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INTRODUCTION

Energy, undoubtedly, affect all facets of humaa.lifEnergy in form of
heat is intimate to our existence. It is useddokcfoods, light houses
and to operate machines. In this way, it is vemgortant to learn about
it. On the other hand, matter is a substance wiashcertain mass and
occupies certain volume. As you know, this matian exist in solid,
liquid and gaseous state. Each of these statedlis@sct and various
properties based on interatomic and intermoledolaes. For example:
a solid has definite shape, size and volume, adiduias no definite
shape for possesses a definite volume and a lis@sdneither definite
shape nor volume. When you go through the matefiBHY 113 Heat
and Properties of Matter, you will find that sofithte of matter exhibits
elastic properties, liquid state of matter accodotsurface tension and
viscosity and the gaseous state of matter accdantgessure, diffusion
etc. Therefore, this course introduces to youdbecepts of Heat as
well as Properties of matter.

Heat and Properties of Matter is a subject of gietdrest for our
undergraduate students. This is a one semestezdit€core course. |t
will be available to all students to take towardteit B.Sc. Physics,
B.Sc. Education and other programmes like B.Sc. filder Science,
Environmental Studies etc. This course compri€eSt®dy Units in 4
Modules which involves basic principles of heat gombperties of
matter. The themes of these topics we have chagemost interesting
and relevant in our day-to-day life. The matef@l this subject has
been developed in such a way that student witleastla credit pass at
the Ordinary Level or equivalent will follow quitasily. This course
will expose the students to the concepts of hedtpmaperties of matter
besides the practical applications of these cosdapiut daily life.

There are no compulsory pre-requite for the coutdewever, you are
strongly advised to have adequate knowledge fothEuMathematics
or Applied Mathematics for clear understandinghis subject.

This Course Guide you briefly what the course isupwhat course
materials you will be using and how you can workiyavay through
those materials. It suggests some general guedefor the time you are
likely to spend for complete it successfully. lIs@ provides you
guidance on Tutor-Marked Assignments (TMAs) whichll wbe
available on the Web in due course. There arelaedgutorials classes
that are linked to the course.

You are advised to attend these sessions reguaatlyis is an important
aspect. Details regarding the time and locatiohstutorials and
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practical will be available at your Study Centredancluded on the
Web.

WHAT YOU WILL LEARN IN THIS COURSE

The overall aim of PHY 113 is to introduce the bagrinciples,
concepts and the relevance of heat and propertiesnaiter and
appreciate the usefulness of these principles andepts to make our
life simpler and convenient. During this coursaey will learn that what
Is the concept of temperature? How heat is relatddtemperature and
how it can be measures? What are the differentayes? What are the
different modes of transfer of heat in differenbstances of matter?
Our quest to answers these and other related qoess contained in
the subject of heat.

So, in the beginning of this course, you would e@ibout the concept of
temperature, its measurement, gas laws, thermansigns and molar
heat capacities of gases. Also, you learn aboutdifierent states of
matter i.e. solid, liquid and gases. In this wHng concept of heat is
treated first in this course.

Towards the second part of this course, you williteduced in detail
the various aspects of properties of matter likastitity, density,
buoyancy, viscosity, surface tension and so onu Wal not only read
about these concepts and principles in our ddgy li

COURSE AIMS

The aim is to introduce you to the basic princi@es concepts of heat
and properties of matter and how to make use dfethinciples and

concepts ad their applications in everyday lifehisTwill be achieved

by:

° Introducing you to the basic principles and conseyd heat and
properties of matter,

° Demonstrating for you how these basic principled aoncepts
can be used in our day-to-day life situations,

° Explaining some phenomena associated with heapeopkerties
of matter,

° Stimulating your interest in this area for thetéehent of the
world through advancement of technology, and

° Giving you some insight into possible future deypehents in the

areas of material science and engineering, meggllum all types
of mechanical devices such as steam engines, ielqmikver
plants and automobiles etc.
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COURSE OBJECTIVES

To achieve the aims set out above, the courseosetsall objectives.

These course objectives tell you what the entiigrsmis all about and
to let you know what you have to achieve at the ehthe course. In
addition, such unit has specific objectives. That wbjectives are
always included at the beginning of a unit; you udtloread them

carefully before you start working through the unifou may refer to
them during your study of the unit to check youngress. You should
always look at the unit objectives again after catmpg a unit. In this

way, you can be sure that you have done what wpasresl of you for

the unit.

Mentioned below are the wider objectives of therselas a whole. By
meeting these objectives, you should have achigkiedaims of the
course as a whole.

On successful completion of the course, you shbaldble to:

1. Explain the concept of temperature and to diffiéate between
temperature and heat,
2. Define different temperature scales and to explaeir relation

with each other,

3. List the different types of thermometers andrthigermometric
properties,

4. Define and explain the different

5. Describe thermal expansion in solids and liquids

6. State and explain different gas laws;

7. Define molar heat capacity of a gas at conspmassure and
constant volume;

8. Define the thermal conductivity of a good conducand
insulator and their measurement;

9. Explain the meaning of convection as a modeasfsfer of heat

in fluids;

10.  Explain the nature of radiation of heat;

11. Explain the existence of molecules in mattet Bmmeasure the
size of a molecule of a chosen liquid;

12. Define the concept of stress and strain and riblation;

13. Define young’'s Modulus, Shear Modulus and BMi&dulus of
elasticity;

14.  Derive an expression for pressure of a gasiarglosed system
and then explain the concept of root mean squdoeitae of gas
molecules;

15. Explain the concept of density and relative sttgnand the
determination of density for different shaped otgec

16.  State Archimedes Principle;

Vi
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17. Define pressure exerted by a solid or fluid amdetermination;

18.  State Bernoulli’s Principle and its applicagpn

19. Explain the concept of Viscosity; and

20.  Explain the concept of surface tension anddgtermination by
capillary rise.

WORKING THROUGH THIS COURSE

To complete this course you are required to goutfinathe study units,
read set books and read other materials provideN®yN. You will
also need to do some practical exercises whichbeilarranged by your
course facilitator/tutor. Each unit contains sesessment exercise, and
at points in the course you are required to sukasgignments for
assessment purposes. The evaluation of your TMAd®evdone by the
facilitators/tutors at the study centre. At thel @f the course, there is a
final examination. The course shall take you alddutveeks in total to
complete. Below you will find listed all the comments of the course,
what you have to do and how you should allocate yioue to each unit
in order to complete the course successfully antinos.

COURSE MATERIALS

You will be provided with:

1. Course Guide

2. Study Units

3. Assignment File

4, Presentation Schedule
STUDY UNITS

There are 20 Study Units in this course. The navhdéisese units are as
follows:

Module 1

Unit 1 Concept of Temperature

Unit 2 Types of Thermometers

Unit 3 Heat Measurements

Unit 4 Thermal Expansions

Unit 5 Gas Laws

Module 2

Unit 1 Molar Heat Capacities of Gases
Unit 2 Conduction of Heat

vii
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Unit 3 Convection

Unit 4 Radiation

Unit 5 Molecular Properties of Materials
Module 3

Unit 1 Elastic Property of Matter

Unit 2 Moduli of Elasticity

Unit 3 Kinetic Theory of Gases and Application
Unit 4 Density

Unit 5 Buoyancy — Archimedes Principle
Module 4

Unit 1 Pressure

Unit 2 Elements of Hydrodynamics

Unit 3 Viscosity

Unit 4 Surface Tension

Unit 5 Other properties of Gases

Each study unit consists of three hours work. Estady unit includes
introduction, specific objectives, directions faudy, reading materials,
conclusions, summaries of key issues and ideas rafatences for
further reading. The unit objectives tell you wihia¢ entire unit is all
about. The units direct you to work on exercidatesl to the required
readings. Each unit contains self-assessmentiisge(SAQs). In
general, these self-assessment questions are lmsdbe materials
available in the units and will help you to gaugmiryprogress and to
reinforce your understanding of the material. Tbge with tutor-
marked assignments (TMAs), these exercises willisasgou in
achieving the stated learning objectives of théviddal units and of the
course.

TEXT BOOKS AND READINGS

Soars, F. W., Zemansky, M.W. and Young, H. D. (2980ollege
Physics Addison — London: Wesley Publishing Company.

Nelkon and Parker, An Advanced Level Physics’; Rigd by British
Library Publication.

Zemansky, M. W.,Heat and Thermodynamics, McGraw Hill, New
York.

Wilkinson, J. (1983).Essentials of Physics, Australia: McMillan
Education Publishers.

viii
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Tyler, F.,Heat and Thermodynamics, London: Edward Arnold Publisher
Limited.

Flowers, B. H. and Mendoza, E. (197B)operties of Matter, London:
John Wiley and Sons Limited.

Noaks, M. A. (1963)New Intermediate Physics, Canada: Macmillan
and company Limited.

Garg, S. C., Bansal R. M., and Gosh C. K. (1998grmal Physics,
Published by Tata McGraw — Hill Publishing Compangited,
India.

Feyman, R. P., Leighton, R. B. and Sands, M. (19Th¢ Feyman
Lectures on Physics, California: Addison — Wesley Publishing
Company Limited.

Awe, O. And Okunola, O. O. (1986)Comprehensive Certificate
Physics, Ibadan: University Press.

Ference, M. (Jnr.), Lemon, H.B. and Stephenson,JR. (1970).
Analytical Experimental Physics, Chicago: The University of
Chicago Press.

ASSESSMENT FILE

The assignment file will be supplied by NOUN. Histfile, you will
find all the details of the work you must submitytour facilitator/tutor
for marking. The marks that you obtain in yourigissients will be
counted in your final result you obtain for the s  Further
information on assignments will be found in theigssent file itself
and later in the course Guide in the section oessssent. Therefore
you are advised to take your assignments serioasly regularly.
Before submitting, you must ensure that you havewaned all the
guestions require from you in all assignments. @&ksignments will
cover all the topics treated in all the units.

PRESENTATION SCHEDULE

The presentation schedule included in your couratenals gives you
the important dates for the completion of tutorkear assignments and
attending tutorials. Remember, you have to corelet assignments in
time and submit these stipulated assignments bgubelate.
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ASSESSMENT

There are two aspects to the assessment of yotorpance for the
course. First are the tutor-marked assignmentsongk there is a
written examination. In doing the assignments, ywa expected to
apply information, knowledge and techniques gathederring the
course. The assignments must be submitted tofgeiitators/tutor for
formal assessments in accordance with the deadbte#ed in the
presentation schedule and the assignment file. widrk you submit to
your facilitator/tutor for assessment will carry%8Qveightage of your
total course work. At the end of your course, yeed to appear for a
final written examination of three hours duratiofhe final examination
will carry 70% weightage of your course mark.

TUTOR-MARKED ASSIGNMENT

The TMAs are listed as item 6.0 in each unit. Thain aim of
assignments is to test your comprehension of thieemah provided to
you and to help you by providing feedback to ydsenerally, you will
be able to complete your assignments from the mmédion and
materials contained in the study units of the oeuend other
recommended books. Using other references wik gigu a broader
viewpoint and provide a deeper understanding ottlgect.

On completion of each assignment, send it, togetlittr a TMA form,
to your facilitator/tutor.

Make sure that each assignment reaches your &oilitutor on or
before deadline mentioned by the course coordinattre presentation
schedule and assignment file. If, for any reasomw, can not complete
your work on time, contact your facilitator/tutogfore the assignment is
due to discuss the possibility of an extension.te&sions will not be
granted after the due date unless there are ero@ptiircumstances.

FINAL EXAMINATIONS AND GRADING

The final examination for PHY 113 will be of threeurs duration and
carry a weightage of 70% of the total course gradiee examination
will consists of questions which reflect the typeself-testing practice
exercise and tutor marked problems you have preiyancountered in
each unit of the course.All areas of the course assessed. It is
required that you must pass in assignments and terrand
examination of a course separately.

You are advised to use the time between finishimg last unit and
sitting the examination to revise the entire courd®u might find it
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useful to review your self-test, tutor-marked asmgnts and comments
on them before appear in examination.

COURSE MARKING SCHEME

The assessment will be two folds — TMAs will caB@% weightage of
course marks while the final examination will cai®®% marks of the
total marks obtainable.

COURSE OVERVIEW

The table given below brings together the unitg, timber of weeks
you should spend to complete them, and the assigisnbat follow

them.
Unit Title of Work Week’s Assessment (End
Activity of Unit)
Course Guide Week 0.5
Module 1
1 Concept of Temperature Week 0/5 Assignment 1
2 | Types of thermometers Week 0/5 Assignment 2
3 Heat Measurement Week 1,0 Assignment 3
4 | Thermal Expansion Week 0.5 Assignment 4
5 | Gas Laws Week 0.5 Assignment 5
Module 2
1 Molar Heat Capacities of Week 0.5 | Assignment 6
Gases
2 Conduction of Heat Week 1.0 Assignment 7
3 | Convection Week 0.5 Assignment 8
4 Radiation Week 0.5| Assignment 9
5 Molecular  Properties  of Week 0.5 | Assignment 10
Materials
Module 3
1 Elastic Property of Matter Week 0.5 Assignment 11
2 Moduli of Elasticity Week 0.5| Assignment 12
3 Kinetic Theory of Gases andWeek 1.0 | Assignment 13
Applications
4 Density Week 1.0| Assignment 14
5 Buoyancy- Archimedes Week 0.5 | Assignment 15
Principles
Module 4
1 Pressure Week 0.5 Assignment 16
2 Elements of Hydrodynamics Week 0/5 Assignment 17
3 | Viscosity Week 0.5| Assignment 18
4 | Surface Tension Week 1.0 Assignment 19

Xi
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5 | Other Properties of Gases Week 0.5 Assignment 20
Revision Week 2.0
Total 15 Weeks

HOW TO GET THE MOST FROM THE COURSE

In distance learning, the study units replace gwoturer. This is one of
the great advantages of distance learning; you read and work
through specially designed study materials at youn pace, and at a
time and place that suit you best. Think of itraading the lecture
instead of listening to a lecture. In the same ¥y a lecturer might
set you some reading to do, the study units tall wtnen to read your
set books or other materials, and when to undextakguting practical
work. Just a lecturer might give you an in-clagsreise, your study
units provide exercise for you to do at appropraimts.

Each of the study unit follows a common format. eThst item is an
introduction to the subject matter of the unit dwaav a particular unit is
integrated with the other units and the coursewba@e. Then, there is
a set of learning objectives. These objectivesytet know what you
should be able to do by the time you have complé&tedunit. You
should use these objectives to guide your studyheWyou have
finished the unit, you must go back and check wérethou have
achieved the objectives. If you make a habit ahgahis, you will
significantly improve your chances of passing tberse.

The main body of the unit guides you through thuned reading from
other sources. It will enhance your understandihthe material in the
unit. Self-tests are interspersed throughout thiés tland answers are
given within the units. Working through these sesill definitely help
you to achieve the objectives of the unit and prepgou for the
assignments and the examination. It is advisedyina should do each
self-tests as you come across in the study uniherd will also be
numerous examples given in the study units; workugh them when
you come to them, too.

The practical strategy for working through the cmuis mentioned
below. If you have any trouble, telephone youilitator/tutor or post
the question on the Web CT OLE’s discussion boadRé&member that
facilitators are to help you. Here, you will get @pportunity to discuss
with them your problems pertaining to the coursegaur study. So,
when you need help, don’t hesitate to consult yaailitator to provide
it.

Xii
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1. First of all, read the Course Guide carefullg #moroughly.

2. Then, organize a study schedule. Refer to these overview
for more details. Note the time you are expectedgend on
each unit and how the assignments relate to ths.uhmportant
information’s regarding the details of your tutésiand the date
of the first day of the semester is available frima Web CT
OLE. You need to gather all the information in glace, such
as your diary or a wall calendar. Whatever metyma choose to
use, you should decide on and write in your ownesldor
working on each unit.

3. Once you have created your own study schedoleverything
you can to stick to it. The major reason that stusl fail is that
they get behind their course work. If you have differently
with your schedules, please let your facilitatdotiknow before
it is too late for help.

4, Turn toModule 1, Unit 1 and read the introduction and the
objectives for the unit. Assemble the study matsri You will
almost always need both the study unit you are ingr&n and of
your set books on your desk at the same time.

5. Work through the unit. The content of the utself has been
arranged to provide a sequence for you to follods you work
through the unit, you will be instructed to readtsm of your set
books or other articles. Use the unit objectivesytiide your
readings.

6. Update yourself on the Web Ct OLE. Up-to-datBorimation
will be continuously posted there.

7. Keep in mind that you will learn a lot by doitlte assignments
carefully. The assignments have been designecelip you to
meet the objectives of the course and, therefork,help you
pass exam. Submit all assignments by due date.

8. Review the objectives for each study unit toficon that you
have achieved them. If you feel unsure about naythe
objectives, review the study materials or consoliryfacilitator.
After ensuring that you have achieved a unit’s cibyes, then
start on the next unit. Proceed unit-wise throtigh course and
try to keep yourself on schedule.

9. When you have submitted an assignment to yauilitédor/tutor
for marking, do not wait for its return before $itag on the next

Xiii
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unit. The evaluated assignments will be returreed/du with
tutor comments and marks obtained in TMAs. Keepyadar
schedule. When the assignment is returned, payicplart
attention to your tutor's comments, both on theortumarked
assignment form and also written on the assignmeDwsisult
your facilitator/tutor as soon as possible if yoavé any
guestions or problems.

10.  After completing the last unit, give sometine review the
course and prepare you for the final examinatiGheck that you
have achieved the unit objectives listed at tharimgg of each
unit and the course objectives listed in the Co@sgle.

FACILITATORS/TUTORS AND TUTORIALS

There are 5 hours of tutorials provided in suppdrthis course. You

will be notified of the dates, time and locationtleése tutorials, together
with the name and phone number of your facilitétbof, as soon as you
are allocated a tutorial group. Your facilitatatér will evaluate and

comment on your assignments, keep a close watglownprogress and
on any difficulties you might face and provide atmnce to you during
the course. You must mail your tutor-marked assigmis to your

facilitator/tutor well before the due date (at ketygo working days are
required).

They will be marked by your facilitator/tutor aneturned to you with
comments at the earliest.

Do not hesitate to contact your facilitator/tutgr telephone, e-mail, or
discussion board if you need help. The followingigm be
circumstances in which you would find help necegsaContact your
facilitator/tutor if:

° If you do not understand any part of the studytsuor assigned
readings.

° You have the difficulty with the self-tests or esises.

° You have a question or problem with an assignmeith your
tutor's comments on an assignment or with the gigadif an
assignment.

You should try your best to attend the tutorialsis is the only chance
to have face to face contact with your tutor an@gk questions which
are answered instantly. You can raise any proldaoountered in the
course of your study. To gain the maximum ben&fiim course

tutorials, prepare a question list before attendivegn. You will learn a
lot from participating in discussion actively.

Xiv
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SUMMARY

PHY 113 intends to introduce basic principles, @&pts and

applications of Heat and Properties of Matter. tpompleting this

course, you will be equipped with knowledge of agtcof temperature,
types of thermometers used for various proposes measurements,
gas laws, the different modes of transfer of hédifterent properties of
materials like elasticity. Also you will learn algothe different

properties of fluids like density, pressure, buayarviscosity, surface
tension etc., and their usefulness in our day tolifla You will be able

to answer these kinds of questions:

1. What is the difference between temperature @ad?h
2. What is Zeroth law of thermodynamics?

3. What are the different types of thermometers?

4. How latent heat of fusion is different from latéeat of

vapourization?

5. What happens to a solid when heat is giverfto it

6. Define molar heat capacities at constant volanat constant
pressure?
7. What are the different gas laws?

8. What are the different factors that affect tbeduction of heat?

9. Is there any difference between an adiabatiasostdermal
expansion?

10.  Discuss the different modes of transfer of heat

11. How convection is different from radiation?

12.  State Stefan-Boltzmann law of radiation.

13. How you can measure the size of a molecule?

14.  Explain the term elasticity.

15. Define young's modulus, bulk modulus and Smeadulus.

16.  Derive an expression for pressure of a gas ienalosed system.

XV
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17.  Discuss the concept of Density.
18.  State Archimedes Principle.

19. Derive an expression for the pressure dueg@ohumn of a
liquid.

20. Discuss the applications of Bernoulli’'s Prireip

We hope that you will enjoy studying this courd®&e wish you
success!

XVi
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MODULE 1

Unit 1 Concept of Temperature
Unit 2 Types of Thermometer
Unit 3 Heat Measurement

Unit 4 Thermal Expansion

Unit 5 Gas Laws

UNIT 1 CONCEPT OF TEMPERATURE

CONTENTS

1.0 Introduction
2.0  Objectives
3.0 Main Content
3.1  Concept of Temperature and Heat
3.2  Concept of Temperature
3.2.1 Thermal Equilibrium
3.2.2 The Zeroth Law of Temperature
3.3 Scale of Temperature
3.3.1 Specification of Fixed Points
3.3.2 Factors for Changes in Fixed Points
3.3.3 The Temperature Scales
3.4  Specification of Interpolation
3.4.1 Definition of Temperature on Celsius Scale
3.4.2 Definition of Temperature on Fahrenheit 8cal
3.5 Thermodynamic Scale
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Readings

1.0 INTRODUCTION

You will recall that the concepts of length, massl ime are regarded
as fundamental quantities during the study of efgary mechanics.
You also learn about derived quantities such asefomomentum and
energy. In this unit, you will be introduced tocther fundamental
guantity called temperature.

Temperature is a fundamental quantity in the stafiyneat (thermal
energy) or thermodynamics. Some students usgaliyconfused with
the concept of temperature and heat. Heat is m fof energy.
Temperature is a sensation of hotness and coldriéeace in this unit
we shall make an attempt to differentiate betwdwntivo. We would
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then explain the concept of temperature by usirg zéroth law of
thermodynamic. Having done this, we would theraldsgh how the
temperature of a body is measured through the fugeonometers with
emphasis on their thermometric properties. Inrbgt unit, you will
learn about the types of thermometers.

2.0 OBJECTIVES
After the end of this unit, you should be able to:

differentiate between temperature and heat

define the concept of temperature

explain the terms used for the zeroth law of theetymamics
state the law of thermodynamics

define temperature scales

solve problems on conversion of temperatures orsi@e
Fahrenheit and Absolute scales.

3.0 MAIN CONTENT

3.1 Concept of Temperature and Heat

The concepts of temperature and heat are two kafidsoncepts in

physics that are so closely related that may cenfuiegl as a learner in
the study of physics. You need to be clear inryoind what exactly

they mean.

You will remember that in your study of mechanicaiyearnt various
forms of energy. Heat was among them. Heat measamt is usually
referred to a€alorimetry . Also in the study of Integrated Science, you
will also recall that temperature is the degreeadfiness or hotness of a
body. Temperature measurement in physics is exferto as
thermometry. Then the question arises: Why Heat a form of eng?g

It is a form of energy because we use it to do Worlus.

In the history of Industrial Revolution, heat erggnwere used to
perform various kinds of work as in the textilestéaies and in the
locomotive engines used for transport. Beside$oate we use it for
cooking and ironing our clothes.

Heat is an intangible agency that causes increbbetoess of a body.
A body is said to be warmer if it receives heat aoldler when it losses
heat. You will therefore observe that increasbaat content of a body
can be caused by any of the following ways:
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° direct application of mechanical work (as in fioct between two
bodies);

° churning of a liquid;

° contact with a hotter body.

Heat therefore flows from a body whose degree trfidss (temperature)
is greater to the body of lower degree of hotnessngerature).

Consequently, it is the heat energy that is transfieand not the
temperature. As a rule, when two bodies of difietemperatures are
placed in contact with each other, by definitiome theat lost by one
body is absorbed by the other body provided theliadies neither lose
nor gain heat from the surrounding. In this casemould describe such
heat energy interaction as being conserved inysies.

In this unit, we would discuss in details what isant by temperature
and how it is measured using the appropriate scalésng the zeroth
law of thermodynamics will do this. The concept fat and its
measurement will be dealt with later.

SELF ASSESSMENT EXERCISE 1

Distinguish between the concepts of heat and temtype.

3.2 Concept of Temperature

The concept of temperature is one of the fundaresdacepts in
physics. It is rather difficult to define this phgal quantity as compared
with, say, the length of a body. A meter is a d&ad length of a bar of
platinum — iridium kept in Paris. We can directhypy this bar and use it
to find out how many times an object is as longhas bar at anytime
and place. This is not the case with temperatuf@mperature is
measured through an indirect method, as you wileole later in our
discussion.But the question you may ask now: What is tempera®
How can we measure the temperature of a body?

Qualitatively, temperature of a body is the degrehotness or coldness
of a body. However, this answer does not leadouthé quantitative
definition of temperature or its operational ddfon. This is because
the sensations of hotness and coldness are higbjgdive. The way
you feel is not the same as any other person. rGttigctives used
include cold, cool, tepid, warm, etc. Using ouelfieg of heat to
estimate degree of hotness/coldness (temperatunegry personal and
very unreliable since its measurement is persamahat a standard one.
Hence when we say the temperature of a body is boldor lukewarm
such descriptions are rather too vague to compcelyprantitatively.
Consequently, an independent scale of temperatweasmmement is
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therefore highly essential. We would now discuss wve have evolved
the scale of temperature measurement.

3.2.1 Thermal Equilibrium

Two bodies may be at different temperature — oneamal the other
cold. The hot one is said to possess more heagyetiean the colder
body. In another sense, the temperature of théobay is higher than
the colder body.

However, if the two bodies are now in contact watdich other, heat
energy flows from the hot body to the cold bodyiluhte temperatures
of the two bodies are the same. The two bodiedlse described as
being in thermal equilibrium with each other.

Therefore, a thermal equilibrium exists between twadlies when they
are in thermal contact with each other and themoisiet flow of heat
between them.

It is the temperature of a body that determinesdinection of flow of
heat from that body to another. It will flow untio temperatures are
the same i.e. there is a thermal equilibrium. Otlere is a thermal
equilibrium between two bodies, then it means thattwo temperatures
are the same — no net flodut now the basic question arising: How do
we then define the temperature of a body quantitatively? Let us discuss
this concept.

3.2.2 The Zeroth Law of Temperature

The zeroth law of thermodynamics helps us to gbaiite concept of

temperature objectively. Quantitative definitidntemperature involves
terms of operations that must be independent otense perceptions of
hotness or coldness. That is, temperature hae tadasure objectively
and not subjectively.

It has been observed that there are some systewlsich a measurable
property of the system varies with hotness or ceddrof the system.

For example:

0] the length L of a mercury column in a thin ¢ulvill change
variation in temperature (fig. 3.1).
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Thick glass
" wall

Capillary of
™ small volume
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e —

Zero

level Thin glass wall

Bulb of large
volume

Fig. 3.1: A System Whose State is Specified by thalue L.

(i)  the pressure P of a constant volume container, unedady a
pressure gauge or a manometer (fig. 3.2).

Gas at
constant
volume

Fig. 3.2: A System Whose State is Given By the ValP
(Pressure)

(i)  the electrical resistance (R) of a wire whichries with hotness or
coldness as with the platinum resistance (fig..3.3)

N — A ——

<= —o—e R R P RO R N =) |

[ !
Fig 3.3: Platinum Resistance

(iv)  the electromotive force (E) of a thermo-juictivaries also with
hotness or coldness of the system (fig. 3.4).
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Fig. 3.4: A Thermocouple

Burmer

In each case, discussed above the quantity desgribe varying state
of the system such as L, P, R and E are calledta sf coordinate for
the system.

In thermodynamics, bodies are brought into contacirder to establish
the common temperature using one of these cooedinatThe two
bodies may be in direct contact or they may bersépa by two types of
wall. The types of wall are namely adiabatic andthgermic walls.

Adiabatic walls are those through which no heat bantransmitted
whereas the walls through which heat can be tratesinare known as
diathermic walls. In thermodynamics, these two dgoare used to
describe the process of thermal equilibrium thabfsbeing at thermal
equilibrium. They will help you to understand tteroth law.

Let us consider two systems A and B such that sy#tds a mercury-

in-glass tube with a state coordinates L and sy&eeconstant-volume
gas container with state coordinate P (fig. 3.5).

J— ii
3
%

Fig. 3.5: Adiabatic Wall
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If system A is at a higher temperature than sydBerwhen brought in

contact with each other, then their state coordmahange. However, if
the two systems are separated by insulating suchoasl, plastic or

fibre glass, the change in the state coordinatebs&ilow or none. Such
an insulating material is described as an adialvaéit. Therefore, in

general, an adiabatic wall is such in which, indeal situation, there is
no change in the state of coordinates (fig. 3.5).

The opposite of adiabatic wall will then be a walla partition that will
allow the systems A and B to influence each othgr 8.6).

Diathermic

Fig. 6.3: A Diathermic Wall

In this case it will allow free exchange of heaemyy. Such a wall is
called a diathermic wall. Examples of such diathierwalls are copper
and aluminum. Thus when the two systems A andeBsaparated by a
diathermic wall, initially there may be no changé bventually a state
is reached when no further change in the statedowates of A and B

takes place. This joint state of both systems éledt when all changes
in the state coordinates have ceased is callechd#ierquilibrium. Note

the reduction in length of L and the increase imfRhe pressure at
thermal equilibrium. These changes are used tcsuneaemperature.
We would use the above illustration to explain theyoth law of

thermodynamics and subsequently temperature measute

The Zeroth Law

Consider two systems A and B separated from eableradby an
adiabatic wall but each system is in contact witlthisd systemC
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separated through a diathermic wall. Consider h®le systems
surrounded by an adiabatic wall (fig. 3.7). Thida ensure that no heat
energy is lost to or gained from the surroundingxperiments have
shown that systems A and B will attain a thermalildayium with C. If

however the adiabatic wall is replaced by a diathemwall as shown in
(fig. 3.8).

{/l [ 4N AR 4 ( ( A I!//I raw 4 /I/{/_///I ',

/ /

| e ?

i C. | . ‘

| dintheriay

? Cyslem 5\15‘%'{ 4;

rabanc

2 gl Iy

Fig. 3.7: A and B are each in Thermal Equilibriumwith C

Instead of allowing both systems A and B to comeduilibrium with C
at the same time, we can first have equilibriummeen A and C and
then equilibrium between B and C making sure thatstate of C is the
same in both cases, (fig. 3.7) then A and B areudinb in contact
through a diathermic wall, they will be found to ke thermal

equilibrium (fig. 3.8). It means that no furthdramges occur in systems
A and B

e - Ry

1///.//_/[///'////////[A

S%\l-bw\ ’ Z\ G.C{\ %}:
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Fig. 3.8: A and B are in Thermal Equilibrium with Each Other.
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That is systems A and B are already in equilibrivth each other.

The above principle is called the zeroth law ofrti@dynamics. The
zeroth law of thermodynamics states that:

“Two thermodynamics systems A and B are separatelythermal
equilibrium with a third system C, then the systerAsand B are in
Thermal equilibrium with each other”.

It is called the zeroth law because the most ingmbrprinciples of
thermodynamics have hitherto been identified asfitls¢ second and
third laws of thermodynamics. You will be introéuatcto these laws
later in the course of your physics programme.

It is the property called temperature that deteesminvhether or not
given two systems are in thermal equilibrium. Theperature of a
system is that property that determines whethenadrit will be in
thermal equilibrium with other system when two asrensystems are in
thermal equilibrium, they are said to have the séengperature. If the
two systems are not in thermal equilibrium, themperatures must be
different.

The zeroth law is thus used in establishing theptrature of a body
guantitatively and objectively. But before it issasured, a scale must
be established with the aid of a physical propevtych varies with
temperature — the thermometer.

We shall now consider the establishment of scdiésnoperatures in the
next section.

3.3 Scale of Temperature

There are some principles underlying the establstinof temperature
scales. These principles are based on the facivtien the temperature
of a body changes, all the magnitudes of almostitall physical
properties also change. The condition, of coussthat this variation of
properties must be linear, that is, uniform. Thae any property of
any substance that varies uniformly with tempermtan be used. The
variation of one of these properties is chosen éprasent the
accompanying change of temperature.

To measure temperature, therefore, we need tot sefdtysical property
or parameter of a chosen substance which varieoromMy with
temperature. A parameter or property is a variableh is assigned a
constant value during a discussion or event. Ashawe discussed in
section 3.3.2, that some of the examples of thasznmeters are:
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0] the volume of a liquid;

(i)  the volume of a gas at constant pressure;

(i)  the pressure of a gas at constant volume;

(iv) the electrical resistance of a conductor;

(v) the emf change of a thermocouple when thera ismperature
difference between the junctions of a thermoelectri
thermometer.

For the establishment of temperature scale, thewolg are required:

(@)  specification of fixed points;
(b)  specification of the method of interpolation.

Now we will discuss briefly about these conceptquieed for the
establishment of temperature scale.

3.3.1 Specification of Fixed Points

Fixed points are temperatures chosen which arel fae reproducible.
They are useful as reference temperatures. Changes parameters
from the fixed points are assigned numbers callegreks on a
calibrated scale. Two such fixed points are:

0] The Lower fixed point (ice point): That is tiiemperature of
equilibrium between ice, water and air saturatedstandard
pressure. This temperature iSL0

(i)  The Upper fixed point (steam point): Thattisee temperature of
steam rising from pure water boiling under stand#rdospheric
pressure. That is, the temperature of one stanalandsphere.
This temperature is 100.

(i)  The fundamental interval: This is the diféerce between the
upper fixed point and the Lower fixed point dividedo equal
parts.

Other fixed points such as the sulphur point algstdor reference.

3.3.2 Factors for Changes in Fixed Points

1. Changes in the atmospheric pressure and latdadse variation
in freezing and boiling points. Changes causeit@gsure in
freezing point can be ignored. That due to impesitannot be
ignored.

10
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2. Freezing point depression and Boiling point aten are caused
by impurities of slats. Hence water used in deteimg these
points is required to be pure.

3. Daily floatation of barometric reading call fre correction of
the boiling point. In the neighbourhood of stamdatmospheric
pressure, the boiling point rises by CG7when the height of
mercury barometer increases by 1.0 cm. Therefore hoiling
point is given as on the Celsius scales as:

6°C = 1006C + 037(B - 76C...ccccc....... (1.1)
Where B is any atmospheric pressure in cm of nmgrcu
SELF ASSESSMENT EXERCISE 2

Mention two factors that can change the fixed i a temperature
scale.

3.3.3 The Temperature Scales
The systems of temperature scales are:

0] The Celsius scales whose ice point 9€ @nd the steam point is
at 100C. Each part represent¥Cl

(i)  The Fahrenheit scale whose ice point iSRB#vhile the steam
point if 212F. The fundamental interval is 180 divisions. lEac
division represents 1B.

(i) The absolute scale of temperature, the thetynamics scale.
This will be discussed later.

3.4  Specification of Interpolation

The way we establish the temperature of a bodyitherethe Celsius
scale or the Fahrenheit scale is what we refessttha specification of
interpolation. This therefore establishes theeschltemperature, which
decides upon the temperature below, between angeabe fixed

points, are to be established.

We then choose a thermometric substance and iteydar property,
which will serve as a temperature indicator.

11
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3.4.1 Definition of Temperature on Celsius Scale

If X represents the property of the thermometriossance, which serves
as temperature indicator, by adopting the Celsnades Let X be the
values of X of the thermometric substance whenosuas by the
melting ice for a long time. Let % be the value of X when the
substance has reached an equilibrium with steasstaatlard pressure (1
atmosphere).

Hence, the fundamental interval is defined as thenge of X between
the ice and steam points 56— Xo.

Consequently, the size of the Celsius degree, whashlts from our
choice of property X, is defined at that range @mperature which
causes a change in property which is Z.

[ [ A I A . (1.2)
100

If Xy is the value of X of the substance in the neighbood of another
body whose temperature is to be determined themuimber of degrees
by which the Celsius temperaturg df the thermometric substance
exceeds the temperature of melting iC€ @s equal to the number of
items the quantity Z is contained iny(XX,).

(b= CC) XZ = (% =X0)°C treeoeee e (1.3)

But from Eq. 1.2, you know that

Z = Xi00_ = Xo
100

Substituting Eqg. (1.2) in Eq. (1.3), we get
(k-0) X Xoo-Xo= (Xi -X%,)C
100

= (Xe-Xo) X10OC oo, (1.4)
(XIOO_ XO)

SELF ASSESSMENT EXERCISE 3

The lengths of the mercury column of a mercury rieneter are
1.06cm and 20.86cm respectively at the standaetifpoints. What is
the temperature of body, which produces 7.0cmisfrttrercury column?

12
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3.4.2 Definition of Temperature on Fahrenheit Scale

In the case of the Fahrenheit scale, one can &gothat

(£-32) Z=(%-X32) T ot (1.5)
Where, Z = (%10— X35) °F
(212 - 32)
Z= XZALX?)_Z OF ........................................ (16)
180

Substituting Eqg. (1.5) in Eqg. (1.6), we get theresgion

t-32 = [ij]_goop
X212_ 32

e = ([ijwmszj F oo e (1.7)
X212_X32

Furthermore, the value of the property of X at definite temperature e
is independent of the method of humbering tempezatu

Hence X2 = Xjgoand X = X,

Now inserting these parameters in Eq. (1.7), we get

e = ((Mjmsmszj F oo e (1.8)
1oo_x0
Also from Eq. (1.4), we get
b X e e, (1.9)
100 X,00—X,

Therefore, a relation betweanand t can be obtained as
te = (£X180+32j F
100

cte= (gtc+32j F
5

13
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The Eq. (1.10) enables us to convert a temperat@a@surement from
one scale to the other.

SELF ASSESSMENT EXERCISE 4
Covert 50F to Celsius scale.

Now, let us discuss the examples of X property flifferent
thermometers with Celsius scale.

(@) Platinum thermometer
Xis in terms of resistance (R), thus

t= TR 000G (1.11)

100 — Ro
(b)  Mercury thermometer
Xis in terms of length of mercury L.

t= St Tho M 100°C (1.12)

100 I-o
(c) Constant Volume thermometer
Xis in terms of the pressure P of the gas attemmsolume

P M 100°C oo (1.13)

100~ "o

t=

(d)  Constant Pressure thermometer
Xis in terms of the volume of the gas at conspaassure

t= Vo S 100°C oo (1.14)

100 VYo
SELF ASSESSMENT EXERCISE 5
A platinum resistance thermometer has a resistahc.40 ohms at
0°C and 14.35 ohms at 1M Assuming that the resistance changes

uniformly with temperature, what is

(@) The temperature when the resistance is 11.4%2h

14
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(b)  The resistance of the thermometer when the ¢eatpre is 4%C?

3.5 Thermodynamic Scale (Absolute Scale) of Tempédrtae

The thermodynamic scale is the standard temperacaée used in
scientific measurements. The symbol on this ssaleand it is measure
in Kelvin after Lord Kelvin.

On the thermodynamic scale, the reference poithastriple point of
water where saturated water vapour, pure waternaglting ice are in
equilibrium to each other. The temperature ofttige point of water
has been found to be 273.16K. The ice point isI5K. The slight
difference with the triple point is due to the m@® in the two cases.

There is variation of Pressure (P) with temperaflins shown in fig.
3.9. When the graph is extrapolated, it meetsteéhgperature axis at -
273.18C. This value of temperature is called absolute Zek) by
Kelvin. It is to be noted that the value of pressat this temperature

reduce to zero. |

rd

,»", Ce[siusql:nﬂt \

- ,357@15'(. oc. T TC)
| i Xelvin Scale .
0K AT3K. —> T (X)

Fig. 3.9
On the Celsius temperature scale,
-273.15C= 0
°C = 273.15K

Hence the change if@ on the Celsius scale is equal to the change of
1K on the Kelvin (Thermodynamics) scale.

4.0 CONCLUSION
What you have learnt in this unit concerns the ephof temperature
and how it is measured. The property of a substavtdch varies with

temperature is used to measure the temperaturebofdg through an
appropriate scale. You have learnt about the CGelsiahrenheit and the

15
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Absolute scale. The property of a substance id us¢he construction
of a thermometer.

50 SUMMARY
In this unit, you have learnt:

° the difference between temperature and heat;

° the concept of temperature using the sensatidruwfan feelings
which is always sensitive;

° how the zeroth law is used to conceptualize thecept of
temperature objectively by using some measurabtgegrties
such as length of a liquid, pressure on a gasratant volume,
resistance and the electromotive force;

° the scales of temperature measurements;

° that on the thermodynamics scale the triple poinhtvater is
chosen as the fixed point and is defined as 273.16K

ANSWER TO SELF ASSESSMENT EXERCISE 1

° Heat is a form of energy while temperature is tlegree of
hotness or coldness in a body.
° Heat flows from higher temperature to a lower temapure. Thus

the difference in temperature dictates the directb transfer of
the heat energy.

ANSWER TO SELF ASSESSMENT EXERCISE 2
See the text.

ANSWER TO SELF ASSESSMENT EXERCISE 3
Using the Eq. (1.4) as

te= (X -X,) X100C
(X100_ XO)

Where, X=7.00cm, X0 = 20.86cm, X =1.06cm

Substituting this parameter in the Eq. (1.4) we get

L = (7.OOcm—1.060mjx1000m,C
20.86cm-1.06cm

16
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_ 5.94cm

= x100°C
19.80cn

t.= 30C
ANSWER TO SELF- ASSESSMENT EXERCISE 4

Using Eg. (1.10) as

te = (gtc +32j F
5
Substitute ¢ = 50°F

- 5C°PF :(gtc+32j F

On rearranging the terms, we get

- 50°F = gtc +32

18=2¢
5

S = %XS Cc=10°C

ANSWER TO SELF ASSESSMENT EXERCISE 5
Use Eq. (1.11) as

R, -R
(@) t= —t—"° X100°C

100~ ™o
Substitute R=11.19 ohms, Ro= 14.35 ohms
R, = 10.40 ohms

t= 11.192-10.4@ X100°C

14.351Q2 -10.4(Q

'[ = M%(looo C
3.950hm

= 20°C

MODULE 1

17
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(b)  Againuse Eqg. (1.11)

mx]_o())c

100~ Mo

Substituting t = 4%, R, and Ry take their usual values

t=

On arranging the terms, we will get,

. 45°C = R, ~104Q X100°C
14.35Q —10.4(Q
- 45c = R 104@ o
45 30850 R, -10.4@
10C

~ 1.777% = R — 10.4@
~ R =(L.7775 + 10.4p
R =121

6.0 TUTOR-MARKED ASSIGNMENT

1. At what temperature do the Fahrenheit and thisidescales
coincide?

2. The normal boiling point of liquid oxygen is A87C, what is
this temperature on the Kelvin and Fahrenheit s@ale

3. What is the body temperature of a normal humgingoon the
Celsius scale? What will this value be on the Eaheit scale?

4. An ungraduated mercury thermometer attached maillaneter
scale reads 22.8mm in ice and 242mm in steam atdatd
pressure. What will the millimeter read when temperature is
20°C?

18
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1.0 INTRODUCTION

In Unit 1, you learnt about the difference betwe&mmperature and heat.
You also learnt about the concept of temperature defining it
gualitatively and quantitatively. The zeroth lanasvused to define
temperature objectively and quantitatively. Thissvdone by the use of
measurable property of a substance that variearlyner uniformly with
changes in temperature.

In this unit, we shall go further by consideringe tithermometric
properties of various substances used in the aongin of
thermometers. Finally, we shall describe somegygehermometers.
2.0 OBJECTIVES

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

° state the conditions necessary for the choiceabgrties and the
substance used for temperature measurement

° list the different types of thermometers and thtegErmometric
properties

° show the appropriate use of thermometers in life.

20
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3.0 MAIN CONTENT

3.1 Thermometric Properties

In the last unit, we discussed about the temperatnoale. You learnt
that to establish such a scale, there is a reqememf some physical
properties of a substance and the fixed point.

But, suppose you are asked to construct a thermometeiclwhhey
may be used to measure the temperature of a bodhgt\are the things
you must consider in the choice of the propertytbé substance to be
used?

