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FOREWORD

The National Curriculum Framework (NCF), 2005 recommends that children’s life
at school must be linked to their life outside the school. This principle marks a
departure from the legacy of bookish learning which continues to shape our
system and causes a gap between the school, home and community. The syllabi
and textbooks developed on the basis of NCF signify an attempt to implement this
basic idea. They also attempt to discourage rote learning and the maintenance of
sharp boundaries between different subject areas. We hope these measures will
take us significantly further in the direction of a child-centred system of education
outlined in the National Policy on Education (1986).

The success of this effort depends on the steps that school principals and
teachers will take to encourage children to reflect on their own learning and to
pursue imaginative activities and questions. We must recognise that, given space,
time and freedom, children generate new knowledge by engaging with the information
passed on to them by adults. Treating the prescribed textbook as the sole basis of
examination is one of the key reasons why other resources and sites of learning
are ignored. Inculcating creativity and initiative is possible if we perceive and treat
children as participants in learning, not as receivers of a fixed body of knowledge.

These aims imply considerable change is school routines and mode of functioning.
Flexibility in the daily time-table is as necessary as rigour in implementing the
annual calendar so that the required number of teaching days are actually devoted
to teaching. The methods used for teaching and evaluation will also determine how
effective this textbook proves for making children’s life at school a happy experience,
rather than a source of stress or boredom. Syllabus designers have tried to address
the problem of curricular burden by restructuring and reorienting knowledge at
different stages with greater consideration for child psychology and the time available
for teaching. The textbook attempts to enhance this endeavour by giving higher
priority and space to opportunities for contemplation and wondering, discussion in
small groups, and activities requiring hands-on experience.

The National Council of Educational Research and Training (NCERT) appreciates
the hard work done by the textbook development committee responsible for
this book. We wish to thank the Chairperson of the advisory group in science
and mathematics, Professor J.V. Narlikar and the Chief Advisor for this book,
Professor A.W. Joshi for guiding the work of this committee. Several teachers
contributed to the development of this textbook; we are grateful to their principals
for making this possible. We are indebted to the institutions and organisations
which have generously permitted us to draw upon their resources, material and
personnel. We are especially grateful to the members of the National Monitoring
Committee, appointed by the Department of Secondary and Higher Education,
Ministry of Human Resource Development under the Chairpersonship of Professor
Mrinal Miri and Professor G.P. Deshpande, for their valuable time and contribution.
As an organisation committed to systemic reform and continuous improvement
in the quality of its products, NCERT welcomes comments and suggestions which
will enable us to undertake further revision and refinement.

Director
New Delhi National Council of Educational
20 December 2005 Research and Training
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RATIONALISATION OF CONTENT IN THE TEXTBOOKS

In view of the COVID-19 pandemic, it is imperative to reduce content load on
students. The National Education Policy 2020, also emphasises reducing the content
load and providing opportunities for experiential learning with creative mindset.
In this background, the NCERT has undertaken the exercise to rationalise the
textbooks across all classes. Learning Outcomes already developed by the NCERT
across classes have been taken into consideration in this exercise.

Contents of the textbooks have been rationalised in view of the following:

Overlapping with similar content included in other subject areas in the same
class

Similar content included in the lower or higher class in the same subject
Difficulty level

Content, which is easily accessible to students without much interventions from
teachers and can be learned by children through self-learning or peer-learning

Content, which is irrelevant in the present context

This present edition, is a reformatted version after carrying out the changes
given above.
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PREFACE

More than a decade ago, based on National Policy of Education (NPE-1986),
National Council of Educational Research and Training published physics
textbooks for Classes XI and XII, prepared under the chairmanship of
Professor T. V. Ramakrishnan, F.R.S., with the help of a team of learned co-authors.
The books were well received by the teachers and students alike. The books, in
fact, proved to be milestones and trend-setters. However, the development of
textbooks, particularly science books, is a dynamic process in view of the changing
perceptions, needs, feedback and the experiences of the students, educators and
the society. Another version of the physics books, which was the result of the
revised syllabus based on National Curriculum Framework for School Education-2000
(NCFSE-2000), was brought out under the guidance of Professor Suresh Chandra,
which continued up to now. Recently the NCERT brought out the National
Curriculum Framework-2005 (NCF-2005), and the syllabus was accordingly revised
during a curriculum renewal process at school level. The higher secondary stage
syllabus (NCERT, 2005) has been developed accordingly. The Class XI textbook
contains fifteen chapters in two parts. Part I contains first eight chapters while
Part II contains next seven chapters. This book is the result of the renewed efforts
of the present Textbook Development Team with the hope that the students will
appreciate the beauty and logic of physics. The students may or may not continue
to study physics beyond the higher secondary stage, but we feel that they will find
the thought process of physics useful in any other branch they may like to pursue,
be it finance, administration, social sciences, environment, engineering, technology,
biology or medicine. For those who pursue physics beyond this stage, the matter
developed in these books will certainly provide a sound base.

