as a function oP andV, i.e. U(P,V),

the derivative olJ is

ou ou
dUu=+=)ydP+(—)pdV 10.24
(aP)V (aV)P
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Put equation 10.23in 10.5

1,0U ou
dS=—((—)y dP +(—) p dV + PdV
T((aP)V (aV)P )

Rearrange to get

1 ouU 1 ouU P
dS=—(—)y dP +[=(—)p +—]dV 10.25
T(aP)V [T(av)P T]

By comparing equation 10.23 with 10.25, we obtain

S. 1.9U
T2y == (&2 10.26
(aP)V T(aP)V

and
9S.  1.4U =
oy ==&+ 10.27
(av)F> T(OV)P+T 0

u
T
derivatives) then equation 10.26 becomes

(g—l;)v can be written as(——)y (g—;)v (i.e. chain rule of partial

0S 10U oT
) == () (— 10.28
(6P)V T (aT Y, (ap)v

But
ou oT K
—)v =Cy,and (—)y =— 10.29
Grlv =Cv.and (phv =4

Put equation 10.29 in 10.28 to give
0S CV K
— N == 10.30
GV =T 5

Equation 10.30 gives the change in entropy witlpeesto pressure at
constant volume{g—i)v in terms of measurable quantit®s,k, 8, and

T.

4.0 CONCLUSION

We have derived in this unit, some useful relatiboosn the combined
first and second laws of thermodynamics.
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5.0 SUMMARY

In this unit, you have learnt that:

. the combined first and second laws of thermodynami
TdS=dU + PdV
. the variation in enthalpy with respect to pressateconstant

temperature i$g—|;)T =-pVT +V

. the difference between the specific heat capadit@a combine

2
first and second law i€p —Cy, =T(g—_|:r>)v (g—\T/)p BTV

k
. the variation in entropy with pressure at constaofume is
0S _CV K
GV =
oP T B

6.0 TUTOR-MARKED ASSIGNMENT
Derive equation 10.20 from equations 10.18 and2.0.1
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1.0 INTRODUCTION

Energy functions of thermodynamic systems, also wknoas
thermodynamic potentials, are discussed in this iiey are useful in
explaining many of the physical processes in thelynamics

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. name all the thermodynamics potentials

. define each of the thermodynamic potentials

. derive differential forms of the thermodynamic puitals

. mention the process that each of these thermodynpotentials

can be used to describe.
3.0 MAIN CONTENT
3.1 Thermodynamic Potentials

The four (4) thermodynamic potentials are;

. internal energy)
. enthalpyH
. Helmholtz free energp

. Gibbs free energé.
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Depending on the thermodynamic constraints on gesysit is always
convenient to use a particular thermodynamic pakmnd describe a
system. For example, Helmholtz free enefggan be used to describe a
system in which temperature and volume are heldsteoh The
equilibrium condition for this systemda=0. Gibbs free energ@ can
be used to describe equilibrium between phasesgdime two phases
share the same pressure and temperature).

3.2 Internal Energy U

The internal energy of a system is a state function i.e. it depends on
the state of a system. The first law of thermodyicaniModule 2, unit

1) gives an insight into the internal energy of y@stem. Change in
internal energyU of a systemAU, according to the first law of
thermodynamics is

AU =Q-W
And the differential form is
dU =dQ-dw 11.1

The work done on a system may comprise of an irséivie component
dw, (such as stirring with a paddle, or forcing anceie current

through a resistor) and some reversible compougys The

irreversible component of work is dissipated ast laeal is identical to

dQ + dW|

adding heat to the system. So we can wdg= and this

givesdQ =TdS-dW,. The reversible component of the work may

consist of work done in compressing the systém\(), but there may
also be other kinds of work, such as the onesdligtesection 3.1.1 in
module 2, unit 1In general the expression for each of these forms o
reversible work is of the formddY , where X is an intensive state
variable andy is an extensive state variable. All of these foohson-
dissipative work can collectively be called configion work

Therefore, the total work done on the system ihefform

dwW =dw, - PdV + z XdY 11.2
so, the first law of thermodynamics takes the form

dU = dQ +dw, - PdV + Z XdY 11.3
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Equation 11.3 is a sort of ‘complete form’ of thestf law taking into
consideration all possible forms of work. Using aon 11.3, if a
particular system is held at constant volume, thenPdv work of
expansion or compression is done. And if no otloer af work is done
(either nonPdVv reversible work or irreversible wodkv, ), then the
increase in internal energy of this system is @ggial to the heat added
to the system.

Therefore, internal enerdy can be used to describe a system in which
heat is transferred (either in or out) and / or kvigrdone on or by the
system.

3.2 Internal Energy U

The internal energy of a system is a state function i.e. it depends on
the state of a system. The first law of thermodyicaniModule 2, unit

1) gives an insight into the internal energy of y@stem. Change in
internal energyU of a systemAU, according to the first law of
thermodynamics is

AU =Q-W
And the differential form is
dU =dQ -dw 11.1

The work done on a system may comprise of an irs#vle component
dw, (such as stirring with a paddle, or forcing anctle current

through a resistor) and some reversible compougwys The
irreversible component of work is dissipated ast laeal is identical to

adding heat to the system. So we can Wd&zw and this

gives dQ=TdS-dw,. The reversible component of the work may

consist of work done in compressing the systétV(), but there may
also be other kinds of work, such as the onesdlistesection 3.1.1 in
module 2, unit 1In general the expression for each of these forms o
reversible work is of the forkdY , where X is an intensive state
variable andyY is an extensive state variable. All of these foohson-
dissipative work can collectively be called configiion work

Therefore, the total work done on the system ithefform

dW =dw, - PdV +z XdY 11.2

so, the first law of thermodynamics takes the form
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dU = dQ +dwW, - PdV +Zxav 11.3

Equation 11.3 is a sort of ‘complete form’ of thestf law taking into
consideration all possible forms of work. Using agon 11.3, if a
particular system is held at constant volume, thenPdv work of
expansion or compression is done. And if no otloer af work is done
(either nonPdVv reversible work or irreversible wodkV, ), then the

increase in internal energy of this system is @ggial to the heat added
to the system.

Therefore, internal enerdy can be used to describe a system in which
heat is transferred (either in or out) and / or kvigrdone on or by the
system.
3.4 Helmholtz Free Energy A
The Helmholtz free energy is defined as

A=U-TS 11.7

Its differential form is

dA=dU -TdS - dT 11.8

But dU =dQ +dw, - PdVv +Z XdY , so equation 11.8 becomes

dA = —SdT - PdV +z XdY 11.9

Equation 11.9 tells us that in an isothermal precdes. whendT = 0),
the increasen the

Helmholtz function of a system is equal to all treversible work

(- Pav +ZXdY)

done_onthe system. On the other hand, if a machine dogseversible
work at constant temperature, the Helmholtz fumctiecreases, and the
decreasen the Helmholtz function is equal (if temperatiseconstant)
to the reversible work (of all types) donethg system.
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3.5 Gibbs Free Energy G
The Gibbs function is define as

G=U-TS+PV 11.10

It can also be defined as

G=H-TS 11.11
and as

G=A+PV 11.12
Its differential from equation 11.11 is

dG =dH -TdS - &dT , 11.13
and from 11.12 is

dG = dA + PdV +VdP 11.14

But from equation 11.6dH =TdS +VdP +ZXdY) or from equation
11.9 (dA=-SdT - PdV + z XdY ) equation 11.13 or 11.14 becomes

dG = -SdT +VdP+ZXdY 11.15

Equation 11.15 can be used to describe a systdmrdargoes constant
temperature and constant pressure processes. Exarnpl process of
this kind is the phase change of a pure substdrataisually takes place
at constant temperature and pressure. Hence, tiies Giee function is

very useful in describing a process that involvesnge of phase.