The following are some necessary conditions gowegrnhe choice of
properties and materials for temperature measurelnyea thermometer.

° The substance must have a considerable variatren @ small
increase in temperature. That means, it must beseansitive to
a small change of temperature.

° The change in the property of the substance nucstraeadily.

° The range of temperature over which the thermomede be
used should be as large as possible.

° The thermometric substance should have a smalimtle
capacity. This means that it must readily acqtheetemperature
of its surrounding.

° The time taken to acquire this temperature shbaldmall. This
will minimize time lag when it is used and when igéon of
temperature should follow.

SELF ASSESSMENT EXERCISE 1
Enumerate five thermometric properties that must thken into
consideration before choosing a substance to bé tseneasure the

temperature of a body.

Notice, as we proceed further how these propedies used in the
construction of thermometers that will now be disad.

3.2 Types of Thermometer

Thermometers may be classified according to thernmtbmetric
properties used in constructing such thermometdfsr example, we
have:

° Liquid-in-Glass Thermometers. Such thermometers use the
expansion of the liquid in the glass tube. As ligaid volume

21
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increases with temperature rise, the length ofithed along the
tube varies with temperature.

° Constant Volume-Gas Thermometer Which makes use of a
given mass of gas whose pressure varies with teatper at
constant volume.

° Resistance Thermometer Makes use of the variation of
resistance of a given conductor such as platinunth wi
temperature.

° Thermo-electric Thermometer. Which makes use of the
variation of electromotive force (emf) developedwren the pair
of junctions of two dissimilar metals with tempena.

We shall now discuss each one of them in details.
3.2.1 Liquid-in-Glass Thermometers

The liquid-in-glass thermometer makes use of twyuitls such as
alcohol or mercury. The mercury-in glass therm@rseare commonly
used in the laboratory or in the hospitals as @ihithermometers.
Whereas, the alcohol-in-glass thermometers are usetemperate
countries because alcohol has a much lower mgbimgt than mercury.
(See table 3.1).

Table 3.1 Properties of Mercury and Alcohol as Thamometric
Liquids

Mercury Alcohol

1 | Mercury solidifies at -3%C 1 | Alcohol solidifies at

Hence alcohol may be used for much lower tempexdhan mercury’s.

2 | Mercury boils at 35°C | 2| Alcohol boils at 78C

Thus, alcohol is not suitable for temperatures ab®¢C or 60C whereas
mercury could be used to measure temperaturesabvelle

500°C even as high as 8% provided the space above the mercury is fi
with Nitrogen or some inert gases which increatebailing point.

ed

3 | Mercury does not wet glass. It|i8 | Alcohol wets glass. The thread of
able to move with jerky action. alcohol has therefore the
tendency to stick to the stem.

4 | Mercury expands less than alcohdl | Alcohol expands more than
for a given rise in temperature. mercury for a given rise i
temperature.

=}
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Alcohol thermometers are more sensitive than mgrcur

5 | Mercury is opaque. Silvery ip5 | Alcohol is transparent. It has to
colour it is therefore easily seen. be coloured before it can be seen.

6 | A good conductor of heat 6A poor conductor of heat.

7 | It has low specific heat capacity. ‘Has high specific heat capacity.

From the above table it will be observed that inaia areas alcohol has
some advantages over mercury while in some areasumyealso has
some advantages over alcohol.

SELF ASSESSMENT EXERCISE 2

State the advantages and disadvantages of the fusécahol over
mercury as thermometric liquids.

The increase in length (L) of the mercury-in-gléssrmometer is used
as a property as the temperature increases. UBmdCelsius scale
therefore, the temperature t is defined as:

t = (ﬁJxmo"c ............................................. (2.1)
0

100

length of the mercury column &€t
length of the mercury at 18D
length of the mercury afO

where, L

L100
Lo

3.2.1.1 The Clinical Thermometers

The clinical thermometer is usually used in thephtas$ clinics, hence,

the name. It is specifically adapted for measutirggtemperature of the
human body. The stem of the clinical thermomesegraduated from
35°C to 45C.

Z‘*CL , G;\H%C—Faw

Fig. 3.1 The Clinical Thermometer

It has a constriction in the stem near the bulbjctwhprevents the
mercury from entering the bulb. Thus the measurgroan be read at
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leisure. Jerking the instrument in order to diike mercury back then
returns the broken thread of the mercury.

The laboratory thermometers are longer than theceli thermometer s
and they have no constrictions in them. Besides; are usually longer
with longer range of temperatures from°@Go about 15%C.

3.2.1.2 The Maximum and Minimum Six’s Thermometes
Apart from the laboratory and the clinical thermaens, there is yet

another mercury-in-glass thermometer called the iMam and
Minimum (six’s) thermometer.

XS Mo a3 &S

o

Fig. 3.2: Maximum and Minimum (Six’s) Thermometer

The Six's thermometer is used to measure the maxrimod minimum
temperatures on a particular day (fig. 3.2).

The thermometer is made up of long bulb A that @amstalcohol or nay
other suitable liquid. BC is a thread of mercuAbove C, there is more
alcohol which partly fills the bulb D. Above tharface of the mercury
thread at B and C are light steel indices (fig 3vith a spring attached
to each steel to prevent it from slipping.

When the alcohol in A expands, the mercury threadC is pushed
round sending the index at C upwards and leavirthegindex B in
position. When the alcohol in A contracts, the coey thread BC is
drawn back leaving the C index to record the maxmtemperature
reached. The index B similarly records the minimtemperature
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reached. A magnet is used to reset each indexawing them down to
the surface of the mercury thread.

The Minimum and Maximum thermometer is thereforeduso record
the minimum and maximum temperatures of the daye Khowledge of
such temperatures over a period of time may beulsepredicting the
weather.

3.2.2 Constant Volume Gas Thermometers

The two properties that are kept constant in thestaction of this
thermometer are the volume (V) and the amount@fgidis in moles (n).
Thus the varying properties are the pressure (Pjhengas and the
temperature (t).

Consider a fixed mass of gas maintained at constaome in a vessel
capable of measuring the pressure P. ol&ald Ry are the pressures at
ice and steam points respectively and Pt is thesspre at some
unknown temperature’@. Assuming that equal changes in pressure
denote equal changes in temperature, then

Jolly’s Constant volume air thermometer will be aédsed to show how
the pressures are measured at constant volume twarging
temperatures (fig.3.3).

Fig. 3.3 Constant Volume Air Thermometer

It consists of a glass bulb of about 108@mvolume containing dry air.
This bulb is connected to a fine glass capillarpetuand a rubber
pressure tube, which in turn is connected to a m@ioleereserviour of
mercury.
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There is mark X on the capillary tube. This is g@nstant volume
mark. The total pressure on the air is (H + h) ieh¢ is the atmosphere
pressure and h is the height of the mercury abowenark X.

If Po = H + R
Pioo = H + hoo and
R = H + h
Then t = (ﬂ}aoo‘)c
I:)100 - I:)o
t = (u}aoo" C o, (2.3)
h100 - ho

The Jolly’s constant-volume gas thermometer isveoy convenient to
use, when compared with the mercury-in-glass, ta@sie® and thermo-
electric thermometers.

PR DUNE. B o IO

Fig. 3.4: Standard Consziéht:\/olufﬁe Hydrogen Thermorater

Fig. 3.4 is a standard constant-volume hydrogenntbmeter as
developed by Chappius. It consists of Platinundidm cylinder T
which is connected to a manometer. The constaoime is achieved
through the devise ;P A barometer is also incorporated with the
manometer using a device. PThe vertical distance between &d B
gives the total pressure.
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The Chappius version is an improvement of Jollyimmpde gas
thermometer. It is to overcome the inaccuraciedaity’s instrument
due to fluctuations in the barometric heights ire tbourse of the
experiment. It is also to reduce errors due tolleay depression on the
mercury which come to play when using tubes ofawaripore in Jolly’s
instrument.

3.2.3 Platinum Resistance Thermometers

As the name of the thermometer suggests, it iseantbmeter that
depends on the resistance of a wire whose valuesgeh with
temperature.

Callendar found out that the resistance of purealmahcreases as the

temperature increases. He showed that the resgstainpure platinum
varies with the gas thermometer temperature t daugto the equation.

R = R(1 + A+ B) oo (2.4)

Where, Rand R are the resistances &Ctand OC respectively. A and
B are some constants for a given specimen.

On the platinum resistance scale of temperaturealeghanges in
resistance denote equal changes in temperature.

Fig. 3.5 Platinum Resistance

Fig. 3.5 shows a typical platinum resistance wiéctsed in connection
with the Wheatstone (Meter) Bridge devised by Qalde and Griffiths
(Fig. 2.6). The bridge is used to obtain a balgmo@t which enables
the experiment to determine the various values; oRgoand R
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Fig. 2.6 Callendar and Griffiths Wheatstone Bridge

Let Ry and Rg be the resistances of ice and steam respectivelyRa
the resistance of the platinum gt

Tp = RiZRe M 100C (2.5)

100~ "o

The platinum resistance thermometer has a wideerargged for its
extreme accuracy over the length of this range.wéder, its chief
disadvantage is the long time needed for it to rasstne temperature of
its surroundings and the time required for makinghbservation so tat it
cannot follow rapidly changing temperatures. Tihishere the thermo-
electric thermometer is a good substitute.

3.2.4 Thermo-Electric Thermometers

The thermo-electric thermometer is otherwise callbdrmo-couple.
This type of thermometer is constructed by using Seebeck effect.
First, we will discuss about the Seebeck effect.

Seebeck effect simply states that if two dissimmhatals, such as copper

and iron are joined to make a complete circuitntbe heating one end
of the junctions, a current flows round the circuit
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Fig. 3.7: Thermo-Electric Couple

The presence of the galvanometer is to detect aedsune the
magnitude of the current that flows in the circuit.

This type of arrangement is called a thermo-coupl@he emf
established round the circuits depends on the eatlithe metals used
to form the couple and also on the temperaturdéference between the
hot and cold junctions.

The cold junction is usually maintained at ice poiit has been shown
experimentally that when the other junction is@nhe temperature t, the
thermo-electric emf set up depends on the temperatcordingly as

E = A+ Bt + Cloiieeeee, (2.6)

Where A, B and C are constants depending on thalsnased. The
graph between emf versus t is shown in fig. 3.8.

N

et 1

|
|
l
|
|
|
|
|

ty. —> 1T

Fig. 3.8: emf against t

The temperature where the emf is maximum for thee ivetals is called
the neutral temperaturg.t
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It is however more convenient to observe the theeteotric behaviour
of the two metals graphically by plotting their thh@-electric power (P)
against temperature.

Thermo-electric power is the change in the therfeotac emf per
degree Celsius in temperature between the hot@ddunctions.

From the Eq. (2.6) if t is measure from the icenpaihen A is equal to
zero. Then,

E = Bt + Cl (2.7)

The graph of E versus t is either fig. 3.9 (i) a. 3.9 (i) as shown
below.

r e |

N
i_’gx

(g
I
)

)
-
-
—

Fig. 3.9
But Power (P) is given by
O B 2t oo (2.8)
dt

Thus the plot o%eof versus t is either given by fig. 3.10 (i) or.fi§; 10
(i)

Fig. 3.10
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Since we are increasing the temperature from zehigher temperature
fig 3.10 (ii) will be a better choice.

The intercept on the t — axis indicates Wh(%ﬂtee = 0 and that is the

neutral temperature. It is possible to establieimfthis graph the emf
when the junctions are kept at temperatuyeend . It is equal to the
area under the curve betweemnd §.

t
E =[Pt (2.9)

t1
In theory, it is more satisfactory to measure thecteomotive force
(emf) developed instead of the current. This isalbige the emf depends
on the total resistance of the circuit which altassthe temperatures
changes. In the industrial set up, a high resistamillivoltmeter is
used. The thermo-electric couple is capable ofsuéag up to 1501C.

4.0 CONCLUSION

You have learnt in this unit the different typestlodérmometers used in
measuring temperatures. A thermometer uses theepyo of a
substance which varies uniformly with changes mgerature. It is this
thermometric property that is used in the consimacof thermometers.
Each thermometer has its own range of measurement.

5.0 SUMMARY

In this unit, you have learnt the following:

° Thermometers ate constructed using a specifiedipdlyproperty
known as thermometric property.
° Such thermometric properties are volume of a tigpressure of

a gas at constant volume, resistance of a metal thed
electromotive force of a thermocouple which varythwi
temperature.

° There are different types of thermometers. Egpk ts grouped
according to the kind of thermometric property usedits
construction. There are:

0] Liquid-in-glass thermometers
(i)  Resistance thermometers
(i)  Thermo-electric thermometer

° The merits and demerits of each type have beenstisd.

31



PHY 113 HEAT AND PROPERTIES OF MATTER

ANSWER TO SELF ASSESSMENT EXERCISE 1
Refer to section 3.1 of the text.
ANSWER TO SELF ASSESSMENT EXERCISE 2

Refer to section 3.2.1 for solution.

6.0 TUTOR-MARKED ASSIGNMENT

1. State the five conditions necessary for the acghaf properties
and the substance used for temperature measurement.
2. Mention the types of thermometers that exist aheir

appropriate thermometric properties used for tbefrstruction.

3. A body has temperature of about 1ZD0 Which thermometer
would you use and why?
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1.0 INTRODUCTION

Heat and temperature are not the same but theylasely related.
Heat, as you must have learnt is a form of energyewtemperature is
the degree of coldness or hotness of a body, maybtidy be solid,
liquid or gas. This degree of coldness or hotnsssmeasured
objectively and quantitatively by suing the therneten. The question
arises is: “how would you measure heat energyThe study of heat
measurement is known as Calorimetry in physics.

The nature of substance plays an important rokhenstudy of thermal
phenomena. For example, a large iron tank andwamialm kettle have
a different heat capacity. It depends on their geBpe masses and on
the metal need.

In this unit you will be introduced to the measuesmof heat. The
nature of substance plays an important role in ghely of thermal
phenomena. For example, a large iron tank andlamirmum kettle
have a different heat capacity. It depends orr tlespective masses and
on the metal used. Some of the major conceptsiatruo the
measurement of heat are: heat capacity, speciéit ¢tepacity, specific
latent heat of fusion and vapourization which yall also study here.
You will also learn about how temperature measurgnserelated to the
measurement of heat energy.
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2.0 OBJECTIVES
At the end of this unit, you should be able to:

explain the concept of heat

define the heat (thermal) capacity of a substance

define specific heat capacity of a substance

define (a) the specific latent heat of fusion gpgcific latent heat
of vapourization

° solve problems involving the concepts mentioneavab

3.0 MAIN CONTENT
3.1 Concept of Heat

Prescot Joule first showed that heat is a forrmefgy in an experiment
in which mechanical work (energy) was transformeid iheat. Other
scientists also showed that heat from fuel, suoaasline in an engine,
may be transformed to mechanical energy when tlggnens used to
drive carts, trains and aeroplanes. In an eleptiger station, heat from
fuel is changed to electrical energy.

The unit of energy is Joule (J) which is also thet wf measuring
mechanical energy and electrical energy. We ase harger units such
as kilojoule (KJ) and megajoule (MJ).

Power, you will remember, is the rate of doing woltkis also defined
as the rate at which heat energy is given out bygusce. For example,
the heat energy delivered per second by a gas bisrits power. This
power is measured in watts (W). One watt is tleeeeflefined as one
joule per second (J/s or)s Other larger units are kilowatt (KW) and
megawatt (MW).

Sources of heat energy are the sun, fuels suchoas gas, oil and
electricity.

Can you think of other sources of heat energy?

3.2 Heat Capacity

You would have observed that a source of heat tnalhsfer its heat
energy to another body. The source is usually high temperature
while the other body being heated is at a lowerpenature. When the

source and the other body are in contact, theimigemperature takes
place in colder body.
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Let t,°C be the initial temperature of the body apiCtbe the final
temperature when Q joules of heat has been supplied

Then the change in temperature,
AB = (t, - 1,)°C

The amount of heat in joules that is capable ohghay its temperature
through 2C is Q.J

AD
This amount of heat to change the temperatureeobdialy is described
as the heat capacity of the body. It is usualpyesented by the symbol
H.
By definition, the heat (thermal) capacity (H) of abody, is the
guantity heat (Q) in joules required to change itstemperature by
one degree (Celsius or one Kelvin).

H=QJ
RBC

Where, A = (b -ty)

Thus the unit of heat (thermal capacity is expreéssgoules per Celsius
or joules per Kelvin (JK or J°CH).

The values of H for different bodies are not thesa They vary from
one body to another.

EXAMPLE 3.1

A metal container of heat capacity 2603 is heated from 1€ to 45
°C. What is the total quantity of heat required ¢csd?

SOLUTION 3.1
Using Eg. (3.1)

H=0Q
AD
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Q = HAS
= H(E-t)

Substituting the values, we get
=200 JPC x (45 — 15)C

= 200 x 30J
Q  =6000]
Q =6K]

3.3 Specific Heat Capacity

If there are different masses of a substangem and m, it will be
observed that to raise their temperatures throdgh elach, they will
require different quantities of heat energy Q, and Q.

Experiments have shown that the quantities of K€atrequired to
change their temperature through’®C1 is proportional to the
corresponding masses (m).

However, if we fix the mass of the substance to akgwe transfer
various quantities of heat Q to it, there will barieus corresponding
changes in temperatuy@. Again, it will be found that the quantities of
heat Q to change the temperature of 1kg mass ofbotiy will be
proportional to the corresponding changes in teatpes\6. Hence we
can write

Combining these two factors, we get

Q amAS
Or Q=CmAD .o (3.4)

Where C is a constant of proportionality known ke specific heat
capacity of the substance

The specific heat capacity of a substance is theogé defined as the
amount of heat Q (in joules) required to raise theaemperature of
1kg mass of substance through unit degree @ or 1°K).
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The unit of C is J/kC or Jkg*°C* or Jkg*K™. It can also be measured
incal. gt k™

The value of C differs from one substance to anothe

The values of specific heat capacity for some commgbstances are
given in Table 3.1 below.

Table 3.1: Specific Heat Capacity for Some Substaas

Substance Specific heat capacity in Jkg*
Iron 460

Copper 400

Lead 120

Aluminum 800

Water 4200

EXAMPLE 3.2

How much heat is needed to bring 10g of water f&HC to boiling
point? (Specific heat capacity of water = 4200 fa@j")?

SOLUTION 3.2

Using Eq. 3.4 Q = m(éAZ )
=m -4

Substituting the values, in the Eq. 3.4 we get,
= 10g/1000kg x 4200J/KE€ x (100 — 50§C

Q =2100J
= 2.1KJ

3.3.1 Simple Method of Mixtures

In this section we shall consider exchange of heaveen two bodies in
such a way that one body is at a high temperatudetize other is at a
low temperature. In the simple method of mixture® are simply
looking at hot and cold substances being mixedowitltonsidering the
container in which they are being mixed. The pglecof conservation
of heat energy is being observed very closdlere, very briefly, we
will discuss the principle of conservation of heagnergy.
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This principle states thédthe heat lost by a hot body is equal to the
heat gained by the cold body in any system provitleste is no heat
exchange between the substances involved and thairounding”

But you may now ask: Is this always true?

Unfortunately, this heat exchange cannot be comlyiétue. However,
the heat lost to the surrounding or gained froroait be reduced to a
negligible amount by surrounding the containerdialeter) with a bad
conductor of heat (insulator). This process iteddlgging.

In a laboratory, use the calorimeter as the coatawith which you
observe exchange of heat between two substanagangethem usually
at different temperatures. The cold body is usuallform of water or
any liquid and the hot body could be a solid bodyiquid at a higher
temperature.

Did you understand?

Let me illustrate this principle with this example,

COLD

DR

t = temperature of mixture

MASS =my ‘ MASS =my

SPECIFIC HEAT CAPACITY = C; SPECIFIC HEAT CAPACITY = C,
INITIAL TEMPERATURE =t, INITIAL TEMPERATURE =t,
Fig. 3.1

If body A is the hot body at temperatureand B is the cold body at
temperature,t A and B are then mixed up to give a final tempewof
mixture t. Let us see then what has happened?

(1) The hot body has lost some heat to the cold/lid The heat
lost can be find out.

Let Q, be the amount of heat

Q1 = McA0,
c Ql - rn]_C]_Ae(t]_— t)
OF = QL= -TROIAB(E = 1) wveoeeree oo, (3.5)

39



PHY 113 HEAT AND PROPERTIES OF MATTER

(2)  The cold body B has gained some heat. Thedsagd is,

Let Q, be the amount of heat gained.

Q2 = MyCAD,
Q, = %Cer(t - tz) .................................. (36)

(3) How do you relat€); andQ,? We relate them together by suing
the principle of conservation of heat energy, wisalis that

“In any heat exchange provided heat is not losbrt@ained from the
surrounding.”

Heat lost = Heat gained
Q: = Q>
MC1A0, = MpCAO,
Mty -t) = MCo (t-1) v (3.7)

Out of all the seven quantities;ney, t, t, mp, ¢, and t all will be known
except one. Now try to look for this only unknoguantity.

Let us solve an SAQ to understand this more clearly
SELF ASSESSMENT EXERCISE 1

A piece of iron of mass 0.20kg is heated td@G4nd then dropped
gently into 0.15kg of water at 6. If the temperature of the mixture is
22°C, what is the specific heat capacity of iron?

3.3.2 Inclusion of Calorimeter in Method of Mixtures

In section 3.3.1, we talked about simple methodanoftures in which
the idea of the container taking part in the heahange was excluded.
In this section, we are going to consider the caleter as one of the
major players in the heat exchange (see Fig. 3X)ce again, we shall
still consider the principle of conservation of hesnergy in our
discussion.

Here we have the hot body A at a higher temperatwa the liquid

contained in the calorimeter. Thus, the liquid &neé calorimeter are
considered as the cold body gaining heat from tidobady.

40



PHY 113 MODULE 1

\—\re(’ bo&t& | il

0, P ~-—®=bq}u4
O e H
t e [ (€)oo

| 3 Shrres~
48,:‘ @“7 My
. :
> ts

Fig. 3.2

Consider the hot body (A) with mass,n$pecific heat capacity,Gts
initial temperature tand Final temperature of mixture is =t.

Then, Heat lost by hot body:

My C1AO1
MUCL(E1 = 1) ceree (3.8)

Q:
Q.

Again consider the cold liquid (B) with mass,specific heat capacity
C, with initial temperature,t The final temperature of the mixture is t.

Heat gained by cold liquid (B) =Q

Q>
Q;

Consider the cold calorimeter (C) with masg specific heat capacity
Cs, Specific heat capacity = 3Clnitial temperature st and Final
temperature of mixture t.

Heat gained by cold calorimeter C ig.Q

Qs
Qs
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It can be noted here that the liquid (B) and caleter (C) are both
gaining heat. Therefore their changes in tempezatill be the same.

A92 = A93 ....................................... (3 ll)
t-g= (-9
Qs = MCi(t=1) correoreereree, (3.12)

In most cases, gnand G may not be provided for you in the heat
exchange. Rather, a property of the containerthe calorimeter may
be provided in the form of the thermal capacity (Hfi)the calorimeter.
Hence, the quantity of heat gained by the caloemistexpressed as

Q = HAO; = MEC3AO3 ..l (3.13)

Qs

]
I
~
—+
I
ot
~

By applying the principle of conversation of heaergy, the relation
between the quantities; 3 and Q is

Heat lost = Heat gained
Qr = Qo+ Qs (3.15)
mC (L—-t) = mC(t—-) + mGCs(t-1)
Or mCi(t—t) = mCE-b)+HE—=b)...cceeeenirnnn.. (3.16)

SELF ASSESSMENT EXERCISE 2

A calorimeter contains 0.30kg of water at’@2 When poured in, the
temperature of the mixture is found to be’G2 What is the heat
capacity of the calorimeter?

3.4 Latent Heat

When matter is heated, you will recall, there dnee¢ observable
effects. Heat causes matter to:

° Expand
° Change its temperature
° Change its state

Let us look closely at the last two effects, changetemperature and
state. The first effect, expansion, will be coesatl later. The effect of
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the temperature change has been used to measugeiahsty of heat
absorbed or given out by a substance. The expressied in = m@&0o
(whereA® is the change in temperature).

But what about the change in state?

We shall now look critically at the effect of heat a solid ice-block as
it is heated from say -fG to the boiling point 10T.

Fig 3.3 shows the graph of temperature versus wmeh allows us to
understand the concept of Latent heat which is udideussion.

Cui

‘g/e(//!\ F.

Al D \
(%ou B

Fig. 3.3

AB shows increase in temperature as the time asere

BC shows no increase in temperature with resjettiie

At this point the solid ice is observed to changestate from ice
(solid) to water (liquid). This takes place aSCO- the
melting/freezing point of water. The process ifecamelting.
The reverse process of melting is freezing.

CD shows an increase in temperature with respeaine

DE again shows no increase in temperature as #terws being
heated. This happens at another fixed temperaifire0FC
which is the boiling point of water. The liquid tea changes its
state from water to steam (gas). The process Ilkedca
vapourization. The reverse process of vapourinatis
condensation.
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° EF shows that there is an increase in temperatusteam with
respect to time. In this region water behaves a@ms whose
behaviour will be studied later.

It is significant to note that BC and DE show remaat which water
changes its state from solid to liquid and fronuigjto gas respectively.
The reverse could also take place by extracting fren the system
then we have condensation, the reverse of vapaiomzand then
freezing, the reverse of melting.

But, how do we measure the heat content when wateainy substance
changes its state?

To answer this question will therefore be involvedth energy-
temperature relationship of the processes of ngekind vapourization
or condensation and freezing.

Fig. 3.4
Refer to figure 3.4
° AB indicates the absorption of heat by the solidtenal to
change its temperature from °@to CC. The amount of heat
suppliedis OB = Q
WhereQ, = m,C;A0,. Here m, represents mass of ice, and; m

= mass of ice, Cis the specific heat capacity of solid ice is the
change in temperature from “to CC
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AB; = (0 — (-10)JC = 10C
: Q]_ = rn]_C]_ x 10J
° BC corresponds to the absorption of heat energiiowt any

change in temperature. The energy appears labettis, hidden
since there is no change in temperature.

The amount of heat supplied to BC is€QmLg, where, m is the
mass of ice andis the specific heat of fusion.

Latent heat of fusion dfor ice = 3.3 x 10 Jkg™

Specific latent heat of fusion is defined as the awmant of heat
required to change 1kg of mass of solid at its metty point to liquid
at the same temperature”.

° CD corresponds to the increase in temperaturelzgtance in the
liquid state. CP €); = mGAB is the quantity of heat supplied to
change its temperature from its melting point td0°0) the
boiling point. Here m is the mass of the liquicheerted from
solid ice, G is the specific heat capacity of water, a4} is the
change in temperature frorfiMto 106C.

° DE shows that there is an increase in heat enefgle the
temperature does not change. De therefore comdspto the
change in state from liquid to vapour. The hea&rgy appears
latent, that is, hidden, since there was no chamgemperature.
The quantity of heat supplied is CP.

CP :Q4 - mLV
Where, m is the mass of water and Lv is the sped#ient heat of
vapourization at its boiling point.

Therefore, we can define the specific latent héatapourization of a
liquid.

“The specific latent heat of vaporization Lv of a iquid is the
guantity of heat required to change 1kg of a liquidat its boiling
point to vapour at the same temperature”

The value of Lv for water is 2.4 x ilkg™*J at 106C and external
pressure of 760mmHg.

) EF corresponds to the increase in temperatureeofdpour. The
heat absorbed by the vapour will depend on the itondunder
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which it is treated i.e. whether it is treated @bstant pressure or
at constant volume. These ideas will be discusssder the
concept of molar heat capacity of gases at a Etage of your
physics course.

You therefore need to understand the effects of beamatter
under consideration and to know the process itndetgoing
when you are solving problems involving changes in
temperatures and or changes in state. For exatheléotal heat
energy required to change the mass m of ice 4C-i@vapour at
100°C is Q where
Q = Q 4 Q 4 Qs + Qa4
Q = mCiA0; + mLe+ m,CoA0,+ mLyvg ............ (3.17)

SELF ASSESSMENT EXERCISE 3

1. How much heat is needed to melt 1.5kg of ice thied to raise
the temperature of the resulting watefG®p

2. The water at is changed to 5C

Q> mC1A0,
1.5kg x 4200JK§°C* x (50-0fC
1.5kg x 4200JKk§°C* x 5°C
3.15 x 18

3. Total amount of heat required is

Q Q + Q2

1.5kg x 3.3 x 1Wkg* + 1.5kg x 4200JK3°C* x
50°C

4.95 x 180 + 3.15 x180

8.1 x 16J

It can be concluded that there are two kinds afnaheat — the one at
the melting point and the other at the boiling poifhus we define

) Latent heat of fusion as the heat required to mela whole
mass of solid at melting point to liquid at the sam
temperature.

. Latent heat of vapourization is the heat required ¢ convert a

whole mass of liquid at boiling point to vapour atthe same
temperature. It is expressed in joules per kilogren (Jkg™).
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3.5 Explanation of Latent Heat

In this section, we would like to explain the mewaniof latent heat of
fusion and vapourization on the basis of kineticlenolar theory of
matter.

3.5.1 Specific Latent Heat of Fusion

A solid consists of atoms or molecules held inxa&ffi structure by
forces of attraction between them. These atoms@ecules vibrate
about their mean position. When heat is theresapgplied to the solid,
the kinetic energy of vibration increases thuseasing the temperature
of the solid. The heat supplied is measure byAMWC At the melting
point, the heat given to the solid is used to ocwere the forces of
attraction between the atoms or molecules, whidpkie solid in its
rigid form, and then the solid melts.

At this point we define the specific latent heatfo$ion (Lr) asthe
guantity of heat required to change 1kg mass ofd@i@ at its melting
point to liquid at the same temperature.

EXAMPLE 3.3

Explain the statement “the specific latent hedusfon of ice 3.3 x 10
Jkg™”

Solution 3.3

This means that 3.3 x TOjoules of heat energy is required to change
1kg of solid ice at @ to 1kg of water at the sam&Dtemperature.

3.5.2 Specific Latent Heat of Vapourization

Unlike solids, a liquid has no definite form; ituadly takes the shape of
its container. It molecules move in random mannside although the

molecules are close enough to attract each oth&ome of the

molecules, which have the greatest kinetic eneagg, able to escape
through the surface. They then exist as vapowiaithe liquid. This

process is called evaporation and it takes plae tamperatures.

However, boiling occurs at a definite temperatures boiling point
which depends on the external pressure. Wateefample boils at
100°C and at a pressure 760mmHg. It does so at a leweperature
when the external pressure is lower e.g. boilingtpaf water at the top
of a mountain is less that 1 Boiling occurs throughout the whole
volume of the liquid whereas evaporation is a sigffahenomenon.
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At this point, we would define the specify lateeth of vapourization as
the quantity of heat required to change 1kg massliguid at boiling
point to vapour at the same temperature

SELF ASSESSMENT EXERCISE 4

How much heat is given out when 50g of steam afQ@®ol to water
at 28C? (Specific latent heat of vapourization of wateR.3 x 16
J/KkQ).

3.5.3 Latent Heat and Internal Energy

When a liquid reaches its boiling point, the enenggded to change it
to vapour is:

0] the energy or work needed to separate thediguolecules from
their mutual attraction until they are relativelgr fapart in the
gaseous state.

(i)  the energy or work needed to push back theres pressure so
that the molecules can escape from the liquid.

The latent heat of vapourization is used in pointvhich is needed to
change the internal energy of the liquid whereastfo) is the external
work done against the external pressure.

The work done in this case is defined as

Where, p is the external pressure aMlis the change in volume
1g of water changes to about 1673ahsteam

AV = (1672 —1)cm
= 1671 x 16cm®

Assuming the external pressure
P =1.013 x 10N m”

.. The work done (W) =AWV is therefore
=1.0@V 13 x10°-N x 1671 x 10°m?®

m2
= 169.3J
The latent heat of vapourization per gram of watef60J

Thus the internal energy part of the latent heatapborization
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= (2260 — 169.3)J
= 2090.7J

This is much greater than the external work done.

The latent heat of fusion is about 340J. So therggn@eeded to
overcome the bonds between molecules in the stdig $s much less
than the energy to form the gaseous molecules fhenfiquid state.

SELF ASSESSMENT EXERCISE 5

1g of steam condenses to water 00 Estimate the change in potential
energy per molecule, given that the latent heatapburization is 2240J
and that Avogadro’s constant is 6 xX*1fer mole. (Assume no heat is
gained from or lost to the surrounding).

4.0 CONCLUSION

The three basic effects of heat have been idedtiffeder this unit. The
effects are expansion, change in temperature aadgehin state. The
change in temperature and change in state havedsseuoiated with the
measurement of heat. With the change in temperathe quantity of
heat is expressed as Q = nC whereas for the change in state the heat

required is given as Q = rmlor Q = mly .
50 SUMMARY

In this unit you have learnt that:

° Heat is a form of energy and is measured in jo{des

° The heat capacity of a substance is the quantiheat required
to change the temperature of the body throlfgh 1

° The specific heat capacity of a substance is tlaatity of heat in

joules that is required to change the temperattirkkg mass of
the substance throughAQ

° The specific latent heat of fusion of a solidhe fjuantity of heat
in joules that is required to change the statekgf mass of the
solid at the melting point to liquid at the sameperature.

° The specific latent heat of vapourization of aiithis the quantity
of heat in joules required to change 1kg mass @fliuid at its
boiling point to gas at the same temperature.
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ANSWER SELF ASSESSMENT EXERCISE 1

HOT — IRON COLD — WATER

O ®

m; =020 kg my=0.15 kg .
=9 =
“ 40 t = 22°C (temperature of 02__ 42(30 Tkg"C
t; =64"C . 1,=16"C
mixture)

Heat lost by iron, Q1 = m;C1A04

= mca(t; - 1)

= 0.20kg x ¢x (64 — 22jC
Heat gained by wate@, = M,CoA0,

= mCo(t — t)

= 0.150kg x 4200kg*°C™ x (22 — 16JC
Using the principle of conversation of heat energy,

Heat lost by iron = Heat gained by water

Q = Q>
0.2kg x G X (64 -22°C = 0.150kg x 4200kg*°C* x (22 — 16JC

0.15x 4200x 6
0.02kgx 42°C

C1 =

1 450Jkg°Ct

ANSWER SELF ASSESSMENT EXERCISE 2

The question is centered on determining H, the fteatmal) capacity
of the container (Calorimeter).

1. Heat lost by hot water®; and
Q = m;C;A0;
Where m; = 0.4kg,
C,= specific heat capacity of water = 4200Jkg'°C™" and
A91 = (t]_ - t) = (84 '52))C
Q, = 0.4kg x 4200kg*°C™* x (84 — 52jC
= 0.4 x 4200 x 32J
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2. Heat gained by cold water in the calorimeté€p,and
Q = m,C,A0;
Where m, = 0.3kg,
C,= specific heat capacity of water = 4200Jkg'°C™" and
AD, (t—1) = (52 -12¥C = 40°C
0.3kg x 4200kg*°C* x 40°C
0.3 x4200 x 40J

Q>

3. Heat gained by cold water calorimeteDsand

Q = HAB;3; (where H = thermal heat capacity

of the calorimeter)
HA®6,

(t-1%)

H(52 -12§C

H x 46C

By applying the conversation of heat energy

Heat lost = Heat gained
Q1 = Q. + Qs
mC; (b—-t) = mC(t—-t) + mCs(t—1t)
0.4 x4200 x 323 = 0.3 x 4200 x 40J + K40
53760J = 50400J + H x 4D
53760J - 50400J = H x 20H
H = 3360J
40°C
= 84JPC?

The heat capacity of the calorimeter is 83J/

ANSWER SELF ASSESSMENT EXERCISE 3

o°C 50°C
SOLID — WATER —> STEAM

1. The ice melts at
Quantity of heat used in melting = Q and

Q1 = mle

Where, m = mass of ice and £ specific latent heat of fusion

= 1.5kg x 3.3 x 180kg™
= 4.95 x 16
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ANSWER SELF ASSESSMENT EXERCISE 4

The steam condensed at 100
Therefore, heat given out is;Q= mLF

Wherem = mass of steam = (50/1000) kg
Lv = specific latent heat of vapourization of wate
= 2.3 x 10J/kg
Q (50/1000)kg x 2.3 x1%/kg

(50/1000) x 2.3 x1&
Q = 0.155 x 10J

To cool from 106C to 28C, Heat given out by steam

Q, = mCAD
Where, m = (50/1000)kg mass of water
cC = specific heat capacity of water 42@g*°C*
= change in temperature = (IBYC
Q (50/1000)kg x 4200kg*°C™* x (100 — 28JC

(50/1000) x 4200 x 723
15120J

Total heat given out = Q =,8Q

Q = 0.115 x 16J + 15120J
= 1.15 x 10J + 0.1512 x 1&0
Q = 1.30 x 16J.

ANSWER SELF ASSESSMENT EXERCISE 5

1 mole of water (KO) = 18g
If 189 of H,O contains 6 x 18 molecules

. 6x10%
.1g of water contalnsT molecules
Hence the change in Potential energPK) per molecule

6 x10°molecules
18

2240] +

18
6 x 10% molecule

2240] x
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2240x 18X 107 J
molecul¢

J
molecul¢

6.72 x 10-20

6.0 TUTOR-MARKED ASSIGNMENT

1. An iron casting of mass 30kg at 400is being cooled and it
gives out heat on an average of 920J/s. Calciitatemperature
after 1 hour? (Specific heat capacity of iron 926 °C ™).

2. A piece of iron of mass 0.27kg is immersed iflitg water and
then dropped into 0.10kg alcohol at’27 If the final mixture is
50°C, what is the specific heat capacity of alcohq|8pecific
heat capacity of iron = 460JK§C ™).

3. A copper calorimeter of mass 150g contains 100Dgvater at
16°C. 250g of a metal at 18D are dropped into the water and
the temperature of the mixture is°87 What is the specific heat
clapalcity of the metal? (Specific heat capacitgagper = 400Jkg
CH).

4. What mass of ice is needed to cool 60g of whiten 43C to
20°C?

5. Specific Latent Heat of Fusion of Lead is 2.10%0J/kg and its
melting point is 328C. How many joules will be needed to melt
17.Oklg of lead at 1°€? (Specific heat capacity of lead = 120Jkg
Oc- )
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1.0 INTRODUCTION

In unit 3, we discussed the three effects of matiamely, expansion,
change in temperature and change in state. We atdeeto show how
heat can be measured using the ideas of changempetature, the
specific heat capacity, the mass of the body, §ipelatent heat of
fusion and vapourization to determine the heat ddegbor given out by
the body in question.

Broadly, there are these states of matter, sdimisids and gases. We
shall consider the expansion of solid and liquidghis unit. In this unit

we are going to examine the expansion/contractiaroaterial when it

is heated or cooled. The expansion of gases willhle subject of the
next unit.

2.0 OBJECTIVES
At the end of this unit, you should be able to:

explain thermal expansion in solids and liquids

define linear, superficial and cubical expansioraanatter
apply the expansion of matter to day-to-day acésit
solve problems on the expansion of solids anddisjui
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3.0 MAIN CONTENT

3.1 Thermal Expansion in Solids

We know, from our elementary knowledge, that mateanything that
has weight and occupies space. In that casessbfidids and gases are
forms of matter. When they are therefore heategemence has shown
that they expand. In this unit, we shall examime éxpansion of solids
and liquids only. It is interesting to know thattronly expansion is
noticeable in matter when it is heated, but alethange in temperature
is also noticeable as heat is absorbed by or rethiveen the body.

When solids are heated, the effect of heat on ttaud be found in the
change of:

o the length
) the area and
o volume of the solids as temperature changes.

The changes in length, area and volume of thesdigends on:

. the material making up the solid;
o the range of the temperature change;
o the initial dimensions of the solid.

From the above three factors we could deduce that

° the expansion of solids varies from one materighéother;

) the greater the range of temperature change, tbategr the
expansion;

) expansion depends on the original length, areavahane of the
solid.

3.1.1 Linear Expansion
Here, we shall discuss the linear i.e. straigh#-lexpansion of the

material. This means we are considering the expard a solid in one
dimension only.

Consider a metal rod with an original length(fig. 3.1(i)). If such a
length of material is heated from an initial tenaiare {°C to t°C, the
change in temperature® is given as

AO = (L —1)°C
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It will be noticed that the length of the metal riadreased fronf s to ¢,

(fig. 3.11(ii)) ¢, is the new length at temperatusfCt and ¢ is the
original length at temperatur€€.

[o \ U)

——

F A) - .AL:_‘ U‘)

! L
Fig. 3.1

The new lengtl/, is therefore given as
gt = 60 + Al

WhereA ¢is the change in length of the rod when heated fr5@ to
t,°C

AV = gt - KO .............................. (41)

It is found experimentally that for a given matérithe increase in
lengthA 7, is proportional directly to

()  the original length? 5 and
(i)  the change in temperatun®

AV4 = (Iger ............................................. (42)

Where,a is the constant of proportionality which is knows the
coefficient of linear expansion of the solid orsimort, linear expansivity.
Consequently, can be given as,

o= é£
{50

Thus by definitiony, the linear expansivity isThe increase in length
of the material (A7) per the original /5 length per degree Celsius
change in temperature AO).”
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The unit ofa is °C™or per degree Celsius.
On comparing Eq. (4.1) and (4.2), we get

gt - 60 = G,ger

gt - 60 = G,ger

gt - €O = Otgo(tz—tl)(43)
Example 1

An iron rail is 20m long. How much will it expardhen heated from
10°C to 50C (linear expansivity of iron = 1.2 x 10°8C %)?

Solution
Let the original length of iron = (g = 20m
Let the initial temperature,°"C = 10C
And the final temperature,°’C = 50C
Change in temperatur® = (b —1)°C
= (50 -10jC
= 40C
Given thato. for iron = 1.2 X 10-5ct
From A = oloAD
. The change inlength A¢ = aloA
SoAY = 1.2 x 20m x 4%C
= 0.0096m
Al = 0.96cm.

The iron rail would have expanded by 0.96cm.
After this example, you must have observed theesabfo and\ 7.
You would have observed that the valuexok very small not only for

iron but for most materials as you will further ebge in Table 3.1.
below.
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Linear Expansivities for Some Materials

Table 3.1
Substance | Value
Pure Metals
Aluminum 2.55 x 10°°C
Copper 1.67 x 10°C
Gold 1.395 x 10°C
Iron 1.20 x 10°C
Nickel 1.28 x 10°C
Platinum 0.80 x 10°C
Silver 1.88 x 10°C
Alloys

Brass 1.89 x 10°C
Constantan 1.70 x 10°C
Invar 0.10 x 10°C
Phosphor — Bronze 1.68 x 10°C
Solder (2pb: 1Sn) 2.50 x 10°C
Steel 1.10 x 106°C

MODULE 1

3.1.2 Determination of Linear Expansion ¢)

In the earlier section, you have learnt about lireegpansion. We can
measure the value of by various methods.

We have the following methods used in determinitg tdinear
expansivity () of a metal:

Optical lever method
Screw gauge method
Comparator method
Henning’s tube method
Fizeau’s method

All the above methods are different in the mannewhich the increase
in length is measured. The specimen to be meassiiadorm of a bar
or tube and this involves:

) the measurement of the length of the bar,
. the rise in temperature during the experiment and
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. the increase in length of the bar consequent os tise in
temperature.

The first two measurements do not present any glfatulty, but the

actual measurement of the expansion that takes.pl&cs therefore this
measurement of the increase in expansion that abedcfor use of
elaborate vernier microscope, micrometer screw gaugl the optical
lever method. We shall describe the screw gaudbkadénere.

The Screw Gauge Method
This is one of the laboratory methods for deterngnihe coefficient of

linear expansion of a metal. The apparatus usetthéodetermination of
o is as shown in fig. 3.2.