Physics is basic to the understanding of almost all the branches of science
and technology. It is interesting to note that the ideas and concepts of physics are
increasingly being used in other branches such as economics and commerce, and
behavioural sciences too. We are conscious of the fact that some of the underlying
simple basic physics principles are often conceptually quite intricate. In this book,
we have tried to bring in a conceptual coherence. The pedagogy and the use of
easily understandable language are at the core of our effort without sacrificing the
rigour of the subject. The nature of the subject of physics is such that a certain
minimum use of mathematics is a must. We have tried to develop the mathematical
formulations in a logical fashion, as far as possible.

Students and teachers of physics must realise that physics is a branch which
needs to be understood, not necessarily memorised. As one goes from secondary
to higher secondary stage and beyond, physics involves mainly four components,
(a) large amount of mathematical base, (b) technical words and terms, whose
normal English meanings could be quite different, (c) new intricate concepts,
and (d) experimental foundation. Physics needs mathematics because we wish to
develop objective description of the world around us and express our observations
in terms of measurable quantities. Physics discovers new properties of particles
and wants to create a name for each one. The words are picked up normally from
common English or Latin or Greek, but gives entirely different meanings to these
words. It would be illuminating to look up words like energy, force, power, charge,
spin, and several others, in any standard English dictionary, and compare their
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meanings with their physics meanings. Physics develops intricate and often
weird-looking concepts to explain the behaviour of particles. Finally, it must be
remembered that entire physics is based on observations and experiments, without
which a theory does not get acceptance into the domain of physics.

This book has some features which, we earnestly hope, will enhance its
usefulness for the students. Each chapter is provided with a Summary at its end
for a quick overview of the contents of the chapter. This is followed by Points to
Ponder which points out the likely misconceptions arising in the minds of students,
hidden implications of certain statements/principles given in the chapter and
cautions needed in applying the knowledge gained from the chapter. They also
raise some thought-provoking questions which would make a student think about
life beyond physics. Students will find it interesting to think and apply their mind
on these points. Further, a large number of solved examples are included in the
text in order to clarify the concepts and/or to illustrate the application of these
concepts in everyday real-life situations. Occasionally, historical perspective has
been included to share the excitement of sequential development of the subject
of physics. Some Boxed items are introduced in many chapters either for this
purpose or to highlight some special features of the contents requiring additional
attention of the learners. Finally, a Subject Index has been added at the end of
the book for ease in locating keywords in the book.

The special nature of physics demands, apart from conceptual understanding,
the knowledge of certain conventions, basic mathematical tools, numerical values
of important physical constants, and systems of measurement units covering a
vast range from microscopic to galactic levels. In order to equip the students, we
have included the necessary tools and database in the form of Appendices A-1
to A-9 at the end of the book. There are also some other appendices at the end of
some chapters giving additional information or applications of matter discussed
in that chapter.

Special attention has been paid for providing illustrative figures. To increase the
clarity, the figures are drawn in two colours. A large number of Exercises are given
at the end of each chapter. Some of these are from real-life situations. Students are
urged to solve these and in doing so, they may find them very educative. Moreover,
some Additional Exercises are given which are more challenging. Answers and
hints to solve some of these are also included. In the entire book, SI units have
been used. A comprehensive account of ‘units and measurement’ is given in Chapter 2 as
a part of prescribed syllabus/curriculum as well as a help in their pursuit of physics.
A box-item in this chapter brings out the difficulty in measuring as simple a thing as
the length of a long curved line. Tables of SI base units and other related units are
given here merely to indicate the presently accepted definitions and to indicate the
high degree of accuracy with which measurements are possible today. The numbers
given here are not to be memorised or asked in examinations.

There is a perception among students, teachers, as well as the general public
that there is a steep gradient between secondary and higher secondary stages.
But a little thought shows that it is bound to be there in the present scenario of
education. Education up to secondary stage is general education where a student
has to learn several subjects — sciences, social sciences, mathematics, languages, at
an elementary level. Education at the higher secondary stage and beyond, borders
on acquiring professional competence, in some chosen fields of endeavour. You
may like to compare this with the following situation. Children play cricket or
badminton in lanes and small spaces outside (or inside) their homes. But then
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some of them want to make it to the school team, then district team, then State
team and then the National team. At every stage, there is bound to be a steep
gradient. Hard work would have to be put in whether students want to pursue
their education in the area of sciences, humanities, languages, music, fine arts,
commerce, finance, architecture, or if they want to become sportspersons or
fashion designers.