3.6 Differential Form of Thermodynamic Potential

The differential forms of the thermodynamic potelstiare:

dU = dQ +dwW, - PdV +Zxav 11.16
dH =TdS+VdP+ZXdY 11.17
dA = -SdT - PaV + Z XdY 11.18
dG = -SdT +VdP+ZXdY 11.19
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The more familiar forms of thermodynamic potenteis:

dU =TdS - PdV 11.20
dH =TdS+VdP 11.21
dA=-SdT - PdV 11.22
dG=- SdT +VdP 11.23

Equations 11.20 to 11.23 are for condition undeictvlonly reversible
work done on or by a system iBdv work of expansion or of
compression

SELF ASSESSMENT EXERCISE

1. Define each of the four thermodynamic potentials.
2. Derive the differential forms of the four thermodynic
potentials.

4.0 CONCLUSION

Thermodynamics potentials are treated in the wmphasis was on
their definition, their differential forms, and thaisefulness. Besides
using these thermodynamic potentials in descrikingrmodynamic
processes, useful relations can also be deriveoh feach of these
thermodynamic potentials. This will be the focust next unit.

9.0 SUMMARY

In this unit, you have learnt that:

. there are four (4) thermodynamic potentials are elgrentropy
U, enthalpyH, Helmholtz free energf and Gibbs free enerdy

. their differential forms can be obtained from thafinitions

. depending on the constraints imposed on a systeis,always

convenient to use a particular thermodynamic paknto
describe a system.
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1.0 INTRODUCTION
Useful relations can be derived from each of ther finermodynamic
potentials discussed in the last unit. These matare called Maxwell's

relations of thermodynamics. This unit thereforeuges on derivation
of Maxwell’s relations.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. derive each of the four Maxwell’s relations frone tdifferential
of the thermodynamics potentials
. state the importance of these relations.

3.0 MAIN CONTENT
3.1 Definition
The differential forms of the thermodynamic potalstiare:
dU =TdS - Pdv 12.1

dH =TdS +VdP 22
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dA=-SdT - PdV 12.3
dG =- SdT +VdP 12.4

The four Maxwell relations are derived from each tbese four
thermodynamic potentials.

3.2 T'Relation
The differential form of internal enerdy is

dU =TdS - PdVv
Differentiating this with respect t8 while V is kept constant gives

ou
— ) =T 12.5a
( 3s v
and with respect t¥ while Sis kept constant gives
ou
—)g =-P 12.5b
(G5y)S

Also differentiating 12.5a with respect¥oat constang and 12.5b with
respect t& at constanV will give

92U  aT
oY _b 12.
EVES (av)S 6a
and
92U oP
S0V (as)V

The mixed second order derivativedhfwhich implies that
oT oP
2l ye = (22 12.7
(av )s (as)V
Equation 12.7 is one of the four Maxwell relations.

3.3 29 Relation

From differential form of Enthalpi (i.e. dH =TdS+VdP )

oH
i =T 12.8a
(aS)P

and
oH
—)e =P 12.8b
(aP)S
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Second derivative gives

92H T
= (— 12.9a
apas ~ ap’S
and
9°H _ 0P
Z T = 12.9b
9SoP (as)p

The mixed second order derivativeg-bfire equal, so
aT oP
—)g =(=— 12.10
(aP)S (aS)P

Equation 12.10 is one of the four Maxwell’s relaso

3.4 39 Relation

From the differential of Helmholtz free energyi.e. dA=-SdT - PdV )

0A
—) =-S5 12.11a
(aT)V

and
0A
Y == 12.11b
(aV)T p

Second derivative gives

32A 9S
=—(— .12a
ovaT (av T
and
92A oP
= 2.12b
aToV (aT W

The mixed second derivatives & in equation 12.12 are equal,
therefore

0S oP
~GyT =G

aS aP
—)1 = (= 12.13
( aV)T ( T v

(Z—_T)V in equation 12.13 can be obtained from equatiostatie. This

implies that the variation of entropy with respect to volumé&/ at
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constant temperaturé for a system can be obtained from equation of
state for the system.

3.5 4" Relation

From differential of Gibb’'s free energ® (i.e. dG=-SdT +VdP),
partial derivative gives
G
Vo ==S 12.14a
( aT)P
and
G
—)71 =V 2.14b
( aP)T

Differentiating 12.14a with respect B®at constani, and 12.14b with
respect tal' at constanP give

9°G 9S
= —(—)T, 12al
opoT - op)T
and
2
9°G =(6_V)p’ 12b
oToP oT
respectively.

The mixed second derivatives @& in equation 12.15 are equal,
therefore

0S ov
—)1 = (= 12.16
(aP)T (aT )p

(g—\T/)p in equation 12.16 can be obtained from equaticstate.

3.6 Maxwell Relations

The four (4) Maxwell Relations of thermodynamics:ar

s =-Cow 12.17

(g—;)s = (Z_Z)P 12.18
S = 12.19
1 =-C e 12.20
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3.7 Usefulness

These relations (i.e. Maxwell relations) are usefukthermodynamics
calculations. For example, one can replace a deréevaf entropy with a
derivative of a simple thermodynamic variation sashtemperature.

Equation 13 and 16 give the derivative of entropy terms of
temperaturd’, volumeV and pressurb.

aS. _ aP S, _ v
(a—V)T _(a_T)V and(a_P)T = (aT)P

For an ideal gasPV =nRT
aP nR P
—)y =— =— 12.21
GV =V T
and
Vv nR V
Yy == 12.22
(GT)P P T

For an ideal gas, using equations 12.21 and 12@2ations 12.13 and
12.20 respectively become
P

3S
05, _P 12.23
VT =T

3S Y,
v =V 12.24
@RI =77

SELF ASSESSMENT EXERCISE

1. Derive the four Maxwell equations.
) S P 0S V
2. For an ideal gas, show t é’t— =— and(—X)T1 =—-——.
g h ¥ T = ( aF,)T =

40 CONCLUSION

We have derived, in this unit, the four (4) Maxwellations and we also
mentioned the usefulness of these relations. Iméx unit, we will be
using these relations in deriving the TdS equations

9.0 SUMMARY

In this unit, you have learnt that:

. each of the four Maxwell's relations is derivednfr@ach of the
four thermodynamics potentials
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. Maxwell relations are useful in thermodynamics akdtions e.g.
a derivative of entropy can be replace with a sempl
thermodynamic variation such as temperature.

10.0 TUTOR-MARKED ASSIGNMENT
1. For the differential o given as:

dx =M (y,2)dy+ N(y,2)dz (Equation 2.7)
dx is exact when

oM ON .
(E)y = (a_y)z (Equation 2.8)
2. It is known that the differentials of the themhlyoamic potentials

are exact; hence derive the four Maxwell's relagionsing
equations 2.7 and 2.8.