Fig. 3.2: Linear Expansivity Apparatus with Screw Gauge

The metal rod which is placed in the tune AB iswl®meter in length.
It is supported horizontally by pillars P and Qadfirm base.

The end A of the tube is in contact with the fieadl of the pillar of the
apparatus. The screw gauge makes contact with ter @nd B as
shown in fig. 3.2.

The reading of the screw gauge is taken when iniiglly in contact
with the end B at the room temperature t

The screw gauge is then screwed backward to giwenrdor the
expansion of the rod inside the tube.

Steam is allowed into the tube at end A and outufin end B for a
considerable length of time so that the rod acquaetemperature of
100°C, the temperature of stear)(t

The screw is then screwed up to make contact wighrod when fully
expanded. The new reading on the crew gauge s thlkeen. The
difference of the two readings on the screw gaugesgthe increase in
length of the rod due to expansion.
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If he original length of the rod #, the increase in length is¢ and the

change in temperature ia0 = (, — t;) = (100 — 1)°C, where tis the

room temperature, then the coefficient of expansiemdetermined as
Al

Y

Al
o= e edl T TTTTTT T TP TPOPPU P PUPP PP UTPRTPRIPRPPRIS (4.4)
? oy (100-1,)°C

3.1.3 Superficial Expansion

Under this section, we shall consider the expansiomaterial in two
dimensions (-length and breadth) to produce anexpansion.

When a solid is heated, the area increases. drcHse the expansion or
the change in area is in two dimensions as showig.i.3(ii).

‘0 {, Al

M S (i)
Fig. 3.3

Consider a square solid object of lendt (fig.3.3(ii). By definition its
original area at initial temperaturgQ is A, (=¢2).

If the object is heated from temperatuf®Ctto t°C, then each length
would have increased hy (fig. 3.3 (ii)).

Then the new area& (Lo + A?)?

Thus, the change in aréd is given as

AA = A - A,
and the change in temperatwis given as
AO = (L, - t)°C
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Again, experiments have shown that for a given rmaighe change in
area QAA) is directly proportional to the original areg And the change
in temperatur&o.

AA = PAAD o, (4.5)
where, f is the constant of proportionality otherwise knowas the

coefficient of superficial expansion or in shorearexpansivity of the
material.

A - A = PAAD
Ay = A, + PAAD
Al = A @+ BAAG) e, (4.6)

So far we have learnt about ands. Let us see, that there is any
relationship between the linear expansivity ¢f a material and the area
expansivity ) of the same material. We shall proceed to shaw th
relationship.

Given that from Eq. (4.6), that (A (Lo + A¢)?

On expanding the expansioid,A ¢ )?, we get
A= (2 + 200A ¢ + AL (A7)

You know that Al = AlOAD oo (4.8)
But
Therefore, Eq. (4.7) becomes
At - KOZ + Zgootgo AO + OLZKOZ(AG)Z
= 0?2+ 200700+ a?lA(AB)?
But /o° = A,
On arranging the terms, we get

A= Aot 20AA0 +0PAAD) oo (4.9)

You will recall that the value of: is very small (18) thereforeo? will
be so small that term?® the expression can be ignored.

At = Ao+ 20A,A0 compare with

Ac= A+ SAAD
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Hence p = 200 (4.10)

That is, the coefficient of superficial expansigms twice the value of
the coefficient of linear expansion.

It means that when problems are set on super&siphnsion, you will
not be given the value off but you will be given the value of for the
material. At this point, you must remember thatiehship.

p = 20,
SELF ASSESSMENT EXERCISE 1

A square sheet of steel has a side of 15cniGt Metermine its area at
40°C.

Given: coefficient of linear expansivity of steel1.1 x 10°C™)

3.1.4 Cubical Expansion

The volume of a solid increases as a result of. headt the original
volume of the cube as shown in fig. 3.4(i) bg at initial temperature
t,°C. If the cube is heated to a temperatufi€,tthen the new volume at
temperature,C is V, (fig. 3.4(ii).

There is a change in volume given by
AV = Vi - Vo

The change in volume is directly proportional te th

(lo = Al)
by + A
m——
l, 4, tAN
{, 0, + M
L, + M
Fig. 3.4
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Original volume \§and the change in temperatu@
AV = YV AD

where y is a constant of proportionality the coefficient cubical
expansion, or cubical expansivity.is defined as,

The increase in volume per original volume per degCelsius rise in
temperature.

If AV = WWA0
But V, = V, + AV
OV, o=V, o+ VAl
Vi = Vo (@ o+ YA, (4.12)

Again, one can establish between the cubical exypansy and the
linear expansivityx.

From fig. 3.4(i) we know that
Vo, + Lo e, (4.13)

and from fig. 3.4(ii) we also note the
V. = o+ ALY, (4.14)

by expanding {o + A¢)* we obtain
Vi = L3, 30l°A0 + 305%0*(A0) + o £ °AD°

By using the previous argument that the valueaofs very small,
thereforea?, o® will be so small that the expressions in termsoénd
o® can be ignored.

Consequently
V, = 02+ 30lA0  since /50 = V,
Vi = V, + 30U VoAD i, (4.15)
But, W = V, + YVoAD o, (4.16)

On comparing Eg. (4.15) and Eqg. (4.16), we can lcaiecthaty is three
times as large as
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That is the volume of expansivity is three times=3o the linear
EXPANSIVILY ..o e e e e e e e (4.17)

SELF ASSESSMENT EXERCISE 2

The volume of a small piece of metal is 5.000@n20C and 5.014crh
at 100C. Determine the cubic expansivity of the metal?

3.1.5 Applications of Expansivity
The following are some practical applications gba&xsivity:

1. Some metals such as platinum and tungsten Haeie linear
expanisivity very close to that of glass. Beside tact that the
linear expansivity of platinum in almost equal hatt of glass, the
behaviour of these solids are very much alike. sThi
characteristics feature therefore enables us tb aleatrodes
through glass without the occurrence of breakagmutih cooling
and heating processes.

2. Linear expansivity is also applied in the forimatof bimetallic
element which are used as:

0] thermostatic control switches;

(i) in the construction of expansion loops for usesteam
lines;

(i)  bimetallic thermometers.

3. Linear expansivity is also used in the consiomctof bridges
where gaps are left between the girders to accorataod
expansion. Such gaps are also between the ird& iraithe
construction of railway lines.

Example 2

Have you ever noticed that the electric wires om NEPA poles are
always left sagging? Can you explain why thiso@ s

Solution

This is to allow for changes in length as the terapge changes. If
they are taut further cooling in the atmosphere make them snap.
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3.2 Thermal Expansion in Liquids

As expansion takes place in solids so also indisjuiThe expansion in
liquids is a bulk affair hence we would talk of uole expansivity for
liquids.

3.2.1 Cubical Expansion

The coefficient of volume expansion of a liquidhe fractional change
in volume per the original volume fro degree chamydemperature.
From Eq. (4.12) given below,

Vi = Vo (1 + yAO)

It is necessary to note thatfor liquids is not of the same order as 3
wherea is the linear expansivity of solids.

In actual fact liquids~ 10y solid
l.e.y liquids is greater thatsolid

The observed increase in the volume f the liquidthe difference
between the expansion of the liquid and that oflithed and that of the
container and it is therefore called relative ompaent change in
volume.

For water, between®Q and 46C there is a decrease in volume i.e.
increasing in density? But betweeiC4and 108C, the volume of water
increases uniformly while its density decreasesis Ts what is being
described as the anomalous behaviour of water. h Sabhaviour of
water preserves the lives of marine creatures.

3.2.2 Real and Apparent Expansion of Liquids

Experience has shown that it is impossible to nreashe real or
absolute thermal expansion of a liquid by direduxate determinations.
This is because liquids are contained in vesselshnddso expand when
heated. Hence, the expansion of the content otssel is always
relative or apparent.

Apparent expansion of the liquid is therefore lisg the real expansion
of the liquid. Volume dilatometers are used in thetermination of

thermal expansion of liquids. The mean -coefficiarit apparent

expansion of a liquido(ypp ) between temperaturednd § is given as:
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V,-V1
Vl(tz - tl)

Olapp =

Where \4 is the finial volume at,fC, V; is the initial volume and {t
t,) the change in temperature.

This is a general definition of the coefficientagiparent expansion. It
applies to such experiments as the volume dilatemetveight
thermometer, relative density bottle and sinkerhoés$ of determining
the coefficient of apparent expansion.

In the last three examples, weights of the voluofake liquid between
t; and § are compared which will be equal if the vessel #relsinker
did not expand.

masf liquid expelled
masgemainingx temperturechange

Olapp =

Thus Oreal = Oapp T Y

wherey is the coefficient of cubical expansion of the enetl of vessel,
0app IS the apparent coefficient of expansion of tig@ill andoieq is the
real coefficient of the liquid.

4.0 CONCLUSION

When matter is heated, it expands. The ways naddeexpand when
they are subjected to heat are described by thegfficients of
expansion linear, superficial cubical expansivities

Expansion in liquids is greater than that of solidesides, the study of
expansion in liquids is more complicated than solidhis is because as
the liquid expands, its container also expandsusTwe talk of relative
expansion in liquids rather than of expansionthinnext unit we would
consider the expansion in gases. This will beistudinder the gas
laws.

5.0 SUMMARY

You have learnt the following in this unit:

o When matter is heated, it expands;

o There are three types of coefficient of expansion linear
expansivity, superficial expansivity and cubicaparsivity;

. Expansion of a material depends on its naturepéeature range

and the initial dimensions of the material;
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o Superficial expansivity is twice the linear expantyi of solid
material;

. The cubical expansivity is thrice the linear expag of a solid
material;

o There is no absolute expansion of a liquid bec#usecontained

in a container, which also expands.
ANSWER SELF ASSESSMENT EXERCISE 1

Using Eqg. (4.6), we get

A = A, + LA
where, A = area of the plate at 2D = ?
A, = original area of plate = 15ém
B = 200 = 2 X 1.1 x 10°°C™
= area expansivityf steel.
AO = change in temperature = (40 °Q)
= 40°C
A = Ao + 200A A0
= 15cm?*2x 2x1.1x10°C*x 4°C x15cnt
= (225cm =+ 0.198cm)
A; = 225.198cmh

ANSWER SELF ASSESSMENT EXERCISE 2

Given:
V, = 5.000cn
V, = 5.014cm

and ¢ = 20°C

and § = 100°C

: AO = -t = (100 — 20iC = 80°C
AV = V-V,

Using the Eq. (4.11)
AV

V_AO
— Vt -V

V, A0
Substituting the values, we get

(5.014-5.000)crd
5.000cn® x80°C
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0.014
5.00 x80°C
y = 0.000038C*
y = 3.5 x 10°C™

Cubical expansivity of the metal is 3.5 x£G™
6.0 TUTOR-MARKED ASSIGNMENT

1. A brass measuring scale is exactly two meterg &1 15C.
Determine its length at 40? (@ for brass = 1.8 £0°°C™%).

2. If the linear expansivity of a metal is 2.0 x°20™, calculate the
approximate value of its superficial expansivity.

3. The density of aluminum af@ is 2.76g (cti). Determine its
density at 208 (for aluminum = 2.5 x 1€°C™).

7.0 REFERENCES/FURTHER READING

Awe, O. and Okunola, O. O. (198&omprehensive Certificate Physics,
Ibadan: University Press Limited.

Ference, M. (Jnr.), Lemon, H.B. and Stephenson,JR. (1970).
Analytical Experimental Physics, Chicago: the University of
Chicago Press.

Feyman, R. P., Leighton, R. B. and Sands, M. (19The Feyman
Lectures on Physics, California: Addison — Wesleyblighing
Company.

Flowers, B. H. and Mendoza, E. (197B)operties of Matter, London:
John Wiley and Sons Limited.

Noaks, M. A. (1963)New Intermediate Physics, Canada: Macmillan
and company Limited.

Soars, F. W., Zemansky, M.W. and Young, H. D. ()98&0bllege
Physics, London: Addison — Wesley Publishing Company.

Tyler, F. (1966). Heat and Thermodynamics, London: Edward Arnold
Publisher Limited.

69



PHY 113 HEAT AND PROPERTIES OF MATTER

Wilkinson, J. (1983).Essentials of Physics, Australia: McMillan
Education Limited.

Zemansky, M. W., (1968)Heat and Thermodynamics, New York:
McGraw-Hill Book Company.

70



PHY 113 MODULE 1

UNIT 5 GAS LAWS

CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 GasLaws
3.2 Boyle's Law
3.2.1 Experimental Proof of Boyle’s Law
3.3 Charles’s Law
3.3.1 Verification of Charles’s Law
3.4 Pressure Law
3.4.1 Constant volume Gas Thermometer
3.5 Equation of State for Ideal Gases
3.5.1 Real Gases and ldeal Gases
3.5.2 Absolute Zero and Absolute Temperature
3.5.3 Universal Gas Constant
3.5.5 Real Gas Equation
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

When solids and liquids are heated, they are goifgtantly affected by

changes in pressure as their temperatures chahige. is why we did

not consider the effect of pressure during the esja of solids and
liquids. However, for a given mass of gas, the esmm of a gas is
considerably affected by pressure. It is to beddhat in describing the
behaviour of gases, when subjected to heat, fouahlas are usually
considered.

They are:

o pressure (P)

o volume (V)

o temperature (T) and

) the number of moles (n) of the gases.

These four properties or parameters are used wideghe state of a
given mass of a gas. In this unit, we shall fifisicuss the relationship
between the temperature, pressure and volume aka ghen we will

examine the behaviour of gases using these paresmeteleduce the
various gas laws.
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2.0 OBJECTIVES
At the end of this unit, you should be able to:

state the different gas laws

explain the gas laws through the use of graphs
distinguish between a real gas and an ideal gas
express the equation of state of an ideal gas
solve problems on these gas laws.

3.0 MAIN CONTENT

3.1 GAS LAWS

You will recall that four properties are used techtbe the behaviour of
gases; namely:

Pressure (P), Volume (V), Temperature (T), and Amaaf the gas in
moles (n).

When any two of these properties are kept consthatpther two are
then subjected to change in order to show how #wlghaves. The
first two will be considered while temperature @hd number of moles
of the gas is kept constant.

3.2 Boyle's Law

Boyle (1662) investigated the relationship betwtenpressure (P) and
the volume (V) of a given mass of gas when the tratpre (T) and the
number of moles (n) are kept constant. Boyle’s $tates that:

“The pressure on a given mass of gas is inverselygportional to its
volume (V) provided its temperature is kept constati.

Symbolically, this statement is written as:

1
P Ol o 5.1
oy (5.1)
P :g where, K is a constant of proportionality.
PV=K=Constant ...............ceccecviivciviiciicncne e, (5.2)

If you plot a graph P vers%/ls, then the graph would be as given below
in fig. 5.1(i) and fig. 5.1(ii).
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A A
F D
Pocl

V
0

— v v —

(i) (i)
Fig. 5.

3.2.1 Experimental Proof of Boyle's Law

Boyle’'s law may be demonstrated by suing a ‘J’ tabeshown in fig.
5.2 such that one end is opened and the otherlesddc Thus AB in
fig. 5.2 contains the trapped air by the colummefcury. The mercury
head (h) constitutes the pressure on the trappeth @ddition to the
pressure due to the atmospherg)(HThe cross sectional area of the ‘J’
tube is assumed to be uniform. That is, the carcatea is uniform.

-

Fig. 5.2

You would have noticed that two variables can mnidied in this set
up.

0] the volume of the air trapped V. = A, (5.3)
where A is the area of cross-section of the tulok as the length
of the air trapped.
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(i)  the pressure P on the tapped air which is mageof the
atmospheric pressure,ldnd the mercury column h.

From Eq. (5.3),

V = A/ we say that Volume (V) is proportional to the ldngf
the air.

Vo randSoat o) (5.4)
v

Thus the measurement 6fis proportional to V

As you know, the pressure = pf

Where, h is the height of the mercury columm,s the density of
mercury, and g is the acceleration due to gravity.

p and g are constants.

This also means that the pressure P on the gasopontional to the
height (h) of the mercury.

Po h

That is the total pressure on the gas (P, + h) where H is the
barometric height — atmospheric pressure and hesrtercury head in
the ‘J’ tube.

Thus the measurement of, H h will be proportional to the pressure P.
Pouring more mercury through the open end variesethgth/ of the air
column. For each measured height h of the merd¢heycorresponding
length ¢ of the air column is measured.

First, we then plot the graph of {H h) against/ with the (H, + h) on
the vertical axis and on the horizontal axis. We would obtain a graph
as shown in fig. 5.3()). This shows that as, (H h) increases/
decreases.
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I} +h both.

0 (i) Q - ol . >//£

Fig. 5.3: (i) Plot of (H, + h) versus /¢ (ii) Plot of (H, + h) versus (%)
Secondly, if we plot the graph of {H h) agains%, with (H, + h) on the

vertical axis and% on the horizontal axis. A graph as shown in S

(if) will be obtained. We find that the plot idiaear graph.

The two graphs are in consonance with Boyle’s langy. 5.3(i) says that
as the pressure increases, the volume decreaskesfighb.3(ii) is also
saying that the pressure is inversely proportigoahe volume of the
gas.

(H0+h)oc% ......................................................... (5.5)
or
Poci
V
P:E
\Y
PV = K

Thus for volume Y and pressure;PP,V; = k and for volume ¥ and
pressure P P,V, - K

The meaning of these statements is that when anm@roba gas (n) and
its temperature t are kept constant we can connéynistate that

PiVi S PVo = K oo, (5.6)
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However, if n changes then
PIV1# PV o (5.7)

and the conditions of the experiment are no lormgersistent with the
conditions of the law even when the temperatuke constant.

Boyle’s law is applied in air compressors and esh@uacuum) pumps.
SELF ASSESSMENT EXERCISE 1

Under a Pressure of 14Nin some air has a volume of 1.5m
Determine its volume when its pressure is 10NmAssuming the
temperature is kept constant.

3.3 Charles’s Law

Charles’s law deals with the behaviour of a giveassnof gas at
constant pressure. Under this law, we would canside variation of
volume (V) with temperature (T) when the pressiitegnd the amount
of the gas (n) are kept constant.

The original Charles’s state that:

“At constant pressure, the volume of a given amountof gas
increases by a constant fraction of its volume at’G for each Celsius
degree rise in temperature”.

The Mathematical expression for this can be writien
VaT(@constantnand P) ..o (5.8)

The above statement brings out the idea of voluoedficient, r, where r
is defined as the increase in volume of a unit m@wf the gas at°G
for each degree Celsius rise in temperature wherixed mass of that
gas is heated at constant pressure.

The volume coefficient is called volume expansivitlfor more detail,
you can see the unit 4, section 3.1.4.

If V, is the volume of the gas at@and \, is the volume of the gas at
t°C, then r is expressed as:

AV
V, A0

[o]
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V, (t-0)

Vi
Vi

Note that \§ stands for the volume of the gas &€ and not just the
original volume at any selected initial temperatur&nd that t is the
actual temperature using the Celsius scale andfaroany selected
temperature rise.

The valve of r for most gases(izs%j. Now substituting the value of r

in Eq. (5.9), we get

V=V, (273+ tj ........................................... 5.10)
273
But as you know from the absolute scale,
(273 + t) = T# and that
273 = T [ i, (5.11)

Then putting the values in Eqg. (5.11) into Eq. (%, ve get

vV, T

[o]

\A T

(o]

On rearranging the terms, we obtain

V_t = V° = Constant
T T,
V, = K# ie. Mo T

Thus the volume of the gas (V) is directly propmmtl to its absolute
temperature (T). The equation/KT is a deduction, or consequence
of Charles’s law. It is not the law.
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3.3.1 Verification of Charles’s Law

We shall describe here, the experimental procedioe the
determination r, the coefficient if volume expamsiof a gas. The
experimental set up is as shown in fig. 5.4 below:

Fig. 5.4: Charles’s Law Apparatus

The apparatus is made up of a glass bulb B filléd dry air. The bulb

Is continuous with a graduated tube. The mercotyron encloses the
dry air. A branch tube C is also connected togitaeluated bulb B that
Is open to the atmosphere. The mercury levels Kuib B and raising

or lowering the reservoir R adjusts Y in tube Ghe same level. In that
case the pressure on the gas is the same as thhe aitmosphere
pressure.

The bulb B and tube C are surrounded by a watédr, batich contains
an electric heater H, which is also used as eestirA thermometer T is
inserted to measure the temperature of the batte ifitial volume \
and the initial temperature of the gas in the bulb are measured. The
temperature of the gas is the same as that of siterwn the bath. They
are both recorded when the level X, Y and Z hawenbadjusted to be
the same.

The heater is then switched on until there is daifiee of 200X rise in
temperature. It is then switched off and useditalst water thoroughly.
The level X, Y and Z are then adjusted again t@ioba new volume Yy
and its new corresponding temperatu®€t The above procedure is
repeated for another set of five or six volume rmearments between the
room temperaturedC and 106C.
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When then plot the graph of volumes V on the valtaxis against their
corresponding temperature t on the horizontal aAslinear graph as
shown in fig. 5.5 is obtained.

-
7~
_ -~
7 d VO’
_
_
~
7~

J/ p >t°'C
~ ]
-3’0, - ¢ g C : — . ’
Fig. 5.5: A graph of Volume versus Temperature

The volume at0°C, V, may be extrapolated so that r, the volume
coefficient could be determined.

Further extrapolation of the graph enables us terdene the absolute
zero temperature. This is found to be -ZZ3 In conclusion, the
coefficient of the volume expansion (volume expeitygi will be found

to be 0.003663, which is approximately equazl—;ﬁg.

Using the absolute scale *~~~~rature, it will beeobed from the graph

that ¥ = Constant.
M_V,
Tl T2

Thus, the volume of a given mass of gas is diregipportional to its
absolute temperature provided the pressure is kapistant — another
form of Charles’s law.
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SELF ASSESSMENT EXERCISE 2

Some hydrogen gas a volume of 208cat 15C. If the pressure
remains constant, at what temperature will its r@tbe 150cH?

3.4 Pressure Law

In this section we shall once again examine theawehnr of a gas by
observing how its pressur@) varies with temperaturé), when its
volume (V) and the amount of the gé&s) are kept constant. The study
under this section is described as pressure la@agrLussac’s law.

It will be observed that the law of increase witlsrease in temperature
art constant volume is the same as the law of as&ren volume with
increase in temperature at constant pressure @o\ltere is no change
in the amount of the gas.

The pressure law states that:

“For a given mass of a gas at constant volume, ifgessure increases
by a constant fraction of pressure at &C for each Celsius degree rise
in temperature”.

Let us consider a fixed mass of gas of volumat°C and pressure;P

Suppose the gas is then heated to some tempetgiDrat which the
volume is zM{. Where z is a fraction.

We can reduce this new volume z# V; at higher temperature by
increasing the pressure to. Using Boyle’s law.

P2V 1 = P]_ ZV]_
P2 = ZP]_

Thus, when the temperature is raised, the volumebeamaintained at
V.by increasing the pressure. That is, the riseemperature, which
causes an increase in volume fromt¥ zV;if the pressure is kept ag,P
also causes an increase in pressure frgim #P, if the volume is kept
constant at Y. If Boyle’s law is not obeyed perfectly then the
theoretical basis fails.

However, experiment have shown that when a fixedsmat gas is

heated at constant volume, its pressure increayeasconstant fraction
of the pressure a0 for each degree Celsius rise in temperature.

80



PHY 113 MODULE 1

The above statement thus defines the pressureigestff or pressure
expansivity.

The pressure coefficienf is defined as the increase in pressure
expressed as a fraction of the pressuré@tfor one Celsius degree rise
in temperature when a fixed mass of that as iseldeat constant
volume.

If Po is the pressure of he gas & &nd P, the pressure &€t then is
defined as:

_ AP
Foo= Pt
_ R -R,
Foo= Pt
k- P, =pPot
PR = PRPA + A (5.13)

3.4.1 Constant volume Gas Thermometer

Jolly’'s constant volume air thermometer s used @temnine the
pressure coefficienf for a gas (fig. 5.6).

Fig. 5.6: Constant Volume Air Thermometer

It consists of a glass bulb V of volume 10cm filleith dry air. The
bulb V is connected to a glass capillary tube T thdurn is connected
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to a mercury manometer R which measures pressufexed reference
mark is made on the capillary tube at A.

The moveable arm of the manometer R is usuallysaelfuup and down
as may be necessary to ensure that the mercurlydeveremains the
same. This marks the constant volume before aading is taken.

The initial pressure of the gas at the room tentpegas noted from the
difference in the mercury levels at X and Y. Tisislone by arranging
the bulb in a water bath, which is well stirreddanith the mercury
thermometer in the water bath. The room tempezauitaken as the
temperature of the water bath on which the thermtems inserted.

The pressure of the atmosphere is read first fimenbarometer. Then
the initial temperature of the water bath is takéWhen the mercury
level is first brought to level A the level Y isted. The difference
between Y and X given the mercury head, h.

Thus, the total pressure on the volume of gas is
P o (H + h)cm of mercury.

The water bath is gently heated through, abof€ 2Ghen the heating is
stopped and stirred thoroughly. The moveable drtheomanometer is
adjusted, the mercury level A at a steady temperata enable the
reading of anew level of Y. The new temperaturaken and the new
corresponding pressure head h is measured. Thee glirocedure is
repeated for a set of five or six readings. Themtric height is read
again as a check at the end of the experiment. gféeh of pressure
readings is plotted against the corresponding gabiethe temperature
readings. The graph is shown in fig. 5.7.

<~ - kel Z

P A

—~
e D
- // 0
— /
—< 4
-3 " 2tC
547 0C. _ te
Fig. 5.7: Graph of Pressure versus Temperature
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Our conclusion from this graph is that the pressamethe gas varies
linearly with the temperature. When the graph x¢rapolated, the
pressure Pat FC can be read from the graph. Further extrapaiatio
produces the absolute temperature which will bendouo be
approximately equal to -27G.

The slope of the graph S =—

B = Tt s (5.14)

The following precautions are usually taken:

o the mercury level is changed gradually;
° the volume is maintained at constant value at A;

Sources of error could also be found in:

o the dead space of the capillary tube T and
. the expansion of the bulb which also introducesrerr
1
If =
P 273
AP
From, =—
P Pt
_PR-R
F= Pt
P, - P = P Pot
P, = P + P Pot
P, = RA + PO (5.15)
Putf = 2; in Eqg. (5.15), we get
= P 1+it
273
273+t
P, = P | o | 5.16
t e=y (5.16)
Using the absolute scale of temperature,
273 + t = T
P = R XT
275
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—_ PO-I_

TO
P R (5.17)

T T,

P = KT
Hence, P « T (5.18)

This means that the pressure of the gas is dirgrthportional to its
absolute temperature provided the volume is kepistamt. This is
another consequence of the pressure law. Thenatigiw states that

That is for a fixed mass of any gas heated at aohstolume, the

pressure increase bsza%of the pressure at’Gfor each Celsius degree

. P . :
rise in temperature. Whereagl:f, = constant is the deduction or the

consequence from the law. It states that the pressf a given mass of
gas is directly proportional to its absolute tenapere.

SELF ASSESSMENT EXERCISE 3
The pressure in a diver's oxygen cylinder is 1.23(&%& 20C.

Determine the pressure in the cylinder if it is évad into water at £Q
3.5 Equation of State for Ideal Gases

In physics, two kinds of gases are usually disalisSéhey are real gases
and ideal gases. You may like to know the diffeezbhetween an ideal

gas and a real gas. We shall now describe thesfitep of real gases
and ideal gases.

3.5.1 Real Gases and ldeal Gases

At extremely low pressure, all gases closely obeyl8s law. Thus if
Boyle’'s law is obeyed, the volume coefficient r atitk pressure

coefficientf are the same for the same gas.

Starting with a fixed mass of a gas af@Gat pressure fand volume
V,, we then heat to a temperature®@f in two ways.

Firstly, we heat at constant pressure, then catdvtn again to @ and
then repeat the process at constant volume.
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0] at constant pressurg e volume changes to When heated to

temperature °t
Vi = Vl+r1)
(1)  Starting point tC PV, 1ststage
(2) Heating the gas at ‘a PR V, = Vo(1 + 1t)

Constant Pressure

fCc P, \, 2"stage

R P=R(1+)
(3) Heating the gas at
Constant volume

At constant pressure the product PVF&1L +rt) .................. (5.19)

(i) At constant volume Y, the pressure becomes pt £1? )
The product PV then become®/B(1L + /) ......cevvenen. (5.20)

If Boyle’s law is obeyed, all values of the prodleY at the same
temperature®C must be the same.

PVo(l+r1t) = RVo(1 + ) v (5.21)
Hence r = p

By plotting the values of r anf against pressure P, a graph shown in
fig. 5.8 will be obtained.
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< A
%or B
4
/// (*o a“'é
//: P >
| b
Fig. 5.8

By extrapolating to zero pressure, the pressuraiegalof these
coefficients at limiting conditions when Boyle’salas obeyed are found
to be closely the same. (Table 5.1).

Table 5.1

Gas r B
Helium 0.0036607 0.0036609
Hydrogen 0.0036611 0.0036610
Nitrogen 0.0036609 0.0036606

The table 5.1 shows that the pressure coefficiedt the volume
coefficient for each individual gas are very cléseone another. Also
the values for different gases are all close to mmean values of
0.0036608. Hence in the limiting case at extremely density and
pressure, when Boyle’s law is obeyed closely, aleg have the same
volume coefficient 0.036608 and the same pressuwefficient
0.0036608.

Real gases will behave in this way only at extrgmeilv pressures.
This behaviour is what is described as being ideal.

A gas, which would behave in this way at all pressis called an ideal
or perfect gas. In practice real gases are nal loig we consider some
approximations to ideal gas under some specifieditons.

We are now in the position to produce the equatiostate for an ideal
gas. At constant pressure,
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PV = PVG(L ) coreoeeeoee e e (5.22)

At constant pressure,

PV = RVo(L+ ) o (5.23)
1
Butr = B = 0.0036608 = 7 (nearly)
Thus PV = BV 1+it (5.24)
Vo 7gl] e :
273+t
= PRV
o 273 ]
where T = 273 and 273 +t=T
PV = [ﬂ} ............................................... 5.25)
TO
PV = L K=Constant ...................... (5.26)
T T,
For a given mass of gas PV= KT

This is the equation of state for ideal gases.
3.5.2 Absolute Zero and Absolute Temperature
From the equation of state of an ideal gas we pbéthi

BoVe (27341
T

(o]

K(273 + 1)

PV

. PV
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If the graph of PV is then plotted against tempewte t for a perfect
gas, a graph as shown in fig. 5.9 is obtained.

A PV A\

- - g PoVO

= ;3%. 0C i

oK. . TBK, TK.

Fig. 5.9

The product PV has a value of zero when the tenyerd is -273C.
At this point the product PV for a perfect gas vebuanish completely.
The point Z is therefore referred to as the absahatro of temperature.
If the origin of the graph 0 is now transferredZtahen the new scale is
denoted by T. This is what is referred to as theohite scale of
temperature, the Sl unit of which is Kelvin. Youllmotice that both
the Celsius scale and the Absolute scale arteecklatsuch a way that

T = (273 + t)K
The unit of T is Kelvin while that of t is degreel€ius {C).

3.5.3 Universal gas Constant

From the Eq. (5.27) PV = KT
where K= RV, = RV,
273 T

[0]

The pressure fand 273 () fix the density of the gas when the volume
V, is proportional to the mass of the gas consideiidterefore K varies
directly as the mass of the gas K is constant enstbnse that it has a
fixed value for a given mass of an ideal gas.
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There are two kinds of units of mass: the gramne the mole (the
gramme molecular weight) — gramme — mole. If yonsider one mole
of a gas, R replaces the constant K.

PV = RT

Hence the equation PV = RT is the ideal gas eqgudto one mole of
the gas. Generally for n mole of a gas we wouldenri

PV = NRT e (5.28)
Where n = molar fraction
R is the Universal gas constant for a mole ofa ga

It has been experimentally found that under stahd&mperature
(273K) and pressure (76émm of Hg) one mole of gasupies
approximately 22.4 litres.

1 litre = 1000cm

1 cn? = 10°m®
1000cni = 1000 x 16m?
22 .4 litres = 22.4 x 1tm®

The number of molecules in a mole of nay gas is
6.03 x 16° = N = Avogadro’s number.

If m is the mass of gas in gramme and M is the moé weight of the
gas, the number of moles of the gas is given as:

m

S e, 5.29
v (5.29)
PV = mTRT ............................................ (5.30)

The value of R for 1 mole of a gas
Let P be the pressure on the gas = 76cm of Hgrelatd pressure.
Put P = Ipg
= "% x13600%9 x98 ™
10C m S
= 1.0129 x 1qNm™
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For a standard temperature T = 273K and standaumeoV = 22.4
litres or 22.4 x 18m*and for one mole of the gas, R can be obtained by
suing the Eqg. (5.28). The value of R

PV = nRT
R = ﬂ wheren=1
nT

1.0129 x 16% X 22.4 x10*m®

L R= 1 mole x 273K

J
mole K

= 8.31

R = 8.31 J molé K* is the molar gas constant and it is the
same for all gases.

SELF ASSESSMENT EXERCISE 4

Some hydrogen collected at °25 and 740mmHg has a volume of
550cnt. What will be its volume at standard temperat@me pressure
(s.t.p.) i.e. 6C and 760mmHg?

3.5.5 Real Gas Equation

An ideal gas will obey Boyle’s law at any temperatu However, real
gases such as air, oxygen, nitrogen and other pemigases will obey
Boyle’s law within less than one part in a thousahdrdinary pressures
and temperatures. At higher pressures and lowspdeature, the
deviations are more pronounced. In other words,réhation PV is no
longer valid.

Kinetic theory of gases suggest that Boyle’s laauith be obeyed if the
molecules are themselves infinitesimally small dritiey do not attract
each other at all. These assumptions are nofdrueny real gas. Thus
PV = nRT cannot be used for real gases.

In order to account for the difference betweenkibleaviour of a gas and
that of an ideal gas, we have to allow for the rmolier attractions which
converts the pressure P to (B ¥} and the finite volume occupies by the

molecules which reduces the volume V of the gaévte y ). These
corrections therefore enable us to re-express AR Fas:

P+x)(V-v) = NRT (5.31)
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We therefore need to find suitable expressiong fandy.

It was Van der Waal (1910) a Dutch Professor ofsiisywho found
these expression to bg = Viz andy=Db............... (5.32)

Where, a and b are constants for a unit mass ofaa under
consideration.

Consequently substituting the values of Eq. (5i8Hq. (5.31), we now
have the equation:

(P+Vi‘2j(v—b) = NRT coe oo (5.33)

This is the Van der Waal's equation of state foalrgases. It is
therefore known as the real equation of state.

4.0 CONCLUSION

In this unit, the three gas laws: Boyle's, Chddesd the Pressure laws
have been established. We did this by observiegbtthaviour of the
gas by using the following properties — pressumume, temperature
and the amount of the gas in moles. Any two okéhproperties are
held constant while we study the variation of themaining two
properties. The equation of state was also stdeV = nRT.

Further more, we established what real and ideségare. We also
showed how van der Waal's equation of state wad teseorrect for the
interactive forces, which affect the pressure d@dviolume occupied by

the molecules, which corrects for the volume ofdhs. This was given
as:

(P+Vizj(v- b) = nRT

5.0 SUMMARY
In this unit, you have learnt about:
) The gas laws such as:

0] Boyle’s law (PV = constant)

(i)  Charles’s Iaw¥ = constant)
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(i)  Pressure Iawg = constant)

) The three laws were combined to form the equatiostate for
ideal gases, which is PV = nRT.
. Pressure, volume, temperature and the amount @fahén moles

have been used to describe the behaviour of gases.

o The equation of state for real gaseEFPeri2 )(V —b) = nRT.
Vv

ANSWER SELF ASSESSMENT EXERCISE 1

First Condition

P = 14Nm?
V, = 1.5m
Second Condition
P, = 10Nm?
V, = ? (to be found)

Using Boyle’s law, Eq. (5.6)

PV
I:)2

V2:

14N x1.5n7

m

N
1005

We get,
V2 = 21m

Volume of the gas at 10N is 2.1n7

ANSWER SELF ASSESSMENT EXERCISE 2

V, = 200cm (given)

T, = 15C = (273 + 15)K (given) = 288K
V, = 150cm

T, = ?
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Using Charles’s law Eq. (5.12),

Vi = Ve = Constant
Tl T2
TZ — V2T1
Vl
_ 150cm x 288K
200cn®
T, = 216K = 273 +t
t = 216 - 273
= -57°C

ANSWER SELF ASSESSMENT EXERCISE 3

P, = 1.25 X 16Nm™

T, = 20°C = (273 + 20)K = 293k
P2 = ?

T, = 18C = (273 + 10)K = 283K

Using the pressure law:

h_5

Tl T2

1
Tl

1.25x10° - x 283K
m

B 293K

= 1.21 X 16Nm™

ANSWER SELF ASSESSMENT EXERCISE 4

P, = 740mmHg

V, = 550cm

T, = 25C = (273 + 25)K
= 298K

P, = 740mmHg

VZ = ?

T, = o°c = 273K
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Using the Eq. given below, we get

PV, _RV,
T T,
V., — PV, T,

P2T2
= 740mmHg x 550chix 273K
760mmHg x 298K

= 490.60cm
6.0 TUTOR-MARKED ASSIGNMENT

1. The density of some air at a pressure of 7720misH.26kgr.
Determine its density at a pressure of 600mmHg.

2. A fixed mass of gas of volume 546tmt C is heated at
constant pressure. Calculate the volume of thapg2€.

3. A bottle is corked when the air inside is 82@ and the pressure
is 1.0 x 16Nm™. If the cork blows out with a pressure of 3.0 x
10°Nm’, calculate the temperature to which the bottle tnines
heated for this to happen. (Assume the bottle doesxpand).
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1.0 INTRODUCTION

So far we have considered the specific heat capaaif solids and
liquids especially when we have to determine hovwchmioeat energy is
absorbed when they are heated. We have not coedidlee specific
heat capacity of gases. This is due to the fattttie behaviour of gases
Is quite different from that of liquids and solids.

For example, in gases, we have to consider thewally parameters
(properties) when we are examining the behaviogasks:

the pressure (P)

the volume (V)

the temperature (T)

the amount of gas in moles (n)

These properties have been studied under gas lawkei Unit 5.
However one property that is crucial to the gasethe heat capacities
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under constant volume and under constant presstirece the amount
of gases is in terms of number of moles, we shetefore be talking
about molar heat capacities of gases. Hence i uhit, we shall

examine the concept of molar heat capacities oégander these two
conditions: constant volume and constant pressure.

2.0 OBJECTIVES
At the end of this unit, you should be able to:

explain the work done by expanding volume of gas

define molar heat capacity of a gas at constantwel

define molar heat capacity of a gas at constarsispre

explain the meaning of isothermal expansion

explain the meaning of adiabatic expansion

relate the molar heat capacity at constant pressiifethat at
constant volume.

3.0 MAIN CONTENT

3.1 Molar Heat Capacities of Gases

You will recall that in calculating the quantity béat(Q) acquired by a
solid or a liquid we used the expression:

Q = MAD e (6.1)

Where, m is the mass of the solid/liquid, c is Hpeteat capacity of
the substance, an is the change in temperature.

It is more convenient to use the concept of molddscribe the amount
of a substance especially gases. So, first weedth about the mole.

By definition, one mole (1 mol) of any substancethe quantity of
matter such that its mass in grammes is numericatjyal to the
molecular mass M (often called the molecular wgiglgo to calculate
the number of moles n numerically, divide the mass grammes by
the molecular mass M.
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Therefore the Eqg. (6.1), becomes:

QO

I
>
<
B
D
)
«

Which is defined as the quantity of heat Q in jsulequired to raise the
temperature of 1 mole of gas through 1 K 3.1

Q = NGB, (6.6)

Note that small c is the specific heat capacityleviine big C is the
molar specific heat capacity. It is the molartheacity that is mostly
associated with the gases though it could alsodmel dor solids and
liquids.

You would have noticed that the behaviour of gaseder heat is quite
different from the behaviour of solids and liquidMolecules of a gas
are moving about in different directions with diféat speeds at any
instant. This therefore describes the random maifdhe molecules.

The internal energy of the gas is therefore theeenEnergy (KE) of its
random motion. This Kinetic energy, as will be whdater, depends on
the temperature of the gas. He higher the temperathe greater the
internal energy (kinetic energy) of the gas. Tiae now

an ideal gas is defined as one which obeys Boyldéésv and whose

internal energy depends on the temperature of the ag and is
independent of its volume.
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3.1.1 Work Done by an Expanding Gas
Consider a given mass of gas in a container shovig.i6.1.
e

Vz/77} _
([ [T

A 1”{‘

GAS -

Peton KX

Fig. 6.1: Work Done by Expanding Gas

If the gas is warmed it expands, the gas does realterork because it
will be observed to have pushed back a piston Xnagaome external
pressure P.

The heat supplied is shared between the work dgamst the external
work and in increasing the internal energy of tles decause the
molecules move faster and its Kinetic energy isdaased.

Hence, heat suppliedAQ =AU +AW ..., (6.7)

Where,AQ is the increase in heat energy is the increase in internal
energy andAW is the work done as a result of expansion, warked
against external pressure P.

The expression AQ = AU +AW s derived from the first law of
thermodynamics which is also related to the lawcohversation of
energy which you will study later.

If the external pressure is constant with a value while the volume of
the gas expands WV, and if the area of the piston X is A, moving
through a distance d, then the increase e in wankedagainst the
external pressure PAV

force x distance

FXd o (6.8)

AW
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But as you know the pressure is defined as—ZP =

F=PA
AW = PA = R\V (where,AV = Ad)
AQ =AU + PAV

In and ideal gas, the work done in separating nubdsc against

attractive forces between them is ignored. Thisoisso with real gases
where the Van der Waal's forces have to be consdlerlt is also

assumed that there is no frictional force whenpik®n moves.

3.2 Molar Heat Capacities at Constant Volume and Qustant
Pressure

The heat capacity of a gas depends on the condimoler which it is
heated namely:

. at constant volume or

. at constant pressure

At constant volume, we would represent the molat lcapacity by G.
At constant pressure, we would represent the nin@at capacity by £

3.2.1 Molar Heat Capacity at Constant Volume ¢

At constant volume, the volume of the gas is kemioastant volume in
such a way that there is no work done by the gaanwhabsorbs heat.
The entire heat is therefore used in changing niternal energy of the
gas.

/ \\l VW\ \Ao(\ Ppe,QM .

{
[T 1T]

oy T & (T80

\glwme

Fig. 6.2: Molar Heat Capacity at Constant Volume
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The molar heat capacity at constant volume ¢ is therefore defined
as the heat required to raise 1 mole of gas by 1 K (or 1 Celsius)
degree when its volume is kept constant.

- Q
CV_nA@
Q=nGA0O

where, n is the number of moles of gag,i€the molar heat capacity of
the gas, and®b is change in temperature of the gas.

The unit of molar heat capacity at constant volu®pés J mol'K™ or J
mol*°C™. The specific heat capacity at constant volumdsChe heat
required to raise the temperature of 1kg massenfjtts by 1K or °C.

The molar mass of hydrogen is 2g therefore 1kg 8040which is 500
times the mass of 1 mole.

Cv =500 G for hydrogen

Remember the unit ofds J kg'K™* or J kg'°C™.
At constant volume, therefore, all the heat supplee1 mole of the gas
is used in raising the internal energy of the gas.