7.0 REFERENCES/FURTHER READING

Francis, W. Sears & Gerhard, L. Salinger (197H)ermodynamics,
Kinetic Theory, and Satistical Thermodynamics (Third Edition).
Philippines: Addison-Wesley Publishing Compamg. |

Mark, W. Zemansky & Richard, H. Dittmann (1981 Heat and
Thermodynamics (Sixth Edition). New York: McGraw-Hill Book
Company.

Rao, Y.V.C. (2004).An Introduction to Thermodynamics (Revised
Edition). India: University Press (India) Private Limited.

119



PHY207 THERMODYNAMICS

UNIT 4 TDS EQUATIONS
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 First TdS Equation
3.2 Second TdS
3.3 Third TdS
3.4  Expansion, Compression and TdS Equations
3.4.1 Compression
3.4.2 Expansion
3.5 The TdS equations in termslofand g

4.0 Conclusion

5.0 Summary

6.0 Tutor-Marked Assignment
7.0 References/Further Reading

10.0 INTRODUCTION

Another useful set of equations in thermodynansahe TdS equations.

They, among other things, enable us to calculaecttange in entropy

during various reversible processes in terms oéatly measurable

guantities such as the coefficient of expansionthadulk modulus.

11.0 OBJECTIVES

By the end of this unit, you should be able to:

. derive the three TdS equations

. write change in entropy for different reversibl®gesses in term
of directly measurable quantities.

3.0 MAIN CONTENT

3.1 First TdS Equation

Entropy ©) can be express in terms of any twoRpiV/, andT. Let us

express entrop$ as a function oV andT, i.e. S(V,T). The derivative
of entropySis

0S S
dS=(_)radV + (=) dT 13.1
Gyt G0V
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Multiply equation 13.1 by to obtain
0s i)
TdS=T(—)7dV +T(—)y dT 13.2
(av )T (aT v

From Maxwell’s relation (i.e. 12.19)(3—3)T =(g—$)v and also at

constant volum& (3—?)\, = (g—g)v =Cy , therefore 13.2 becomes

TdS=T (g_'Fr))V dVv +Cy dT 13.3

Equation 13.3 is the fir§tdS equation.
3.2 Second TdS

Let us express entroyin termsP andT i.e. S(P,T), its derivative is
0S 0S
dS=(—=)7dP +(—=)pdT 13.4
( aP)T ( aT)P
Multiplying 13.4 byT gives

i) 0s
TdS=T(—)7dP +T(—) pdT 13.5
(aP)T (aT)P
, . . as Vv
From Maxwell’'s relation (equation 12'2008_P)T =_(a—_|_)p, and also

at constant pressuﬂ'e(g—i)p = (Z—?)p =Cp. Thus 13.5 becomes

TdS:—T(‘;—\T’)pdmcpdT 13.6

Equation 13.6 is the secondS equation

3.3 Third TdS

Then the last option is to express entr&ss a function oP andV, i.e.
S(P,V), we have

oS 0S
dS= (=) dP+()pdV 13.7
GplvaP+(5 e
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Multiplying 13.7 byT to obtain
0S 0S
TdS=T(—)ydP +T(—)pdV 13.8
( aP)v ( v )p

In a constant volume process, it can be proved that
0S oT

T(=)y =Cy (=) -

Gplv =Cv Gpv

And also in a constant pressure process, it canpfioved that
0s aT

T(-)p =Cp(=)p.

(aV)P P(aV)P

Therefore 13.8 becomes
Tas=cy Oy dp +Cp Py pav 13.9
v GV PGV/P .

Equation 13.9 is the third of thHaS equations.

Therefore the three Tds equations are

TdS = T((‘;—_Fr’)V dV +Cy dT 13.10
aVv
TdS = =T (_)pdP + CpdT 13.11
oT oT
TdS=Cy (—)ydP +Cp(—)pdV 13.12
Y, (aP)V P(aV)P

These equations enable one to calculate heat fl@®)(in a reversible
process. Also, change in entropy between two st#tassystem can be
calculated from these equations provided that theagons of state are
known. This is because all the partial derivativethese equations can
be obtained from equation of state

3.4 Expansion, Compression and TdS Equations
3.4.1 Compression

The way the volume of a material decreases witlsque at constant
temperature is described by isothermal compreggitkl

1 9V
k=-—(2L 13.13
v et
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Isothermal compressibility is different from anathgarameter called
adiabatic compressibility,g .

1 0V
Kag = ——(— 13.14
ad v (6P)S

The reciprocal of k (i.e.%) is called isothermal bulk modulus or
isothermal incompressibility.
3.4.2 Expansion

The way the volume of a material increases withpemrature at constant
pressure is described by coefficient of volume espan or expansivity

B

1 adVv
=—(— 13.15
B V(aT)P

The unit of expansivity is K

Using equations 13.13 and 13.15, one can show that

o, _B o,
(aT)v = and (aT)p-,B\/ 13.16
and the reciprocal of 13.16 gives
(g—;)v =% and (g—\T/)p =% respectively 13.17

SELF ASSESSMENT EXERCISE

1. Using equation 13.13 and 13.15, show t(cgag)v =B

k
2. Determine the heat transferred during a reversibiehermal
change in pressure.
3. Calculate the temperature change of a substanahwihidergoes

a reversible adiabatic change of pressure.
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3.5 The TdS equations in terms ok and g

Replacing the partial derivatives with these, thee¢ TdS equations
become

as=Bav + SV g1 13.18
K T
Cp
ds = -AVP + Z2.dT 18
ds=VKgp 4 Cr 4y 13.20
R Y,

Equations 13.18 to 13.20 give the change in entbmiween two states
in terms of P, V, T,k, B and heat capacities as a function of

temperature and pressure of specific volume. Thdication of these
equations is that one do not even need equatiataté to calculate the
change in entropy.

8.0 CONCLUSION

The threeTdS equations are useful set of equation in thermochyrs
They are used to calculate heat flow in any rebérgrocess.

9.0 SUMMARY

In this unit, you have learnt:

. how to derive the threédS equations
. that these equations can be used to calculate€lbea(TdS) in a
reversible process.

10.0 TUTOR-MARKED ASSIGNMENT

2
Using the TdS equations 13.18 and 13.19 showCthat Cy =M.
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MODULE 4
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1.0 INTRODUCTION

In module 1 unit 1, we discussed change of stateitawvas mentioned
that change of phase or phase transition is a apease of change of
state. Phase transition is the transformation tfeamodynamic system
from one phase of matter to another. This unit esoled to phase
transition. An important thing to note during phasieange is that
addition or withdrawer of heat to or from a substadoes not result in
change of temperature. When matter changes fronploage to another,
energy is involved.
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2.0 OBJECTIVES

By the end of this unit, you should be able to:

. define phase transition

. give conditions under which phase transition occurs
. differentiate between phase transition and chahgeate
. derive Clapeyron’s equation

. explain the three types of phase transitions.

3.0 MAIN CONTENT
3.1 Phases of Matter

Matter or substance can exist in three (3) fampiaases namely; solid
phase, liquid phase, gaseous phase. Matter of sabstances can also
exist in two (2) less familiar phases namely; sufbeid phase, and

plasma phase.

Solid Phase:Molecules are arranged in a closely packed forredal
crystal. These molecules can only vibrate about thttice point.

Liquid Phase: Molecules are close together and they take theesbép
the container. Molecules of liquid, within its vahe, can move from
place to place, rotate and vibrate.

Gaseous PhaseMolecules are widely separated and free to move
around freely.

Super fluid: A supercritical (or critical) fluid is a liquidas under
extreme pressure.

Plasma Plasma is a gas that is composed of free-floating and free
electrons.

3.1.1 Phase Diagram

Figure 14.1 shows the phase diagram for water tfife® regions for the
three phases are shown in the diagram. The solidesuor lines
represent boundary between two phases e.g. fusiowe cis the
boundary between solid phase and liquid phase.eThess are called
equilibrium lines. The implication of this is thainder specific
conditions of temperature and pressure, a substaace exist in
equilibrium in more than one phase at the same.time
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Triple Point: This is the point where the three equilibriunebmmeet as
indicated in the phase diagram 14.1 below. Atttige point, solid,
liquid, and vapour phases of a pure substance soexiequilibrium.
The triple point values for common materials areegiin table 14.1.

NOTE: All substances have triple point except Helium.

Triple Point Temperature: this is the temperature at which solid,
liquid, and vapour phases coexist in equilibrium.

Triple Point Pressure This is the pressure at which solid, liquid, and
vapour phases coexist in equilibrium.

Critical Point: This specifies the conditions of temperature prassure

beyondwhich it is no longer possible to distinguish guid from a gas.

The point is indicated in the phase diagram inriggi4.1 and the region
beyond the critical point is known as fluid region

The values of triple point and critical point temgieire and pressure for
some materials are given in table 14.1

Normal meitmga’
freezlng pomt =

101 X 107 :_:::.;;;_:;"

Pressure, Pa

6.10 x 102

-20 0 0.01 20
Temperature, °C

Fig. 14.1:  Phase Diagram for Water (After Cutnell ad Johnson)
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Table 14.1: Triple Point and Critical Point Conditions for some
Common Materials

Triple Point Critical Poi

Substance Temperaturé’ressure Temperaturg Pressure

(°C) (Pa) (°C) (Pa)
Ammonia | -77.8 6.05 x 0 | 132.4 11.30 x 10
Carbon -56.6 518 x 10 |[31.1 7.38 x 1D
dioxide
Hydrogen | -259.3 7.04 x 10 |-239.9 1.30 x 10
Nitrogen -210.0 1.25 x f0 | -146.9 3.40 x 10
Oxygen -218.8 1.52 x 10 | 118.4 5.08 x 10
Sulfur 75.5 1.67 x 10 | 157.6 7.88 x 10
dioxide
Water 0.01 6.10 x 10 | 374.3 22.10 x 10
Source: Physics by John D. Cutnell and Kenneth W. Johnson

3.1.2 Co-exist Phases

This is when more than one phase of a substang.eli(piid-solid) exist
side-by-side in equilibrium at the same time. Fearaple, solid water
and liquid water can coexist at 0 °C along the g@secof fusion or
melting. The Gibbs energys( for two coexisting phaseas andp of a

pure substance are equal.

G2=G#A 14.1

Using the phase diagram 14.1 for water as exanguexistence of
phases occurs only along the equilibrium lines.

3.2 Phase Transitions

Phase transition occurs when matter changes framobthe phases of matter
to another.The process always involves withdrawal or additodrheat
energy from or to the matter. Using figure 14.laasllustration, phase
transition occurs whenever any one of the curvekerphase diagram is
crossed.

Phase transition for a pure substance occurs atamntemperature and
pressure. The implication of this statement is,tf@ta pure substance
dT=dP=0 during a phase change. However, the extensive
thermodynamic coordinates or properties (e.g. Veuahange abruptly

as a result of a phase transition. Internal enéd)y enthalpy (H), and
entropy (S) may also change during a phase transiti
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Figure 14.2 shows the three most common phasesattermand the
name given to each of the phase transitions.

Melting -~ Vapourization
Solid _ Fusion Liquid Condensation
Sublimation

v

Gas

v

Fig. 14.2: Phase Transitions
3.2.1 Latent Heat, L, during Phase Transition

Latent heat. is the amount of heat energy per mole that mustdaked
or removed when a substance changes from one phas®ther. If the
phase transition takes place reversibly, the haaster (i.e. latent heat)
per mole for transition from initial phaseto a final phasg is given by

L=T(SP -s9) 14.2

3.3 Types of Phase Transition

The three types of phase transitions are: firseQrdecond order and
lambda phase transitions.

3.3.1 First Order Phase Transition

The phase transitions that we are familiar with. iseiblimation,
vaporization and fusion are called first order ghaansition. They are
called first order because the first order deriggiof the Gibbs function
are finite.

Therefore, for a first order phase transition:

. there are changes in entropy and volume, and
. the first-order derivatives of the Gibbs functiorhaoge
discontinuously.

The characteristics of the first order phase ttaavsare shown in figure
14.3. The specific heat capacity at constant pressuinfinite, this is

because temperature is constant during phase cl(larpgeTa—f ).

oTlp
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3.3.2 Second Order Phase Transition

This is a phase transition in which the secondvdézs of Gibbs are
finite.

For order phase transition,

. T,P,G, S, and V (also H, U, and F) remain unckdng
. Cp, B, andk (i.e. from second derivatives of G) are finite

The only example of second order phase transisamhe transition for
the superconductor from superconducting to the abrstate in zero
magnetic fields.

3.3.3 Lambda phase transition

For the lambda phase transition:

. T, P, and G remain constant,
. S and V (also U, H, and F) remain constant, and
. Cp, B, andk are infinite

The most interesting example of lambda transiteothe transition from
ordinary liquid helium to super fluid helium at amperature and
corresponding pressure known as a lambda point.

Figure 14.4 shows the variation 6f with temperature for each of the
three phase transitions.

131



PHY207 THERMODYNAMICS

I

|

I

Gibbs funetion Entrapy
I

Phase {f} Phase () Fhase {{} Phase (f)

=Y
w3 ¥

(a) (&)
(..'?.Ej | Cp i Heat capacity
aF 4y Yalume
|
|
Fhase (i) Phase (f )
Phase [i} Phase [/
|
|
T T
{c) (&)

Fig. 14.3:  Characteristics of First Order Phase Tansition (After
Zemansky and Dittman)

First ordar Second arder

§ Lambda
i Cr i Cr

b
e i
]

{a) (&) (c)

Fig. 14.4: The Three Types of Phase Transitions (#er
Zemansky and Dittman)
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3.4 Gibbs Function during Phase Transition

The Gibbs functiors does not change during phase transition.
For coexisting phases,

l.e. change in Gibbs at constant temperature aggbkpre is zero.

As mention earlier, two phases (e.g. liquid-gash azoexist in
equilibrium. For coexisting phasesandp of a pure substance

ca=chA — dc9 =dch 14.4

The Gibbs functionG is given by equation 14.5 below. For your
reference check block 1

dG=- SdT +VvdP 14.5

Block 1

G=U-ST +PV

Differentiating G gives

dG=dU - SdT -=TdS + PdV +VdP
but dU =TdS - PdV , then

If equation 14.5 is put in equation 14.4, we obtain

~ ST +v9dp=-sBaT +v Bap 14.6

Rearranging (14.6) to obtain

P _sP-s? 14.7
dT vV ﬂ _VO' '
From equation 14.2
sB-sa =T£ 14.8
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Then, put equation 14.8 in equation 14.7 to obtain

%:; 419
dar T(V’B—Va)

Equation 14.9 is known as the Clapeyron’s equation.