From, AQ =AU + PAV

Since no external work against pressure is dorierefore RV is zero.
Substitute in the above Eq., we get

AQ =AU = nC\/ (T2 - T]_) = nC\/AT

Where n = 1 mole

For an ideal gas in which there are no attractimeds among the
molecules and each molecule has negligible volugésGndependent
of the volume of gas. If the temperature of the gees from Tto T,,
the gain in internal energy() is G, (T, — T;) for one mole of gas no
matter what volume the gas may be initially or nfaally occupy.
Thus the internal change in energy depends onlyhentemperature
change.
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3.2.2 Molar Heat Capacity at Constant Pressure £

In this case, we are supplying heat to the systémrevthe pressure is
constant. Thus, the heat is used in changingritegnal energy of the
gas as well as doing some work against the constdatnal pressure P
(fig. 3.3).

[///]
e /[
[777 (7177, o Id'
T T AT
@ ‘ (i)
Fig. 6.3: Molar Heat Capacity at Constant Pressure

The molar heat capacity of a gas at constant pressCp is the heat
required to raise the temperature of 1 mole of gast constant
pressure by 1K or C.

- Q
Cp = = i (6.10)

Thus the unit of is £is J mof*K™* or 3 mof°C*
On the other hand, the specific heat capacity astemt pressure (s
the heat required to raise the temperature of llgsnof a gas at

constant pressure by 1kg (SIC).

When heat is supplied to change the temperatutbeofas from 7 to
T,, there is change in volum®V (fig. 3.3(ii)) and increase in internal
energy AU). We have known thatU, the internal energy of the gas,
which is independent of volumeyCis for 1K or £C change in
temperature.

From, AQ =AU + AW
Where AW is work done by the gas andll = G,AT for 1 mole of gas.

o AQ =G =CyA +AW #for 1 mole of gas ........................ (6.11)
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But as we know thatW = PAV
Co= CUAT + PAV o (6.12)

For an ideal gas from the equation of state ofsa wa know that
PV = nRT

If there is an increase in volume aff when there is a change in
temperature oAT, then

P(V +AV) = nR(T +AT)
PV + PAV = nRT + nR\T
PAV =nRAT

For1 moleofgasn=1
PAV = nRAT

Cp= CyAT + RAV

Where AT = 1K or 'C
: C=C/+R
Co Gy = R oot (6.13)

At constant pressure therefore, for an ideal gass @lways greater than
Cv. The difference R is the external work done wtengas is warmed
at constant pressure so that its temperature chdngéK orfC.

SELF ASSESSMENT EXERCISE

One mole of a gas has volume of 2.23 ¥ at a pressure of 1.01 x
10°Pa (N) at 6C. If the molar cap city at constant pressure8i&2 mol
'k, Calculate the molar heat capacity as constaninel

3.3 Isothermal and Adiabatic Expansion of Gases

When a solid or liquid is heated, you would havesesbied that its
volume increase very slightly. Thus the externarkvdone against
pressure is very small. Consequently the two mioéat capacities for
solids and liquids are practically equal. That tke specific heat
capacities ¢ and G are the same.

However, when real gases expand, some work is dgamst molecular

attractive forces. This is the internal energyhe Van der waal’s forces
are appreciably significant in this case.
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In G - Gy = R, R represents the external work done wherdeal igas
expands at constant pressure. For real gase<¢> R by the amount
of internal work done when the gas expands at aohgiressure.

When an ideal gas is allowed to expand under ataphgsemperature,
the process is describediasthermal expansion

Under this condition there is no change in interra¢rgy becausaU
depends onAT.

From the First Law of Thermodynamics,

AQ =AU + PAV
- AQ =AU + PAV sinceAU = 0 at isothermal condition .......... (6.14)

The heat supplied to maintain it at constant teaipee then is equal to
the external work done. Since the temperatured &onstant, an ideal
gas therefore obeys Boyle’s law

PV = Constant
during isothermal changes.
If a gas, on the other hand, is allowed to expaitkdout heat entering or
leaving the gas (by insulating its cylinder andqn$ the energy needed

for the external work is taken from the interna¢egy of the gas.

This process is described adiabatic expansion.

From, AQ =AU + PAV
Since, AQ=0
PAV = - AU L (6.15)

Consequently, the temperature of the system f&lsntrarily, when the
gas is compressed under this condition (adiabatndition), the work
done on the gas produces a rise in internal en&rigigh is equal to the
work done. This implies that the temperature ef ¢glas rises. The gas
is then said to have undergoae adiabatic change when no heat
enters or leaves the system.

For adiabatic changes, it can be shown that

. PV = Constant .......cooeiii i (6.16)
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Where,y = Co
C,
. TV = CONSEANT ..o (6.17)

Note that isothermal and adiabatic formulae applghanges in P, V
and T which take place under reversible conditions.
The following assumptions are to be noted:

o no frictional force exists when a piston moves grithe gas
expansion or contraction.

. no heat is produced in the gas by eddies or swirlgas during
expansion or contraction.

4.0 CONCLUSION

In order to determine the quantity of heat lost alpsorbed by a
substance, we often use the specific heat captacy so as one of the
properties. Another convenient property that we issthe molar heat
capacity. This concept is used when the quanfityeat absorbed is to
be determined with gases. The molar heat capasfitya gas is
considered under constant volume or under conptassure. When an
amount of gas (n) absorbs heat under constant eiuenuse the molar
heat capacity at constant volumeg.CUnder this condition the heat
absorbed is used to change the internal energy only

Under constant pressure, the heat absorbed issasdange the internal
energy of the gas as well as the work done agaimsinstant pressure.
Cr represents the molar heat capacity.

For one mole of gas, heat absorbed at constanineois given by
AQ = GAT
At constant pressure
AQ = nG=nG/AT + nRAT

For one mole of gas wheren=1
AQ = G = GAT + RAT

For one Kelvin rise in temperature

AQ=G=GC/ +R
C=C/ +R
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5.0

SUMMARY

In this unit you have learnt:

That on the expansion of a given mass of gas hfirigg work is
done;

That molar heat capacity is used for the heat dlesbby a gas
constant volume and constant pressure;C

That there is a relationship between specific lsapicity ¢ and
molar heat capacity C;

Molar heat capacity at constant volumegi€ defined as the heat
required to raise one mole of gas by 1K when itsime is kept
constant;

Molar heat capacity of a gas at constant presSgiie the heat
required to raise the temperature of 1 mole ofghe at constant
pressure by 1K;

When a gas is allowed to expand at constant termperahe
process is described as an isothermal expansion;

When a gas is allowed to expand without heat ergesr leaving
the gas, the gas is said to undergo an adiabgiansion;

Work is done with rise in internal energy.

ANSWER TO SELF ASSESSMENT EXERCISE

From,
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From PV = RT
R:ﬂ
T

= 1.01x 16 % X 2.23 x 10m?

273K
= 8.25J motK™
G = G +R
Cv = G-R
= 28.5 :L - 8.25L
molK molK

20.25J mot K
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6.0 TUTOR-MARKED ASSIGNMENT

Two grammes of a gas initially at @7 is heated at cons tat pressure of
1.0 x 160 pa so that its volume increases from 0.25@m 0.375m,
calculate:

0] the external work done
(i)  theincrease in internal energy
(i)  the heat supplied

(Relative molecular mass of the gas is 2¢,%2.0.2J molK™ CP =
28.5J mofK™).
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1.0 INTRODUCTION

In Physics, we are not only interested in knowing different forms of

energy but how the heat energy may be transfemamad Dn point to

another. In this module, we shall consider thedhways by which heat
energy is transferred from one source to anoth€his idea can be
viewed as another property of matter, that is, tmatter as solids,
liquids and gases can act as medium of carrying) éle@rgy from one
point to another. The three modes of heat tranafer conduction,
convection and radiation.

At the elementary level, one may be satisfied \hin use of molecular
theory in explaining the three modes of transfeheat. However, at
higher level, we shall go beyond this level by dsging quantitatively
conduction of heat in terms of thermal conductivdly a solid and
radiation of heat energy through space. We sloal$ider good and bad
conductors (insulators) and conductors in serd& shall deal mainly
with conduction of heat in this unit Transfer byngection will be
discussed in the next unit.
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2.0 OBJECTIVES
At the conclusion of this unit, you should be atole

state the factors that affect thermal conductivity

define the thermal conductivity of a good conduetiod insulator
measure the thermal conductivity of a good cormtuct
measure the thermal conductivity of a bad conducto

solve problems involving thermal conductivity.

3.0 MAIN CONTENT

3.1 Conduction of Heat Energy

Consider a long silver spoon dipped inside a hapscAfter sometime,
the other end of the spoon becomes hot. The tamdfheat energy
through the material by conduction could explais tibservation.

You would have noted that one factor is obvioushis conduction of
heat. That is, one end is at a higher temperdhane the other. In the
study of conduction of heat through solids, we wlolike to discuss
what factors affect the rate of conduction of htbabugh solids. In the
next sub-section, you will study about the factbiest affect conduction.

3.1.1 Factors Affecting Conduction

Consider a state of material with parallel facesross-sectional area A
at right angles to the direction of the flow of hedhe heat Q as shown
in fig. 7.1 will flow from high temperature regiof2 to a low
temperature regior®;. That meansD: is greater tharD;. Let the
distance between these temperatures regions be L.

@1 ' | @\
Q"@ i— Q
4 J

— L. —

Fig. 3.1
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If heat Q takes time t to be transferred across#uotion of this material
of length L, experimentally it have shown that ttage at which the
guantity Q is transferred with respect to the twighin this region of
length L is

0] Proportional to the cross-sectional area A:

€. = A et (7.1)

(i)  Proportional to the temperature gradient withirs tl@gion where
the temperature gradient is defined as

e, ol (7.2)
t L

Combining these two ideas (Eq. (7.1) and Eq.(7g)saying that the
rate of transfer of heat is proportional to theaaend temperature
gradient, give:

ie. 2 ochM
t L
Q_yalle0) (7.3)
t L

where, k is the constant of proportionality. kaigactor depending on
the material.

SELF ASSESSMENT EXERCISE 1

State the factors that affect the conduction of.hea
3.1.2 Thermal Conductivity of a Material

We have been able to express the rate at whichsdwaansferred from a
point A, to point A in Fig. 7.1 as

9 — kA (92 _91)

t L
k is therefore numerically equal to the heat tramefd per second per
unit area of cross-section when unit temperaturdignt is set up
normal to the area.

Ratex heat tranferred
Areax temperturegradient

k =

110



PHY 113 MODULE 2

UNIT of k: From Eq.(7.4), k can be expressed as:

k is a constant of proportionality known as thertia conductivity for
the material for Eq. (7.3) k is written as,

K _ Qi
Areax temperturegradient

J/s
m? x (°C)

Jsimioct

— Wm—lOc-l
On in terms of the absolute scale, the unit ofrik lma written as
k = wnk?

Copper, which is a very good conductor of heat, itmgalue k = 400
Wm*K*and that of air = 0.02 WK™

One can define the thermal conductivity of a materi

“The thermal conductivity of a material is the ratef transfer of heat
per unit area per unit temperature gradient througtne face of the
material with the face perpendicular to the direati of the transfer of
heat provided steady state is maintained.”

Now you may ask: What does it mean by steady statation?

A steady state is reached when the rate of trardfdreat through a
given cross-sectional area does not change witeotdo time. This
therefore brings us to the point to show how adstesiate is achieved
and that is through lagging or unflagging. You lwdiscover the
meaning of lagging or unflagging in the next settio
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3.2 Lagged and Unlagged Bars
Heat may be transferred under two conditions:

° Lagged material — when the material is lagged
° Unlagged material — when the material is unlagged

We shall now describe the conduction of heat thinotvgo bars — one
lagged and the other unlagged.

In this section we shall consider the conductiohext through:

° a uniform bar when lagged and when it is not |agged
° a non-uniform bar when it is lagged.

3.2.1 Uniform Bar Lagged and Unlagged

In this case we are interested in studying howtdéneperature gradient
varies with other factors such as the thermal cotindty k, the cross-
sectional A and the rate of transfer of heat peosd. Note that k
varies with different materials but is constantdquarticular material.

Let us consider a lagged bar PQ of length x, sbhahR is at temperature
02 while Q is at temperatuf® (Fig. 7.2)

N

777777 7T T -4 v

AD

93_ (T Il e trrrrig ~1. \V\QC&%‘\V\%‘
l

l 3.

! S
v

-

Fig. 7: Tembérature Gradient for a Uniformally Laggéd Bar
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In this cased: is greater tha®,. Hence, heat will be transferred from P
to Q. If A is the uniform cross-sectional areaP®), the rate of transfer
of heat from P to Q is given as

9 = kA (92 '91)
X
(82'81) — 1 X 9
X KA t
l.e. temperature gradient =l—x Qe (7.4)
KA t

Under steady state condition, for lagged bar, m% is the same on

the two surfaces P and Q since no heat is lostastirrounding. Thus
with k and A being constant, both sides of the éqnare constant.

Consequently, for lagged uniform bar the tempeeatgradient is
constant as indicated on the grapldof 6, against x to produce the line

AB. (Fig. 7.2). In simple words, temperature gmmij%, flowing

through every cross-section from the hot to cold mnconstant as no
heat passes through the sides.

N\ P Q

A9

.

Fig. 7.3: Temperature Gradient for a Uniform Unlagged Bar

However, if the bar is unlagged, then from equation

(92);91) - KlA x% ...................................... (7.5)
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Q

T under the unlagged condition will not be the sdoren face P to

face Q. The value decreases from P to Q. Heregriddient becomes
smaller from the hot end P to the cold end Q. Tthesvariation of the
temperature gradient is a curve RS in fig. 7.3 wathdiminishing
gradient.

3.2.2 Non-Uniform Bar Lagged

Let us now consider another bar whose cross-s&ttiarea is not
uniform but is lagged as shown in fig, 7.4. Itk observed that

Q

0] e the rate of transfer of heat will be the saméeath ends

because the material is lagged.

(i)  The cross-sectional A, decreases from P te f@¢ thus from the
expression (7.4) the temperature gradient increaséhis is
shown by the gradient MN from hot end to cold efidhe bar
(fig. 7.4)

/z'

Fig. 7.4: Tempera}ure Gradient — Non-Uniform Bar and Lagged

The concept of rate of transfer of he?;ltmay be compared with the rate

of flow of current I. From ohm’s law,
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Where. | _QUANTITY OFCHARGES(Q)
' TIME t TAKEN IN SECONDS

BUE R = D ettt (7.7)

Where, R = resistance of the resistor
p = resistivity of the resistor
L = the length of the resistor
A = average cross-sectional area

Combining Eq. (7.6) and Eq. (7.7), we get
vV |
= — X —
R R
X A XV
L

Q|

V,-V

I XA x% ............................................... (7.8)

-1

Yo,
1 : . : V . .
Where,— = electrical conductivity of wire andll— = potential gradient
Yo,

On comparing Eq. (7.8) | 1 A % with
Yo,

Eqﬂ&%:MQ%@

where, k = the thermal conductivity
SELF ASSESSMENT EXERCISE 2

A long steel rod, insulated to prevent heat loskas,one end immersed
in boiling water (at atmospheric pressure) andather end in a water-

ice mixture. |If the steel rod is 100cm long andssrsectional area of
5cnt, after establishing a steady state condition, mouch heat per

second is transferred from the steam bath to theveter mixture? (k

for steel = 50J (sfe)*?
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3.3 Conduction of Heat through a Good Conductor andad
Conductor in Series

In this section, we are interested in comparingtémeperature gradient
of the good conductor with that of the bad conduct@onsider a copper
tank of thickness AB which is 5mm and lagged witfela of thickness
BC and 5cm as shown in fig 7.5. \

7 ¢

Copper e

A( /////// 4o°(

Fig. 7.5: Copper and Felt in Series

_—

Suppose the temperature of the water in the cdpp&ris constant at 40
°C throughout the thickness AB and the temperatfitheooutside of the
felt is constant at 1C.

Given that the thermal conductivity of copper iDWM*°C" and that
of the felt is 0.04WRI°C*. At a steady state condition, the rate of heat

transfer% is the same for copper (AB) and the felt (BC).
Using Eq. (7.4), the temperature gradient g isgiae

-1.Q
g—KAx PRSI (7.9)

Let g, be the temperature gradient for copper anblegthe temperature
gradient for the felt.

1 Q
Ou = X—=and ....c.ocoviiiiiii e (7.10)
gCUAZU t
1 Q
f = K e e 7.11
g A X7 (7.12)

where, k, and k are the thermal conductivities for the copper &itd
respectively.
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A, and A and are the cross-sectional areas of copper dnd fe
respectively, which, in this case, are the same.

Now, dividing Eq. (7.10) by Eq. (7.11), we get

Then 9o k, _004_ 4 _ 1
g, K, 40C 400C 100(
gC = igf
“ 100(

This shows that the temperature gradient of coppé0,000 less than
that of the felt. The consequence of this statémenthat the

temperature of the outer surface of the copper imnkt much less than
its inner surface. Hence, the whole lot of thegerature drop from 40
°C to 10C occurs across felt, the bad conductor.

SELF ASSESSMENT EXERCISE 3

Assuming the thermal conductivities of air and bréce 0.02 and 0.6 W
m'°C* respectively, calculate the thickness of air eal@int to a
thickness of 30cm of brick if two of such brick \gahre separated by air
gap of 3cm. How much heat per minute would besfiemed through
them in the steady state when the outside tempesatf brick are 61C
and 10C respectively and the area of cross-section di &a2nf?

3.4 Measuring the Thermal Conductivity of a Good
Conductor

It is possible to determine the thermal conductiat a metal bar such
as copper or iron. The apparatus used in thigmetation is called the
Searle’s apparatus (Fig. 7.9).

Fig. 7.9: Searle’s Apparatus
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The following are the essential features of therl®saapparatus for
measuring the thermal conductivity of a good comaluc

° A thick bar so that appreciable heat is transtetheough a cross-
section

° A reasonable long b#B so that the temperature gradient can be
measured accurately.

° A lagged bar so that no heat escapes and the lwag
transferred is linear along the bar under steaakg stonditions.

Procedure

The procedure for measuring k, the thermal condiiigtis as follows:

° The lagged bar is electrically heated at one endirb electric
supply (H)
° The final steady state temperatures are measwetidans of

thermometers P and Q placed in deep holds bordtkibar at a
known distance L apart. The temperature at® &snd that at Q

IS 61

° A coiled tube R is in thermal contact with the baar the other
end of the bar enables the heat transfer per setonbe
measured.

° Water from a constant pressure head flows stedllibyugh the
tubes R.

° The inlet and outlet temperatut@sand6,are measured

° The set up is left until the temperatures aredstea

° The rate of transfer of water m is measured uginglinder and a
stop clock

° The cross-sectional area S of the bar is founadgusiernier

calipers to measure the diameter.

The value of k can then be obtained from the rahati

% = MGoater (04 - 05) = KA w ................... (7.12)

Q

Alternatively, ry may be determined by measuring the curfeand the

potential difference V of the supply. Thb?!s = IV. Thus neglecting the

use of the resistance of the coil R.

118



PHY 113 MODULE 2

3.5 Measuring the Thermal Conductivity of a Bad
Conductor

This is another useful exercise in the laboratonytiie determination of

the thermal conductivity of a bad conductor. Lesigned the apparatus
for this measurement. Hence, the name of apparatiee’s apparatus

for measuring the thermal conductivity of a baddwgstor (Fig. 3.10).

i }F e .[.-p';;ia'ﬁ.'
TSP . D
o i T ks,

fotel X il

oy 20

The apparatus is made up of a top cylindrical stehamber C. At the
bottom of this chamber is a thick brass block Awathole bored into it
to hold a thermometer,T Next to this brass block A is the bad
conductor specimen D made up of a cardboard os ghaform of a disc
with large diameter with small thickness d so thagives a greater
temperature gradient.

The bad conductor is sandwiched between the boak Bl and another
second cylindrical brass block B which also hasoke fbbored into it to
hold another thermometeg. T

As a precaution, the slabs must be flat and cleéaome Vaseline may
be smeared over it in order to improve thermal @cingFig. 7.10). Heat
therefore flows from chamber A through the specitioethe chamber B.

Steam is passed through chamber C until a steathy ist temperatures
0, andB, as measure by, Bnd T, respectively.

In this situation, the temperature gradien@éiil)

The next problem is centered on how to measuret@rohine the rate of
loss of heat by chamber B. We therefore have somaxe fig. 7.11 (i)
and (ii).

The steam chamber C is removed with the brass #lockhe specimen
is left on top of the lower brass block B. The @wbrass block B is
then warmed gently by a Bunsen burner until itsperature is a few
degrees abové,, say 82C. The burner is then removed and B is
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allowed to cool and the readings of its temperafatewith time are
taken. The graph of is plott@against time t (Fig. 7.11 (ii)).

Fig. 7.11

The slope at temperatubds then determined a‘g

Let m be the mass of the brass B andGhe specific heat capacity of
brass.

Q_

ThereforeT— Rate of loss of heat by cooling

a
ato; = mQJrassE

When the temperature of B is steady, it is losiagtho the surrounding
from side and base at exactly the same rate treeibasceiving heat by
conduction through the specimen D. Thus the rAlesing heat from B
is equal to the rate of heat transfer through geeisnen in steady state.

Q _ya B2-8) _ merassE ........................ (7.13)

t d

Given the area A and the thickness L of the camthoK can be
determined.

K:mch L xi
b (6,-6,) A

4.0 CONCLUSION

In this unit we have studied one mode by which hsatransferred
through matter-conduction. Conduction of heatulglosolids materials
were examined especially through good and bad aiadi of heat.
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The thermal conductivity of a solid material wasnsidered as a
property for the transfer of heat through solid enais.

The rate of transfer of heat in joules per secoasl leen found to be
proportional to the surface area of the solid malteA, and the
temperature gradient. If a conductor is of lengttvhose ends are at
temperature®, and0, and wherd, is greater thaf,, the temperature
gradient is defined as the difference in the temjoees per unit length

(82 - e1)

L
The rate of transfer of heat at steady state ciondit the conduction of
heat. To establish this condition implies that ttmaterial under
consideration must be lagged i.e. insulated sothiegie is no loss of heat
as the heat is being transferred from one enddthan

We would now consider another mode of transfer eaththrough
convection in the next unit.

5.0 SUMMARY

In this unit, you have studied the following:

° The concept of thermal conductivity is appliedbtth good and
bad conductors of heat
° The thermal conductivity of a conductor is used dolve
problems under steady state condition
° The rate of conduction of heat, the area of cotdugc the
thermal conductivity as well as the temperaturerelaed as
9 — kA (92 _91)
t L
° This relationship was used to consider the tentperagradient

when a conductor is lagged or unlagged or whenethgra
variation in the surface areas when lagged

° One principle used in solving problems on condurctof heat
through bad conductors of heat is the use of thavakgnt
material.

° Methods of how to determine the thermal condutstiof a good

conductor and that of a bad conductor were destribe
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ANSWER TO SELF ASSESSMENT EXERCISE 1

The factors that affect the conduction of heatufgtoa solid material
are:

M The cross-sectional area A

(i)  The temperature difference

(i)  The length of the material

(iv)  The time for the heat to be transferred

Note: (ii) and (iii) defines for us the concept@mperature gradient

e

ANSWER TO SELF ASSESSMENT EXERCISE 2

0, = 100C

61 - O)C

L=100cm =1m

A =5cnf =5 x 10°'m?
K =50.2J (s fC)*

From, % = a 0279

L

% = 50.2J/sHC x 5 x 10'm? x %
= 50.2 x 5 x 13 x 100J/s
= 2.51J/s
= 2.51 Watt
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ANSWER TO SELF ASSESSMENT EXERCISE 3

A s ”

fir. Brck. /‘
y L

€)) Let the thickness of air be dnd that of the brick be,dvhich is
given as 30cm = 0.3m. |If they are at the same ¢eatpre
difference ¢, - 6,) across the air and the brick. Then the rate of

Q

transfer of heatt— is defined as

9 — klA (92 -91)
t d,

o

Fig. 7.6

for air

where, k = thermal conductivity of air

For the brick also, % = kA w
2

where, k = thermal conductivity of the brick

Q

SinceT is the same for the two materials.

klA (92'91) — sz (82'81)

d, d,
kl —_ k2
d, d,
0.02Wm*C* _ 0.6Wm-1°C™
d, - 0.3
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0.02x0.3
—mMm

0.6
0.01m
1.0cm

[oX
i
I

The thickness of air equivalent to that of the lorec1.0cm.

(b)

e S0om—>
g

¥ack /—)—ir* Bk,

W PR
Fig. 7.7

If 30 cm of air is in series with the two brickbeh we have this new
picture for the system (fig. 7.7).

From the solution in (a) this arrangement will lopiigalent to the new
picture,in fig. 7.8.

A lom R 2 em C \om D, .
Qa:éﬂ'(: g.\:l()é;
t ,
Danvogomled bagoow\ vicks,
' Fig. 7.8

We are interested in calculating the quantity cith€ per minute that
will pass through from A to D.

9 = kA (02'01)
t d
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where, k = thermal conductivity for air = 0.02Wfg™
A = cross-sectional area of bricks =2m
d = AD =5cm = 0.05m
(6, -0,) = (60 — 10JC = 50C= the temperature difference

Qoo W xonex 20€
t mOC OOS”
= 0'02)(()2:)( 50/ ifor 1 minute we multiply by 60s
E S
_ 0.02x 2x50J X 60 J
0.E min
= 2400J/min

The heat energy transfer per minut@4€0J.

6.0 TUTOR-MARKED ASSIGNMENT

1. A 100cm long copper rod, insulated to preverdtHesses has
one end maintained at 1%Dand the other at°G. If the copper
rod has a cross-sectional area of 1Damd after establishing a
steady state condition, how much heat per seconcnsferred
from 150C end to 8C end? (Thermal conductivity of copper =
385J (s fic) )

2. In double-glazing, two sheets of glass 2mm thiekseparated by
10mm of air. The temperatures of the outside gtasface are
20°C and 5C respectively. Calculate the heat per secondipier
area being transferred by conduction and the tesyes of the
interior glass surfaces assuming steady state womdi(Thermal
conductivities of glass and air are 0.03 and 0.0W\WC™
respectively.

3. A closed metal vessel contains water (i) &1C38nd then (ii) at
75°C. The vessel has a surface area of &.6nd a uniform
thickness of 4mm. If the outside temperature *C1%alculate
the heat loss per minute by conduction in each.cq{3@&ermal
conductivity of the metal = 400WhHK™)

4. The following observations were made in an expent to
determine the thermal conductivity of aluminum kyng

0, =85C, 0, = 65C, 03= 32C andd,= 44C

Mass of water flowing in 1 minute = 9.99. The diste between
0,and0; = 0.4m. The diameter of the bar = 3cm.
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1.0 INTRODUCTION

In Module 2, unit 1, you have learnt about the ¢fan of heat through
solids by conduction. You should have noticed thatdid not discuss
whether conduction takes place in liquids or gases.

You would also observe that in the transfer of Heatonduction, the
material that makes up the solid does not movee fAéat energy is
simply passed from one molecule to the otheria@nfthe hot end of the
solid to the cold end of it.

The question you may logically ask is: “Does cartdhin take place in
fluids (liquids and gases)?”

Thus, in this unit, we would show whether condutttakes place in
fluids or not. This, therefore, brings us to thedy of another mode of
transfer of heat energy through matter described@SVECTION. In
the next unit, you will learn about the radiatiohigh is another mode
of transfer of heat in matter.

2.0 OBJECTIVES

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

° show that conduction of heat does not take pladequids and
gases (fluids)

° explain the meaning of convection as a mode ofstex of heat
in fluids
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° differentiate between natural convection and forcenvection of
heat in matter
° state Newton’s law of cooling.

3.0 MAIN CONTENT
3.1 Conduction of Heat in Fluids

Liquids and gases are usually referred to as fluldises conduction of
heat occur in them? You should have realized that all liquids, except
mercury, which is a metal, are poor conductorse#th Air and gases,
generally are even worse conductors of heat. i@leis can be shown by
placing a piece of ice wrapped inside a wire gaam placed in a long
test tube filled with water (Fig. 8.1).

Fig. 8.1

The upper part of the tuli2is observed to boil after heating it for some
time. It will be observed that as the water bdle ice remains
unmelted at the bottom of the tube. This means it heat is not
conducted down the tube. The heat stays at the Experiments have
also shown that air is a poor conductor of heateelSvool, crumpled
aluminum foil, wollen materials are bad conductofheat because of
the large number of small air pockets within theseerials.

SELF ASSESSMENT EXERCISE 1

Describe an experiment to show that conductionezit ldoes not take
place in a named liquid.
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3.2 Convection in Fluids

The question you may ask now: If conduction of hedwes not occur
in fluids, how then is heat transferred in fluids?

Heat is transferred in fluids by convection. Castian is a mechanical
displacement of heated part of a fluid. In simplerds, it is a

phenomenon of transfer of heat with the actual mmoam@ on the
particles of the body. We usually place a pot attew on top of the
cooker to get boiled water to prepare food or tih lifiethe weather is too
cold. The liquid will be in contact with the sohdall of the container,
which is usually a metal like an aluminum pot. Tdentainer is at a
higher temperature than the fluid. The heat iadi@red to the fluid.
The heated portion of the fluid rises up while ttwdd fluid on the top
comes down. This process continues until the waggms to boil. The
process may be explained in this manner. Whew#ter molecules are
heated, they expand and as a result of this expangie density of the
molecules decreases such molecules thus experianceipthrust,

according to Archimedes Principle, which makes thenfloat. Since
nature does not allow a vacuum, the colder, heaw@ecules take the
place of the lighter ones. Thus a current of madkscis created within
the liquid. The viscosity of the fluid i.e. fluidriction naturally

influences the convectional transfer of heat ind8u

The term convection is usually applied to the transff heat in fluids
from one point to another by the actual movemernthefparticles that
make up the fluid.

3.2.1 Natural and Forced Convection

When the material fluid carries the heat from olae@ to another due to
the differences in density as a result of therrrpbeasion, the process of
the heat transfer is calledatural convection An example of this
occurs when water in a pot is made to boil.

On the other hand, when the material of the flsidorced to carry the
heat from one place to another by a blower or puthe, process is
calledforced convection If you place your hot cup of tea or pap under
a fan, the heat in the tea or pap will be redugefbixed convection.

3.2.2 Convection of Heat in Liquids
Convection in liquids may be demonstrated by plgcan crystal of

potassium permanganate carefully in a round bottbffask and then
heating the bottom of the flask gently (Fig. 8.2).
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You will observe that a rising column of colouredter will occur in the

flask. This shows that convection currents havenbset up. This is a
natural convection. This process again can beagmgd by the

expansion of water molecules at the bottom of thekfdue to the heat
acquired. Their density decreases and as sucy flibet according to

Archimedes’ Principle. The heavier colder molesutben take the
places of the hot ones and so a current is cre@tbch the bulk of the

water. This is the principle applied in the donteekbt water system in
cold countries. The hot water circulates by natcoavection. However
in large buildings, which have central heating eys, a pump is
usually used to assist in the circulation of thé \Wwater. This gives us
an example of forced convection.

SELF ASSESSMENT EXERCISE 2

Explain why the coil (element) of an electric ketis always placed at
the bottom and not on top.
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3.2.3 Convection in Gases

Convection in gases may be demonstrated experitheia using a
glass box with two chimneys A and B as shown in&i§.

' Jink .

\h,\‘l;;Celo\ akr 3 2”;? Chimnay,

Bmiwj
(andle |

Fig. 8.3

Below chimney B, inside the box, is a burning candWhen a glowing
splint of wood is placed above the chimney A, tmeoke will be
observed to take the path of a convectional curirem chimney A to
chimney B.

The hot air around the candle rises up and theaolidom A towards B
as a result of the differences in temperaturesdaetdeases in density on
the expansion of the air particles.

This is the principle behind the formation of leamit sea breezes.
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Fig. 8.4

Along the coastal regions we usually observe brdélerang from the
sea at day time which is always reversed in thétnig constitute the
land breeze.

During the day, the sun heats up both the landtl@dvater. But as a
result of the difference in the specific capacitdghe land and water,
the land is hotter than the water. Thus warmiagsrup and its place
taken up by the colder sea breeze (Fig. 8.4(i)).

During the night the land cools faster than theewafThus the warm air
above the water rises up and is replaced by the a@iolfrom the land,
thereby creating the land breeze (Fig 8.4 (ii)).

Example 8.1

Which of the following position in a room will beasonable for anyone
to place an air conditioner

) at a height near the ceiling of the room?
) at a height closes to the floor of the room?

Explain your choice.
3.3 Newton’s Law of Cooling

You would have observed that when a hot body tsitethe air it cools
down. This can occur under natural convectioroocdd convection. It
cools naturally when the air is still. But whemité is a steady draught,
it can be cooled under what we call forced drauglas in ventilated
cooling in a draught. Newton propounded the lavcadling which is
satisfactory for all temperature excesses.
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Newton’s law of cooling states that the rate of Iesof heat by a hot
body is proportional to the temperature differencebetween the hot
body and its surroundings.

Suppose a body is at a temperatur@¢ and is allowed to cool in an
environment of temperatufg®C, Newton’s law stipulates that:

k is the constant of proportionality whose valupateds on two factors
(the negative sign shows that heat is lost to tineoanding):

° The nature of the exposed surface of the materiaurface
emmisivitiy e

° It's surface area A
% 2 @A (0-00) oo (8.3)

Many scientists have actually worked on this New#daw of cooling.
Preston, Dulong and Petit and Lorentz are examplesuch people.
The summary of their findings have shown that:

° For forced convection in a strong draught Newtoldw of
cooling prevails, where the rate of loss of hegirgportional to
temperature excess

° For natural convection in still air, the five-fdkrpower law
predominates. That is the rate of loss of hegiraportional to
the (temperature excess)mmnn

It is customary to use Newton’s law of cooling foeat loss in
Calorimetry experiments.
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4.0 CONCLUSION

In this unit, we have learnt that conduction doestake place in fluids
(liquids and gases). In fluids the mode of transfeheat that takes
place is convection. This is the mode by which thh@ecules of the
medium carry the heat energy from hotter regionht® region to the
colder region of the fluids.

We used the principle of expansion, which involdesrease in density
of the medium, and Archimedes’ Principle to explaonvection in
fluids. Newton’s law of cooling was used to qugnthe rate of loss of
heat under natural or forced condition, which iggartional to the
excess temperature of its temperature and its wuding temperature.
In the next unit we shall consider radiation astthed mode of transfer
of heat in matter.

5.0 SUMMARY

In this unit you have learnt:

° Conduction does not take place in fluids;

° Heat is transferred in fluids (liquids & gases)dmynvection;

° There are natural and forced convection in fluids;

° Decrease in the molecules of fluids in the hottegion
constitutes the convectional current in the fludise to the
expansion of the molecules;

° Convection involves the material medium in thensfar of heat
in fluids;

° Newton’s law of cooling may be used to explairsia$ heat by
convection under natural and forced condition; and

° Under the natural convection the five-fourth lafANewton’s law

predominates whereas in the forced convection oatss of
heat is proportional to only the excess temperature

ANSWER TO SELF ASSESSMENT EXERCISE 1
Refer to Text in Section 3.1.
ANSWER TO SELF ASSESSMENT EXERCISE 2

Refer to section 3.2.2 of unit 8.
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6.0 TUTOR-MARKED ASSIGNMENT

1. What is the difference between natural convacand forced
convection?

2. With the aid of diagrams how would you show cegtion of heat
in:
0] A liquid?
@iy  Air?

3. In most supermarket stores you may discover that deep

freezer, in which the frozen commodities such askem, fish,
meat, shrimps, etc are displayed, could be leftnop&hout
closing them. Explain why this action is advantageto the
storekeeper.

4. The figures below represent the temperature otoaling
calorimeter at different times.

Time in minutes 0 1 2 3 4 5 6

Temperature ifiC | 45.0 | 33.0/ 26.1 21.7 19.1 17/4 1.5

Use a graph sheet to plot the graph of time agadhesttemperature
where time is the vertical axis and temperature lhbeazontal axis.
Determine the rate of fall of temperature at 2 min.
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UNIT 4 RADIATION
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1.0 INTRODUCTION

So far in this second module, we have learnt abwfirst two modes
of transfer of heat in matter. We observed thatdoation of heat is
effectively done through solids. However, soméhefse solid materials
could be described as good conductors of heahegals while some are
classified as bad conductors of heat. We usedptbperty, thermal
conductivity of each material to do this. We alsbserved that
conduction of heat in fluids (liquids and gasesgsioot occur, instead,
convection of heat predominates among fluids. €quently, these two
modes of transfer of heat require material mediefhode they take lace.
The third mode of transfer of heat is Radiation clihive will now
consider in this unit.

In this unit we would examine the nature of radiatiof heat, its
properties, how it can be detected and examindaie governing the
radiation of heat.

2.0 OBJECTIVES
At the end of this unit, you should be able to:

explain the nature of radiation of heat

state the properties of heat radiation

detect heat radiation

explain the meaning of black body radiation
state Provost theory of heat exchange
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° state Stefan-Boltzmann law of radiation
° solve problems on radiation of heat.

3.0 MAIN CONTENT
3.1 Nature of Radiation

Have you ever sat near an oven or campfire before’How would
you explain the heat transferred to you? Is it byconduction or
convection? Remember what is between you and the sourceaifibe
air. So, the idea of using conduction is ruled dgjain you recall that it
is by the rising of hot air around the oven thaathe being transferred.
But you are not above the source of heat but yelbwrthe side. Hence,
we cannot use the concept of convection to exglaim the heat travels
to you.

Now let us consider another example:

Have you ever considered how the heat from the sutbmes to the
earth?

The planet earth is many kilometers far away frowe $un. The heat
energy has to travel through empty space to redwh darth’s
atmosphere. Hence transfer of heat from the surth& earth’s
atmosphere is mainly by what we describe as radiati

Then now you may ask: what is Radiation?

Radiation is a way of heat transfer which does nequire a material
medium. This is in contrast to conduction or carivm which needs a
material medium to convey the heat energy.

Radiant energy consists of electromagnetic wavashatnavel with the
speed of light. Radiation from the sun consisttheflight and the ultra
violet and infrared heat waves. All these travéhwhe speed of light.
3.0 x 16 mi/s.

3.1.1 Properties of Radiation

Similar to light radiation, the study of which cosnander waves and
wave phenomena, heat radiation has the flowingeptigs:

It can be reflected
It can be refracted
It can be diffracted
It can be polarized
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° It can produce interference
° It can be absorbed

Like light energy, it is in form of electromagnetiaves. However, its
wavelength is longer than those of red light.

Heat radiation, which is invisible, is therefordled infrared radiation.
The wave length of light waves range form 4 xX'0(400nm) in violet
to 7.5 x 10m (750nm) in red. Whereas infrared radiation rarfges
750nm to about 100.00nm.

Although, most objects emit heat radiation in theisible part of their
spectrum or range of wavelengths, some very ha&otbsuch as the sun
emit heat radiation in the visible part of theiesfyum.

3.1.2 Detecting Heat Radiation

Experiments have shown that dull or black surfazeghe best radiators
and absorbers of heat radiation respectively. Hewebright, shinny,
polished or silvery surfaces are the worst radsagord absorbers of heat
radiation. But the question arises is: How do we detect heat
radiation?

Naturally our skins are capable of detecting hediation but a more
sensitive and reliable instrument that is more comyn used to detect
heat radiation is the THERMOPILE.

A thermopile is a series of arrangements of theouples made up of
two dissimilar metals such as Bismuth (Bi), AntigofAg). Such
arrangement can be used to detect and to givegh nmeasurement of
the intensity of heat radiation.

ouler osmana {
° f s evmopile

—_—
—_—D .
Rodia Ho'g . H C Cralvanowm efér-
_—
Covie N 4

Fig. 9.1: A Thermopile
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Refer to fig. 9.1. An arrangement H, made up a$niith-Antimony

junctions are blackened so that nay heat radid#ithing on them warms
up the junctions. A cone N is fitted on this erfdttte thermopile to

prevent any stray radiation affecting these jumgioThe other set of
bismuth-antimony junctions C are silvered and rentald or at a lower
reference temperature C is shielded from the drestiaition.

The thermo-electric emf developed produces a defleon a sensitive
galvanometer G, connected to the outer terminalseothermopile. The
deflection is a measure of the intensity of thet hadiation. When

calibrated, the actual intensity of heat radiatan be measured.

3.2 Black Body Radiation

You will recall that a black body is the best rddiaor absorber of heat
radiation that falls upon it. A perfectly blackdyois therefore defined
as one which emits every wavelength with the maxmenergy for

each wavelength for the particular temperaturéhefliody. This black
body is also known as an ideal radiator. A gooah@xe of black body
is a ceramic-lined closed container with a holatin It may also be

empty tin with a hole punched on the lid.

Any radiation which enters the hole is reflectedesal times round the
inside surface and tends to be trapped insideit4f2).

Fig. 9.2: Black Body Absorber at Temperature T

The absorber inside a black body may be silverthabthe reflection is
high. With several reflections and absorption, bode looks black.
Since a good absorber of radiation is a good radiste can see that a
hole in a closed container is also a black radidigr 9.3).
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Fig. 9.3: Black Body Radiator

The inside is ceramic-lined and blackened to redgo&kly any
reflected radiation and it is heated to a high terafure in a furnace or
heat chamber. It should be noted that the radiatiom a perfectly
black body depends only on its temperature. lsdust depend on the
nature of the surface inside. Black body radiai®rhus also called
temperature radiation.

Non-black body radiators such as the hot filamdrd a electric lamp,
may have some wavelengths of lower intensity coegbawith those
emitted by a perfectly black body at the same teatpee.

3.3 Provost’s Theory of Heat Exchange

In the last section, you have studied about blamyb Now, you will
learn about Provost’s theoryin simple words, it states that when an
object is at constant temperature or is in thermadjuilibrium, it is
losing and gaining heat at equal rates

Let us consider an enclosure P at constant temyperdt Inside this
enclosure are two objects A and B. A is cold whitgect B is hot.
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Temperature T is however greater than the temperatucold body &
and less than the temperature of the hot bdty T

TB > T > TA

At first, body A receives more radiation falling einfrom B that it
emits. Consequently, the temperature of A risesi.warms up. Also,
body B emits more radiation than it receives from Hence the
temperature of B decreases i.e. it cools down. ntadly, the
equilibrium temperature T is attained. At this parature both bodies
are emitting and absorbing radiation at the sar® réhe above process
illustrates exchange of heat through radiation oflibs at different
temperatures to reach a thermal equilibrium as sgghoo what happens
if they were to be in contact. However, if bodyisAa black body, then
at temperature T, it radiates an appreciable amolititat heat at the
same rate. If B is however a silvery surface, ttegrtemperature T, it
radiates and absorbs less heat than A.

3.4 Stefan-Boltzmann Law of Radiation

Stefan found by experiment, while Boltzmann showebretically, that
the total rate of radiation emitted per unit argalperfectly black body
was proportional to the fourth power of its abseltemperature (T) in
Kelvin.

E

o T 9.1
A~ (9.1)
E

— o T e, 9.2
A ° (9.2)

Where, E = total heat energy emitted
t = time of emission
A = total surface area
T = absolute temperature
o = constant known as Stefan constant
The value ot = 5.7 x 168 Wm%k™.

For any other body or surface different from a klaody

B G AT (9.3)
tA

or E ec AT*
tA
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where,e = emissivity of the surfacez(is a number characterizing the
emitting properties of a particular surface).

But, the rate of emission is power, which can lpgesented as:

% S POWEI P e (9.4)

If a black body X is placed inside an enclosura eabnstant temperature
To, then X will eventually reach the temperaturg TFrom Provost's

theory of heat exchanges, X receives from the enoci as much

radiation as it emits, which AT,".

If X is initially at temperature T inside an enadlos, the net heat per
second radiated by X is

P =e0A(T - Toh) it (9.6)
SELF ASSESSMENT EXERCISE

A thin square steel plate 10 cm on a side is heatedblacksmith forge
to a temperature of 800. If the emissivity is unity, calculate the total
rate of radiation of energy?

3.5 Practical Application of Transfer of Heat

When we talk about the modes of transferring heat,also need to
consider their practical applications. Let us miigscuss some of these
important practical applications.