If solid phase is labeled 1, liquid 2, and gas apour phase 3, equation
14.9 can be written as follows:
For solid — vapour phase transition, we have

dP L

(d_T)13=%’ 410
TV =-V7)

where L1 3 is the latent heat of sublimation.

And for solid - liquid phase transition, we have

dP L

(1251 4111
TVS-VY)

where L12 is the latent heat of fusion,

SELF ASSESSMENT EXERCISE
1. Explain the following:

(a) Phase transition (b) Triple point (c) Triplemidemperature
(d) Critical point.

2. Derive Clapeyron’s equation.

3. The vapour pressure of a particular solid atiquad of the same
material are given bylinP = 0.04—TE and InP= 0.03—$

respectively, where P is given in atmospheres. Fihd

temperature and pressure of the triple point &f thaterial.

3.5 Usefulness of Clapeyron’s Equation

Equation 14.9 can be integrated to obtain an egmedor pressure as a
function of temperature. If the following assumpsoholds i.e. if the
variation in latent heat can be negligible, andnk of the phases is a
vapour, and if the vapour is assumed to be an idaal and if the
specific volume of the liquid or solid is neglectedcomparison with
that of the vapour, the integration can be reachlyied out.
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dP L23
V= =23 A2
(qr)23 T(RT/P)
Id_P=£Id_T 14.13
P RJ 2
Then,
InP=—ﬁ+Inc0nstant 14.14
RT

4.0 CONCLUSION

Matter can exist in three well-known phases i.elidsdiquid and
gaseous phases. Phase transition occurs when shaogeone phase to
another. During the phase change, the heat add=drait bring about a
change in temperature. This type of heat is caleént heat of
transformation I(). Gibbs free energy is a useful thermodynamic
potential in describing phase transition.

5.0 SUMMARY

In this unit you have leant that:

. matter can exist in three main phases namely; ,stdjdid and
gas phases

. two phases of matter can coexist in equilibrium

. phase transition occurs when matter changes froen anthe
phases of matter to another

. phase transition for a pure substance occurs atstaon
temperature and pressure

. there are three types of phase transition namelgt order,
second order and lambda phase transitions

. the heat transfer (i.e. latent heat) per mole fandgition from
initial phaseu. to a final phasg is L=T(s? - s9)

. the Clapeyron’s equation for the first order tréosi is
d__ L
dT T(Vﬂ -V a) '

6.0 TUTOR-MARKED ASSIGNMENT

=

Name and describe the three types of phase tramsiti
2. Differentiate between a change of state and phassition.
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1.0 INTRODUCTION
You were told in module 3, unit 2 that thermodynambtentials are
used to describe physical processes. In this weitare going to use the

enthalpyH to describe throttling process and the internargpU to
describes free expansion of a gas

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. explain throttling process
. show that the initial and final enthalpies duringttaottling
process are equal
. explain free expansion of a gas
. show that for free expansion of ideal gas at canigemperature,
ou
( aP)T =0.

3.0 MAIN CONTENT
3.1 Throttling Process
Throttling Process is an irreversible steady floxpansion process in
which a perfect gas is expanded through an ordfaminute dimensions

such as a narrow throat of a slightly opened vabuging the process,
the fluid passes through a narrow opening (a needie) from a region
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of constant high pressure to a region of constaltlyer pressure
adiabatically. Throttling is also known as Joulehie expansion.

Porolus wall
| | |
1 | B ViE| [ 1 | |Pf, Vi [
|
(@ (b)

Fig. 15.1: A Throttling Process

Consider a cylinder that is thermally insulated @&uglipped with two
non-conducting pistols on the opposite sides obys wall as shown
in figure 15.1. As indicated in figure 15.1 (a)etleft hand side of the
porous plug is filled with gas & andV; while the right hand side is

empty. Suppose the two pistons are moved simultehgdo the right in
such a way that a constant pressByeis maintained on the right hand

side of the wall while a constant lower pressBgeis maintained on the

right hand side. After all the gas has seeped tirahe porous wall, the
final equilibrium state of the system is shown igufe 15.1 (b). This
kind of process is known as throttling process.

A throttling process is an irreversible processisTis because the gas
passes through non-equilibrium states on its wagmfrinitial
equilibrium state to its final equilibrium state.sAyou know, non-
equilibriums states cannot be described by thermawaiyc coordinates
i.e. the non-equilibrium states between the indiatl final equilibrium
states during a throttling process cannot be dssdri using
thermodynamic coordinates. But we can make andstierg conclusion
from the initial and final equilibrium states.

3.1.1 Enthalpy during throttling process

One of the most interesting properties of the dpthtunction (H ) is in
connection with a throttling process.

The equation of the first law of thermodynamics is

dQ=dU -W 5.1
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but throttling process occurs adiabatically,
dQ=0 (adiabatic process) 15.2

Then, the first law of thermodynamics becomes

du =W 15.3
and work
V§ 0
W=- IPde—IPidV 154
0 Vj

Since both pressuresP( and P¢) remain constant, equation 15.3
becomes

W=—(Pfo _Pivi) 15.5

Now, put equation 15.5 in 15.3 to obtain

Ut -Uj =PfV -RYV,
Rearranging gives

Ui ‘PiVi =Uf —Pfo 156

But enthalpyH =U - PV, so 15.6 becomes

Hi=Hf 15.7

In a throttling process, therefore, the initial afdal enthalpies are
equal.

High Low
Pressure Pressure
Pump
4 Y

Constant high Constant low
pressure pressure

\*M P ////’///,/w

. S S f'//.//f_/f// . .

Fig. 15.2: Apparatus for Performing a Continuous Throttling
Process
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Throttling process is very useful in refrigeratidncontinuous throttling
process can be achieved using the apparatus shdiguie 15.2.

SELF ASSESSMENT EXERCISE 1

1. What is a throttling process.
2. For a throttling process, show that initial entlyalp; is equal to

final enthalpyH f .

3.2 Free Expansion of a Gas

The concept of work done by or on a system has treated in module
2, unit 1 under the first law of thermodynamicseMwork done byr on
a gas in a cylinder with a moveable piston wasveerio be

dW = -PaVv 15.8

Equation 15.8 above is as a result of expansiaroompression of a gas
in a cylinder. That is, in the case of expansid® molecules move
faster and push the piston (exerted a force orpiten) and move the
piston through a distance.

Now consider, for example, a composite system ectingi of a
hydrostatic fluid in the compartments 1 and 2 Wik V,) and @,, V,)
respectively as shown in figure 15.3 below.

Piston 1 PL V4 P, \V, Piston 2

Partition

Fig. 15.3: A Composite System

Each compartment or both compartments can undergaliabatic work
by interacting with the surroundings. This may loael by moving one
or both of the pistons in or out, either slowlygi@asi-static process) so

that the work done/ =—I PdV , with pressureP being equal to the

equilibrium value (i.e. for a quasi-static procets® system is in
equilibrium at every instant). Also the piston denmoved very rapidly
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(a non-quasi-static process) so that the pressubhe ace is less that the
equilibrium value. For these two examples, workiagie on the piston
due to expansion of the fluid.

However, if either or both of the pistons is or prdled out at a faster
rate than the velocity of the molecules of thedjuhe fluid will do no
work on the piston at all. This type of processaied a free expansion
of a gas. Another good example of this procesgseribed below.