Some of the practical applications include: theesging action of
clouds, the green house and the “thermos” flaslkereHyou will learn

about the “thermos” flask fully to show how the krledge of

conduction, convection and radiation has been ts&éep materials at
constant temperatures without loss of heat.

The Thermos Flask
The thermos flask was originally designed for theppse of storing
liquefied gases. But now it is used for maintagnthe temperature of

hot and cold liquids for long periods. Some hawerb designed
nowadays to keep hot or cold solid food as pachkuioch or dinner.
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Fig. 3.5: The Thermos Flask

Basically, the flask is made up of double-wallexh ilass. The space in
between the flask is evacuated to create a vacwiwekn the walls of
the glass. If you examine a broken flask you witlserve a small
protruding notch at the bottom. This is where ghess was sealed off
after creating the vacuum with the glass walls.

The open end of the flask is covered with a codppér or a plastic
cover, which are non-conductors of heat. The dowidlled vacuum
flask is sealed again in an insulator in the entiase containing the
flask.

The evacuated space of the flask is to preventdblgat by conduction
and convection, which require material medium.

In order to minimize loss or gain of heat by raidiat the surfaces facing
the evacuated space are covered with silver. Thads&nt heat from the
hot liquid is reflected back at the outer wall. clfld liquid is placed
inside the flask, heat radiation from the surrongdis reflected back
from the silvered face of the inner wall. Consetlye any radiant heat
entering the vacuum space is accordingly arrested.
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4.0 CONCLUSION

In this unit, you have learnt about the third maddransfer of heat by
radiation. This mode of transfer of heat doesrequire any material
medium. Radiant energy is electromagnetic in matlt is detected and
measured by the thermopile. We also learnt thetkobodies are good
absorbers and emitters of radian heat energy. &d¥kesilvery and shiny
surfaces are good reflectors of radiant energyvdat’'s theory of heat
exchanges was used to explain how thermal equihibris reached
through radiation between two bodies at differemiperatures. Finally,
Stefan Boltzmann law of radiation was used to gbarthe rate of

emission of radiant energy per area as being ptiopat to the fourth

power of its absolute temperature. We shall now twr attention to
the properties of materials in the next module.

50 SUMMARY
In this unit we have learnt:

° the concept of radiation of heat as a mode of tneasfer;

° that the radiant heat energy is electromagnetitatnre and this
mode of transfer does not require a material megium

° that radiant heat energy could be detected andumed by the
thermopile;

° the concept of black body in terms of its abitibyabsorb or emit
heat energy;

° that a black body is a good absorber and a godttieerof heat;

° that more exactly, a black body is one whose tadhiadepends
on its temperature;

° how Provost theory of heat exchanges producesmtier
equilibrium between two objects at different tengere;
° how Stefan-Boltzmann law of radiation is used iolvisig

problems on radiation of heat energy; and
° that the study of black body radiation is a preltal the study of
guantum theory which is part of your later physiosrse.
ANSWER TO SELF ASSESSMENT EXERCISE
Total surface area = 2 x 1’

Temperature = 80C = 1073K
From, Eq. 9.6,

P =ceAT,’

Inserting these values in Eq. 9.6 above,
o = 5.7 x 10wm*k*
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e=1
A=2x10'm?
T = 1074k
We get,
P=57x10 \£v4x 1 x 2 x 10'm’ x (1073Jk*
m-k
= 5.7x10-8 x1 x2 x 10x (1073fw
=5.7x 10 x 2 x 10* x (1.073 x 103w
P =15.12W

The concept of black body radiation will be rewasitagain at a higher
level of your study of physics. Then you will laahe importance and
the laws of black body radiation, which led to thevelopment of the
guantum theory of heat radiation.

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe the nature of thermal radiation. Haow thermal
radiation detected and measured?

2. State the
0] Provost's theory of heat exchanges in radiabbheat.
(i)  Stefan-Boltzmann law of radiation.

3. A radiant wall heater black body radiator isl@a cylinder 1.0m
long and radius 0.5mm. It is rated at 1KW. If theom
temperature is 300K, estimate the working tempeseatf the
heater, stating any assumptions.

(Stefan constant = 5.7 x fTavm? K.
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1.0 INTRODUCTION

Matter is a substance that has mass and occupgeg.sprhus solids,
liquids and gases are forms of matter. Modernsded include plasma
as the fourth form of matter. Plasma occurs whems are ionized at
high temperatures. At very high temperatures,lstsunce consisting of
positive ions and electrons is known as plasmadedthis section, we
shall therefore concentrate on the properties lidsdiquids and gases.

Water exists in form of solid (ice block), liquidiéter) and gas (steam).
The question you may ask is: What makes water thibit these three
states of matter? Can we explain these three défe states?

By the time one tries to answer these questionsveder and for other
substances on earth, one is mainly looking at tiopgsties of matter
from the molecular point of view.

The theory about the existence of atoms and maec@ibrm the
backbone for the explanation of how matter existshree states in
terms of the molecular forces that exist betweenntlolecules. That is,
the type of molecular forces that exist among mdkscin matter help
us to explain why water can exist in solid, liqaiud gas.

In this unit and in other units to follow, we shsaiudy the properties of
mater.
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From your elementary science, you will recall ttved kinds of property
of matter are considered:

0] the physical properties and
(i)  the chemical properties

We shall be concerned here with the physical ptagseof matter. Your
various courses in chemistry, now and in the neédudsre, will deal at

length with the chemical properties of matter. Thkmowledge of

chemical properties will include the knowledge cdttar as an acid or
abase. One is required to know how an elementcangound reacts
with the litmus papers (red and blue), its readtiamith water, air

(oxygen), acids, bases etc.

With regards to physical properties, we shall beerasted in the
structure, size, mass, volume, density, elasticitpnduction of
electricity, heat etc. However, in this unit wealslbe concerned with
the molecular properties of matter.

2.0 OBJECTIVES
At the end of this unit, you should be able:

explain the existence of molecules in matter

recognize the molecular motion in matter

measure the size of a molecule of a chosen liquid
deduce the density of a molecule from its massvahgne.

3.0 MAIN CONTENT

3.1 Concept of Molecules

The idea of the atomic nature of matter dates iabdek as the time the
Greek Philosophers proposed that the smallestisidig unit of matter

iIs the atom. They further stated that two or matems combine

together to form a molecule. This is what constguthe molecular
nature of matter.

In the modern concept of the atom, we now know that atom is

divisible.  Furthermore, it is not the smallest tumf matter as
experiments have shown that the atom is made ua oéicleus and
electrons, and the nucleus consists of positivélgrges protons and
neutrons. Neutrons have no charges. Thus thenmpnheutrons and
electron have been found to be fundamental pastiofematter. The
study of these particles will be done lateNow, “Can you really

imagine how small the atom of matter is?”
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3.1.1 The Concept of the Atom

If you take a piece of square yam, you may demdsdrt cutting it into
equal pieces with a knife until such a time that y@an no longer cut a
piece into two. You may now use a tine blade aitth ¥he aid of a
magnifying glass, you can continue to do the cgttilfYou may continue
with this exercise under the microscope and ul@tyatunder the
electron microscope and you will find it extremelyficult to divide a
piece of the yam. The limit of this divisibilitg what the Greeks called
the atom. Since, we now know that the atom issihle, it is defined as
the smallest unit of matter that can take part an@mical reaction. As
we said earlier, a combination of atoms constitatemlecule.

In this section, we want to quantitatively ascrébgure to the size of a
molecule. In other words, we want to answer thestjan: How big is
the molecule of a particular substance?

Is it possible to measure the average diameterroblacule of a liquid
such as paraffin or any other type of oil? To lis,twe shall present
you an analogue (example) on how to determine aeter of a round
bead without actually taking the bead and measutirdirectly. We
shall then use the analogue to demonstrate howeterrdine the
diameter of a molecule, which you can not see Wi¢ghnaked eye. You
can now imagine how small an atom is from this eisex

An atom may then be considered as the tiniest foffrmatter that can
exist by itself. However, some of these atoms aloexist alone, two or
more of them combine to form a molecule. Exampfesuch molecules
are: oxygen (@, Hydrogen (H), Water (HO), Sulphur (& and
Phosphorous (existing ag)P

3.1.2 Measuring the Size of a Molecule

(@) An Analogue

In this measurement, we shall measure average thanoé a bead
without measuring a bead physically. Now, let issalss the procedure
of environment.

1. Collection of beads which are assumed to be spleric

2. The beads are then spread in a Petridish suchthbatform a
layer of beads as shown in figure (i) from the sicv.
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Fig. 10.1 (i) shows the side view of the beads avfid. 10.1 (ii)) shows
the aerial view of the beads. It should be enstimatdno bead is lying
on top of the other.

3. In this position it is possible to estimate tfwdume occupied by
the beads thus:

Volume (V) occupied = Circular Area x Height of &ks

where, D = diameter of the dish containing the Bead
d, = average diameter of the beads since they avaefayer.

4. Now, the beads are poured into a measuring dsdirand the
volume is read as Vcin The beads are shaken very well in the
cylinder to make sure that they are well packeettogy in order
to attain the minimum value for the volume.

5. The volume V measured under step (3) above imlewp the
volume V in step (4) using the conservation prifecipf matter
and its volume.

Hence,
2
V (cn?) = “Z X dg
d = 4Vem®
aD?*cm?
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Thus the average diameter of the beadcaih be determined by using
Eqg. (10.2). One may verify the validity of this telemination by
measuring some of the beads with a micrometer sgaavge and then
finding the average value. This is the approadt thill be used to
determine the average diameter of the molecules @il, say paraffin.

(b)  Measuring the Molecular Size of Paraffin Oil

Use a wire loop to pick up a drop of paraffin ag shown in
figure 10.2.

B &

Fig. 10.2

Place the oil drop near a meter rule and with tideod a magnifying
glass, read the diameter of the oil drop and rettasl d.

Using mathematical expression, the volume of thidrop is

V]_ :%72' (%) ................................................... (103)

Where, d is the diameter of the oil drop a%d Is the radius of the oil

drop.

Therefore, the Eq. (10.3) becomes

3
Vl :iﬂ- d_
3 8
3
V, :”g ........................................................... (10.4)

Now take a large bowl! of water and sprinkle sonbeuta powder over
the surface. Allow the oil drop to spread on thdace of the water. As
the oil spreads, the powder will be observed todoeding to the side of
the bowl. This process of spreading should bergerugh time.
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(Bowl cgwﬁu—

Qe candied powrder

Fig. 10.3:  Aerial View of Bowl

NOTE: Let the spread be like a circle of diametesuah that
D=D1+ D) i (10.5)
2

When the liquid is well spread as shown in figu@3]1 record the
average diameter D of the spread using Eq. (10[B)s corresponds to
the situation where molecules are of one layer.

If the average diameter of the molecules Jstden the volume of the
molecules which occupy one layer is

V2 :n(%j X dO

2

V,=m D4 VT N (10.6)

But this \, is assumed to be equal t@ Which is

LB, VLT Vi (10.7)
Using Eqg. (10.7)

3 2
d =7rD d,
6 4
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We get the value of,chs

_ md?® 4
©= e T
2 d°
dOZEF ............................................... (108)

Now, Can you cross check your answer as you didhlie bead?

This is difficult question. There is no way you ca&noss check;
however, the diameter of such measurement willfiteemagnitude of
10 m. If your measurement is in the neighbourhobdntit is correct
and valid enough.

3.2 Molecular Motion

The molecules of matter are always in random motwmether in the
form of solid, liquid or gas. It is easy to demwate this concept by
considering the motion of molecules in liquids gades.

Consider the spread of the odour from a very phlatdish or you may
consider the production of foul air form the cornéa room. The odour
from these sources soon spread round to you. (yesay that it is the
wind that is responsible for the spreading. Thay e true, but let us
consider this experiment, which will show you whatdescribed as
molecular motion of matter.

The apparatus used in demonstrating molecular madio matter is

made up of a long glass tube with the two endsedagith the rubber
bungs as shown in figure 10.4.
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3Mjf tube r B

A c
S P |
. w\h{l-b cleud NH Ot

of NiCL.

R
%%zk,m

Fig. 10.4

A piece of absorbent cotton wool is soaked in cotre¢ed hydrochloric
acid (HCI) and then placed at one end A of the .tuBaother piece of
absorbent cotton wool is soaked in concentrated @mum hydroxide

(NH4OH) and then placed at the other end B of the dl#ss. The two
rubber bungs are used to close the tube. Afterestme, it will be

observed that a white band of ammonium chloridé lvalformed in the
tube. This has shown that the molecules of the acampounds have
moved towards C to form ammonium chloride there.

NH4OH(g) + HC'(g) - NH4C|(g) + Hzo(g)

Besides showing the molecular motion of these gasseabstances, it is
possible to show the relative speed at which tlseganove. It will be
noticed that the lighter gas (NHammonia, has moved a longer distance
than the heavier one, hydrogen chloride (HCI).

Observe the relative position of the cloud to twe ends of the tube.
This molecular motion may be described as diffusi@iffusion takes

place very much in naturelt is defined as the process in which
molecules move from area of high concentration torether area of

low concentration until an equilibrium concentration is established

within the system under consideration The state of equilibrium in
this case does not necessarily mean that the nietetlave become
stagnant. It is a dynamic equilibrium. The faitf semains that the
molecules are forever in motion. The diffusionnadlecules of a solid
in liquid or liquid molecules in another liquid maglso be used to
demonstrate the motion of molecules of matter.stFilet us consider
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solid molecules in a liquid. Place a copper suipltaystal in a glass jar
and then pour water into it very gently as showfign10.5

 Glass Tan —— .

__Coppen sulpwale | T ——
k. O_M i ("x\as.}—-\l L Em—_
O

Fig. 10.5

Allow the jar and content to stay undisturbed fome days. It will be
observed that a time will come when all the crystauld have diffused
throughout the solution. This shows the motiorth&f solid molecules
through the liquid water. It is also possible twup water on a high

concentrated copper sulphate solution or any atblerured solution as
shown in figure 10.6.

LClearWnle
WS S g n"-"\).‘ y \u-g--——-— Kluﬂ QOIu!\‘G‘V\'

. \‘. . "‘\
)" a". (_- Bwﬁ Pa- ~ f. * X
“— \". “ v
v' '.'11' %ul L '\ . . .
w s r p ot

»

Fig. 10.6

0] Initially, there is a clear demarcation of waten top of the
solution.

(i)  After leaving the water and solution for a tphime, it will be
observed that the entire content becomes bluerasudt of the
motion of the molecules — the ever-moving molecules
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It is otherwise described as the Brownian motioRecall also that
molecular motion is described as being random.

3.3 Molecular Mass

You will recall from the definition of matter thétis anything that has
mass and occupies space. Since our moleculessim/ghey also have
mass The question that may arise is: How do we maasthe mass of

an atom or molecul@ This is done by the use of the mass spectroscopy
This technique has also enabled us to measure éissew of a proton,
neutron and electron. The values are given as:

Mass of proton = 1.673 x Tékg
Mass of a neutron = 1.675 x{g
Mass of an electron = 9.11 x{ag

3.4 Molecular Volume

The volume occupied by a molecule is the molecutdume. It is
another property of matter. Experimentally, we éalso found the
volume occupied by the molecules of a substande asi¢hat of a gas.

Form Avogadro’s hypothesis, we can describe thamel occupied by a
mole of a gas — hence we have the molar volume.

The molar volume of gases at standard temperatut@e@essure (S.T.P.)
Is 22.4 liters.

A mole of gas contains 6.0 x £@nolecules.

Hence we can deduce the volume of one molecule to b

3
=AM s = 3.73 x 18%litres

6 x10%

3.5 Molecular Density

The density of a substance is the mass of thatautes per unit volume.
Thus molecular density defines the density of aerulk i.e. the mass of
molecule in kg per 1fvolumes.

It tells us how heavy or light the molecule is. ddygen molecule has

been found to be the lightest gas on earth. Héaamolecular density
is the smallest in value.
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4.0 CONCLUSION

Matter is made up of atoms and molecules, which erst in solid,
liquid or gas. The atom is made up of negativélgrged electrons and
the nucleus, which consists of positively chargestgns and neutrons
that have no charges. Some matter exists as awdnhs others are
made up of molecules, which are combinations ofd¢wmore atoms. It
has been shown that it is possible to measureizbeo§ a molecule of a
substance which is of the order of magnitude ot°d0 Molecules of
matter are forever in random motion when in ligamt gaseous states.
In solid states, molecules are in fixed positionbrating about a
position. Associated with molecules of matter #reir properties of
mass, volume and density.

5.0 SUMMARY
In this unit you have learnt:

° About the atom as the smallest particle of matttet can take
part in any chemical reaction,

Two or more atoms combine to form a molecule,

Matter exists in three states — solid, liquid gas,

The molecules of matter are forever in random omti

It is possible to determine the size of a molecule

The magnitude is of order of, 18n.

The molecular density is obtained from the knogkedf the
mass and volume of the molecule.

6.0 TUTOR-MARKED ASSIGNMENT

1. How would you determine the diameter of a gisample of oil?
Discuss the basic assumptions involved in suchasarement.
Describe an experiment to show that matter omstant motion.
Differentiate between atoms and nucleus.

w N
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1.0 INTRODUCTION

As you know, when some objects are stretched orpcessed by
applying a force, their shapes change. But whendgtermining force
Is removed from the objects, the objects regainr theginal form or
shape. Such objects are known as elastic objects.

Matter as a whole may be subjected to lads ane$oréVe may be able
to see the effects of such load or force on matt€éhe example of
stretching of a rubber shows where the effect ig/ \abvious. The
bridges are subjected to heavy loads but the sffgfcsuch loads are not
very obvious. Thus the steel with which most beslgare built is
usually subjected to all kinds of research in orleknow how it can
withstand the forces. The study of such a resemrarder to know it
can withstand the forces. The study of such aarebeis referred to as
the study of elasticity of the material.

In the beginning of this unit, we shall discusshtbe elasticity. Then
you will read about Hooke's law. Finally, you wilkarn about the
concept of elastic limit and related terms: in text unit we will

discuss moduli of elasticity.
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2.0 OBJECTIVES
At the end of this unit you should be able to:

explain the term elasticity

explain the elastic limit of a metal in the formaowire
define stress and strain

state Hooke’s law of elasticity

solve problems on Hooke’s law.

3.0 MAIN CONTENT

3.1 Concept of Elasticity

Elasticity is the property of a material to regdm original shape or
form after removing the deforming force, or loadyded the elastic
limit is not exceeded.

There are certain terms used in connection witstieity; stress and
strain. Let us discuss briefly about these twgerThe stress on a n
elastic material is defined as the force exerted othe material per
unit area. It can also be expressed as:

Stress L (11.1)

Aree A

The force is measured in Newton’s (N) and the @&eda meter square
(m?) then the unit of stress is therefore Newton petemsquare (Ni).

If an object has an original length/fwhen it is stretch or compressed
in such a way that it has an extension or comprassgilue of e, then,
the strain on the object is defined as

Strain = Extensionproducedn theobject
Theoriginallengthof theobject

Strain :g ........................................................... (11.2)

Stress is related to the force producing the dedtion. Strain is related
to the amount of deformation.
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F.

Fig. 11.1

Fig. 11.1 shows a typical deformation of a bodyjscied to a forcé
whose cross-sectional area A' changes to A and evhesgth is
increases b\ /. Provided its elastic limit is not exceeded, mhaterial
goes back to the former state.

Materials such as Dough, Lead and Putty, for wilelstic limit is small
are called inelastic or plastic material. Stedtighly elastic because it
recovers itself to its original position when tload or force is removed.

3.2 Hooke's Law

Consider a helical spring of original length (fig. 11.2 (i)). When a
weight is attached to it, it will be observed thhe spring will be
stretched through a distanee By using slotted weight, we can vary the
force F acting on the spring and with the aid of a ruler @an measure
the extensiom for each corresponding weight.
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(E//; | 444

Fig. 11.2

When the various forceF] are plotted against their corresponding
extensions €) measured, a linear relationship is obtained asvshin
fig. 11.3, that is, provided the elastic limit istrexceeded.

It is on the basis of this experiment that the iBmitScientist Robert
Hooke formulated the law of elasticity which is kimoas Hooke’s law.

)

AF

i

Fig. 11.3: A plot of Forces versus Extensions Measd
Hooke’s law states thathe force applied on elastic material is

directly proportional to the extension produced prwided the elastic
limit is not exceeded.
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F o e
F = -ke

Where k is a constant of proportionality usuallfereed to as the spring
constant. K is a property of elastic material. e Tiegative sign is to
show the restoring ability of the material. Ladéemodified form of this
law was given. According to which “within elastimit, the stress on
an elastic material is directly proportional to steain produced in the
material”.

Stress & strain
Stress = M strain

Where M is a constant. The constant is called dWic of elasticity of
the material of the body.

SELF ASSESSMENT EXERCISE

State Hooke’s law and describe an experiment tibywibre law.

3.3 The Concept of Elastic Limit and Other Terms

We shall use the experimental set up in fig. 1&.4how the concept of
elastic limit, yield point and other terms usedhe elastic property of
matter. The apparatus is made up of two witesdQ. WireP is held
taut by weightA. While WireP carries a scalbl. The second wir€
carry a vernier scal¥ is subjected to variation of forc&g. The two
wiresP andQ are suspended from a common supfort
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If wire Q is loaded, the length of the wire increases. Wies off-
loaded, it returns to its original position. Ifraterial behaves this way,
such a material is described as being elastic.

The load on wireQ is called the tensile force. When the wire is thus
subjected to various tensile forces its correspanaixtension €) can
then be observed.

The graph of the force=] against the extensiom) can be plotted. A
typical graph obtained from such an exercise isvshio fig. 11.5.

N .
AN\
: 6~
;é'x P /'/ L__eQagh“c,L_;vv\;\k.
& R G
// ‘
p - |
| >
O F Force Messhon.

Fig. 11.5:  Graph of Extension versus Force

Now let us discuss the shape of the graph obtaideds made up of
straight lineOA followed by a curvéABY rising slowly at first and then
sharply. Along and up tb, which is just beyond\, the wire is capable
of returning to its original length when the loagl removed. A is
therefore the limit of proportionality. The fore L is the force of
elastic limit.

Along OL, the metal is said to undergo changes called elastic
deformation. Beyond., the wire has a permanent extension as shown
by line OP. When the force is &.

BeyondL, the wire is no longer elastic. With more forbe extension

increases rapidly along the curdBY. At N, the wire thins out and
breaks.
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The Yield Point

For mild steel and iron, the molecules of the viegin to slide across
each other soon after the load (force) has excetdedlastic limit. At
this stage, the metal is described as being plastishown in the slight
kink atB beyondL (fig. 11.5). This is the yield point of the wire.

The change from elastic to plastic stage is shoyva $udden increase in
the extension. In the plastic stage, the energyedaby the stretched
wire is dissipated as heat. Unlike the elastic estdge energy is not
recoverable when the load is removed.

As the load is increased further, the extensiore@ses rapidly along he
curve YN. The wire then becomes narrower and finally break$e
breaking stress of the wire is the correspondimgef@er unit area of the
narrowest section of the wire.

Ductile Substances

Substances which lengthen considerably and undepastic
deformation until they break are ductile substancEgamples of such
substances are Lead (Pb), Copper (Cu) and Wrough{fFe).

Brittle Substance

When substances break just after the elastic Israttained, then, such
substances are said to be Brittle. Glass, highocasteel brass, bronze
and other alloys have no yield point.

4.0 CONCLUSION

When a force is applied to a material it changsssitape. When the
force is removed, the material regain its origisate, hen that object is
said to be elastic. However, the amount of fonggliad to that object

must be such that the elastic limit is not exceedéthe force is applied

in such a way that the object is permanently degointhen we say that
the elastic limit has been exceeded. Robert Hosttablished the
relationship between the force applied to a mdtema the extension
produced within the elastic limit. The force apgliper unit area of the
material described the stress on the material. r&tie of the extension
produced by the force and the original length @f mhaterial known as
strain on the material. Substances are classdgedeing ductile or
brittle depending on their behaviour when the eabmit has been

exceeded. A substance is said to be ductile ifetgmks a plastic
deformation and breaks. A substance is said toritt&ebf it breaks just

when it has exceeded its elastic limit.
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5.0 SUMMARY
In this unit you have learnt that:
° A material is said to be elastic if when deformby the

application of a force and capable of regainingotiginal shape
when the applied force is removed;

° The deformation can be in the form of change mgle and
shape;

° Robert Hooke showed that within the elastic lirthie force on a
given length of wire is directly proportional t@ xtension€);

° The yield point of an elastic material occurs whies load on it

makes it to exceed the elastic limit and the makdrecomes
permanently deformed or plastic;

° A material is described as being ductile when ridergoes a
plastic deformation and then breaks;

° A material is described as being brittle if jushem it is at its
elastic limit any additional load makes it to break

ANSWER TO SELF ASSESSMENT EXERCISE

Refer to Section 3.2 of Unit 11. To verify the layou can take a
metallic spring, a scale, and pan to attach with $pring. Also take
some weight to put into pan and note the correspgrektensions from
the lower scale. Draw a graph between load applretithe extension.
Then conclude the result and verify the law.

6.0 TUTOR-MARKED ASSIGNMENT

The extension in length of a spiral spring variesldferent weights are
suspended from it. The result of the experimerl Wie spiral spring is
as shown below in tabular form:

W(10°N) 5 |10 |20 | 30 | 40 | 50| 60

Extension(cm) |09 |18 | 3.6 | 54| 7.2] 9.0 108

Plot the graph of weight versus the extension preduand deduce the
relationship between the weight and the extensidetermine the spring
constant of the spiral spring.
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1.0 INTRODUCTION

In the previous unit, you were introduced to thasgt properties of
matter. You learnt about the law that governs dlastic nature of a
material, most especially if it is a solid objedtVe have also observed
that it is not only solid objects that are elastichat can be subjected to
stress and strain, what about liquids and gases?

Elastic nature of liquids is not very obvious asnpared with that of
gas. If you take a bicycle pump, close the entl\piin your finger very

hard so that when you push down the piston air aoéfscape. Then
push down the piston by applying force on the handlhe piston goes
down through a considerable distance but when setkahe piston
springs back to its original position. This shatve compressibility of

the air molecules and their elastic nature.

Thus in considering the elastic nature of liquidd gases in this unit we
shall embark on the other concepts of elasticityctvhnvolves the

moduli of elasticity. These are the Young, BulkdaBhear moduli.

Liquids and gases also experience stresses andssivaen forces are
applied on them. Besides, we would also considerenergy involved
in the stretching of a wire.
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2.0 OBJECTIVES

After studying this unit you should be able to:

define Young’s modulus of elasticity

define Shear modulus of elasticity

define Bulk modulus of elasticity

relate Young’s modulus with thermal expansion aietal
define energy stored in a stretched wire

solve problems on moduli of elasticity.

For a given material, there can be different typésmodulus of
elasticity. Now in the subsequent sections, we l\@drn about these. It
all depends upon the type of stress applied andrdbalting strain
produced. Let us discuss these facts.

3.0 MAIN CONTENT

3.1 Young's Modulus

When a force (F) is applied to the end of a wireross-sectional area A
and having an initial length L, we define the témsiress on the wire as
the force per unit area.

) Force
Tensile stress =

Where F is measured in Newton’s (N) and Area im@ter-square (A
Therefore the unit of tensile stress is Rim

The cross-sectional area A of the wire is expressed

2
A = D mr?
4

Where, ris the radius of the cross-section and
D is the diameter of the cross-section.

If on the application of the force F, the wire idended by ¢) then we
would define its tensile strain as

170



PHY 113 MODULE 3

) ) extension
Tensile strain =———
initial length

SELF ASSESSMENT EXERCISE 1

2kg mass is attached to the end of a vertical wirlength 2m with a
diameter of 0.64mm and having an extension of 0.6Q@lculate

M the tensile stress
(i)  the tensile strain on the wire (take g = 9.8/

Stress on a wire is plotted against the straimaglgshown in fig. 12 is

obtained.
A -
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k. b
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Fig. 12.1: Stress versus Strain

The points and region on the graphs shows

A = proportional limit

L = elastic limit

B = Yield point

C = Breaking Stress

D = wire breaks

oL = elastic deformation
BC = plastic deformation

From this graph, we shall define the Young’'s Modut# Elasticity
symbolized as E.
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_Tensilestress
Tensile Strair

Thus

Example 12.1

The Tensile stress and Tensile strain of a wir® & A0N)m’ and 3 x
10* respectively. Determine Young’s Modules of theewi

Solution
E _ TensileStress
Tensile Strair
= 6.09 x 10 %
= 3x 10
= 2.03 x 16'Nm/
The Young’'s Modulus =  2.03 x 18'"Nm/

3.1.1 Force in a Bar Due to Contraction or Expansio

When an iron bar is heated and is prevented framracting as it cools,
experiments have shown that a considerable forezaged at the ends
of the bar.

It is possible for us to obtain the force exertethvthe knowledge of
Young Modules E, cross-sectional area A, the coeffi of linear
expansionu (linear expansivity) and the change in temperatiue to
the contraction or expansiofg).

From Eq. (12.3), you know that the force F is gibgn
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Also, the coefficient of linear expansion is givan

AL e
LAO  LAG
© ZOLAD ettt e, (12.5)

Substituting Eqg. (12.5) in Eq. (12.4), we get

Hence F —ELA x aLAO

SELF ASSESSMENT EXERCISE 2
A steel rod of cross-sectional area 2.6dmeated to 1T and then
prevented from contracting when it cooled t8QLO If linear expansivity

of steel is 12 x 18 k™ and Young Modules = 2.0 x ¥0l/m?. Calculate
the force exerted on contraction.

3.1.2 Energy Stored in a Wire

As you know that work done is defined as the proddiche force and
the distance moved by the force

i.e. Workdone = Force X distance
For a given wire, the work in stretching it is givey

Work done = Average force X extension

I
7 N\
N T
N—
o
o)

But now you may ask: why we are using the averageefrather than
absolute force?

This is because of the fact that the force increds®em zero to a given
value, provided the elastic limit is not exceedddherefore the amount
of work done in stretching a wire, or the amounenérgy stored in the
wire is given by
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The energy stored is the gain in molecular Poteriizergy of the
molecules due to their displacement from their naasitions.

The energy store could be expressed in terms ohy &dodulus. Now,
substitute the value of F from Eq. (12.4) in EQ.7, we get

weol (EAe)
2 7L
2
W = % X E’te .................................. (12.8)

SELF ASSESSMENT EXERCISE 3

A vertical wire, suspended from one end is stratchg attaching a
weight of 20N to the lower end. If the weight exds the wire by 1mm.
calculate the energy gained.

3.2 Bulk Modulus of Elasticity

Meanwhile, you would have observed that we havegdween talking
about elasticity in terms of solids (i.e. wire). ¥habout liquids and
gases? While Young Modulus of elasticity is assted with solid
objects, the bulk modulus deals with liquids ansega

When a liquid or gas is subjected to an increasssurre, the substance
contracts. A change in the bulk thus occurs. BOll& strain is defined
as the change in volumaY)) of a gas (or liquid) to the original volume
V.

_ Changen volumeof gasor liquid

Bulk Strain — —
Original volumeof gasor liquid
¢ AP
R R TS 0
.; :\: AR S Q . :h“
AY_'_» ' INT :
:~“ '°\~"____AP
AP —p [F NG
« - " N
,~:.'"~‘ ,; ‘\‘ ~n ".: \

) "‘u\
TAP

Fig. 12.2:  Bulk Stress & Bulk Strain
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Since the change in volume is AW

And the original volume is V,

Therefore the, Bulk Strain = % ................................ (12.9)

The negative sign indicates that the volume deesa®ulk stress is
defined as the increase in force per unit area.

Bulk Stress _Increasen force A (12.10)

Aree A

Then Bulk Modulus of elasticity K is defined as

K _ Bulk Stress
Bulk Strair
= AP+ﬂ
V
K = AV (12.11)
AV

The reciprocal of bulk modulus of elasticity Kgs\l;which is known as
compressibility of the material.
T o e e (12.13)

3.2.1 Bulk Modulus of a Gas — Isothermal Bulk Modulis

When the pressure and the volume of gas changesom@stant
temperature, we have the expression
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PV = Constant ..o (12.14)

It is also known as Boyle’s Law. In addition, s$talso associated with
what we describe as an isothermal condition. Gfer@ntiating this
expression with respect to volume V. we get

T (12.5)
av . v
P+ VE =0
v
R (12.6)
dv

What does this expression remind you of? You wedall that the bulk
modulus of elasticity is given as

K=-V E
dv
P=v P (12.17)
dv

Thus the isothermal bulk modulus of elasticitygsi@ to the pressure P.

3.2.2 Bulk Modulus of a Gas — Adiabatic Modulus

By adiabatic, we mean a system whereby heat ialfmved to escape
into it or get out of it. The pressure, and voluofi@ gas can be related
in such a way that

PV¥% = Constant .........ccoeiiiiiiiii . (12.18)
where Y= Ce
C:V
The symbol r is pronounced as gamma.

Ce is a ratio of the molar heat capacities of a gasoastant pressure

\%
Cpr and constant volume,C A state is described as adiabatic when no
heat is allowed to leave the system or enter tlstesy of a gas. The
external work done is wholly at the expense ofititernal energy of the
gas. The consequence is that the gas cools dasmgtfrom PV =
Constant
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On differentiating the Eq. (12.18) with respecWtove get

A7) L\ d(P)_
dv dv

pxyvi-tev P
dv
vV’ dP

V7t odv

Py =-

On arranging the terms, we get

_ V'V dpP
V7 dVv

V4
Note that VV 1= Vvv1i= Ve

dP
= -V —
i dv
But K:-Vﬁ
dv
PY = K e

Hence the adiabatic Bulk Modulus is

K =Py

MODULE 3

... (12.19)

The following are the values of K at isothermal adgabatic conditions:

For air at normal pressure,

K
K

1.4 x 16Nm2 for adiabatic bulk modulus.

1.0 x 16Nm for isothermal bulk modulus, while

These values are of the order of fifhes smaller than liquids as gases

are much more compressible.

177



PHY 113 HEAT AND PROPERTIES OF MERT

3.3 Shear Modulus of Elasticity or Modulus of Rigidky

Consider a block ABCD such as block of rubber aswshin fig. 12.3

Fig. 12.3:  Shear Stress and Shear Strain

The lower plane is kept fixed. A force F is apglie the upper side AB
parallel to CD. The effect of this force on thetenal is a change in
shape from ABCD t&\'B’'CD. There is a displacement of the planes in
the body relative to the planes. The angular dgghent: is defined as
the shear straina is thus the angular displacement between any two
planes of the material. For example pla#éB’and CD or planes CD
andP'Q’.

You should note that in shear modulus, no volumengk occurs as in
the Bulk modulus of elasticity. Since the forcer CD is F in

magnitude, it forms a couple with the force appliedthe upper side
AB.

The shear stress is defined as the shear forcampearea on the face
AB or CD. The shear has a turning or displacenaéfieict owing to the

couple that exists. Besides, the solid does nbapse because in a
strained equilibrium position such A®]'CD, the external couple is
acting on the solid due to the force F is balantmgdn opposing couple
due to stresses inside the material. If the eldstiit is not exceeded
when a shear stress is applied, its original shapen the stress is
removed, the modulus of rigidity or shear moduluis @efined as

_ ShealStress

" SheasStrair
Forceperunitarea

- Angulardisplacemast «
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Shear modulus is applicable to the helical sprifgyhen the helical

spring is stretched all parts become twisted. dp@ied force has thus
developed a tensional or shear strain. The exiensi the spring

depends on its shear modulus in addition to itsedsion. In sensitive,
current measuring instruments, a weak control esled for the rotation
of the instrument coil. A long elastic wire of @phor — bronze is used
instead of a spring.

4.0 CONCLUSION

The ratio of stress and strain defines for us tluelutus of elasticity.
There are three moduli of elasticity:

) Young modulus
° Bulk modulus
° Shear modulus

When material expands or contracts an enormous farcinvolved.
Besides, energy or work done in stretching or @ming an elastic
material. Bulk modulus of elasticity may be comes&tl under two
conditions.

. Isothermal condition i.e. at constant temperature
. Adiabatic condition when there is no exchange ddthenergy
between the gas and its environment

5.0 SUMMARY

In this unit you have learnt that:

. A material is said to be elastic if it is capableregaining its
original shape when the applied force is removed.

o The deformation can be in form of change in lengiblume
(bulk) or shape.

. The stress on an elastic material is defined asfdhee per

unitE. The unit of which is N,

The strain of a given wire is defined as the ragtween the extension

(e) and the original lengthy | of the wire i.e.(je)
. Young Modulus (E) of elasticity is defined as

_ TensileStress
Tensile Strair
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Forceperunitarea
extension originallength

. The force involved in the contraction or expansidna wire is
given as
F = EAaAD where

E = Young Modulus

A = cross-sectional area

o = linear expansivity

A = change in temperature
. The energy stored in a wire (W) is defined as

2
W = 1 EAe
2 !

E = Young Modulus

A = cross-sectional area

e = extension

1 = original length
. Bulk modulus of elasticity (K) is defined as

_ Bulk Stress
Bulk Strair
= _V E
dv

Where V is the original volume angg is differential rate of change of

pressure with respect to volume.

o The compressibility of a material is the reciprooélthe Bulk
modulus.
Compressibility = - -VE
K dv
. Under isothermal condition, the bulk modulus of &s gs its
pressureP.
. Under adiabatic condition, the bulk modulus of @as is rP
where
C
Y= =
C:V
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the ration of the molar thermal capacity of the gasonstant
pressure g£and the molar thermal capacity of the gas at emnst
volume G , and P the pressure.

o The shear modulus or the modulus of rigidity (GJedined as

_ ShealStress
SheaiStrair

_ Forceperunitarea
Angulardisplacemast «

ANSWER TO SELF ASSESSMENT EXERCISE 1

Force
Aree

0] Tensile stress =

4x2x9.8N
1.287x10°m?

6.09 x 16N/m?

(i) Tensile Stress = f

I
w
X
|_\
Q
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ANSWER TO SELF ASSESSMENT EXERCISE 2

Cross-sectional Area of rod = 2cm2
= 2 x 10'm?
Change in temperature A0 = (100 - 10)C
= o0°C
From F = EAc. AO
Force = 2 x 18N x 2 x 10°m? x 12 x 10°C* x 9¢°C

2x 2x12x90x 0% 10*x 10°N
4321 x 16N

43.20N

4.32 x 16N

ANSWER TO SELF ASSESSMENT EXERCISE 3

Energy gained = Y% Fe

Y% x 20N x (1 x 16m)
10°

0.01J

Gravitational Energy lost = mgh

Wh

20N x 1 x 18m
0.02J

The excess energy is dissipated as heat when tightweomes to rest
after vibrating at the end of the wire.

6.0 TUTOR-MARKED ASSIGNMENT

1. Calculate the maximum load, which may be placada steel
wire of diameter 1.0mm if the permitted strain moet exceed
1/1000 and the Young modulus for steel is 2.0 XN/on?.

2. An aluminum rood 300cm long, 0.580cm in diameteyuld
normally contract 1.32cm in cooling from 225 to 25C.
Calculate the force which would be required to prevthis
contraction? (Young modulus for aluminum = 7.00&1n?).
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1.0 INTRODUCTION

In the previous unit, you have studied that ligaitl gases experience
stresses and strains when forces are applied an thi@e substances are
made up of molecules which exists in free state@usess all the basic
properties of the substance. The state (solidjidigpr gasO of a
substance is determined by the interplay of thermaérgy and
intermolecular forces. This gives rise to molecteory. Later it was
supplemented by the laws of mechanics for individnalecules leads
to kinetic theory.

In this unit, you will learn to derive an expressifor pressure exerted
by a gas and deal with kinetic theory of gasessmadhow it can explain
all the gas laws of an ideal gas. You will alsarfeabout the root mean
square velocity of the molecules of a gas.

Further more the theory enables us to:

0] Determine the root -mean -square velocity (s.)n of the
molecules of a given mass of gas.

(i)  Show variation of the r.m.s speed.

(i)  Show the distribution of molecular speeds.

(iv) Derive the internal energy of a gas.
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2.0 OBJECTIVES

At the end of this module, you should be able to:

3.0

3.1

state the assumption of the kinetic theory fordwal gas

derive an expression for the pressure of a gasnirerelosed
system

explain and derive the root-mean-square velocity.g.) of gas
molecules

derive the gas laws from the kinetic theory of gase
show and explain the variation of r.m.s. speed
explain Boltzmann constant

derive the internal energy of a gas.

MAIN CONTENT

Kinetic Theory of Gases and its Applications

In this section, we shall explain the gas laws atiter behaviour of
gases by considering the motion of their moleculdsat is, we will
derive the gas laws through the Kinetic theory a$es. To do this, we
use the following assumptions about the kinetioth®f gases:

(i)

(ii)

(iii)

(iv)

(v)

the gas consists of a very large number ofeedingly small -
particles -identifiable with chemical molecules iah are in |
incessant, rapid, haphazard motion. All directibrmmtions are
equally probable.

for a given mass of gas, all these partices identical and the
smallest volume of gas consists of large numbemofecules
(i.e. in a 1mm, under standard condition of temperature and
pressure, there are nearly 3 X%olecules).

the average distance between the molecualed the mean free
path) is so large compared with their linear dinnems that the
particles may be considered to be of negligiblee,size. the
volume occupied by the molecules is negligible cared with
the volume occupied by the entire gas.

the molecules exert no appreciable force ocheather so that
between collisions, they travel in straight pattes, the attractive
forces between molecules are negligible - theraasforce of
attraction among the molecules;

collisions molecules between and with the walls pesfectly
elastic. There is thus no loss of Kinetic energgirdua collision
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process and a molecule rebounds from the wall witrelocity
equal to that with which it strikes it;

(vi) the duration of a collision is negligible cpared with the time
between collisions.

We shall now use the above assumptions to derivexparession for the
pressure exerted by a given mass of gas enclosedubic container of
length 1.

3.2 Pressure Exerted By Gas

Consider that there are N molecules of gas percauleire each of mass
m as shown in fig. 13.1.

P2
|
S I
R )
SRR !
:"u :‘r-.:‘.::,:::. ;
Tl Ve
A e—> Ut lo :
- - LX)
_ xé- h“*q..\ ‘.‘r. C T \L
Fig. 13.1

Generally, the molecules move in different direcsiowith different
velocities G, C,...Cy. Let us consider the molecules with particular
velocity, say G. This G has velocity components in three directions,
0.,0y,0;, parallel to the three edges of the cube passingutfir the
corner O. Suppose these velocity components gre’uw? in the
directions respectively. Then one can write,

Since u, v, w, are at 9@ each other.

Let us now consider a molecule moving in the dicgcO, normal to

one face of the cube. The incident velocity - u #rerebound velocity
after collision is +u. Using the Ox axis as bemagative for a molecule
of mass m and initial velocity -u, its initial momem is -mu. On
rebound its finial velocity is +u hence its finmbmentum is +mu]
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Time taken by the molecule to travel across to dpposite face and
back. If the total distance covereddsé and the molecule has a velocity

. 2 . : . :
u, the time taken =—€before it makes another impact again. Hence this
u

u -
molecule makesz—g collision per second.

Hence the change in momentum per second

= number of collisions per second x change in emiom

2
= mg“ S e, (13.3)
But according to Newton's second law of motion, tbleange in
momentum per second is force. So the magnituddeoforce on the

2
face of the cube % S e, (13.4)

This is the force due to the component u of vejo€if. Adding the
similar components of the velocity of all the otmolecules, thus the
total force on this face is

F= % (U2 + U2+ oo, FUZ) oo, (13.5)

The square of velocity u components is the averdgall the square
values of

2 2 2
(uy +uy + . +Uy, )
u> =ul+ul+ . +u?
N
2 — 2 2 2
Nu =US U F maL U (13.6)

Substituting Eqg. (13.6) in Eq. (13.5), we get
.
Hence the total magnitude of the force—l\i% =F i (13.7)

For a large number of molecules in the cube, thamsxuare of the
components along must be equal.
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Where C?is the mean square velocity of all the molecules©ieWthe
gas is in equilibrium there will be no preferrededtion of motion i.e.
all direction of velocity will be equally probabéad therefore

U2 S e e (13.10)
c?
L s (13.11)

From the concept of Pressure, P, Pressure is defim¢he force per unit
area.