Suppose the system in figure 15.3 is thermally laited and that
compartment 1 contains a gas while the other comest is empty. If
the partition is removed, the gas will undergo wisaknown as a free
expansion in which no work is done and no heatissferred. From the
first law of thermodynamics, since both andW are zero, it follows

that the internal energy remains unchanged duringeaexpansion.

For free expansion of gas, work is zews € 0) and no heat is transfer
(Q =0). The equation of the first law of thermodynaneduces to

du =0 3.9

3.2.1 Temperature Change during Free Expansion

The value of temperature chang%\T?)U during free expansion process
has engaged the attention of physicists for overyHars. Joule in 1843,
and many others attempted to measure either thﬁiw%)u , Which

may be called the Joule Coefficiemrr related quantities that are all a
measure of the effect of a free expansion-oftefedahe Joule effect.

The results of their experiments showed thga\I/r)U =0 for ideal gas,

but not for real gas (already discussed in modulen 2).
3.2.2 Internal Energy U during Free Expansion

The internal energy of a gas, like any state function, is a functidn o
any two of the coordinatd® V, andT.

Now considerU as a function ofT and V i.e. U(T,V), then the
derivative ofU is

ou ou
du = (—)y dT + (—)TdV 15.10
(aT . (av )T

If the temperature change is equal to zero @e=0), and for free
expansion U =0), then equation 15.10 becomes
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ouU
—)r =0 b.11
(av )T

Equation (15.11) implies th&t does not depend onh

Also considelJ as a function of T and P i.6(T,P)), the derivative of
Uis
ou ou
dU = (—)pdT +(—)7dP 5112
(aT)P (aP )T

If the temperature change is equal to zero @&.=0) and for free
expansion U =0), then equation 15.12 becomes

ou
—)r =0 15.13
(aP)T

Equation 15.13 implies th&t does not depend dh

These (i.e. equation 15.11 and 15.13) follows thaio temperature
change takes place in a free expansion protéss,independent oY
andP, and thereford) is a function ofl only. This result, of course, has
been obtained in Module 2, unit 2, under Gay-Luskade experiment.

SELF ASSESSMENT EXERCISE 2

1. Explain free expansion of gas.

2. One mole of an ideal gas undergoes a throttlinggs® from
pressure of 4.052 x 10Nm? to 1.013 x 18 Nm? The initial
temperature of the gas is 50 °C. (a) How much veakid have
been done by the ideal gas has it undergone asibleeprocess
to the same final state at constant temperaturg™dlv much
does the entropy of the universe increase as dtresuhe
throttling process? (R=8.3 Jinol™)

4.0 CONCLUSION

Throttling process can be described using the gnthd of the system.
During a throttling process, the enthaldyis constant. This process is
useful in refrigeration. Free expansion of a gas loa described using
the internal energy of the system.
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5.0 SUMMARY
In this unit, you have learnt that:
. during the process, the fluid passes through aowaopening (a

needle valve) from a region of constant high presso a region
of constantly lower pressure adiabatically

. the enthalpy H can be used to describe a throttiilngess

. for a throttling process, the initial enthalpy igual to the final
enthalpy (i.,e.H; =H¢)

. throttling process is very useful in refrigeration

. free expansion of a gas that occurs adiabaticaltyk is zero
(W =0) and no heat is transfeQ(=0), hence from the first law
du =0

. for free expansion process for an ideal gas, tte¥nal energy U

is a function of temperature alone i(%%)T =0.

6.0 TUTOR-MARKED ASSIGNMENT

=

Explain what is meant by free expansion of a gas

2. 1 mol of an ideal gas for whiab, =2512and Cp =33.44J/mol
K expands adiabatically from an initial state ab 3 and 500 Pa
to a final state where it volume has doubled. Fihd final
temperature of the gas, the work done, and thegyithange of
the gas, for (a) a reversible expansion and (ln¢a éxpansion of
the gas into an evaporated space (Joule expangibnfa =
1.013x16 Nm).
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INTRODUCTION

We discussed in module 2, unit 5, the device usedbwering the
temperature of a body or system i.e. refrigeratée. will discuss in this
unit, the cooling method that is being used to iob&xtremely low
temperature i.e. cooling by adiabatic demagnetisati

2.0

OBJECTIVES

By the end of this unit, you should be able to:

3.0

3.1

discuss the process of cooling

mention different methods being used to achievetewmperature
discuss the process of cooling by adiabatic deniagien
derive the expression for change in temperaturl vaspect to

field B at constant entropy i.eg—;)s.

MAIN CONTENT

Cooling Process

Generally, two processes are involved in coolinggas namely;
isothermal process followed by adiabatic process.ekample, to cool a
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gas by adiabatic decompression, the gas is firspecessed isothermally
l.e. at constant temperature. This is done by cesging the gas in a
vessel that is not insulated and wait long enowghte gas to lose any
heat that is generated due to compression. In g, a constant
temperature is maintained. The heat that is gegrbin be explained in

terms of the IavvF;_—V=constant. Then, the vessel containing the gas is

insulated and the gas is allowed to expand addibti(i.e. no heat
transfer is allowed between the vessel and th@snding). This kind of
expansion brings about reduction in temperaturee &kpression for
change in temperature with respect to pressure @nstant

entropxg—;) g can be derived. The process can be repeated thatil

desired temperature is reached. This method isedadlooling by
adiabatic decompression.

3.1.1 Methods of Cooling

Some of the methods being used for low temperatméng are:

. laser cooling

. evaporative cooling (e.g. evaporatior’de)
. cooling by liquefaction

. cooling by adiabatic demagnetisation

The process of cooling by adiabatic demagnetisat@s been used to
obtain extremely low temperature. Cooling by adiebdemagnetisation
is therefore discussed below.

3.2 Cooling by Adiabatic Demagnetisation

Different methods have been employed to obtain \@mytemperature.
The method of adiabatic demagnetisation has beed @3 obtain
extremely low temperature. Figurel6.1 shows the 8idgram for
adiabatic demagnetisation. Magnetic field B is zatong the curve
labeled B =0 while magnetic field is B along the curve labeRdIn
processab, a sample of paramagnetic salt (e.g. cerium magmes
nitrate) already cooled to low temperature by otheans (e.g. by
contact with a bath of liquid helium), is magnetizeothermally. The
sample is often suspended in an atmosphere of nmeluhich can
conduct away any heat that is produced, and heaepskthe process
isothermal. Hence, procesd is isothermal magnetization. Then, in
processbc (i.e. adiabatic demagnetisation), the paramagnrsit is
insulated (by pumping out the helium) and then dpmézed
adiabatically. This process of isothermal magn&brafollowed by an
adiabatic demagnetisation can be repeated oveowrdagain until the
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desired temperature is reached. Temperature ctogke K have been
reached in this manner.

Note that one could actually reach a temperatutaoeblute zero if one
did this an infinite number of time- but not foryafewer (statement of
third law of thermodynamics).