Substituting for F in Eq. (13.11), we get

c?
P NI o (13.13)

But as you know that® =V, the volume of the cube

2
P=Nm—
3V

PV =%chz ............................................... (13.14)

Since the Nm is the total mass of N molecule wisdd and

% =, p the density of the gas
P =

Nme
Vv

w

2

1 =
P :EpC .................................................. (13.15)

This is an important result. It relatpswith P and C. We have derived

this result by assuming a cube.
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3.2.1 Root Mean Square Velocity (R.M.S) of Gas Mecules
From Eq. (13.15), you know that the expression gogssure can be

written as,% p@

Therefore the root-mean-square velocity of allgae molecules can be
defined as

cc= 3P

Consequently, if we know the pressure (P) andetssdyp of the gas.
We can calculate the r.m.s. velocity of the gasetules.

SELF ASSESSMENT EXERCISE 1
Given that the pressure of 1.013 X’RA (Nn¥) is exerted on a given

mass of hydrogen gas which has density 0.09kgta temperature of 0
°C. Calculate its r.m.s. velocity.

3.3 Deduction of Gas Laws from Kinetic Theory of Gaes

Now in the subsequent section, we will discuss abmigas laws which
were derived using the Eq. (13.15).

It has been shown earlier that for N moleculesheaass m, the mass M
of agasis Nm.

PV = 2NMC? oot (13.17)

PV :3(3 ME) ............................................ (13.18)
But %ME in Eq. (13.18) is the average Kinetic energy ahslation
of the gas molecules.
(Rotational energy of the gas molecules is negiBctdNow, heat is a

form of energy and it is reasonable to assume ttietgas molecules
have greater energy of movement when its temperasuhigher. We
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. 1..— . : :
can therefore make the assumption tlcz}ewl C? is proportional to its

absolute temperature T.
1,72
Hence,-MC® o« T

SIMC? = KT ot oo (13.19)

Where, K is a constant of proportionality.

Now putting Eq. (13.18) in Eq. (13.19) as givendvel

pv =2 (EMEJ

32
We get,
PV = g KT e (13.20)
PV = Constantx T
PV = R o e (13.21)

Where R is the constant for 1 mole of gas
Furthermore, we can also say that

1

PV = EME = RT v, (13.22)
On dividing by ¥z both sides, we get

Iuc - 3 Rt

2 2
But, %M@ = K.E. of the gas molecules

3

KE. = 5 RT it e e (13.23)
From, PV = RT
at constant temperature

PV = Constant
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This is Boyle’s law

PV_

T R (The general gas law) wu..coevvvvvvnnnn... (13.24)

3.4 Variation of the Root Mean Square Speed

Consider the Eq. (13.22),

v = IimC = RT
3

1.~
Then éMC = RT
On rearranging the terms, we get

c? = 3RT

M
& = PR (13.25)
M

Since R is a constant, hence for a given temperalyrit can be
concluded that r.m.s. velocity is inversely projmoral to the molar mass
(M) of the gas.

: 1
r.m.s. velocityoc —

™

This relationship can be sued to compare the r.wekcities of two
gases such as oxygen and hydrogen.

r.m.s.velocityof oxygen _ [MH,
r.m.s.velocityof hydrogen MO,

Where, MH = molar mass of hydrogen = 2 and,
MO, =molar mass of oxygen = 32

However from, \/@ = 3%_

For a given mass of gas at different temperatures

r.m.s. velocityVC? o T

l.e. the root-mean-square velocity is directly mptjonal to the square
root of its absolute temperature.

191



PHY 113 HEAT AND PROPERTIES OF MERT

SELF ASSESSMENT EXERCISE 2

The r.m.s. velocity of hydrogen is 1800Mmsat a given temperature,
calculate the r.m.s. velocity of oxygen at the saemeperature. (Molar
mass of hydrogen = 2, molar mass of oxygen = 32).

SELF ASSESSMENT EXERCISE 3

The r.m.s. velocity of oxygen molecules is 400mas ®C. Calculate its
r.m.s. velocity at 10C.

3.5 Distribution of Molecular Speeds

In this section we are connected about how thedspetthe molecules
are distributed in a given closed system at a @ddi temperature. You
will recall the assumption that not all moleculesva with the same
speed. So now you may ask: what is the distributtd molecules
speed? So far, we have discussed what is meatleyoot-mean-
square speed and the mean speed of molecules ivea gas. The
actual speeds vary from low to high values. Atvegtemperature, the
variation follows what is known as Maxwellian dibtrtion as shown in
fig. 13.2.

N
Co Cm Cr. '/C’(M/‘i‘)

Velocity distribution of gas molecules M')

The vertical represents the number N of moleculaghvhave speeds
within a given range about a particular value e probable speed,C

is the maximum value. The mean speggditCthe graph is greater than
the probable speed,®y about 13%. While the root-mean-squarasC
greater than the probable speedb@§ about 23%. These variations are
shown with the curve T At higher temperatures as shown in the fig.
13.2, by the curve JJ the speed of the molecules increases. You will
note that as the temperature increases, the casenies broader and
flattened.

As you will recall that in diffusion we learnt aliaihe average spee@
of the individual molecules. The greater the vabfieC, the faster the
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rate of diffusion. However, when it comes to thhegsure of a gas, its
value is associated with the mean sq@ire

3.6 Boltzmann Constant

It will be recalled that when we derived the expres for pressure for a
given mass of gas, we obtained the expression

pv = Nge
3V
1~
Or PV = gNmC
PV = E(Em@J
32

Where% mC?is the average Kinetic energy of the gas.

For one mole of a monatomic gas, translational iKd& be related with
its temperature such that

lnc=3rt
2 2

If the member of molecule in one mole of a gas js the Avogadro
constant which is 6.02 x ftmole®

The average K.E. per mole % ) RT oo (13.26)

Where K is the Boltzmann constant, thus %: where R = 8.3 JK

A
'mor?

K = Ni =1.38 x 173IK™?

A

The value fro Boltzman Constant is 1.38 x2i1K™.

3.7 Internal Energy of a Gas
In this section we shall consider two types of gas

0] monatomic gas
(i)  diatomic gas
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No we will discuss the internal energy and the degof freedom
possessed by each type of gas.

Monatomic Molecule

Z /N

= 4

L
2

Fig. 13.3:  Degree of Freedom of a Gas Molecule

Consider a monatomic molecule of a gas (like helilmrgon and
krypton) at the point o in fig. 13.3. It is capalaf moving in Q, G, and
O, directions. We therefore say that it has thraadtational degrees of
freedom. As you know that the total translatiodaletic energy of a

molecule isg KT, since all the three directions are equivalehtence
the K.E. per degree of freedom of a molecule

= §KT + 3 degrees =1—KT.
2 2

Therefore, the translational Kinetic energy asdediawith ach
components of velocity is just one third of theatdtanslational kinetic
energy.

Monatomic Molecule

A diatomic molecule consists of two atoms with andbdetween them
Fig. 13.4(i)).

7z
. ' —l 3y
Dickomic moleculo . / > >
X yibrakonal

(1
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Like a dumbbell, it moves through the air with fe#owing degrees of
freedom:

0] three translational degrees of freedom x, y and

(i)  two rotational degrees of freedom. Since atates about two
axes at right angles to the line joining them (X.&z

(i)  the vibrational energy is also there but ngifle compared with
others.

That is for a diatomic molecule there are five e@egr of freedom.
Hence the total energy of the diatomic moleculex=125KT =gKT

Therefore, the molar heat capacity for 1 mole efdhs:

Q=§R .......................................................... (13.27)

q=q+R=gR=R=%R .................................. (13.28)

Therefore for monatomic molecule, the internal gget is only
translational K.E.

The molar heat capacity at constant volumg i€ the heat energy
required to raise the temperature of 1 mole oflgadK. This is also
the rise in internal energy of an ideal gas whertdmperature rises by
1K.

3 3 3
=AU==R(T+1)-- RT==R
C S ROM+1) -5 >

3
AU=C,= =R
N 2

The molar heat capacity at constant pressyrie given by

G-G =R

G- G =R
_co5

AU=G =R

Therefore, the ratio of molar heat capacities \&egias for monatomic
molecules

195



PHY 113 HEAT AND PROPERTIES OF MERT

wlo

R - A (13.29)
C:V

For diatomic molecule, the ratio of heat capacitias be obtained as:

5
AU=C,= >R
&=

AU:Cp:C\,+R:gR

% =y == =140 e (13.30)

Here r is called (gamma), which is the ratio of theapacities. This
shows that the ratio of heat capacities decreaséls mcreasing
atomicity of gases.

4.0 CONCLUSION

Some assumptions have been given to the Kinetaryhaf an ideal gas.
By using these assumptions the expression for tb&spre on a gas has
been derived which is in consonance with Boylels (RV = K) and the
equation of state (PV =nRT). The root-mean-sq(ane.s.) velocity of
a gas molecules have been explained and derivadlly; the internal
energy of a gas has been derived.

5.0 SUMMARY

In this unit you have learnt:

. About the basic assumptions of the Kinetic Thedrgases;
. How these assumptions were used to derive the ssiprefor the
pressure exerted by a given mass of gas in a ckystem.
PV = 1N mC? or
3V
pv = INpctogrr
3V
The kinetic energy of translation was given as PV =
e = 3Rt
2 2
. That the ideal gas law PV = RT only follows fromnitic

Theory of gases by assuming that the kinetic enefgranslation
Is proportional to the absolute temperature T;
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o The root-mean-square velocity of the g@ = /3—P where P
Y2,

is the pressure of the gas and is paensity of the gas;
. The root-mean-square velocity of the gas is inddpetof the

pressure, directly proportional ta/T (the absolute temperature)

and inversely proportional t& M where M is the mass of one
mole of the gas;
For a monatomic gas, the molar heat capacity attaohvolume

C, = gR; the molar heat capacity at constant pressypegﬁR;
the ratio% =y is just equal to 1.67; and

\

. For a diatomic gas, G gR, G = %R and% = v is just equal
\%

to 1.40.

ANSWER TO SELF ASSESSMENT EXERCISE 1

From C? = /ﬂa
Y2,

r.m.s. velocity

J& - \/3x1.013x105

009
1840':—

1.84km¢g
1.84kms

r.m.s. velocity
ANSWER TO SELF ASSESSMENT EXERCISE 2
Using the relation (13.25), we can write

\JC’0, _ MH,

JCH, MO,
Substituting the values,

N

_ V2
1800% V32
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We get

m

Jco, =1800™ x 1 = 450
s 4 S

Hence, the r.m.s. velocity of oxygen is 450ms
ANSWER TO SELF ASSESSMENT EXERCISE 3

We know that

Ve o T

Therefore,

JoT, T
cr, T

Substituting the value in this equation:

VC*0°C _ 273K
Jciioee  V273+100K

400ms* _ |273
JC2100PC 373
We get,

Jcaooc =400™ x 373 - 468me
S 273

Thus the r.m.s. velocity of oxygen molecules atd@@ 468ms.

6.0 TUTOR MARKED ASSIGNMENT

1. Assuming air has 2% oxygen molecules and 80%ogen
molecules of relative molar masses 32 and 28 réspc
Calculate

(@) the ratio of the r.m.s velocity of oxygen tattlof nitrogen;
and

(b)  the ratio of the partial pressure of oxygenthat of
nitrogen in air.

2. In a vessel, hydrogen gas contains 1.0 ¥ trblecules per th
which have a toot-mean-square velocity of 186m<Calculate
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the pressure of gas assuming that the Avogadrotamns 6 x
107 mole* and the relative molar mass of hydrogen is 2.

3. Given that r.m.s. velocity of hydrogen is 1800n&t a given
temperature.  Calculate the r.m.s. of nitrogen l& tame
temperature.

4, The r.m.s. velocity of oxygen molecules is 400nm& OC.
Determine its r.m.s. velocity at 1%,
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1.0 INTRODUCTION

Matter is a substance which has certain mass amdps some
volume. But you must have observed that some anbss are denser
than others. It means that the individual partiokd a substance are
more closely packed together.

Suppose you are asked this question: “Which is ties, one kilogram
of copper or one kilogram of feathers?” What woulsk your answer?

This question has elicited many answers from stisde®ome students
would say the feathers are heavier. But what isr yamswer? Think
very well before giving your own solution.

However, the obvious answer is “Neither is heaVieFhe two objects
are the same mass of one kilogram. But on a settwoubht, about
these objects, something seems to make a differeAoe what is that
difference?

The difference is in terms of the space (volumegupeed by both
objects. Besides, when the metal copper is placedter it sinks while
the feathers will float. The idea that relates th@ss with volume and
whether an object will sink or not is known as dgns Therefore,
density is a physical property of matter that desdbes the degree of
compactness of a substance.
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Thus in this unit we shall deal with the conceptdansity and its
measurement.

2.0 OBJECTIVES

At the end of his unit you should be able:

) explain the meaning of density
. define the concept of density
. describe an experiment on how to determine theityeois

0] A regular shaped object

(i)  Anirregular shaped solid

(i) Aliquid, by method of displacement
o explain the meaning of relative density
. solve problems on density.

3.0 MAIN CONTENT

3.1 Concept of Density

The density of an object refers to how heavy ohtlithat object is
relative to water or air.

Density is defined asThe mass of the body per unit volume.”
Mass

Volume
body in kilograms per one meter cube of its volume.

Density =

That is, the density of a body is the mass of that

Thus in order to determine the density of a bobg, following factors
must be known: its mass and its volume.

Wha then is the mass of a body? What is the volunighe body?
The answers to these two questions enable us itwedbke density of the
body.

3.1.1 Mass of a Body

The quantity of matter in a body defines its massis the degree of
inertia i.e. its reluctance to motion. It is mea&sbin kilogram (kg)
using the S.I. unit system. Sometimes we use rtialar units such as
(g) or milligram (mg). The question you may ask now: How do we
measure the mass of an object?

The beam balance or the scale may be used to meetmumass of a
body. The mass of a body is compare with the st@ahdhass of one
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kilogram of Platinum-Iridium in Paris. Thus by thaefinition of
density, we need to determine the mass of the bbigiag the beam
balance. Having done this, we then determineatsme.

3.1.2 Volume of a Body

The volume of a body is the amount of space it pagi— its capacity.
It is measured in cubic @nof cubic centimeter (cfi

Observe these various conversations

1cnt = imxim xim
10C 10C 10C

1
=-—m
10°
icnt = 1x10°m®
or it = 1x 10cm’

The one cubic centimeter (&ris also equal to one milliliter. 1¢ns
1ml.

The problem now iSHow is volume of a body determined?” From
experience you will realize that this can be dongvio ways:

o The use of regular method for regular objects
o The use of displacement method for irregular object

Now in the next section, we will discuss about thmethods of
determination of volume of regular objects.

3.1.3 Volume of Regular Objects
Regular objects include thing like a cube, a cupaidylinder, a sphere,
and a cone. Their shapes are very distinct angueni Their volume

can then be determined with the knowledge of th@rensions such as
length, breadth, height, radius or diameter.
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A Cube

¢
—

'Fig. 14.1: A Cube

The length, breadth and height of a cube are ofsdmae length/.
Therefore, by definition, the volume of a cube.

VS l0X XT3, (14.1)

A Cuboid

L.
Fig. 14.2: A Cuboid

A cuboid has a height (h), a breadth (b) and atlerfg). Hence by
definition the volume of cuboid is

A Sphere

Fig. 14.3: A Sphere
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A sphere is like a ball with a constant radius rdmmeter D. BY
definition, the volume of a sphere is given by

:gnﬁ ..................................... (14.3)

Where, the diameter is given as D, and where D = 2r

D
r=—
2

Hence, in terms of the diameter D the volume of spbere can be
expressed as

3
V:ETC[RJ
372
3
V=gn%% ............................................... (14.4)

Cylinder

- —

Fig. 14.4: A Cylinder
A cylinder is like a drum or tin of milk with a hght h and circular

cross-section of radius r (See fig. 14.4).
By definition, the volume of a cylinder is given as
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A Cone

Fig. 14.5(i): A Cone Fig. 14.5(ii): A Sector

A cone is like a toy top with a circular surfacehigh tapers to a vertex
(fig. 14.5(i)). It is usually made from a sectdraocircular sheet. The
vertical height of the cone is h with the circubase having a radius r.
By definition the volume of a cone is given as

Note that any object may be in form of a combinataf the above
objects. For example, we can have a combinatiom @bne and a
cylinder as shown in fig. 14.6.

— com—
-

V’l

-

Fig. 14.6

Once you can identify the shape of the regular apjgou can then
determine its volume using the appropriate formiait,
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How do we determine the volume of an irregular otijdike you? Can
you use your height, breadth and lengthRo. We shall find out how
to determine the volume of an irregular objecthia hext section.

3.1.4 Volume of Irregular Objects

Irregular objects, in this case, are those obj#as do not have regular
shapes. These objects include stoned or any sbj&tt that does not
conform with any of the regular objects. We uséirect method of

determining their volumes. The method is descréethe displacement
method.

Method 1

In this method, we use a measuring cylinder as shawig. 14.7 (i) &

(ii).

wé*-\/a\.

N
=<
f

Fig. 14.7

First, you will pour some water into the cylinderdathen observe the
initial level of the water inside the cylinder {Mas shown in fig. 14.7.

Then, you tie a string on the stone, the irregolaject and carefully
lower the stone into the water with the aid of 8teng making sure
there is no splash. But it is to be assume thaitirtiegular object does
not dissolve or react with the water. You will ebge that the level of
the water rises for the object has displaced its ealume of water.
Then the new level of water in the cylinder is red\,. Thus the
volume of the stone, which is the volume of waieplhced, is given as

V = V2 - V]_
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Method 2

The second method uses the Eureka can otherwisenkras the
displacement can (fig. 14.8).

e W
— —
\ o e

—— ——

Fig. 14.8

First the spout of the can is closed with a fing&€hen water is poured
into the can until the level is above the spouthe Tinger is then
removed thus allowing the excess water above thatgp flow out fig.
14.8(i).

The stone, whose volume is to be measured, is ¢hezfully lowered
into the can with the aid of a thread tied tolitwill be observed that the
stone will displace water, which gradually flowstaf the spout. It
flows out until it has displaced the volume of waggual to its own
volume (fig. 14.8(ii)).

A measuring cylinder meanwhile has been placeddibrtdis spout to
collect the volume of water that has been displabed giving us the
reading of the volume of water displaced.

SELF ASSESSMENT EXERCISE 1

Suppose you are given a light floating irregulajeob like a cork
(wooden). How would you determine its volume?
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Table 14.1: Density of Some Substances

Substance | Density (/)
(gen®)

Air 0.0013

Wood 0.6-0.9

Water 1.00

Bricks 1.84

Steel 7.80

Gold 19.30

3.2 Determination of the Density of an Object
You will recall, we defined density as

Density = Massof theObject ... (14.8)

Volumeof tehObject

By using the appropriate scale we can determinertags of an object
and using the appropriate method also, we canrdeterthe volume of

the object. Thus by dividing the mass of the abfgcits volume the

density of the object can be determined. Therefibre common units

used to express density are fegcm?® and g/m/. Here first, do some
exercises for clear the concept of density.

The density of some substances is given belowbulaa 14.1.
SELF ASSESSMENT EXERCISE 2

A piece of stone has a mass of 300kg and a voldrelant. What is
its density?

SELF ASSESSMENT EXERCISE 3

Find the volume of a bottle, which will just hol®® of seawater of
density 1.05g/cri?

3.3 Density of Mixtures

In this section, we shall consider the problemsceomed with mixtures
of objects such as alloys of metals or mixturediagpiids (water and
alcohol). Since different substances have diffedensities. Other
mixtures will include acid solutions that is aciddawater, water and
milk etc.  In science, there is usually the needhave such mixtures
and thus determine the densities of such mixturesiseful.
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Suppose there are given two substances A and B thwthfollowing
properties:

Substance A
Mass of substance A =M
Volume of substance A =V
Density of substance Amx

Substance B

Mass of substance B =M
Volume of substance B =,V
Density of substance B

Now the question is:Suppose the two substances are mixed together
how shall we define the density of the mixturg)?

The density of the mixture can be represented as

Massof A + massf B
Volumeof A + volumeof B

p =

In terms of the symbols,

M,+M,
V,+V,
But M]_ = p]_V]_ and Nb = szz

p =

— p.Vi+p,V,
V. +V,

Thus knowing the values of, Vi, p, and \4, we are in the position to
determine the density of the mixtyse

SELF ASSESSMENT EXERCISE 4

What is the density of a mixture of 1.5wf water and 0.5fhof alcohol
of density 800kg/ii?  (Density of water = 1000kgjrs
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4.0 CONCLUSION

The density of an object is defined as the massupgrvolume of the
properties of matter. It tells us how heavy ohtign object is relative to
water or air. If it sinks in water we say it isawy, it has a density
greater than water. If it floats in water we skisilight with a density
lower than that of water. The knowledge of thessnand the volume of
the object allow us to operationally define the signof a substance.
We have also discussed the density of alloys (mextd metals) and of
solutions (mixture of liquids). We would now codei the concept of
buoyancy, Archimedes Principle and the law of tiotain the next unit.

5.0 SUMMARY

In this unit, you have learnt the following:

o The concept of density as a property of matter;

. Density is defined as the mass per unit volume saftestance;

. The density of a substance can be determined frbm
knowledge of its mass and volume;

o The mass of the object may be determined by weggloin a
balance or scale;

. The volume of the object may also be determinedising the

regular formulae of calculating volumes or by thetinod of
water displacement;

. From the knowledge of mass and volume, the derwityhe
object can be determined;
. How to determine the density of the mixture of sudbstances.

ANSWER TO SELF ASSESSMENT EXERCISE 1

You must first realize that the object will not lsim water. It will float.
So what would you do?

So, to determine the volume of a light, floatingemb such as a cork,
you will use a sinker (a heavy object), which wasist you in the
method of displacement. First, you will get ouruais measuring
cylinder and fill it with water to give an initialolume of water Y as
shown in fig. 14.9.
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Then you will determine the volume of the sinkeritsymersing it into
the water suing a thread. This gives a new volafhevater \% (fig.
14.9(ii)). Now what would you consider to be the volume of gieker
alone?

Itis (Vo — V1)

We bring out the sinker without losing any watéke tie the cork and
the sinker together and then immerse the two if® measuring
cylinder to produce another volume {fig. 14.9(iii)).
Thus what would you consider as the volume of thoek?

The volume of the cork =3 (Vo - Vy)

Note that the unit of volume is éror nt.
ANSWER TO SELF ASSESSMENT EXERCISE 2
Using the Eq. (14.8), we get

_ Massof Stone

Volume of Ston¢
_ 300kg

-~ 0.12n°
[ = 2500kgn®

Density of stone

Note the unit of density as kgfrar kgm®.
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ANSWER TO SELF ASSESSMENT EXERCISE 3

_Massof Seawater
Volume of Se: wate

Density of Sea water

_ Massof Stone
Densityof Stone

Volume of stone

639
1.05- 9
cm
= 60cm

But the volume of seawater is equal to the voluniethe bottle.
Therefore, the volume of the bottle is 6Gcm

ANSWER TO SELF ASSESSMENT EXERCISE 4
The two liquids are water and alcohol.

Where, Density of water g; = 100kg/nd
Volume of water = Y= 1.5n%
Density of alcohol g, = 800kg/nd
Volume of alcohol = y¥= 0.5n%

— p.Vi+p,V,

Density of mixture = p
V,+V,

=1000%9 x 1.5nf + 800<% x 0.5n7
m m
15+ 0.5

= 1500kg + 400kg
2.0m

= 950kgm?®

The density of the mixture is 950kgfior 950kgn
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6.0 TUTOR - MARKED ASSIGNMENT

1. A bottle has a capacity of 60&mWhat mass of brine (density =
1.2g/cr) will it hold?

2. Taking the density of air as 12kgndind the mass of air that is in
a room 6.0m long, 4.0m wide and 2.5m high.

3. Some zinc (density = 7100k&)nis mixed with twice its volume
of copper (density = 8900kgrh to make brass. What is the
density of brass?

4, What volume of water must be added to 4dah glycerine
(density = 1.3gc) in order that the mixture shall have a density
of 1.1gcm’?
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1.0 INTRODUCTION

History has it that the concept of Buoyancy was eflgyed by
Archimedes (287 — 212 B.C.). When he solved a eiddf the King of

Greece. What was the riddle? The king gave aepacgold to his
goldsmith to make a crown for him. The man camekhbeith the well-

made crown. The king was not only impressed bybisutiful crown

made, rather, he became suspicious about the yjoalihe crown made
from gold. So the King wanted to determine whethegoldsmith had
defrauded him by replacing some of the gold indteevn with silver.

The king, therefore, called on his subjects, hidogbphers to solve this
problem. When Archimedes went into bathing pootpegience the
buoyant force and then came out of it rejoicing ahduting “Eureka!
Eureka!! ....” Meaning “I have found it".

What he found out then is what is described nowAashimedes’
Principle, which enables us to determine the dgnsitan object by
immersing it in a fluid like water. It graduatedo the law of floatation,
which also help us to explain how huge ships ortdcauld float on
water.

So in this unit, you will learn about the concept lnuoyancy,

Archimedes’ principle and the law of floatation.r@® along with me on
the discussion.
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2.0 OBJECTIVES
At the end of the unit you should be able to:

explain the concept of buoyancy

state Archimedes’ Principle

define relative density in terms of Archimedes’neiple

state the law of floatation

solve problems on Archimedes’ Principle and the Ilaiv
flotation.

3.0 MAIN CONTENT

3.1 Concepts of Buoyancy

Buoyancy is a concept that describes the floataifcem object in fluids
generally. Buoyancy has therefore got to do with tlensity of the
object. In simple words, the ability of an objeot‘float’ when it is
placed in a fluid is called buoyant force. For rapdée, a swimmer
experiences this idea of buoyancy, floatation itewas he/she swims in
it.

The water supports the body of the swimmer, whickes him appear
to weigh less. This is the case with any liquithis is because when
you go into the water, you displace some liquid #relliquid exerts an
upthrust on you.

This is also true of gases but because our bodydaisplace a very
smaller weight of air, the upthrust is much le$éere are three possible
situations for a body situated in a fluid as shamwfig. 15.1 below.

Let us see what you think will happen to the body these three
situations:

u = \L?Wms’r-

)

L

Fig. 15.1

215



PHY 113 HEAT AND PROPERTIES OF MERT

. If its weight (W) is greater than the upthrust (U)

The body sinks. For example a stone placed inrwate
W > U= SINKING OF OBJECT

. Now, if the upthrust (U) is greater than the weigii)

You are right if you say the body rises. For exemg a helium-filled
balloon is left in air, the balloon rises
U > W= RISING OF OBJECT

. If the weight (W) of the object balances if is elguwathe upthrust
(V)

The objects float in the fluid. For example, atboaa ship floating on
the sea.
W = U= FLOATING OF OBJECT

These three conditions explain,
. Archimedes’ Principle and
o The law of floatation.

3.2 Archimedes’ Principle

“Archimedes’ Principle states that when a body is igher partially or
totally immersed in a fluid, it will experience anupthrust equal to
the weight of the fluid displaced”.

Suppose the weight of the body in air is W, whee body is now

immersed in a fluid partially or fully, it experiees an upthrust (U).
The new weight registered by the scale (A) is nesslthan that of the
air (W). A is called the apparent weight i.e. ppaars to be the weight
of the object.

The relationship between the apparent weight (A9, upthrust (U) and
the actual weight in air (W) is show below.

Weight in air (W) = Apparent weight in fluid (A) the upthrust (U)
experienced

w = A + U
The upthrust U = Weight in air (W) — Weight inidA)

U = W = A, (15.1)
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Theoretically, the weight of a body in air is eqtmlts apparent weight
because the displaced air will exert an upthrudt typically, this
upthrust is so small compared with its weight thaain be ignored.

Note that the upthrust on the body is equal toweght of the fluid

displaced. This is the essential aspect of Archeskprinciple, which
you must always remember.

3.2.1 Test of Archimedes’ Principle

Is it possible to test if Archimedes’ Principle a¢srrect? Yes, it is
possible to do so.

) You can weigh an object in air using a spring bedarfig.
15.2(i))

o You will read the scale on the spring balance, Wihidl indicate
the weight of the object in air. Record this weigis W (fi.
15.2(ii))

. Immerse the object totally in the Eureka can aswvshin fig
15.2(ii).

/_/Zéé/ ﬁ/ 1/ / _/‘,
l
{4+ e W
T W A
1
_ M
A\ \
h. — AR T
J: \/\/\ —:uj//gf ———
Fig. 15.2
o The water displaced is collected in the measuriviinder as

shown in fig. 15.2(ii)
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o Read the new weight of the object when it is fultynersed in
water and record it as Mfig. 15.2(ii))

. Weigh the liquid displaced by using the chemicalabee by
finding the difference between the weight of cyéngnd water
and the weight of the empty cylinder. Supposew@ght is w.

o Compare the value of w with the difference betw#enweight
of the object in air wand the weight of the object,when fully
immersed in water

o You will observe that

W]_ - W2 = W o s (152)

That is, the weight of water displaced W is equalthe difference
between the weight in air of object and the appanenght in air. That
is the weight of displaced fluid is equal to theéhupst U.

SELF ASSESSMENT EXERCISE 1

A piece of metal has a volume 0.50nif it is suspended on a rope and
immersed in water, find

(@) The volume of the displaced water

(b)  Mass of the displaced water

(c)  The weight of the displaced water

(d)  The upward force (upthrust) on the metal dugnéowater.

3.2.2 Relative Density

As you have learnt in Table 14.1 of the preceding that then density
of water is 1.00gcim In this table, the densities or other substaaces
also given. Now we learn what the concept of ndadlensity is.

When we compare the density of a substance witldémsity of water
then we are talking about the relative densityhat substance. In other
words, we are saying how many times this substamaes heavy as
water.

By definition,

The Relative Density of a substanceT L]edens'tyof thesubstance
Thedensityof water

Let p, = Te relative density of the substance
p = The density of the substance
pw = the density of water
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Therefore, the expression for relative density is

D T PrPW e e e e (15.4)
That is the actual density of a substance is eutie relative density

of the substance times the density of water. it lsa noted from the
definition of relative density, that it has no usiice it is a ratio.

3.2.3 Application of Archimedes’ Principle
From the definition of relative density,

_Densityof thesubstance

Relative Density _
Densityof water

Massof substance
Volume of substanc
Massof waterdisplaced

~ Volumeof waterdisplaced

Let, m = mass of substance
V; = volume of substance
M, = mass of water displaced
V, = volume of water displaced
pr = relative density of substance

m
p - 1 +_2
r Vl V2
\%
f)r:ﬂ X_2
v, m,
om Ve
m2 V1

But the volume of water displaced, 6 equal to the volume of the
substance VW

m,
m,

Pr=
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Hence the relative density of a substance can fagedieas

Massof thesubstance

Pr=
Massof anequalvolumeof water
Hence pr= M
m2

Alternatively,

Weightof thesubstance
r=
Weightof anequalvolumeof water

ore N Mg, (15.5)
W,  m,g

We apply the concept of relative density to dethe density of a solids

or a liquid. The specific gravity bottle or reladi density bottle is used
in determining the relative densities of liquidg)(f15.3).

V Capillany Opening .

/// Shopper

H

in 6\0\53 ottle

Fig. 15.3:  Relative Density Bottle

The relative density bottle is a special stoppdrictv ensures constant
volume of the liquid to be measured. The stoperdnarrow opening
which allows excess liquid flow out when the botfeclosed. Thus the
bottle will hold a specific volume of liquid at th#gme it is used.
Usually the volume of such bottle varies. It cobkl 25cm, 50cn? or
75cnt capacity. It is usually picked by the neck toidvilie expansion
of the liquid because the glass bottle is so that it is sensitive to
temperature changes, which, may cause the expaoisiba liquid.
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SELF ASSESSMENT EXERCISE 2

A stone hangs from a spring balance graduated wtdes, and the
reading is 30N. If the stone is immersed in walee, reading becomes
18N. Determine density of the stone?

The following example relates to the determinatidrihe density of a
liquid through the application of relative density.

SELF ASSESSMENT EXERCISE 3

A density bottle has a mass of 12.3g when empt§dlwhen filled with
water and 32.1g when filled with turpentine. WInatthe density of
turpentine?

3.3 Measuring the Relative Density of a Liquid Usig
Archimedes’ Principle

In section 3.2.3, you have applied the conceptetdtive density to
derive the density of a solid or a liquid. The @fie gravity bottle is
used in determining the relative densities of kljui But can you
determine the relative density of liquid by usihg bther methods? Let
us discuss it; suppose you are asked to determenectative density of
liquid using the Archimedes’ Principle, how wouldwdo this?

To do this, you will require an object that sinkswater and the liquid,
which is insoluble in both water, and the liquiduffin).

You will need a spiral spring balance to measueeweight of the solid
object when immersed in water and the liquid.

. First weigh the solid in air using the spring bakan

) Record this weight as W

o Then weigh the solid in the liquid using the spriovadance

o Record this weight W

o Wipe the solid properly free from the liquid aneémhweigh it in
the water using the spring balance

o Record the weight of the solid in water ag W

Now determine what is the weight of the water dispd by the solid?
The weight of liquid displaced by the solid =\WV,.

Again, what is the weight of the water displacedhsy solid? Weight of
water displaced by the solid = YWW,. Therefore, by definition, the
relative density of the liquid,
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Weightof theliquid displaced
Weightof equalvolummeof water

W1 'Wz
W1 - W3

SELF ASSESSMENT EXERCISE 4

A block of aluminum of volume 0.25trhangs from a wire and the
tension in the wire is 6500N. If the block is cdetply immersed in a
liquid of density 1100kgfA Calculate the tension in the wire.

3.4 The Law of Floatation
What does the law of floatation states?

“The law of floatation states that a floating bodydisplaces its own
weight of the liquid in which it floats”.

This is really a special case of Archimedes’ Ppieiand it is the
situation in which the weight of the body is exgdbialanced by the
upthrust from the fluid. This therefore impliesthf a body is to float,
it must displace its own weight of the fluid in whiit is floating.

You should remember that if a body is floating iticuid, the body is
likely to float with certain amount of itself abotee fluid or it is totally
immersed. A floating ice block in water and a fiog balloon in air are
typical examples.

SELF ASSESSMENT EXERCISE 5

A boat of mass 650kg floats on water, what volurhevater does it
displace?

When an object at rest floats on a liquid, it issatéed to be in
equilibrium under the action of two forces, namely:

. Its weight (W) and
. Its buoyant force or upthrust (U) which is equathe weight of
the liquid displaced (fig. 15.4)

In accordance with the Archimedes’ Principle
Weight of substance = Weight of liquid displaced
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I LA "
,:* AR PR " wa' "
‘e (t 's\ v : mg':Vs@g; :\
Fig. 15.4
Weight of object = Upthrust = weight of liquid diaped
Mg = U
Vspsg = V|_p|_g ...................................... (15 7)
Where, \§ = volume of solid floating
ps = density of solid floating
V., = volume of liquid displaced
pL = density of liquid displaced
g = acceleration due to gravity
Vsps = VipL
pS = & =
oL vs

Volume of liquid displaced is equal to volume ofido

— Massof solid 159
Massof equal\/olumeof ||QUId displaced ...................... .
- Weightofsolid ___ .. (15.9)

Weightof equalvolumeof liquid displaced

SELF ASSESSMENT EXERCISE 6

An iceberg floats with 87% of its volume above thea water, the
density of which is 1.03g/ctn Determine the density of the ice.
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4.0 CONCLUSION

When a body is fully or partially immersed in aifluit experiences an
upward force called the upthrust. This upthrswggsal to the weight of
the liquid displaced. There is a special casdH@rprinciple and that is
when the entire body is made to float in the fluithe law of floatation
explains this, which states that the upthrust éepeed by the floating
object is equal to the entire weight of the flogtiobjects. The
Archimedes’ principle and the law of floatationriothe embodiment of
the concept known as buoyancy.

5.0 SUMMARY

In this unit, you have learnt that:

. Buoyancy is the ability of an object to float, siokrise in a fluid;

) Archimedes’ Principle explains how a substance betavhen it
is fully immersed in a fluid; and

. The law of floatation also explains how the bigeshor boats can

float on waters without sinking despite heir weighimass.
ANSWER TO SELF ASSESSMENT EXERCISE 1

(@) Since the volume of the metal is 0%5rthe volume of water
displaced is 0.5 This is due to Archimedes’ Principle.

(b) Mass of displaced water is equal to volume atew displaced
times its density
m Volume x density

0.5n% x 1000kg/m

500kg

(c)  Weight of the displaced water
mg

500kg x 10m/fs
5000kgm/%
5000N

(d)  The upward force (upthrust)
= weight of water displaced
= 5000N
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ANSWER TO SELF ASSESSMENT EXERCISE 2

If weight of stone in air = W= 30N

And weight of stone in water = We 18N
The upthrust on the stone = 1 WW,
= 30N — 18N
= 12N

Which is equal to the weight of equal volume of evadisplaced by the
stone.

Relative density of stone ¥/eightin air
Upthrust
= Weightin air
Weight of equalvolumeof water
- 30
12
pr=2.5

p of stone =p,py
= 2.5 x 1000kg/th
= 2500kg/rh
Density of stone 2500kg/nT

ANSWER TO SELF ASSESSMENT EXERCISE 3

Fig. 15.5

Density of turpentine = relative density of turgeatx density of water

Relative density of turpentine =___Massof Turpentine
Massof equalvolumeof water

Mass of turpentine = g m,
Mass of equal volume of water = mm,

m; -my
m, -m,

Relative density of turpentine
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_(32.1-12.3g
(34.8-12.3g
_ 19.8¢

0.8¢
Density of turpentine = relative density of turgeatx density of water

(where, density of water = 1g&in
= 0.88 x 1gcth
=0.88g/cn?

ANSWER TO SELF ASSESSMENT EXERCISE 4
If the volume of Aluminum is 0.25chthen it will displace this volume

of the liquid of density 100kgth
Mass of liquid displaced

volume x density
0.25m x 1100kgn
275kg

Mass of liquid displaced = mg
275kg x 10m$
2750N

This is therefore the upthrust according to Archdes Principle
But, weight of object in air = Apparent weighupthrust
. Apparent weight of aluminum = Tension in air —thhpist
6500N — 2750N

3750N

ANSWER TO SELF ASSESSMENT EXERCISE 5

Since it floats on water then its weight = upthrust

It will then displace the mass of water equal $oodvn mass
Thus the mass of water displaced = 650kg

If the density of water = 1000kgm

Volume of water displaced =255 water
Density of water

_ 650kg
10009
m

= 0.650mM
Volume of water displaced = 0.656m
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ANSWER TO SELF ASSESSMENT EXERCISE 6

Let V be the volume of the iceberg

Let p be the density of the iceberg

Taking g as the acceleration due to gravity
Weight of iceberg = Yg

The weight of water displaceds Vg
Where, pw = density of sea water
V. = volume of water displaced

We were told that 10.87% of the iceberg is aboweveater

. Volume of iceberg below sea [2100%887)\/
_ 89.13V
10C
V, = 89.13V
10C
Volume of sea water displaced = %‘é?’v

Weight of liquid = psed/sed

= 1.03%X%Vg
cm®  10C

But weight of ice = weight of sea water displaced

_ g _89.13
Vg= 1.03=—x——V
PVl cm®  10C g
5 - 103 89.13 93

10C cm
P = 1.918g/crh

MODULE 3
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6.0

1.

228

TUTOR-MARKED ASSIGNMENT

A piece of metal has a volume of 0.75nh fit is suspended on a
rope and immersed in glycerine of density 1200Rdmd

(@) The volume of glycerine displaced

(b)  The mass of the glycerine displaced

(c)  The weight of the displaced glycerine

(d) The upward force (upthrust) on the metal duethe
glycerine

A piece of rock slat weighs 3.3N in air and appdo weigh 1.5N
when immersed in saturated salt solution of derkR§Okgn,
what is the density of the rock salt?

Full of water, a large flask has a mass of 3.8kgl when full of
the diesel oil, the mass is 3.2kg. What is thesidgrof the diesel
oil if the flask alone has a mass of 1.5kg?

A wooden block of volume 100émand density 0.7gcthis
floating inbrine of density 1.2g/cin What is the mass of a body
which when placed on top of the block will pushbélow the
surface of the brine?
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MODULE 4

Unit 1 Pressure

Unit 2 Elements of Hydrodynamics
Unit 3 Viscosity of Fluids

Unit 4 Surface Tension

Unit 5 Other Properties of Gases

UNIT 1 PRESSURE
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1  Concepts of Pressure in Matter
3.2  Concepts of Pressure in Fluids
3.2.1 Force of Pressure in Liquids
3.2.2 Pressure Due to the Weight of a Liquid @Goiu
3.2.3 Atmosphere Pressure
3.3  Transmission of Pressure in Fluids
3.3.1 Pascal’s Principle
3.3.2 Applications of Pascal’s Principle
3.4  Measuring Pressure
3.4.1 The Manometer
3.4.2 The Simple Barometer
3.5 The Hare's Apparatus
4.0 Conclusion
50 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

You may have known that the word pressure is coniynased in every
day life when you travel. The bags and suitcasespaovided with
broad handles, so that small pressure exerted edadd while carrying
them.

o In the medical profession blood pressure of thaepatbeing
made use of to diagnose patients aliment;

. At home, when water in the tap is not running & & it should,
occupants may complain about low pressure behimdeibs;

. In engineering, physicist and science as a whaectincept of

pressure continues to reoccur in one way or therothThe
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pressure exists everywhere, but sometimes we deeltit, like
the atmospheric pressure on our bodies.

So, by now you must be thinking what exactly is theaning of
pressure? Why is its knowledge important to uger?

The answers to these questions will be found is timit. In this unit,
you will be introduced to the concept of pressubhe applications of
transmission of pressure and how it is measuradthé next unit, you
will learn about elements of Hydrodynamics. Theu® of this unit will
be on Bernoulli’'s Principle and its applications.

2.0 OBJECTIVES

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

o explain the concept of pressure

. define the pressure exerted by a solid or fluidngisithe
appropriate units

o explain the transmission of pressure through lisuid

o state Pascal’s principle

. mention some applications of Pascal’'s principles

. derive an expression for the pressure due to themro of a
liquid

o measure atmospheric pressure by using a manomeater o
barometer

o measure relative density by suing the pressure ade(Hlare’s
apparatus)

. solve problems on pressure.

3.0 MAIN CONTENT

3.1 Concepts of Pressure in Matter

Let us discuss simple examples which we experianegeryday life.
Have you ever been stepped upon by a lady wearistjetto-heeled
shoe? Can you compare the pain with that expegtnvith another
lady wearing a wider non-stiletto-heeled shoe?

A stiletto-heeled shoe is a type of shoe worn byels which has a sharp
pointed heel. You must have realized that the fraim such a shoe is
greater than that from a shoe with a wider surfdmuasal.

Again, how would you compare the pain given byia/shoderate lady

wearing a stiletto shoe with that of a very fatfad
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So two factors are responsible for the gravity leé pain: the force
(weight) and the surface area of the heels. Thegity of the pain is

associated with the concept of pressure, the farmkthe surface are
affected. So, one can say that Pressure is rdiatiedce and area.

Pressure is the force exerted by a body per urfidseiarea. Pressure is
defined as

_Force
Pressure
Ar

Mathematically, it can be expressed as

Where, F is the force and A is the area.

The force is usually measured in Newton (N) wheragsa in meter
square (M.

The force is measured in terms Newton (N) and thié of Area is

metre-square (M Hence, the unit of pressure is Nmwhich also

called Pascal (Pa) in memory of the scientist thatked on pressure
Blaise Pascal (1623 — 1662).

SELF ASSESSMENT EXERCISE 1

A cubical block of concrete edge 0.25m, rests bor&zontal surface. If
its weight is 300N, what pressure does it exerthensurface?

3.2 Concepts of Pressure in Fluids

The main distinctive feature of fluids in compansaith solid (elastic)

bodies is their mobility (fluidity) — that is thejow. Owing to their

mobility, fluids, unlike elastic bodies, do not eff a resistance to
changes in their shapes. Parts of a liquid canemioeely sliding

relative to one another.

The mobility of liquids therefore explains why tifiee surface of a
liquid in equilibrium under the force of gravity édways horizontal. If
for example, the surface of a liquid at rest wetren @an angle to the
horizontal, the particles of a liquid near the auoe would slide down
along the surface under the action of gravity bleéng along an inclined
plane. Such a motion would continue until the ascef of the liquid
becomes horizontal.
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The free surface of a liquid in a vessel is sligh&nt near the walls of
the container. The bending is due to the forcatefaction between the
liquid and the walls. We describe this surfacehss meniscus of the
liquid surface. The effect will be fully discussedder surface tension.
Another property of liquids is the pressure, whibbrefore leads us to
the concept of pressure in liquids.

3.2.1 Force of Pressure in Liquids

Pressure is the force exerted on a unit area ofdhiace. It has been
observed that liquid exert certain forces on thdase of solids in
contact with them. These forces are referred to@es of hydrostatics
pressure. If you use your finger to close a tayater, you will feel this
pressure. A diver at a large depth in the searepees pains in his
ears, which is caused by the forces of pressuveatdr in his ear-drums.
Thermometers used in measuring temperatures aja $@a depth must
be very strong, otherwise water pressure can ¢hesh.

It will be observed also that liquids are incompgibkke, volume does not
change under high pressures.

The pressure in the lower part of a vessel is iglen that in the upper
part. This is observed when water contained iarasj allowed to flow

out of a vessel at different points along the heighthe vessel (fig.

16.1).

e h o\ (2

wndasy
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If the holes of the vessel are sealed with thin imames, it will be
observed that the membranes bulge out with thestlmfuthe pressure on
them as you can see in fig. 16.2.

Fig. 16.2

The thrust is greatest where the pressure is @teat@his further
demonstrates the fact that pressure varies witldepéh of a liquid.But
now the question you may ask: what is the valuetlué pressure in a
liquid at a given depth of it?

In the subsequent section, you will find the answerthis next section,
we shall derive an expression for the magnituderegsure due to the
weight of liquid.

3.2.2 Pressure Due to the Weight of a Liquid Column

The atoms or molecules of which a liquid is comoaee attracted to
the earth in accordance with Newton’'s law of unsaérgravitation.

Hence, liquids collect at the bottom of the cordasnand the upper
layers exert forces on those underneath. We gi@ll derive an

expression for the magnitude of this pressure duthé weight of the

liquid. The pressure at a point in a liquid is thece per unit area of a
surface at the point in question. This force delgeon the weight of the
liquid column above the point.

Consider a liquid in a container as shown in fi§.31 we now want to
find out the magnitude of the pressure at poinx&ted by a column of
PQ of the liquid such that Q is at a height h frima surface of the
liquid.
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Fig. 16.3
Let the cross-sectional area of the column PQ be A.

Note that this area A is arbitrary. It could betamgular in shape. As
we proceed with this derivation it will be observbdt the area A could
be any shape. This will not affect the derivatodnhe pressure.

Let p be the density of liquid. Now, determine the wo&i of this
column of the liquid.
The volume V = area of cross-section x height dficm = A x h
From the definition of density, the mass of theiigbjcolumn

M =volume x density = Abg .......cccovvviiieinnnnn. (16.2)
Where, g is the acceleration due to gravity.
According to the definition of pressure,

FORCE _ Weightof Liquid

PRESSURE =
AREA Aree of columr
p= AN, (16.3)
A A
P oo g o (16.4)

Thus the hydrostatic pressure of the liquid at p&@nis the product of
the height (h), the densityp) of the liquid and acceleration due to
gravity (g). The value of pressure is independsnthe area of the
cross-section. The unit of pressure is still Nar Pascal, since the unit
of force is Newton and the unit of area is meterasg.
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From, P = Ipg, note thap is a constant, g is also a constant. Hence, the
pressure P of the liquid is proportional to itsgheior depth.

P« h

This is why the pressure due to the mercury headpsessed in form of
its height.

SELF ASSESSMENT EXERCISE 2

Kerosene is supplied to a tap from a tank in whiehkerosene level is
1.2m above the tap. If the density of keroseng80Bkgm?®. Calculate
pressure of the kerosene at the tap.

3.2.3 Atmosphere Pressure

Just as liquids exert pressure, gases also exessyme. The pressure
due to air around us is described as atmospheesspre. The tiny

particles of gases that make up the atmosphereeogdrth have weight
and as a result exert pressure on all objects ah @ast as we have

derived the pressure of a liquid on all objectsearth. Just as we have
derived the pressure of a liquid column, we caro aay that the

pressure due to an air column is given as

P =Ipg

Air pressure varied therefore with altitude. Thghar we go, the lower
the pressure. Air pressure is hihest at sea lev&he value of
atmospheric pressure on the surface of earth degehbis nearly 1013 x
10°Pa.

The air pressure — atmospheric pressure is usdalipted as for h,,
where R is the barometric height as shown by the baromeéfhat is the
height of mercury, which the air pressure can naanin a tube filled
with mercury. Therefore, when a diver or nay objs@t depth h below
the sea level, the total pressure on such a divebject is made up of

o The atmospheric pressurgd? h, and

. The pressure due to the liquid itseffd? h,

. Hence, the total pressure P on the object is gagen
P=R+P

Note that Ror h, is always given in reference to the height
of mercury, therefore the units of pressure musdme.
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SELF ASSESSMENT EXERCISE 3

Find the pressure on a diver working at the depthOm in the sea on a
day when the barometer stands at 750mmHg.

(Density of sea water = 1050kgin Express your answer in (a) mmHg
and (b) Nnf.

3.3 Transmission of Pressure in Fluids
The forces of pressure are transmitted in a liguidll directions. The

forces of pressure are exerted by a liquid not onlythe bottom and on
the piston but also on the vessels walls (fig. 16.4
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Fig. 16.4
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This is why, when membranes are used to cover dhes hin the wall of
the vessel in fig. 16.2, there are noticeable milgehe side of wall due
to the forces of pressure exerted by water.

3.3.1 Pascal’s Principle

Pascal's Principle has got to do with the transimms®f pressure in
fluids.

Pascal's Principle states that “Pressure applied t@any point to a
fluid in a closed vessel is transmitted equally tevery other point in
the fluid”.

Another way to express the principle is as follows:

“The pressure exerted by surface forces is trangedt without loss to
any point of a liquid”.
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This is the principle used in the construction leé hydraulic press in
engineering.

3.3.2 Applications of Pascal’s Principle
Pascal’s Principle is applied in the following mends,

. The hydraulic press
. The hydraulic jack
. The hydraulic brakes

The hydraulic press will be discussed here. Thérduylic press has
many applications like to compress soft materidde lcotton, cloth,
paper, etc. into soft bales.

The press consists of two type of cylinders, P & donnected by a
horizontal tube R as shown in fig. 16.5

.

w

T

2N

D v - " “1\ pt ”____3’
Fig. 16.5

The entire system is filled with a fluid such astevaor oil. Let the
applied force f, the effort be applied on the pisteith area a. The
pressure P on the liquid is,

According to Pascal’s Principle, the same pressiifdbe developed on
the load of with area A. then,

P=

>|m
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Since the pressure are the same,

SELF ASSESSMENT EXERCISE 4

Suppose the effort f is 150N. The surface are sfhmall piston a is
0.01nf and the surface area of the big piston A is 6.1@alculate the
magnitude of the load F.

The hydraulic press is a simple machine in whiclemvivork is done by
the effort f by moving through distance h, while thad moves through
a distance H (fig. 3.8). In theses case, the ieffy of the hydraulic
press E is defined as

E= Work doneby load(F)
Work doneby effort (f)

x 100%

Suppose fhe ratio of H: h = 1:12. What is thecedficy of the hydraulic
press.

The efficiency —1500Nx1 x 100%

150N x12
= 83.3%

So far we have discussed, the concept of pressum@spheric pressure,
pressure due to the weight of a liquid column. cBEs law and its
applications. But in the next section, we willnedow do we measure
pressure?

3.4 Measuring Pressure
The medical doctor uses the instrument called sployganometer
(Sphyg) to measure the human blood pressure. iNe&tyou visit the

doctor ask him to show you his/her “sphyg” and tlask him/her how
the “sphyg” is operated and what it is made up of.
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However in the laboratories we make use of the mmeater to measure
pressure due to gas and the barometer to measeratthospheric
pressure.

Basically, the “sphyg”, the manometer and the bat@mmake use of
the height of mercury column that can be held ey rragnitude of the
pressure in question. We shall describe the matewmend the
barometer.

3.4.1 The Manometer

The manometer is made up of a U-tube open at badls &lled with
mercury or any other liquid (fig. 16.6)

N Attachedrto a gas
cylinder

Fig. 16.6:  Manometer

You will observe that the mercury reads in both @aohthe U-tube are
on the same level. That is atmospheric pressure.

Suppose we want to measure the pressure of théragasa cylinder,

then, we connect end B of the U-tube of the cylingeng a rubber tube
as shown in fig. 16.7
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Fig. 16.7

The mercury level rises to a height h in the A ainthe U-tube. The
total pressure of the gas is then equal to thattduke mercury head h
and that of the atmospherg.h

The pressure due to h is given as Pbg h

The question is how do we measure the atmospherassgure itself?
We use the barometer and what is a barometer? Nosvwill learn
about barometer in the next section

3.4.2 The Simple/Mercury Barometer

A mercury barometer is used to measure the atmaspgbressure. It is
made up of a straight glass tube, sealed at oneofealdlout one meter
long. Itis filled with mercury after it has beeleaned and dried.

The tube filled with mercury is turned several tarie ensure that no air
bubbles reside in the tube. When the mercurylledfiproperly to the
end of the tube, the thumb is then placed overThis end is then
inverted into a vessel of mercury. The thumb e&ntremoved. You will
observe that mercury drops, leaving a space atahe The space is
called the Torricellian vacuum. The height AB isetcolumn of
mercury supported by the pressure of the atmospiretbe free surface
of the mercury in the vessel. This is usually 7@fmmercury (fig. 16.8).
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L Torricellion Nacudm:

M
/\78

W e

Fig. 16.8:  Simple Mercury Barometer

e

Fig. 16.9:  Fortin Barometer

Most laboratories now have the Fortin barometeracqd there to
measure the atmospheric pressure. A Fortin basyme similar in
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structure with the simple barometer. It has a figedle from which the
barometric height of the mercury column can be e=msily.

3.6 The Hare’s Apparatus

The Hare's apparatus is used to determine theivelatensities of
liquids through the use of pressure method. Thee'Happaratus is as
shown in fig. 16.10

— S
7 1
L\ l/ :, 2 .
| % ] 2.
/— IER ”
707 44 = = |
iqd | (wakeo) Xqmid - (keoseno)
The pressure of the water = 1pig
While that of the liquid = im0
Since the pressures are the same we can then dertbiat
hip:1g = hp2g
&:hﬁ = Relative density of the iquid ................... (16.8)
P1 7

4.0 CONCLUSION

Pressure is the force exerted by matter per uea.abolids and fluids

(liquids and gases) do exerted pressure. Theofipitessure is Nifior
Pascal.
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Pressure transmitted in fluids obeys Pascal’'s Rimcwhich sates that
pressure applied at any point to a fluid is a dogessel is transmitted
equally to every other point in the fluid. Thisirmiple is applied in
machines such as the hydraulic press, hydrauli& ga hydraulic
brakes. The pressure due to a column of fluilesproduct of the depth
of the liquid, its density and acceleration duegravity (P = IpQ).
Manometer and the barometer are used in measurgggyres in the
laboratory. Hare’s apparatus is used to measereelative density of a
liquid by the use of pressure method.

5.0 SUMMARY

In this unit you have learnt that:

. The pressure on a surface is the force per unaé are that
surface;

. The unit of pressure is Newton per meter squarechvig the
Pascal;

. The pressure in fluids could be expressed as Pbg -h the

product of the height of the liquid column, it d#psand
acceleration due to gravity;

. Pressure can be transmitted through liquids folhgwithe
Pascal’s Principle;

. The hydraulic press, hydraulic jacks or brakes laased on
Pascal’s principles of transmission of pressurdejunds;

) Pressure can be measured using the manometer lmarih@eter ;
and

) Relative density of a liquid can be measured usimggpressure

method as described in the use of Hare’'s apparatus.

ANSWER TO SELF ASSESSMENT EXERCISE 1

The surface areas of the cube are the same
Surface area of each facel—%am x 2 m =4x10'm?

10C
Weight of the cube = 300N

PRESSURE = ORCE
AREA

_ 300N
4x10%*m?
300 1@ ﬁz
4 m
7.5 x 10Pa
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ANSWER TO SELF ASSESSMENT EXERCISE 2

\\, erosé nt

- - '//f>7

Lt | —

Vil - - T @

Fig. 16.11

Pressure at Q =olg
= 1.2mx sod<—

mm| 5 n ?3

=1.2mx 800 x 1

= 9600NNY
= = 9600Pa

10.
= 1.2m x 800 x 169 .
m
gN_
m

ANSWER TO SELF ASSESSMENT EXERCISE 3

Lo

v 4 A\

h,
g

Fig. 16.12
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Pressure due to the sea water

P, = hips1g
P,c hy= 10m sea water

We need to convert this to that of mercury
We cannot say that total pressure is 760mm of HQm of sea water
The conversion equation is

hp19 = hpog

Where, h = 10m of sea water
p1 = density of sea water = 14050kgm
h, = height of mercury
p,= density of mercury = 13600kghx g

~. 10m x 1050kgm x g = b x 13600kgnt
10mx 10509
- m

hy =
136009
m

_ 10mx1050
1360(

=0.7721m

=772.1mmHg

h,

But pressure due to atmosphere = 750mmHg
.. Total pressure = (772.1 + 750) mmHg = 1522.1mmHg

(b)  To express this N

We use p =g
= 15224 1 1360049 x 107
100( m S
=2.07 x 18Nm™?

ANSWER TO SELF ASSESSMENT EXERCISE 4

From,
F_A
f a
CF= Ay p =0 150N
a 0.01n
= 1500N
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. F: f=1500N: 150N = 10:1
l.e F =10f

The hydraulic press is a simple machine in whiclemvivork is done by
the effort f by moving through distance h, while thad moves through
a distance H (fig. 3.8). In this case, the efficig of the hydraulic press
E is defined as

6.0 TUTOR-MARKED ASSIGNMENT

1. A rectangular block of glass 12cm by 6cm by 2smlaced on a
horizontal surface so as to exert the least pressuithe surface.
If the density of glass is 2500kgimwhat will this least pressure
be?

2. A bubble of air having a volume of 0.35ti® at the bottom of a
lake 51m deep. Determine its volume when it rigesthe
surface? (The atmospheric pressure is 750mmHg).

3. A hydraulic press where the area of the smalopi is 0.001r
while the area of the large piston is 0“AnCalculate the weight
of the load that can be lifted by the large pistdren an effort of
80N is applied to the small piston.

4. Describe how you construct a simple mercury inater.
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1.0 INTRODUCTION

The past three units have been devoted to the piepef fluid at rest.
In these units, you learnt about density, buoyaamoy pressure due to
fluids at rest. Now we focus our attention to fireperties of fluids
when they are in motion. Such a study is what escdbed as
hydrodynamics. Hydrodynamics is the study of fluids in maotion.
Have you ever wondered about how such a huge objetke the
plane can lift itself into space and carry its pasgers safely to their
destination/ have you ever compared the small bitd motion in
space with that of the areoplane?

The ability of both the bird and the aeroplanelyad dependent on the
knowledge of hydrodynamics especially the Bern@uRirinciple. So if
you are interested in answering the above quesyonswill find this
unit very interesting.

There was a time people had the idea that the agiengine has some
magnet around it which it is capable of attractimgnan beings to it.
Do you think this is true? With your knowledgeB¥rnoulli’s Principle
from this unit you will be able to accept or reftite idea.
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Thus, in this unit we shall discuss about streagsliand the pressure
and how they affect the velocity of a flowing fluiBernoulli’s principle
and its applications shall also be discussed.

2.0 OBJECTIVES

At the end of this unit, you should be able:

o explain the term streamlines

. relate streamlines with the velocity of a fluidnmotion

. define the work done per unit volume on a fluid terms of the
pressure difference at two positions

o relate the work done per unit volume with the kimenergy per
unit volume

. state Bernoulli’s Principle of fluids in motion

. apply Bernoulli’'s Principle in nature.

3.0 MAIN CONTENT

3.1 Concept of Streamlines

The knowledge of the laws governing fluid flow isry important in the
distribution of water, gas and oil in pipelines amor efficient
transmission of energy in hydraulic machines.

The rate of flow of a fluid is measured by the vo#iof the fluid that
passes through a cross-section per unit time.

Fig. 17.1

Consider a pipe PQ with some liquid flowing througlsee fig. 17.1).
Consider a section S of cross-sectional area Alangth (I) moving
with an average velocity V. The volume of the idjly moving per
second is given as:
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vV _Al
T e 17.1
i (17.1)
Since, volume = area x length
But its average velocity ___Ie_n_gth
time
length (1) = velocity (v) X time(t)
X = ﬂ = —A vt = Av
t t t

That is the volume per time is equal to the area@esi the average
velocity of the fluid. When the fluid is at resie pressure is the same
at all points at the same elevation of the contairiut once in motion,
the pressure is no longer the same. There id mfatessure as the fluid
flows. Any detailed description of fluids in motiois somewhat
complicated. However, we shall talk about somenelas in the study
of hydrodynamics such as streamlines. But firi itital to know about
a streamline.

The flow of fluids can be described as being a dsteHow or a
stationary flow and turbulent.

When it is a steady flow we have streamlines asveha fig. 17.2. The
absence of streamlines makes the flow turbuleriite fGrbulent flow is
shown in fig. 17.3.

-

Fig. 17.2:  Streamline Flow around Obstacles of Vaous Shapes
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100 Junits

Fig. 17.3:  Turbulent Flow

Consider a fluid flowing through a pipe as in fig..4

Fig. 17.4

If at position a, a particle of the fluid has aoaty v, at b, its velocity
IS V, and at c, its velocity iszv

If after some time, the velocity of whatever flypdrticle happens to be
at a is still y, that at b is ¥yand that at c isaythen the motion is said to
be steady or stationary.

Now, the path followed by a fluid particle in aaty flow as it travels

the length of the pipe is what is described aseastline. Consequently
the flow of the fluid of the pipe will be made up streamlines (fig.

17.5).
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T 5 y
<

Fig. 17.5:  Streamlines

SELF ASSESSMENT EXERCISE 1

What does it mean by a steady flow in hydrodynami&gith the aid of
diagrams explain what is meant by streamlines.

3.2 Streamlines and Velocity

In this section, we want to examine the streanflme of a fluid and the
variation of its velocities as the fluid moves franarge cross-sectional
area to a smaller cross-sectional area. In othendsy how do the
streamlines behave when there is constrictionemipe?

Y -

S

A,
& High Velouhy ¥y,

iy
't

7@
\

Fig. 17.6

Consider a pipe XY as shown in fig. 3.6 such thaténd of X is wider
than that of Y. Consider the bulk f water flowitigough from X to Y.
Consider the bulk of water flowing through the wigssage PR to a
narrower passage QS as shown in fig. 17.6

Volume of water per second through I%/R = AVq

While the volume of water per second through%% AV,
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Because water is incompressible the volume of watening per second
through PR must be the same through QS

A]_V]_ = A2V2 .................................................. (172)

Since Ais greater than A for the equation to balance, thenivless v.
That is, velocity (y) between P and R is low while that between Q and S
(vo) is high. It is observed that the water flowsvdip at the wider
passage while it flows faster through the narrowenipgs or
constrictions. In simple words, the larger is #rea of cross-section,
smaller will be the velocity of liquid flow and \8cversa.

That is, changes in pressure does not cause i dlemsity at various
parts. For steady flow therefore, the volume & fluid per second
must be constant at all points.

The velocity of the fluid does not change at a giymint, as time
elapses, but it may be different at different ptacéaVhen the flow is
steady, the paths actually followed by the moviagtiples of the fluid
are called streamlines. The streamlines of thev flepresent the
directions of the velocities of the particles oé fituid.

A flow is uniform or laminar. Once more, it shoudld emphasized that
it is assumed that the liquid is incompressible.

If the water moves from PQ to RS the volume of lthaid between P
and R is equal to the volume between Q and S.

Alg 1 = Azﬂz ...................................... (173)
where, y 1 = PR and ¢, = QS

On rearranging the terms, we get

Since Ais greater then A therefore
Diving both side by ty 1 >¢>

Ly b
t t
Vo > Vi
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Since velocity is displacement per time.

Consequently the velocity of the liquid at the parpart (Y) of the tube
(constriction) where the streamlines are closeettogy than that at the
wider part X where the streamlines are further tapar

You can see an example of this in our everyday lAeslow running tap
can be made to run fast by applying a finger olaertap of narrow its
exit i.e. cause a constriction.

This increase in velocity implies the presence afeteration. Of this
force to be caused by the fluid surrounding a paldr element of the
fluid the presence must be different in differ egions.

If the pressure were to be the same everywherenghdorce on any
fluid element would be zero. So, when the crossi@e of a flow tube
varies, the pressure must vary along the tube ewsan there is no
difference in elevation.

SELF ASSESSMENT EXERCISE 2

Given a pipe AB such that the end A is wider thad 8. Show that
when water flows through the pipe the velocity lué wvater at A is less
than that velocity at the end B. State your assiomg.

3.3 Pressure and Velocity

Pressure and velocity form another set of elemainitydrodynamics. It
was the scientist Daniel Bernoulli (1740) who olsdrand obtained the
relationship between pressure and velocity at idiffeparts of a moving
incompressible fluid. Bernoulli's equation is angeal expression that
relates the pressure difference between two poirasflow tube to both
velocity changes ad elevation changes. In disogs®ernoulli’s
equation it is assumed that viscosity (fluid fioct) is negligibly small,
then there is no frictional force to overcome.
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Fig. 17.7
Consider a fluid at some initial time t lying be®wvetwo cross-sections a
and c. At a time intervaht, the fluid moves from a to b through a
distance ofAs, as shown in fig. 17.7.
As, = VIAL L (17.5)

Where, yis the speed at one end of the tube.

Similarly, at the same time interval, the fluid moves from c to d
through a distance dfs,.

As, = VAL L (17.6)
. Where, yis the velocity of the fluid at the other end oé tlube.
Let A; be the cross-sectional area at a apdsAhe cross-sectional area
at c.

Change in volume of the fluid = 1As; = AAS..vvivinennnne. a7.7)

Now, we will determine the work done during thimé intervalAt by
using the relation,

FORCE(F) = PRESSURE (P)
AREA(A)
We can rewritten the above expression as you khaiv t
F oo P A o, (17.8)
Work done = force X distance

But the fore at a =.{RA; Similarly, the force at ¢ =JR,
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Where Rand Bare the pressures at the two ends of the flow tube.
Work done atend a = &S = PAIAS) oo, (17.9)
Similarly, work done atend c = &S, = PALAS........... (17.10)
Using the Egs. (17.9) and (17.10), the

= PA1AS, - PALAS,

But as you know from section 3.2 or from Eq. (17hat
AiAs, = A,As, = change in volume

net work done = @ P) x change in volume
P _p _ NETWORK DONE
e CHANGEIN VOLUME
Change In Pressure _NetworkDone (17.11)

Changen Volume

3.3.1 The Change in Kinetic Energy of Kind
We are still considering fig. 17.7 for this section

At the initial stage, the initial kinetic energy thfe fluid (KE) is given
as

KE, = 15 x mass of fluid x (velocit$)

G TRV TP R PR TRTPRTRTS (17.12)

I
I
3
<
[

From the definition of density, the mass can beesged as
m = density x volume = PAjAs,

Therefore, the expression for kinetic energy is as
1 2
KE]_ = E P (A]_AS]_) XV i e (1713)

Where, the symbols P = density of fluid
vi= velocity of fluid at ab
A= area
As, = displacement
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At the end of the time interval the final kinetioezgy is where is given
as

KEZ = %m2V22 = %P (AzASQ) X V22
KE, = %P (A2AS) X Vo2 oo, (17.14)

But A,As, = change in volume. These expressions of kineterges
can be interpreted in terms of change in volume as

KE, = 5P x change in volume x%.................... (17.15)
and KB = 4P x change in volume xf.................... (17.16)
The net change in kinetic energy
AKE = KE; - KE;
= %P x change in volume X §¢- vi%) .....ccoeee.... (17.17)
ChangenKE — _ 1o 2.v? ... (1718)
Changen volume 2

3.3.2 The Change in Potential Energy of the Fluid

To determine the change in potential energy offlhie, refer to fig.
17.7. The initial potential energy of the fluidatat height yis given as
PE

P = Migy:
where, M = PAAs;
PE = PA1As1y10
PE = Py: x (change in volume) X g ................. (17.19)

Similarly, at the other end of the time interwd) the potential energy at
d, height y is given as PEwhere,

PE = Mgy
where, M, = PA,AS,
PE = PALASY-Q
’PE, = Py, x (change in volume) X g ................ (17.20)

The change in potential energy is given as

AU = Pg (¥ — 1) x change in volume
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Changen PE
9 = PG (6= V) wererr oo, (17.21)
Changen volume

Since the work done by the pressure differenceupér volume of a
fluid flowing along a pipe is equal to the kineéinergy per unit volume
plus the gain in potential energy per unit volume,can state that:

N AKE AU (17.22)

AV AV AV

where,AV — change in volume of fluid
The principle of conservation of energy may alsoused to arrive at
this conclusion.

Consequently,
1
P—P = 5 PV Vi) + PG (B— VY1) coeeeeoieeeeeaeeenne, (17.23)

On rearranging the terms in Eq. (17.23), we get
1 2 2
Pi—P = > Pv,"- Pvi” + Pgy, —Pgy;

Pl"'% :PV12+ngl:+PZ+% =Pv,’ + Pgys

Generally, we can write that

P +% = Pv2+ Pgy= CONSTANT .....ccocvivrrrrrnn. (17.24)

Consequently, for streamline motion of an incomgitde non-viscous
fluid,

“The sum of the pressure at any point plus the kingc energy per

unit volume plus the potential energy per unit volume is always a
constant”.

The above statement is what describes Bernouliriple.

3.3.3 Bernoulli's Principle

In the last section (3.3.2) we arrived at the Bd.Z4) that

P +% = Pv®+ Pgy= CONSTANT
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This is what we refer to as Bernoulli’'s equatioanfr which we derived
the Bernoulli’s principle.

Bernoulli’'s principle states that: In a streamline flow of an ideal
fluid, the sum of the pressure energy per unit volme of the kinetic
energy per unit volume are potential energy per urivolume is
always constant at all cross-section of the liquid.

Dividing the Bernoulli's equation (17.24) by Pg weuld obtain this
expression,

2
P Y V= CONSTANT oo (17.25)
Pg 29

Each of the above terms in the equation has thermns of length.
Can you check this? Try to do this before you peacfurther. When
we were discussing pressure, we talked about peessad h in liquids,
fluids generally.

. P_Pg represents the pressure head

2
\2/— represents the velocity head
g

. y represents the velocity head

Remember that Bernoulli's principle is correct ngosly for
incompressible, non-viscous liquids; it is oftenplkgd to ordinary
liquids with sufficient accuracy for engineeringposes.

Bernoulli's principle shows that at some pointaimoving fluid where
the potential energy change is small or ze®,in the flow through

horizontal pipe, the pressure is low where the vetity is high.

Conversely,the pressure is high where the velocity is low. T&

principle has wide applications in life.

SELF ASSESSMENT EXERCISE 3
The area of cross-section Af X is 4cnf, the area of Y is 1cm and the
water flows past each section in laminar flow a tate of 400crh

Calculate the pressure difference and the presmad. Consider fig.
17.8 below.
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\\

Fig. 17.8

3.4 Applications of Bernoulli’'s Principle

After studying about the Bernoulli’'s principle iretdil, now in this
section we shall try to examine the various appbos of the
Bernoulli's principle in terms of:

The suction effect of a person at the railway stati

The venture (filter) pump sometimes called sucpamp;
Aerofoil lift in areoplanes; and

Flow of liquids from wide tanks.

3.4.1 At the Railway Station

A person standing close to the platform at a rajlstation experiences
a suction effect when a fast train passes by.

The fast moving air between the person and tha peoduces decrease

in pressure and the excess air pressure on the sithe of the person
pushes him or her towards the train.
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3.4.2 Filter Pump (Venturi Pump)

Fig 17.8

The filter pump is used in most laboratories fat faffective filtration of

precipitates in solutions. The pump has a narregtien in the middle
so that a jet of water from the tap flows fast hege figure 17.8. This
causes a drop in pressure near it and air therétios in from the side
tube to which a vessel is connected. The air aatemwtogether are
expelled through the bottom of the filter pump.

3.4.3 Aerofoil Lift

The curved shape of an aerofoil or the wings ofdtemplanes creates a
fast flow of over its top surface than the lowerface (fig. 17.9).

Ifig. 17.9:  Flow Lines around an Airfoil

This is shown by the closeness of the streamlifey e the aerofoil
compared with those below. From Bernoulli’s prplej the pressure of
the air below is greater than that above. Thiglpces the lift on the
aerofoil.
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3.4.4 Flow of Liquid from a Wide Tank

Here we want to consider the flow of water a widaekt as shown in
fig.17.10

Fig. 17.10

The liquid flows out of the tank through a hole Htlee bottom of the
wide tank. We are making the following assumptjons

. The viscosity is negligible
) Streamline flow at a small distance from the holen (
approximation)

We shall now apply Bernoulli's principle. At thept of the tank X, the
pressure is atmospheric (B). The height h, thematessure head from
X to the hole H. The kinetic energy of the flownisgligible if the tank
Is wide so that the level falls slowly.

At the bottom Y, near H, the pressure is also aphesc (B). The

height above H is zero. The kinetic energy of flisw/2p? where p is
density of the liquid and v is the velocity of emency of the liquid.

From Bernoulli's principle,

B + phg = B + Yop¥
phg = Yop§
= 2gh
VEAL200 o) (17.26)

Thus the velocity of the emerging liquid is the saas that which would
be obtained if it fell through a height h.
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This is Evangelista Torricelli's theorem (1641)

v =,/2gh
In practice, v is less than v = vw/:Qgh because of the viscous forces
and the lack of streamline flow.

4.0 CONCLUSION

Streamline are some elements of hydrodynamicaiidslas they flow in
pipes or over obstacles. When fluids flow throygpes that are of
different diameters there are changes in the stmesn and the
velocities of the fluid at different points. Whehe diameter is large the
streamlines are spaced and the velocity is lowt vBien the diameter is
small that is, where there is constriction, theatnlines are close to
each other and the velocity of the fluid is inceshs The Bernoulli's
principle is concerned with the pressure differeincine flow of fluid in
association with the kinetic energy per unit voluare the potential
energy per unit volume of the flow of the fluid.h& principle is similar
to the conservation of energy. Bernoulli's prifeifnas been used to
explain some natural phenomena.

5.0 SUMMARY

In this unit, you learnt about the following:

o Streamline and how they affect the velocity ofaiflof a liquid;

. The velocity of the fluid is increased where thisra constriction
in the streamlines;

o The velocity of the fluid is decreased where thegm to diverge;

) Bernoulli's principle which states that of streaml motion of an

incompressible non-viscous fluidhe sum of the pressure
energy per unit volume, kinetic energy per unit vaime and
the potential energy per unit volume is always comant at all

cross-section of liquid.

P +% pV’+ pgy = CONSTANT

. Bernoulli’'s principle could be used to explainte@r phenomena
in life such as:
(@) The attraction between an object and a movaug t
(b)  The filter pump
(c)  The aerofoil lift
(d)  The flow of liquids from a sprout at the bottaia tank.
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ANSWER TO SELF ASSESSMENT EXERCISE 1

In steady flow, the path followed by a fluid paltiés what is described
as streamline. Consequently, the flow of the flmdhe pipe will be
made up streamlines.

Note: For detail, you can refer the text.

ANSWER TO SELF ASSESSMENT EXERCISE 2

SEE TEXT - Refer to the section 3.2 of the text.

ANSWER TO SELF ASSESSMENT EXERCISE 3

Volume « 1
seconi are¢

At X, speed yof water =

Volume
From,——— = area x speed

secont

where, volume per second = 400sthand area = 4cfn

3
vi= 4005 x L
S 4cmr

= 100cm/s = 1ms

2

Volume « 1
seconi are:

Similarly, at Y, speedof water =

3
vo= 4005 L
S lcnr

2

= 400cm/s = 4mb

From Bernoulli’s principle,
_1 2 2
Pi—P = 5 P(v2"- Pvi) + Pg(y2 — V1)

Assuming there is no change in potential energydersity of water is
100kgm?®,

P—PR = Pressure difference

1
= > P (v2°- vi%)
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= 1410009 x5y ™
2 m S
= ExlOOOx(lG 1)ﬁ2
2 m
= Ly1000x16 %
2 m
Pressure difference = 7.5 x*Nin'2
From P = hpg
= P = —7'5)(103 m =0.75m
pg 100(x1C

Pressure head = 0.75m of water.
6.0 TUTOR-MARKED ASSIGNMENT

1. A lawn sprinkler has 20 holes each of crossiseat area 2.0 x
10%cn? and is in connection to a hosepipe of cross-seatiarea
2.4cnf. If the speed of the water in the hosepipe is§’5
estimate the sped of the water as it emerges fnenhadles.

2. A pipeline 0.2m in diameter, flowing full of waathas a
constriction of diameter 0.1m. If the velocitytive 0.2m portion
is 2.0m/s find the velocity of the water in the striction and the
discharge rate in cubic metres per second.

3. Water enters a house through a pipe 2.0m idendiameter at an
absolute pressure of 4 x°1Pa. The pipe lading to the second-
floor bathroom 5cm above is 1.0cm in diameter. Wine flow
velocity at the inlet pipe is 4m/s, find the flowlacity and
pressure in the bathroom.

266



PHY 113 MODULE 4

7.0 REFERENCES/FURTHER READING

Awe, O. and Okunola, O. O. (198&omprehensive Certificate Physics,
Ibadan: University Press.

Ference, M. (Jnr.), Lemon, H.B. and Stephenson,JR. (1970).
Analytical Experimental Physics, Chicago: The University of
Chicago Press.

Feyman, R. P., Leighton, R. B. and Sands, M. (19Th¢ Feyman
Lectures on Physics, California: Addison — Wesley Publishing
Company Limited.

Flowers, B. H. and Mendoza, E. (197B)operties of Matter, London:
John Wiley and Sons Limited.

Noaks, M. A. (1963)New Intermediate Physics, Canada: Macmillan
and company Limited.

Soars, F. W., Zemansky, M.W. and Young, H. D. (2980ollege
Physics Addison — London: Wesley Publishing Company.

Tyler, F. (1966).Heat and Thermodynamics. London: Edwards Arnold
Publisher Limited.

Wilkinson, J. (1983). Essentials of Physics, Australia: Macmillan
Education Publishers.

Zemansky, M.W. (1968). Heat and Thermodynamics. New York:
McGraw-Hill Book Company.

267



PHY 113 HEAT AND PROPERTIES OF MATTER

UNIT 3 VISCOSITY OF FLUIDS

CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1  Concept of Viscosity
3.2 Velocity Gradient in Moving Fluids
3.3  Coefficient of Viscosity
3.3.1 Variatiomof with Temperature
3.4 Poiseuille’s Formula
3.4.1 Measurement af by Capillary Flow Method
3.5 Stokes’ Law and Terminal Velocity
3.5.1 Measuring) by Falling Sphere
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

Suppose you are given three identical bottles @antp water, engine
oil and honey each. If you are then asked to tearthem into other
containers, how would you compare the time it wake to empty the
liquids?

You would observe that it takes the most time tq®nhe bottle of

honey while that of water takes the least. Whatlaaiion can we

provide for this observation? The explanation tresidily comes to

mind is that the rate of flow in each liquid. Edicjuid flows with some

difficulties. The difficulty to flow by a liquidd what is being referred to
as the viscosity of a liquid or fluids in generaiscosity therefore deals
with friction in the flow of fluids. Viscosity is property of fluids in

motion. Sometimes, it is called fluid friction.

In this unit, we shall again examine the conceptisfosity as it affects
fluids. We will also discuss about the Poiseudl&rmula which helps
us to determine Stoke’s law and the concept ofitexhvelocity are also
given in this unit.
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2.0 OBJECTIVES
At the end of this unit, you should be able to:

explain the concept of viscosity as applied toddui
define the coefficient of viscosity of fluids
explain the rate of flow of liquids through pipes
state Stoke’s law

explain the concept of terminal velocity.

3.0 MAIN CONTENT

3.1 Concept of Viscosity

Viscosity is the frictional force in fluids. Germadly, viscosity in a liquid
in a liquid is an attribute to the effect of thehesive forces of the
molecules relatively close together in a liquid. h&W liquids flow
through pipes they have frictional force betweegirtlayers. The same
thing happens when gases move or when objects rniooeegh air.
However while the molecules of a liquid are vergsd to each other,
those of gases are too far apart for their cohasidre effective.

The viscosity of fluids affects the volume of thieid flowing per
second as the fluid flows in a pipe. Viscosityoaddfects the lubrication
of moving parts in machines as in car engineds fot easy to realize
that when a liquid flows along a pipe, there argeta of the fluid
moving with different velocities. The moleculesese to be moving
fastest at the centre along the axis of the pigéhereas the velocity
decreases as one move towards the wall of the thipe/elocity tends to
zero. The variation of such velocity is shownig 1.8.1.

Z

b

w

DS
Fig. 18.1

The length of each line segment is proportionght magnitude of the

velocity. So you will observe that at Y the liregsnent is the longest so
the velocity of the fluid is the maximum while at ahd Z the line
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segments are the smallest thus, the velocity oflitjued tends to zero
there.

3.2 Velocity Gradient in Moving Fluids

Let us consider two adjoining layers of a liquicad Q moving in a
pipe, such that the two layers are rcm apart (i832).

P ‘I > Y, = 5cms?
r
a V,= 3cms’

a.—

1

Fig. 18.2

If the velocity of the layer P is M= 5cms and that of layer Q is )=
3cms'and they are r = 4cm apart, we shall define thesrage velocity
gradient as

cm

<

-

= 0.5¢

Average velocity gradient ;/% =5- 3)% =2

4cm 4cm

The average velocity gradient G, is therefore defiras the rate of
change of velocity of the moving layers of the diger the change in
distance between the moving layers

average velocity gradient =AA1 =G
r

From calculus point of view, the limit of G as tbleange in r tends to
zero is defined as

LimitG = dl .................................................... (18.1)
dr
A— 0

SELF ASSESSMENT EXERCISE 1

Explain the meaning of average velocity gradientitagffects the
viscosity of a fluid in a pipe.
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3.3 Coefficient of Viscosityn

As you have learnt about coefficient of frictionnmechanics, here you
will study the coefficient of viscosity of fluidslt is a property of fluids
when they are in motion. You will recall, the idalaout steady flow or
non-turbulent flow of a fluid is also describedlssng uniform, orderly
flow or laminar flow. Newton stated that under twndition of steady
flow, the frictional force (F) between two layersowng fluid is
proportional to:

. its velocity gradient G and
o the area (A) parallel to the fluid flow of the liguunder
consideration

Hence, F oc AG (18.2)
“F = nAG (wheren = eta, a Greek letter)

This direction of the force (F) is opposite to theection of velocity. If
A=1,G=1, them =F.

Heren is a constant known as the coefficient of visgosftthe fluid. 7
is defined as the frictional force required to maain a unit velocity
gradient between two layers each of unit are¢gSee fig. 18.3).

////////Z——QV,
FM/%Va.

Fig. 18.3

What do you think would be the unit and dimensiohg the coefficient
of viscosity?

Let us discuss about them now. You remember th&tation between

two surfaces, the coefficient of friction has natur_et us now derive
the unit of the coefficient of viscosity in fluidsThe unit of force (F) is
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N(Newton) and the Unit of area (A) is‘rimeter square). In section 3.2,
you noted that the unit of velocity gradient (G¥fs Then, the
-, unit ofn is % = Nm’s.

m-s

~

ML

2

The dimensions of force (F) = for N is unit of force

2Ifor n? is unit of area

The dimensions of Area (A)

The dimensions of velocity gradient (G) = * for s is the unit of
velocity gradient.
. The dimensions of = Mt X iz Lo

T L T

It can be noted thaf is also expressed in terms of stress.

Tangentiabtress

velocityGradient

Forceperunit Area
Velocity Gradient

In practice, Poise (pronounced as puaz) is addptetthe unit ofn after
the name of the scientist Poiseiulle (pronouncepusoy0. The S.I.
unit of nis Pa s (Pascal-series or decapoise. 1 decapdibsm? = 10
poise.

SELF ASSESSMENT EXERCISE 2

Determine the frictional force (F) due to a flufdtihas an area of 2 x
10°m? in a region of velocity gradient 0:5sand whose coefficient of
viscosityn is INmiZs.

3.3.1 Variationny of with Temperature

The viscosity of motor oil is 2 poise at’®20 The viscosity of water is 1
x 10° poise at 18C. Viscosity decreases with increase in tempegatur
however, the values of most of motor oils are sticht they are
independent of temperature.
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3.4 Poiseuille’s Formula

Poiseuille’s formula helps us to determine the ftoeht of viscosity of

a liquid by observing the rate of low of the liquitlis an expression that
relates volume of liquid flowing through a pipe pcond (V/t), the
coefficient of viscosity 1f poises), the radius of the pipe (r) and the

pressure gradient—lie).

The formula was derived by dimensional analysis

4
R T (18.4)
t 8 nL
The value% calculated experimentally.
Where, p = difference in pressure between the @fds

the pipe
r
L

n

radius of the pipe
length of the pipe
coefficient of viscosity

3.4.1 Measurement ofy by Capillary Flow Method

The apparatus used for this method is as showig.iri8.4. It consists
of large reservoir below which is connected to pillay tune of length
l.

Fig. 18.4
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The capillary tube is arranged horizontally to bé@ight h below the
free surface of the liquid in the reservoir. Tieuid is fed into the
reservoir faster than the way the liquid flows ofitthe capillary tube.
This is to ensure that the pressure head h isdatant. The volume
of the liquid flowing through the capillary tube & given time is
collected and measure. V/t is determined with thewledge of volume
(V) and time (t). The pressure difference (P) asrthe ends of the tube
Is given as hpg where: h is the height of the Hgpiis the density of the
liquid, and g is acceleration due to gravity. Hetloe pressure gradient
P/L is determined by suing the formula:

Pressure gradienIE— = hpg

L

Once using P/L is known, then by using Poiseuitbemiula, can be
determined easily.
ot P
= o e 18.5
vy (18.5)

So far, we have learnt about viscosity, coefficiesft viscosity,
Poiseuille’s formula and also about the method ehsurement of by
capillary flow method. Boy now we will learn abo8toke’s law and
terminal velocity in the next section.