Fig. 16.1: The Temperature Dependence of the Entrgpof a
Magnetic System

3.3 Theory of Adiabatic Demagnetisation

Magnetic dipole momenP of a sample is the maximum torque it
experiences in unit fieldB. Torque is given byr=PxB. The
magnetizationM of a specimen is defined bB = H = y,(H +M).
The magnetization is also equal to the magnetic emnper unit
volume. The differential form of work for a magresystem isBdM
(Module 1, unit 5, section 3.1.1).

dwW = BdM 16.1

BdM is the work done per unit volume on an isotropgnple in
increasing its magnetization from to M +dM .
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If we add heat to a magnetisable sample, and dé& wer unit volume

on it by putting it in a magnetic field B and thleyeincrease its
magnetization by M, then, provided there is no change in volume, the
increase in its internal energy per unit volumgiien by

dU =TdS + BdM 16.2

In this magnetic context, we can define state flonstH, A, and G per
unit volume by

H=U-BM 16.3
A=U-TS 16.4
G=H-TS=A-BM 36.

And the differential forms as,

dH =TdS - MdB 16.6
dA = -SdT + BdM 16.7
dG =-SdT — MdB 16.8

M is the dipole moment per unit volume, in Nimt>, which is the
same as the magnetization in Am-1

We can derive an expression for the lowering oftdrmaperature in an
adiabatic decompressio@g%) 5. Also using the same argument, step-
by-step, for the lowering of the temperature in adiabatic

demagnetisatior(lg—;) S-

3.3.1 Adiabatic Decompressiomg—;)s
Considering entropy as a function of temperaturd pressure (i.e.
S(T,P)),

oS, 0T

P, _
(a—T)P(a—P)s(a—S)T =-1 16.9

In a reversible processS = dT—Q

dQ = deT

, and in an isobaric process,
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ie. TdS = CpdT 16.10

From equation 16.10, partial derivative of S wigspect to T at constant
pressure gives

Cp

0S
—)p =— 16.11
GriP =7
Also from a Maxwell relation,
0S ov
—)T = (= 16.12
(aP)T (aT)P
From equation 16.9
oT 0T, 0S
Ve =—(—")p(— 16.13
(Gp)s =~(G3g)PGR)T
Put equations 16.11 and 16.12 in 16.13 to obtain
oT T 0V
) e = — (= 16.14
(aP)S co (aT)P

If the gas is an ideal gas, the equation of s&aRV/i = nRT , so that
ov nR _V
Ty =—=2 16.15
GriP =% 7

Put equation 16.15in 16.14

oT \
—)g =— 16.15
(aP)S Ch

3.3.2 Adiabatic Demagnetisatior(g—;)s

The same argument as above can be used for adiaeatagnetisation
<
B S

We can consider the entropy as a function of teatpez and magnetic
field i.e. S(T,B), we have

0S oT B
= i — )+ =-1 16.1
(aT)B(aB)S(aS)T 6.16
Then
oT oT 0S
—)g =—(——)p(— 16.17
(6B)S (aS)B(aB)T
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In a reversible proceds=0_|r—Q, and in a constant magnetic field,

dQ =CgdT, Cg Iis the heat capacity per unit volume (i.e. thethea
required to raise the temperature of a unit vollaypene degree)

In a constant magnetic field
0S Cg
—)g =— b.18
Grle =7

Also from a Maxwell relation corresponding ¢§§)T = _(g—¥)p, that is

0S oM
— ) = —(—— 16.19
(aB)T (aT )B

Now for a paramagnetic material, the magnetizationa given filed is
proportional toB and it falls off inversely as the temperature t(ththe
equation of state).

ThatisM = a8
T
Therefore,
(3_'\4')8 - _?_2 = _g 6.20
Put 16.20 in 16.19
(Z_E)T =¥ 16.21

Now put equations 16.18 and 16.21 in 16.17, toinbta

oT M
—)g =— 16.22
( aB)S C
Equation 16.22 gives the cooling effect, i.e. theiation of temperature
with magnetic field at constant entropy, in ternfsnagnetizationM

and heat capacityp .

The cooling effect is particularly effective at Id@mperature whegg
is small.

3.4 Entropy and Temperature

Cooling by adiabatic demagnetisation involves sssise isothermal
magnetizations followed by adiabatic demagnetisatioand this
suggests that some insight into the process mightobtained by
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following it on an entropy-temperature (ST) diagrdssing figure 16.1
above, the cooling effec(tg—;)s is shown in the procedx as well as

other subsequent processes indicated by the htaiziames linking the
two curves.

A complete cooling is indicated in processdsandbc, which can be
repeated until the desired temperature is achieved.

SELF ASSESSMENT EXERCISE

1. Give four methods of achieving low temperature athe
minimum temperature attainable with each method.
2. Describe the process of cooling by adiabatic decesgon.

4.0 CONCLUSION

We have discussed in this unit a method of cooliegng used to
achieving extremely low temperature i.e. cooling [agiabatic
demagnetisation. The refrigerator that does thiscaled adiabatic
demagnetisation refrigerator. In the next unit,ase going to be looking
at the phenomena at extremely low temperature ttaen round up the
course by stating the third law of thermodynamics. ithe un-
attainability of absolute zero.

5.0 SUMMARY

In this unit, you have learnt:

. about the process of cooling

. about methods being used for low temperature cgolin

. about processes and relevant equations involveoaling by
adiabatic demagnetisation

. that the expression for change in temperature rggpect to field

B at constant entropy i.eg—;)s.

6.0 TUTOR-MARKED ASSIGNMENT

1. Write the differential form of thermodynamic pothtfor a
magnetic system.

2. Using an entropy-temperature (ST) diagram, desc¢hbeprocess
of cooling by adiabatic demagnetisation.
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1.0 INTRODUCTION

Why do we need to cool material to extremely lomperature? The
reason is that the properties of metals, semicdodsicand alloys
change dramatically at low temperature. In the last, we discussed
method of achieving low or extremely low temperatufhe focus of
this unit will be on the behaviours of materiald@av temperature and
then we round up our discussion by stating thedthiaw of
thermodynamics.

2.0 OBJECTIVES

By the end of this unit, you should be able to:

. explain the meaning of low temperature physics

. explain some phenomenon at low temperature

. mention useful applications of low temperature mmeanon
. state Nernst heat theorem

. state third law of thermodynamics.
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3.0 MAIN CONTENT

3.1 Low Temperature Physics

Low temperature physics is a specialised area wéiph that deals with
the behaviour of materials at low or extremely [@mnperature. Now,
the big question is this. How low is low? Low temgdere, in this
context, is the temperature low enough to obsdreephenomena such
as superconductivity and super-fluidity. Here, wee agoing to
concentrate only on the meanings of these phenonaemha their
applications. The theory and the detail descriptioin these two
phenomena are beyond the scope of this unit.

3.1.1 Liquefaction of Gases

Liquefaction of gases is the process by which sufess in their
gaseous state are converted to the liquid state.

Liquefaction of gases can be achieved:

. by compressing the gas at temperatures less tlsawritical
temperature;
. by making the gas do some kind of work against siereal

force, thereby causing the gas to lose energy aadge to the
liquid state; and

. by making the gas do work against its own intefoates, this
also causing it to lose energy and liquefy.

When gases are liquefied, they can then be stamddtransported in
much more compact form than in the gaseous state Kind of
liquefied gas that we are familiar with is Liquefidlatural Gas (LNG).
In principle, any gas can be liquefied, so theimpactness and ease of
transportation has made them popular for a numbkrother
applications.