3.5 Stokes’ Law and Terminal Velocity

Under this section, we want to describe the mobbran object that
moved through a fluid under gravitational attragtio The example
which comes to mind is a spherical ball moving ialacylinder of oil.
Let us discuss the motion of a spherical ball specified oil to explain
the concept of terminal velocity before applyingpit the Stoke’s law.
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chen du LACVM\C{

Fig. 18.5

Consider an object A in a liquid X. The objectIvidll in the liquid
under its weight (W). as it moves, it also hasugthrust (U) and
frictional force (F) due to the liquid (fig. 18.5By applying Newton’s
second law of motion

WoU=F = M .toreeoreeoeeeeeeee e, (18.6)

If we now have a tall jar filled with engine oil aeown in fig. 18.6, and
we drop the sphere on its surface X it will be obed that its initial
velocity will be zero and the frictional force witle small because the
velocity is small or zero at the surface.
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Thus at this stage, since F approaches zero thedelton’'s second
law,

W-U = MA e e (18.7)

\/ 7
"

\. | Termina] Velo

g el

7

Fig. 18.7

Now, as the sphere goes further down the liquid Welocity V
increases and so the frictional force 9f0 due t® liQuid increases.
Thus the net force becomes less. A time is reaatsh this net is then
attained by the sphere which is called the termis&dcity. So in simple
words, we can define terminal velocity is the maxm velocity
acquired by the body while falling forcely in a agis medium. It is
this terminal velocity that is applied in StokessM. Now we, will learn
that what is Stoke’s law.

When a sphere of radius r moves through a viscloug 6f coefficient
of viscosityn with a velocity v, then the frictional force F e} on the
sphere is given by

F = BINIV e (18.8)
The Stoke’s law.
Let us go back to the motion of the sphere in drgd jar filled with
engine oil. When the ball is at the surface we #ae unbalanced force

is
W - U = MA i, (18.9)
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Here f is zero or very small since the velocitgéso or very small. But
as the ball passes through points A, B and ¢ wddvexpect the ball to
have attained its terminal velocity.

.. W -U - F =0 since the net force has been redtxedro

F o = BNV ce oo, (18.11)

Where Vr is the terminal velocity acquired by thedlb Therefore the
above equation expression becomes:

NIV =W —U (18.12)
Where W = mg VvV

Where, p = density of sphere

V; = volume of sphere =4§nr3

and U = upthrust

= volume of liquid displaced x density of
liquid x acceleration due to gravity.
ViX p' Xg

Where, | volume of liquid displaced

volume of sphere

1
|
a
=<

Substituting these, we get the expression

6rnrVs = %nr3pg - %nﬁp'g ............ (18.15)
On rearranging the terms,
4 ! !
6nrVs = 5”3’0 gp-p")
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ar’

4
V= —
T3 6 7 (p-p")
We get,
2 r?
Vi=—=——g@E-0") oo, (18.16)
9 7

So with the knowledge of m, g, p andp’, one can determine the

terminal velocity. However we can also define ttmefficient of
viscosity by rewriting the expression as

2 r?

M= g 0P P (18.17)

Thus with the knowledge of r,¥ g, p andp’ we can determine the
coefficient of viscosity of the oil.

But now the question is: how do we determine thentinal velocity \f
experimentally in order to determinegy with the knowledge of other
parameters (factors) such asr, g,andp’?

This question will be answered under experimengémination of
with the falling sphere in section 3.5.1.

SELF ASSESSMENT EXERCISE 3

Show that Stoke’s law is F = frictional force irflaid is dimensionally
correct.

It is also important to note that

. The value of V must be small
. The motion must take place in a large expanstuaf f
o There is no slipping between the fluid and theesph

Now | the sphere is moving along the axis of a @eeéradius R there
is a small correction to Stoke’s law given as

F=6mrv (1 + arﬁ)

Where a is a numerical coefficient (about 2.4) Ugudetermined
experimentally.
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3.5.1 Measuringn by Falling Sphere

This is a good method used to determine the coefiof viscosity of a
liquid through the determination of terminal velgci

Fig. 18.8

The liquid is put in the tube which is set vertigdfig. 18.8). We use a
sphere of 2mm in diameter of the tube is 2cm. @&imer is negligible
even when in theory the diameter of the tube iscetqnl to be large
compared with the diameter of the sphere. Heneethrection factor
may be ignored. The density of the spherés determined using
Archimedes’ principle. The density of the liquid'{ is also determined
using the specific gravity bottle i.e. using thiatienship

p =P pu

Where, p'is density of the liquid,'r is relative density of liquid, and
o' w is density of water

!

o Massof Liquid

But, = p/
P L, Massof EqualVolumeof Water

The terminal velocity Y is determined by noting the times taken by the
sphere to move through AB and BC atahd  respectively. If AB is
made to be equal to BC, therefore at terminal vgld¢ should be equal
to t, when observed. If not then the experiment hasdalbecause
terminal velocity has been attained.

If t,=t,then terminal velocity has been attained

_ AB4BC
Tt
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The micrometer screw gauge is used to determinerdteis of the
sphere. The valug of can then is determined by using the relation.
2r'g(p-p) .
—=— =% poise
n 9V p

4.0 CONCLUSION

The friction in fluids is called viscosity. Theefficient of viscosity is
the factor that is used in describing the abilifyadfluid to flow. The
coefficient of viscosity of a fluid decreases as tbmperature increases.

The coefficient of viscosity is defined as the gatf tangential stress is
velocity gradient
Tangentiabtress

Velocity Gradient

Where tangential stress is the tangential forcaupdérsurface area of the
layer of the moving fluid and the velocity gradienthe rate of change
of the velocities of two surface layers per theatise between them.

T] =

Two methods can be used to determine the coefficokriscosity of a
fluid, the capillary flow method from Poiseuille’®mrmula and the
falling of sphere method in a fluid which uses 8teke’s law.

5.0 SUMMARY
In this unit, you have learnt the following:

. the resistance offered by a moving fluid is callestosity;

) the Newtonian fluids frictional force F is proporial to the
velocity gradient G and the area parallel to tlosvfbf the liquid
l.e. F =nAG where, n is constant and defined as the coefficient

of a fluid,;
) thusn is defined as
_ % _ Tangentiabtress
1 G Velocity Gradient
) velocity gradient is defined as the rate of chamggelocity of
fluid layers per the distance between the layeiftuaf;
o the viscosity of every fluid decreases as the tFatpre rises;
4
. Poiseuille’s formula is given a;/t—% prL which describes the
n

relationship between the rate of flow of a fluidhwvcoefficient of
viscosityn, the radius of the pipe (r) through which the dlaind
the pressure gradient P/L of the flowing fluid;
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o the Stoke’s law related the frictional force, tiveight of the
object and the upthrust it experiences as it fddtsugh fluids
when it has attained

F=W-U
A terminally velocity:

) the terminal velocity is the velocity acquired &yfalling object
in a fluid when the net force of the frictional ¢erF, its weight
W and upthrust U is zero

W-U-F=0
ANSWER TO SELF ASSESSMENT EXERCISE 1
Velocity gradient is the rate of change of velo@fythe moving layers

of fluid per the change in distance between theingplayers.
For more refer to section 3.2.

ANSWER TO SELF ASSESSMENT EXERCISE 2

F nAG
INs/M x 2 x 10°m? x 0.5s!

103N

The viscosity of every fluid decreases as the teatpee rises, and the
change with temperature is very considerable. #bld 3.1 below,
values ofn for various liquids are given:

Table 18.1: Coefficient of Viscosity of Liquids

LIQUID n (POISE) TEMPERATURE
WATER 1.79 x 10 0°C

WATER 1.0 x 10° 10°C

WATER 6.6 x 10° 40°C
GLYCERINE 46 6C
GLYCERINE 3.5 36C

PITCH 5.1 x 16 0°C

PITCH 1.19 x10 100°C

ENGINE OIL 2.0 26C
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ANSWER TO SELF- ASSESSMENT EXERCISE 3

Dimension fom = ML T

Dimension for r = L

Dimension forV = = LT

: nrv = ML*T?x Lx LT™
= MLT?

MET

But the dimensions of force (F)

So, Stoke’s law is dimensionally correct.
Note that @ has no dimensions.

6.0 TUTOR-MARKED ASSIGNMENT

1. A small oil drop falls in air with a terminal leeity of 2 x I°m/s.
The density of the oil is 900kgfinthe coefficient of viscosity of
air is 2 x 10Nsmi? and g = 10m/s. Determine the radius of the
drop. (Neglect the upthrust in air)

2. A small sphere of radius 2.0mm and density 8 0%g/m’ is
released from rest at the surface of a along colafma viscous
liquid of density 1.3 x1¥%gm-2. The viscous force F opposing
the motion is proportional to the velocity V in nggthe sphere
and is given by the formula F = 0.057V. Calculdte terminal
velocity of the sphere?
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1.0 INTRODUCTION

Surface tension is another property of fluids thathave to examine in
this unit after the treatment of viscosity.

You would have observed that when water is drippiexy slowly from
a partially closed tap, the water comes out in fofrapherical drops and
not as a continuous stream but as a successiaos.dWhy do they do
S0?

It has also been observed that a clean needleded! carefully on a
water surface makes a small depression on thecgudiad stays at rest
there without sinking, despite the fact that itesty than that of water.
When a capillary tube is dipped in water, it hasdleen observed that
the water level in the tube rises whereas whemdagitube is dipped in
mercury, the mercury level is depressed. Somenwagects have also
been observed to be able to walk, as it were, erstinface of water. All
these observations and common phenomena are redgaade a
consequences surface tension.
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The formation of soap bubbles could also be expthithrough the
existence of surface tension. Furthermore, masitpldraw their water
from the soil by capillary rise of water througlethair like secondary
roots.

The study of surface tension is very important tasuis across the
various fields in science. In this unit, we shetlidy the concepts of

surface tension. You will also studied the amilans of surface
tension. The phenomenon of capillary is also dised in details here.

2.0 OBJECTIVES

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

. identify situations where the concept of surfagssi@en in fluids
is illustrated

. explain the concept of surface tension using mdééecdeas

. define the coefficient of surface tension

. distinguished between adhesive and cohesive forces

. explain the meaning of angle of contact

) state the excess pressure in bubbles and curvad bgrfaces in
relation to the surface tension and radius of thbbke or the
meniscus

) state the relationship between

- The height to which a liquid rises in a capillawpe and surface

tension.

- The depth to which a liquid falls in a capillaype and surface
tension.

. determine the surface tension of a liquid by capyllrise or any
other method

o use Jaeger’'s method to show variation of surfaeasion with
temperature

) define surface tension in terms of surface energy

) solve problems on the surface tension phenomenon.

3.0 MAIN CONTENT

3.1 Concept of Surface Tension

Molecules at the surface of water and other liguidse more energy
than those in the bulk volume of the liquid. Thisservation is what

makes the surface acts like a film or skin coverithg liquid. Fro
example, a light insect called the water boatmanmave across water
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without falling through. Mosquito larva can cling understand of the
surface of water in a swamp. Alight steel needde aan be floated on
the surface of water. All the above observatiorsdue to the surface
tension of water.

SELF ASSESSMENT EXERCISE 1

What is surface tension? Give some examples ofevbierface tension
could be identified.

3.1.1 Molecular Explanation of Surface Tension

In this section we shall explain how the molecutes liquid surface
have more energy than those inside the liquid.

L;Wo\ QM}%&L-

~

Y Rl =0

Fig. 19.1:  Surface Tension

Consider three molecules A, B and C such that nuésdB and C are at
the same surface of the liquid while molecule Avedow the surface
liquid. It will be observed that molecule A willebattracted equally
round by neighbouring molecules inside the sphefremolecular

attraction as shown in (fig. 19.1). Now look a tfvo other molecules
B and C on the surface of the liquid. These mdéscaon the surface of
a liquid however are attracted by its neighbounmglecules to the sides
and downwards but not upward. The resultant ofhsowlecular

attractions thus tends to pull the surface molecid®o liquid. It is this

tendency to pull the surface molecules into theidigthat causes the
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surface to become as small as possible. The subdabaves, as if it
were, tightened into an elastic film.

A molecule, which reaches the surface of the liguldes work in
overcoming this force of attraction so it has aatge energy than those
molecules in the bulk of the liquid. Consequentlye surface has
energy. At equilibrium, the surface will have anmum energy. This
means that the number of molecules in the surfa@minimum. So
the area of the surface of a given volume of ligaid minimum.

A sphere is the volume of a liquid whose surfagaas minimum. This
is why raindrops are spherical.

Small mercury drops on glass form small spheresldnge drops are

flattened on the top owing to gravitational foreehich lowered the
centre of gravity as much as possible. (See fig2)1

e O CH

Fig. 19.2:  Drops of Mercury

Leads shots are manufactured by spraying moltehftean the top of a
tower. The liquid forms spheres as they fall dusurface tension.

3.2 Coefficient of Surface Tension

Surface tension is a property of a liquid. The mitagle of asurface
tension across/perpendicular to a unit length mwknas the coefficient
of surface tension. Surface tension varies withtypwf the liquid and

temperature. The coefficient of surface tensiaos defined as the force
per unit length in the surface acting perpendictdasne side of a line in

the surface.
_ Force
Y Lenght

Surface tension is independent of the surface aféa. unit ofy is Nm
' The dimension of surface tension is ¥T

I" varies with the temperature of the liquid. AtfQQy is the value of
7.2 x 10°Nm™ for water, whereas at the same temperature, [te\ia
4.5 x 10'Nm* for mercury.
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The surface tensiop, of liquid decrease with temperatures, molecules
have higher kinetic energy. They are thus, reddyifurther apart from
neighouring molecules. This therefore reducesirttvard force hence
the work done against force is less. Moleculethensurface now have
less energy that at lower temperatures. Thathes,surface tension is
less at high temperatures than at lower temperature

T

If 'Y:T

For a rectangular slide with edge touching watefase as shown in fig.
19.3:

T =9 (284 2D) oo e, (19.2)
. " L o T
« T “ ﬁ b a v\‘ \ \\ N .A
» ‘ \

LN ' ' - ~ Y A\l
AR AR \ A \:"‘, vy
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L v‘ S Vh ‘ : S « tON PN G

Fig. 19.3

3.3 Force of Cohesion and Force of Adhesion

Molecular forces between like molecules are caltedes of cohesion.
For example two water molecules have cohesion $obstween them.
The molecular forces between unlike molecules aiéed forces of
adhesion. For example, the force between moleailesater and those
of the glass vessel will constitutes adhesive mrce

Water wets are clings to clean glass because tesaa forces between
glass and water molecules are greater than thesiehforces of water.
Conversely, mercury does not wet clean glass hunkshaway from it
because the adhesive forces between mercury asd gilalecules a re
less than the cohesive forces of mercury.
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How can you explain the situations where by theisoers of water in a
glass and the meniscus of mercury in the same giashown in fig.
19.4 (i) & (ii)?

| ,—Concave prenis wh

S ——
=
3
,Y\
3
£

".‘\ &
\

/-

(i) (ii)
Fig. 19.4

—_—

Fig. 19.4 (i) shows water in a glass tube whichdpio®es a meniscus
(concave meniscus). It curves upwards. Wheregs19.4 (i) shows
mercury in glass which produces a meniscus (comaeriscus) that
curves downwards. These two types of surfaces bmarexplained
through the concepts of adhesive and cohesive Jobmdween the
molecules of the liquid and the container.

In fig. 19.4 (i) the adhesive forces between théewaolecules and the
glass molecules are greater than the cohesive twettgeen the water
molecules. On contrary, in fig. 19.4(ii), the asiive forces between the
mercury molecules and the glass molecules aretless the cohesive
forces between the mercury molecules.

3.3.1 Angle of Contact

The angle of contact is another property used eavghe different kinds
of meniscus (concave and convex) we obtain whequédlis contained

in a tube. Angle of contach) between a liquid and a solid is defined as
the angle measured through the liquid betweenahgent to the liquid
surface where it touches the solid surface andahd surface itself.

For example the angle of contact for pure watecantact with clean
glass taken as is zefio= 0 (See fig. 19.5)
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Al o

(i) (i) (iif)
Fig. 19.5

The angle of contact for olive oil is 1%fig. 19.5 (ii), and the angle of
contact for mercury is 180 It is to be noted that liquids that make
obtuse angle®¢9() of contact with glass or any other solid surfdoe
not wet the surfaces (i.e. mercury and glass. Hewsdiquids with
acute angle&90) of contact wet the surface (i.e. water and glass)

In manufacture of raincoats, garment fibers araté@ chemically so
that the acute angle made by water with the fisehanged to an obtuse

angle, thus the water then forms drops, which eshaken off from the
raincoat.

3.4 Excess Pressure in Bubbles and Curved Liquid 8aces
The curvature of a liquid or a bubble formed incaid is related to the
surface tension of the liquid. In this section, weuld relate surface

tension with the excess pressure that exists irfdimation of bubbles
in liquids or in air and curved liquid surfaces.

B

S

Ty

Fig. 19.6:  Excess Pressure in a Bubble

Consider a bubble formed inside a liquid as shawifigi. 19.6.
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We shall consider the equilibrium of one half obBthe bubble.
The total force due to the surface tension wry2where &r is the
circumference around whighthe surface tension acts.

The force due to the Pressurei’given byl?nrz.

The total force from left to right  ¥2rr + Par.......cc.ooo...... (19.2)
The force from right to left = R (19.3)
Since the bubble is at equilibrium

Por?=y2rr + Patr? oo (19.4)

On rearranging the terms,
(R, — P) mr® = 2ury

27y
nr?

(P-PR)=
We get
2
(P=P) =7

Excess Pressure P=®PPR) = 2 T e (219.5)
r

3.4.1 Excess Pressure on Curved Liquid Surfaces

When capillary tubes are dipped in liquids, we haueved surfaces
otherwise known as meniscus as shown in (fig. 19.7)

For a curved surface or meniscus where r is thiesauf curvature ang
Is the surface tension.

<_’
o

y

P, |

U
h

=N My
ET"E 9’1 by
0 (i)

Fig. 19.7:  Excess Pressure in Liquids in Capillaryfube
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3.4.2 Excess Pressure in Soap Bubbles

A soap bubble has two liquid surfaces in contath&ir. One is inside
the bubble while the other is outside the bubflke force of one half B
of the bubble due to the surface tension is thus:

Y X 2nr X 2 = 4ury

Fig. 19.8:  Excess Pressure in a Soap Bubble

Force due to Pressure P = Plnr2
Force due to surface tension = ard

Total force from left to right = Rr2+ dary ... (19.8)
Total force due to Pressure , P = Par’ oo, (19.9)

At equilibrium, therefore, we can write

Potr? = Ay + Putr oo (19.10)
Pznr2 - Plarr2 = 4ury
(P, — P)ar® = 4ary

On rearranging, we obtain the expression for expesssure as

Aar
(P —-P) =21
Ttr

Excess Pressure PS@PP)=— = . (19.11)
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From the above expressions on excess pressurd, ltenobserved that
the excess pressure (P) is inversely proportionahé radius of the
bubble or the curved surface. A smaller soap lmlitals a greater
pressure inside it than a larger bubble. Thissmahstrated when such
bubbles are formed on the ends of a tube. Thelanu#creases in size
while the larger grows slightly due to airflow (Fit9.9).

f

Fig. 19.9

When the air flow ceases, the air pressure insadeelqualized. Thus the
radius of the film to which the small bubble coBapis equal to the
radius of large bubble on the other side. FiglQ@%hows two soap
bubbles of unequal size blown on the ends of a.tuBemmunication

between them is being prevented by a closed tapeirmiddle. If the

tap is opened, the smaller bubble is observed tapse gradually and
the size of the larger bubble increases.

The explanation for this observation is that thespure Pin the smaller
bubble is greater than ,P the pressure in the large bubble.
Consequently, air flows from, RoP..

(a) | ®
Fig. 19.10
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SELF ASSESSMENT EXERCISE 2

Given that the coefficient of surface tensijofor soap bubble is 25 x 10

3Nm?, if its radius is 0.5cm. Calculate the excesssuee in a soap
bubble.

3.5 Capillarity: The Rise and Fall of Liquids in Capillary
Tubes

You would have observed that when different typetibes (of varying
diameter) are dipped in water, the water riseseckfiitly in such tubes.
The height is greatest with tubes with smallesindiger. Such tubes are
called capillary tubes. In other words, a tubehvatfine and uniform

bore throughout its length is called a capillarpeuas shown in fig.
19.11.

3

|1

i ’Xk” // " i\v
O R
| W She>haDhy

Fig. 19.11: Capillary Rise in Tubes

(

o

The behaviour of liquids in capillary tubes can &ssociated with
surface tension of liquids. For example, wateegish capillary tubes.
In case of mercury, the level of the liquid falfgg( 19.12) as will be
discussed later in this section.
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-

Fig. 19.12  Mercury in Capillary Tube

With our previous knowledge of angle of conéaand excess pressure
on one side of a curved liquid surface, we can dedbat some liquids
will rise in a capillary tube whereas some will depressed, that is, will
fall.

The excess pressure formula
P2 — P]_ = &
r

For a bubble in water also applies to the excessspre across and
curved liquid surface of radius r which is sphdricashape. We shall
therefore apply the relationship to the meniscuwater in a clean glass
capillary tube when the angle of contact is zero.

=
F
o)

(i)
(i) (i)
Fig. 19.13: Capillary Rise of Liquid

Fig. 19.3 (i) shows the meniscus when the capiltabge is first placed

inside water with zero angle of contact. The margscurves upwards
with radius r equal to that of the capillary tub&he pressure Fabove
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the meniscus is greater than the pressurjed? below byZTy. But B =

H, where H is the atmospheric pressure and P, since the level of
water is the same inside and outside the tube.

This, obviously, is impossible thus the meniscusfiopp 19.13 is
therefore unstable. Inorder tg fRake greater than1IBy2—r7, the water

will rise to a height h, above the outside as showfig. 19.13 (ii).

Here the pressure above the meniscus is still HH®upressure is now
H-hpg from the hydrostatic pressure where p isigsity of the liquid.

Hence, R— P, = H - (H - hpg) :277
P,— P =hpg =—-
2
hpg =

Suppose the liquid has angle of contatiie liquid then rises to a height
h given by

B/

V1)

777700 (01T Lt ) 1Te
0 (i)

Fig. 19.14: Rise of Liquid in a Capillary Tube

/

Fig. 19.14 (ii) shows what happens when the capiliabe in fig. 19.14
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() is pushed down into water so that the heighttthe tube above the
water outside is less than h. Note that the liglads not overflow. The
meniscus at the top of the tube now forms a surédaadius R bigger
than r of the capillary tube and makes an acutéeanfgcontactd with
the glass.

Excess pressure 3y = Z—Ry

From fig. 19.14 (i) Excess pressure = hpng/:

From geometrical point of view, it can be showrt tha

cos0= T
R

Thus, the angle of contact can be determined.

SELF ASSESSMENT EXERCISE 3

Given that h= 4cm and h = 8cm. Determine the angle of coraathe
liquid (as shown in fig. 19.14)?

Fig. 19.15: Fall of Liquid in a Capillary Tube

Fig. 19.15 shows what happens when a glass tutipped into mercury
which has an obtuse angle of contact®1&@h the glass. In this case
the equilibrium is obtained when the mercury fadls depth of h below
the outside level. Pressurg IBelow the curve is greater thap & H,
the atmospheric pressure above.
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2y cos30
r

P; — B, = Excess Pressure

Since cos(180- 150 ) = cos(30)

If P;=H + hpg
and R=H
P,— P, = (H + hpg) — H =2/ ©0S30
2y c0s30
P;— P = hpg :77
2y c0s30
hpg :7—

SELF ASSESSMENT EXERCISE 4

A vertical glass capillary tube of radius 2 x*h0is placed inside clean
water in a beaker

(@) Calculate the height that the water will ris&he tube is now
pushed down until its top is 4cm above the wateglleutside.

(b)  Describe what happens to the water inside thee t(surface
tension of water = 7.2 x Toim™ assume g = 10ri%.

3.6 Measuring Surface Tension

So far you have learnt about surface tension aadapillary tubes. In
the next section, you will learn about measuringwface tension.

From what we have discussed so far on surfacedienisi it possible to
measure the surface tension of water experimefitally

Surface tension of water may be determined by twthods:

. By capillary rise
) By microscopic slide

But here, we will discuss only about the capillasg method.
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3.6.1 Capillary Rise Method

Theoretical Background

AN ¢ ga wpuxwe'

ce-,

T

A7)

( /////
ht |/ 7 \ T *h /

\ /(/. //%—MWe\%N‘z 8

v |l

(rre /0!
Fig. 19.16

Let y be the surface tension of the liquid and it isirted as force per
unit length. Thus the total upward force in theiltary tube due to the
surface tension is given asr@. This force is balanced by the weight of
the liquid of the column h above the outside lefahe liquid.

The volume of the liquid =r*h

The mass of the liquid = volume x densitytr2h x p

The weight of the liquid =r*hpg = mg
Since the upward force balanced the weight, thengvard force

2rry =ar’hpg
nr’hpg

2
= O (19.15)

thus if r, h, p and g are knowrcan be determined.

Thus in the use of capillary rise of water in measysurface tension,
the following assumptions are made:

) The angle of contact are made.

) The small amount of liquid above the bottom of itieniscus is
negligible as shown in fig. 19.17
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i ( Q"‘"MQ‘% T le .

Fig. 19.17
Precautions
) A clean glass capillary tube is used such thaatigde of contact
IS zero.
. Pure water or clean water free of impurities isdus
Required
. Clean water
) Clean capillary tube.
o A traveling microscope with a vernier scale to mwea h. Where

h is the top of the meniscus level of water inlibaker.

A pin P is made to touch the surface of the wdigr 19.18).

N
\V

oy | ! t Shd |

Fig. 19.18
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o the radius r of the tube is measured by cuttirgttibe and using
the traveling microscope to measure the diameter.

Where r = D/2

Having determined r, h and using the values ofgmgdy of liquid) and
g (acceleration due to gravity), then the surfaeesiony can be
obtained.

3.7 Variation of Surface Tension with Temperature

Jaeger’'s Method

The rise in a capillary tube is not suitable foraswring the variation of
surface tension of water with temperature. Thisdsause the water in
the beaker can be varied in temperature but therwatthe capillary

tube will not be at the same temperature.

Thus, Jaeger used excess pressure in a bubbledansiele water to
measure how the surface tensjdior water varies with temperature.

é’/c

N

I

unstable

(i) - (i)
Fig. 19.19: Jaeger’'s Apparatus

From fig. 19.19 a bubble is formed slowly at thed esf the tube A
dipped into a beaker of water B by air from a vedsde an oll
manometer M is used to measure the pressure itisedbubble as it
grows, by forming a bubble inside a liquid, andaswing the excess
pressure, Jaeger found how the surface tensionligia varied with
temperature.
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Excess pressure b — hpig = 2y

Ly= % (hp — hupy)

Thusy can be determined from the values of r, g,;hpandp;

From fig. 19.19 (i), a capillary tube A is connetto a vessel W
containing a funnel C, so that air is driven slowlyough A when water
enters W through C. Capillary tube A is placedidasa beaker
containing liquid L. When air is passed throughatita slow rate, a
bubble forms a slowly at the end of A.

Fig. 19.19 (ii) shows the bubble at three possstdges of growth. The
radius grows from a to b. The pressure is larger since the radius is
smaller when it grows to c, the radius of c is tged@han b. Hence it
cannot contain the increasing pressure.

The downward force of the bubble due to the pressarfact, would be
greater than the upward force due to the surfagside. Hence the
bubble becomes unstable and breaks away from A whedius is the
same as A.

Thus as the bubble grows, the pressure in it gtowsaximum and then
breaks away. This maximum pressure is observed &onmanometer <
M containing a light oil of densitp. A series of observations are taken
as several bubbles grow.

Maximum pressure inside bubble = H ggh

Where, h = maximum difference in levels in manom#te

H = atmospheric pressure
Pressure outside the bubble = Hp,lg

Where, h = depth of orifice of A below the level of liquld
p1 = density of liquid L

2
Excess pressure = (H pdp) — (H + hp.g) = hpg — hpig = T}/
2
= =g(tp + hipr0)
- r_g = (N0 = PG weeeeeeee e, (19.16)
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By adding warm liquid to the vessel containing the variation of the
surface tension with temperature can be determined.

In conclusion, it can be established that the sertansion of the liquid
decreases as the temperature increases. Thebe&ao satisfactory
formula to relate surface tension wit temperatudam explanation about
this observation is that the decrease in surfatgide with temperature
may be attributed to greater separation of molecude higher

temperatures. Force of attraction is thus redubeace, the surface
tension is reduced.

3.8 Surface Tension and Surface Energy

So far we have defined surface tension of a ligagda force per unit
length where force are present in a system, theseaiso be energy.

For example, energy exists in gravitational field$ie problem we wish
to look into in this section is to see if we cariike surface tension in
terms of surface energy. We shall now considessthréace energy of a
liquid and its relationship to its surface tensyon

~jo-
B B

D cc
Fig. 19.20: Surface Tension & Surface Energy

Consider a film liquid stretched across a horizbframe ABCD (fig.
19.20). Since is the force per unit length the force on the B of
length ¢ =y x 27.

The length is 2 because there are two soap film surfaces in cbntac
with air. Suppose the rod is now moved throughsgadce b from BC

to B'C'against the surface tension forces, so that tfaarea of the
film increases. The temperature of the film thesmally decreases in
which case the surface tension alters. If theaserfirea increases under
isothermal condition (isothermal means constanpeature) however,
the surface tension is constant we can then sayifthyais the surface
tension at that temperature:
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Work done in enlarging the surface area (W) =dotdistance
=2y/xb
=y x 2/b

But 2/b is the total increase in the surface area.

Work donein enlargingthearea _ .

Thusy is defined as the work done in increasing theagarfarea by unit
amount provided there is no temperature changéefsurface as the
change is made. That is the change is isothermal.

This is also called the free surface energy becthesenechanical work
done can be released when the surface contractais “ip can be
defined as the work done per unit area in increagithe surface area
of a liquid under isothermal conditions”.

If the film temperature fell while the area wasrgmsed heat would flow
into the film. The increase in total energy of @mea would then be
greater than.

SELF ASSESSMENT EXERCISE 5
A soap bubble of radius 3cm is blown under isottemrronditions from
(@  Asoap film of very small area and

(b) A bubble of radius 2cm. Determine the work each case
(surface tension of a soap solution = 3.0 XNG™).

4.0 CONCLUSION

The surface tension is a property of a liquidis la surface phenomenon
of liquids, which explain why their surfaces act €dlsn, a boundary
made up of surface molecules having a resultaseftywards the bulk
of the liquid. The surface tension explains themmfation and shapes of
the meniscus of a liquid inside a tube. It hasnbesed to explain why
some liquids wet and do not wet glass through treepts of adhesive
and cohesive forces of liquids and that of thegglaswhich the liquids

304



PHY 113 MODULE 4

are placed. Furthermore, surface tension explieasrise and fall of
liquids in capillary tubes and the formation of bids in liquids and in
air. The coefficient of surface tension is defiresl the force per unit
length. The surface tension of a liquid decreagdstemperature. The
surface tension of a of a liquid is also definedeirms of the work done
in extending the surface area a liquid.

Finally, a method to determine th@f a liquid has been described.
5.0 SUMMARY

In this unit you have learnt the following:

. Surface tension is a surface phenomenon in liquids;

. The coefficient of surface tensignis defined as the force per
unit length acting normally on one side of a limetle surface;

. The angle of contact for clean water and clearnsgkagero;

o Adhesive force between glass and water moleculgeester than
the cohesive force between water molecules;

. The angle of contact is obtuse for mercury andsglas

. The excess pressupefor curved liquid surface

_ 2ycosh
r

. The excess pressure for bubble in watet 277

. With connected soap bubbles air passes from thd smlgus as
the large bubble;

o When water rises to the top of a short capillatyetit does not

overflow but forms a m a meniscus at the top wiak an acute
angles of contact;

o Surface energy is defined in terms of the coefficief surface
tensiony;
) Surface energy is the work done in increasing thitase area by

unit amount under constant temperature (isotherawedglition.
ANSWER TO SELF ASSESSMENT EXERCISE 1

Refer to Text.
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ANSWER TO SELF ASSESSMENT EXERCISE 2

Excess pressure Pi}/—
r
-3 -1
4x 25x10_2Nm — 20NN
0.5x1C"m
The excess Pressure =20Nm

ANSWER TO SELF ASSESSMENT EXERCISE 3

cosO = T :i
R h
coso _4
8
=0.5
cos’0.5
=60

The angle of contact of liquid is 80

ANSWER TO SELF ASSESSMENT EXERCISE 4

(@)

/111

7///

Fig. 19.21

As you knowz—7 = hpg
rog
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Now substituting the values, we get

= 2x7.2x1(')"E
m

2 x 10'm x 1000°9 x 10™
m S

2x7.2x107?
2x1C* x1000x10

= 7.2 x 10'm
h = 7.2cm

(b)  When the tube is pushed down so that its tofcie above the
water level outside the water does not overflotweinains at the
top with an acute angle of cont&cand a new radius of curvature
R.

////4

Fig. 19.22

In this case, the excess pressure above the cliqued is

2y
! = H — H —
R (H — hpg)
2y _
R hpg
But, % = hpg
Where, r = 2 x 10m h=7.2cm
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L - ﬁ = i - CO@
R h 7.2
4
co® = —=0.5556
7.2
0 = c0s'0.5556
0=56
2x10* _ 4
R 7.2
-4
R = 7.2x107 x2 _ 3.6 x 10'm

ANSWER TO SELF ASSESSMENT EXERCISE 5

The gain in surface tension = The gain in surfacsibn =y x increase
in surface area

(@) The area of a sphere =

Since the soap bubble has two surfaces with air
Increase in surface energy = vy x 4nr® x 2

3 x 10°N/m x 8t x 9 x 10°J
3x 8 x9x10%

68.58 x 18J

6.79 x 10J

Work done = 6.79 x 1tJ
(b)  In this case energy increase x 8n(r* — r.°)
=3x 10-274—2 8r(rs — ) x 10%m?

=10%
= Work Done
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6.0 TUTOR-MARKED ASSIGNMENT

1.
L, = 4cm {=5cm

Fig. 19.1
In fig. 1.1 above are two connected soap bubbleadi 4cm and
5cm respectively, which have a soap film of radibstween
them. Calculate the radius of r.

2. In the experiment to determine the coefficidrduwrface tension
for water, using the capillary rise of water, tbddwing values
were obtained:
r=0.2mm, h = 6.6cm, g = 9.8M/s = 1000kg/m3
Calculate the coefficient of surface tension.

3. In the experiment of determining the coefficiehsurface
tension using the microscope slide method, masBd& was
found to be 0.88g, a = 6.0cm, b = 0.2cm, g = 9.8mihat value
of y do these data give?
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UNIT 5 OTHER PROPERTIES OF GASES
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1.0 INTRODUCTION

We have discussed so far Boyle’s law, Charles’s baw the pressure
law in understanding the behaviour of gases. Thegeother laws that
also describe the behaviour of gases. These ar®diton’'s law of
partial pressure, Graham’s law of diffusion of gased Avogadro’s
law. These laws are equally important in the stofipoth physics and
chemistry. This unit has therefore been focusedidouss these other
laws that show the characteristics behaviour oégas

2.0 OBJECTIVES
At the end of this unit, you should be able to:

state Dalton’s law of partial pressure
state Graham'’s law of diffusion of gases
state Avogadro’s laws

solve problems based on these laws.

3.0 MAIN CONTENT

3.1 Dalton’'s Law of Partial Pressure

A closed vessel may contain a mixture of gases: ekample when a
gas is being prepared and collected over wateshaan in fig. 20.1, the
space in the gas jar will contain not only the gamg collected but also
some water vapour.
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A closed vessel with some water inside it may alsatain a mixture of
air and saturated water vapour. That is, theenigsquilibrium between
the vapour phase and the liquid phase.

Dalton’s law of partial pressure describes the sure=ss of the two gases
in a container.

Thus, in the study of chemistry, when a gas is denepared and
collected over water, there is a situation wherlgygas exerts its own
pressure while the saturated water vapour presgsoeplays a part.

3.1.1 Definition of Dalton’s Law

Dalton’s law of partial pressure states that;

“In a mixture of gases, the total pressure is tma of the pressures of
the parts or individual gases each gas occupyiegvillume of the
mixture e provided the gases do not reach chemioath one another”.

When we have a mixture of air and water vapourusaally apply the

gas laws to the air. We do not apply the laws &bewvapour. This is
because the mass of water vapour may alter thrtheghondensation as
it occurs when the temperature falls. We theretamenot apply the gas
were there are changes in pressure and temperature.
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3.1.2 Proof of Dalton’s Law

Consider a volume V containing

) n; molecules of gas each of masg, Mean square veIociE},
and exerting a pressure of. P

o n, molecules of another gas each of mass mean square
velocity ofc_§ and exerting a pressure. P

. n; molecules of yet another gas of masg with a mean square

velocity ¢ exerting a pressure of.P

Let the whole mass be at the same temperatureh gz will expand
and fill up the whole volume of the container. Eaas will therefore
occupy a volume V and will exert its own pressure.

From Kinetic theory of gases, we then obtain tHeWang expressions
for the gases:

1 —- 2 1 —

® P]_V = énlm]_Cf = gnl Emlclzj ................................ (20 1)
1 —- 2 1 —

. P,V = énzmzcg = 5”2 Emzczzj ............................... (20.2)
1 —- 2 1 —

. PV = éngmgcj = 5”3 Emscszj ............................... (20.3)

Since the gases are at the same temperature, éna@gavkinetic energy
of the molecules of each kind of gas will therefbesthe same.

That is,

=KE=mC® ...c..oovvven, (20.4)

~2
1

le
wml

mq =—my =—Mg

N =
N =
N =

the average kinetic energy of the gas moleculeddig the equations
(20.1), (20.2), and (20.3) we then obtain

(PL+ P +P)V = %(n1 1y + 1) %mc2 .......................... (20.5)

But iy, + n, + ngis the total number of molecules n, and the total
pressure Pcan be expressed as,
PV =onime =1ome o (20.6)
2 2 3
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(Pt R +P)V = %(nl+n2+n3)m ¢’ = PrV = %r\mC2 ................. (20.7)

PT = P]_ + P2+ P3 ................................................... (208)

Thus the total pressure due to a mixture of gasespours, which do
not interact in any way, is equal to the sum ofirtipartial pressure.
This is the Dalton’s law of partial pressure.

3.2 Graham'’s Law of Diffusion of Gases

We have observed that gases are always in randdrarmadrhey move
from region of high concentration to region of leancentration until a
state of equilibrium is reached.

Gases also been observed to move or pass throughspmembranes or
pots. The movement from region of higher con@mn to low region
of concentration is what is described as diffusion.

Graham established the law that governs the ddfusif gases as they
pass through porous membranes or porous pots.

3.2.1 Graham’s Law

Graham’s law of diffusion of gases states thhe fates of diffusion of
gases through a porous membrane or pot under given conditions are
inversely proportional to the square roots of their densities’.

From Kinetic theory of gases, we know that

PV = %nmcz ...................................................... (20.9)

On rearranging this expression, we get

2 N (20.10)

nm

Where,G© = mean square velocity of gas

P = pressure of the gas

V  =volume of the gas

n = number of molecules

m = mass of each molecule
nm = M = total mass of gas
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Or in another form, it can be written as

C =3P X = 3P X (20.11)

nm M

But we know that

mass _ density of gas
volume
M _
v P
Therefore,
M, (20.12)
Vo p

Substituting Eqg. (20.12) in the Eq. (20.11), we get

Hence,C2 = 3P
Yo
- : 3P
C =the average velocity of gas #— ...................... (20.13)
Y2,
C o |T
Y2,
- 1
O G (20.14)
Y2,

Thus if we have two gases at the same pressumedRhair densities (P

and B and average mean square velociti_éand C§ respectively, then
\/c_l2 = /3—P and
P
Joi= [P
P>

On dividing these Eqgs. We obtain

. [P, [P
R
Ve
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SELF ASSESSMENT EXERCISE

100cm3 of a gas A diffuses in 12 seconds and 180ma gas B
diffused in 40 seconds. Calculate the rates dfisidn of two gases.

3.3 Avogadro’s Law

Avogadro’s law has been very useful in chemistfyor example, it
enables chemists to deduce the fact that some gas#sas oxygen,
hydrogen and chlorine are diatomic. Chemists wadke to use the
volumes of reacting gases to deduce the numberotdaules involved
in the chemical reaction.

For example experiments have shown that one vohihmgdrogen will
react with one volume of chlorine to produce twduwnees of hydrogen
chloride.

H + Cl= HCI

1vol 1vol 2vols

With Avogadro’s law we can say that,

1 molecule of Hydrogen will react with 1 moleculé Ghlorine to
produces 2 molecules of Hydrogen Chloride. To poed2 molecules
of HCI implies that 1 molecule of Hydrogen will de, while one
molecule of Chlorine will be GI That is, both Hydrogen and Chlorine
are diatomic.

Avogadro’s law states that,

“‘Equal volumes of all gases under the same comditisuch as
temperature and pressure contain equal numbersletuaies”

Let us consider two equal volumes V of two gaseheatsame pressure
1 JE—
and same temperature. Same temperature meang nicdt the

average molecular kinetic energy is the same ih bases.
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Suppose there arg molecules of mass jof one gas and,mmolecules
of mass min the other. Let their mean square velocitieshend c’
From kinetic theory of gases, we can write

PV = %nlmlc_f forthefirstgas ......ccooeviiiiiii e, (20.16)
and%nzmz C§ forthesecond gas .........cccovviiiiiiiiiiiienn, (20.17)
Since P and V are the same for both gases then

%nlmlc_f = %nzmzcg ........................................... (20.18)

Multiply and divide both sides of the Eq. (20.18) 2 then we will
obtain

21 — 21 2
£ Znm, & =< Znm,C
32 1111 ™~ 32 21112 %5
1 — 1 2
~nm, ¢ = = nm,C
2 1111 ™~ 2 21112 %5
nlxélmlcf = nzx%mzcg ................................ (20.19)

1 =2 1 = .
But Elmlcf = Emzcg energy of the molecules since the temperature of

the gases is the same.

D = DD et e (20.20)

Here, the two gases contain the same number ofcoleke

4.0 CONCLUSION

In this unit we have learnt Dalton’s law partiakgsure of two or more
gases, Graham'’s law of diffusion of gases througiogs membranes or
pots and Avogadro’s law of combining volumes ofegsas they affect
the behaviour of gases. We have also been ablalidate or prove

these laws by suing the molecular kinetic theorgades.
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5.0 SUMMARY
In this unit you have learnt

. The Dalton’s law of partial pressure which enables to
determine the pressure of gases contained in a goi@me.

. For Dalton’s law

PTOTAL = P]_ + P2 + P3 + o

o The Graham’s law of diffusion of gases states thatrate of
diffusion of a gas is inversely proportional to tiedative density
of the gas or its relative molecular mass.

o Avogadro’s law of combining gases, which stateat thqual
volume of gases under the same conditions suchegsyre and
temperature, contain equal numbers of molecules.

ANSWER TO SELF ASSESSMENT EXERCISE

Rate of diffusion of A =¥

_ 100cnT
12¢
cm®

<

~

=8.3

Rate of diffusion of B :\ti

_ 100cm?’
40¢
cm®

<

-

=25

6.0 TUTOR-MARKED ASSIGNMENT

1. A closed vessel contains a mixture of air antewaapour at
27°C and the total pressure is 1.06 XR#,
At this temperature the water is just saturatédhd temperature
is raised to 87C calculate the air pressure and the water vapour
pressure.

(S.V.P. of water at 2T = 0.04 x 18Pa, S.V.P. of water at i
=0.02 x 16Pa).

2. As in question 1, if the temperature is now loedeto 170C.
What is now the total pressure of the systems?
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(S.V.P. of water at 2T = 0.04 x 18Pa, S.V.P. of water at i
= 0.02 x 16Pa).

3. Oxygen diffused at the rate of 4&gh Calculate the rate of
diffusion of methane under the same condition.
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