Applications of Liquefaction

Liquefied gases are used in the following applarati

. Fuel for rocket engines e.g. liquefied oxygen aydrbgen;

. For welding operation e.g. liquid oxygen and aaatgl

. Aqualung devices e.g. combination of liquid oxygemd liquid
nitrogen;

. For research application (cryogenics) e.g. liquetdum is widely

used for the study of behaviour of matter at terajpees close to
absolute zero.
. Liquid nitrogen for low temperature refrigeration.
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3.1.2 Maintenance of Low Temperature

The method on maintaining low temperature is bygisiquefied gases
as heat sink. For example, some gases liquefyitd lpuv temperatures
(e.g. nitrogen liquefied at 77 K, hydrogen at 20h¢lium at 4.2 K). If
such gases are liquefied, the liquid can be usebBla#ts to maintain
experiment at these temperatures

3.1.3 Measurement of Low Temperature
Conventional thermometers may be used at quite tlewperatures.
Table 17.1 gives the lowest temperature for somevectional

thermometers.

Table 17.1: Lowest Temperature for some Conventiona
Thermometers

Conventional Thermometer Lowest Temperature

Platinum resistance thermomet| about 20 K

Indium resistance thermometer| about 4 K

Helium gas thermometer about 3 K

Carbon resistors as thermomet( From 4 K to 0.1 K

3.2 Phenomena at Low Temperature

Two known phenomena at low temperature are supdumbivity and
superfluidity.

3.2.1 Superconductivity in Metals

At a temperature low enough, most metals as wethasy alloys and
compounds enters a state at which their resistarftotv of current

disappears (i.e. they become a superconductorys $tate is called
superconductivity in metals. Most metals in theigquic table, many
alloys and compounds show this behaviour. The apbn of

superconductivity is that if a superconductor 8ige loop and a current
is generated in that loop, then it flows for yeansh no significant

decay.

3.2.2 Superfluidity

At a temperature low enough, materials enter ae stdtereby they
become fluid that flows with no viscosity. Supeidlity can only be
observed at much lower temperatures than the texner at which
superconductivity is observed. For example, heliughees not display
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superfluid-behaviour until it reaches a temperahet®w 2 K. Note that
materials that become solid at low temperaturesnaarbecome
superfluids.

When a material becomes a superfluid, the followiigbe observed:

. Because superfluids have no internal viscositypdex formed
within a superfluid persists forever.
. A superfluid has zero thermodynamic entropy andniief

thermal conductivity, meaning that no temperaturiéeigntial
can exist between two superfluids or two parts led same

superfluid.

. A superfluid can also climb up and out of a corgaim a one-
atom-thick layer if the container is not sealed.

. A conventional molecule embedded within a supeiftan move

with full rotational freedom, behaving like a gas.

3.3  Application of Low Temperature Phenomena

Applications of low temperature phenomena aredistelow:

3.3.1 Applications of Superconductivity

Superconductivity promises a whole lot of applicas but the
limitation to this is how to maintain this tempena because the whole
of these applications are at room temperature émyelay world.

Most significant real application of low temperauphysics is the
super-conducting magnet. This is being used forne@g resonance
imaging (MRI) and particle accelerators. Other aggpions are in;

. Supersensor,
. Quantum computing,
. Loss less power transmission line. We know thatgnkss on a

transmission line is%R . Imagining using super conduction as
transmission cable, meaning that R =0 i8R = 0.

3.3.2 Applications of Superfluidity
Superfluidity does not have a wide range of appbca as

superconductivity. The two areas of applicationg an dilution
refrigerators and spectroscopy.
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3.4 Nernst Heat Theorem

Third law of thermodynamics explains the behaviousystems, which
are in internal equilibrium, as the temperaturerappghes absolute zero
(i.e. 0 K).

Consider a chemical reaction taking place in a aoet at constant
pressure, and that the container makes a contdttawheat reservoir at
a temperatur@. If the temperature of the system increases asatrof
the reaction (i.e. if the reaction is exothermiwgre will be a heat flow
to the reservoir until the temperature of the gysteduced to its
original valueT. Don’t forget that a heat bath or reservoir idasge that
its temperature does not change appreciably whanflosv in or out of
it.

For a process at constant pressure the heat g&istas an increase or
decrease in enthalpy. Then

AH =H{ -H; =-Q 17.1

Minus sign in the right hand side of equation lindicates that heat
flows out of the system. The heat of reactionggally given asAH .
AH is positive for an endothermic reaction and negafior exothermic
reaction.

Change in the Gibbs function and change in enthatpyelated as

Gt -Gj)
Gt -G, =H {—-H; +T(6—T)P 17.2
written as
AG = AH +T(a(aA_|_G))p 7.8

This implies that change in enthalpy and chang&ilsbs function are
equal only whenT(aaA—TG)p approaches zero. Nernst proposed that, in

the limit, as the temperature approaches zerochlamges in enthalpy
and Gibbs function are equal. Since

0AG
—)p =-AS 17.4
(aT )P

So that
lim (S1-S2)=0 17.5
T-o0

This implies that chemical reactions at a tempeeatf absolute zero
take place with no change in entropy.
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Planck later extended this to suppose that, not doésAG - AH , but
that, asT - 0, the enthalpy and the Gibbs function of the system
approach each other asymptotically in such a matiady in the limit,

asT - 0,G - H and(a—G)p - 0.
aT

l.e.
limS=0 7.6
T-0

3.5 Third Law of Thermodynamics

Nernst’'s heat theorem and Planck’s extension dfidigh derived from
observing the behaviour of chemical reactions iidscand liquids, is
now believed to apply quite generally to any precésjuation 17.6 is
known as the third law of thermodynamics.

3.5.1 The Statement of the Third Law of Thermodynanics

The third of thermodynamics states that it is ingilgle to reduce the
temperature of a material body to the absolute nétemperature in a
finite number of operations.

This is the third law of thermodynamics, and it as inevitable
consequence of Planck’s extension of Nernst's tiesdrem. The third
law is sometimes called the unattainability statethed the third law.

SELF ASSESSMENT EXERCISE

1. What is low temperature physics?

2. Name the two phenomena at low temperature andiexgdah of
them.

3. Derive equation 17.3 from the definitions of Enflhalind Gibb’s
free energy.

4. State Nernst’s heat theorem.

4.0 CONCLUSION

The quest by scientists to cool a body or a sydteraxtremely low
temperature (about 0 K) brought about discoversng the way, of
two important phenomena of materials at extremely temperature
(i.e. superconductivity and superfluidity). Thesepomena have a wide
range of applications but the limitation is thaesh applications are
relevant to our every day activity at room tempamat The process of
cooling a body by gradual withdrawal of heat becemmre and more
difficult as the absolute temperature is approddiis is the statement of
the third law of thermodynamic i.e. it is impossibto reduce the
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temperature of a material body to the absolute nétemperature in a
finite number of operations.

5.0 SUMMARY

In this unit, you have learnt that:

. the properties of materials change dramatically latv
temperature

. the phenomena at low temperature are supercondyctnd
superfluidity

. these phenomena have a wide range of applicatiohthbre is
limitation i.e. the usage temperature of theseiegjpbns

. the statement of the third law of thermodynamidbh& bodies or

systems can be cooled to absolute temperaturefinigenumber
of operations.

6.0 TUTOR-MARKED ASSIGNMENT

1. Explain the limitation of the range of applicationsf
superconductivity.
2. Give five applications of low temperature phenomena
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