Completing this book has only been possible because of the spontaneous
and continuous support of many people. The Textbook Development Team is
thankful to Dr. V. H. Raybagkar for allowing us to use his box item in Chapter
4 and to Dr. F. I. Surve for allowing us to use two of his box items in Chapter
15. We express also our gratitude to the Director, NCERT, for entrusting
us with the task of preparing this textbook as a part of national effort for
improving science education. The Head, Department of Education in Science
and Mathematics, NCERT, was always willing to help us in our endeavour in
every possible way.

The previous text got excellent academic inputs from teachers, students and
experts who sincerely suggested improvement during the past few years. We are
thankful to all those who conveyed these inputs to NCERT. We are also thankful to
the members of the Review Workshop and Editing Workshop organised to discuss
and refine the first draft. We thank the Chairmen and their teams of authors for the
text written by them in 1988, which provided the base and reference for developing
the 2002 version as well as the present version of the textbook. Occasionally,
substantial portions from the earlier versions, particularly those appreciated by
students/teachers, have been adopted/adapted and retained in the present book
for the benefit of coming generation of learners.

We welcome suggestions and comments from our valued users, especially
students and teachers. We wish our young readers a happy journey to the exciting
realm of physics.

A. W. JosHI
Chief Advisor
Textbook Development Committee
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COVER DESIGN
(Adapted from the website of the Nobel Foundation
http://www.nobelprize.org)

The strong nuclear force binds protons and
neutrons in a nucleus and is the strongest of
nature’s four fundamental forces. A mystery
surrounding the strong nuclear force has been
solved. The three quarks within the proton can
sometimes appear to be free, although no free
quarks have ever been observed. The quarks
have a quantum mechanical property called
‘colour’ and interact with each other through
the exchange of particles called ‘gluons’
— nature glue.

Back CoveER
(Adapted from the website of the ISRO
http://www.isro.gov.in)

CARTOSAT-1 is a state-of-the-art Remote
Sensing Satellite, being eleventh one in the
Indian Remote Sensing (IRS) Satellite Series,
built by ISRO. CARTOSAT-1, having mass of
156 kg at lift off, has been launched into a
618 km high polar Sun Synchronous Orbit
(SSO) by ISRO'’s Polar Satellite Launch Vehicle,
PSLV-C6. It is mainly intended for cartographic
applications.
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A NotE FOR THE TEACHERS

To make the curriculum learner-centred, students should be made to participate and interact
in the learning process directly. Once a week or one out of every six classes would be a good
periodicity for such seminars and mutual interaction. Some suggestions for making the discussion
participatory are given below, with reference to some specific topics in this book.

Students may be divided into groups of five to six. The membership of these groups may be
rotated during the year, if felt necessary.

The topic for discussion can be presented on the board or on slips of paper. Students should
be asked to write their reactions or answers to questions, whichever is asked, on the given sheets.
They should then discuss in their groups and add modifications or comments in those sheets. These
should be discussed either in the same or in a different class. The sheets may also be evaluated.

We suggest here three possible topics from the book. The first two topics suggested are, in
fact, very general and refer to the development of science over the past four centuries or more.
Students and teachers may think of more such topics for each seminar.

1. Ideas that changed civilisation

Suppose human beings are becoming extinct. A message has to be left for future generations
or alien visitors. Eminent physicist R P Feynmann wanted the following message left for future
beings, if any.
“Matter is made up of atoms”
A lady student and teacher of literature, wanted the following message left:
“Water existed, so human beings could happen”.

Another person thought it should be: “Idea of wheel for motion”

Write down what message each one of you would like to leave for future generations. Then
discuss it in your group and add or modify, if you want to change your mind. Give it to your
teacher and join in any discussion that follows.

2. Reductionism

Kinetic Theory of Gases relates the Big to the Small, the Macro to the Micro. A gas as a system
is related to its components, the molecules. This way of describing a system as a result of the
properties of its components is usually called Reductionism. It explains the behaviour of the
group by the simpler and predictable behaviour of individuals. Macroscopic observations and
microscopic properties have a mutual interdependence in this approach. Is this method useful?

This way of understanding has its limitations outside physics and chemistry, may be even in
these subjects. A painting cannot be discussed as a collection of the properties of chemicals used
in making the canvas and the painting. What emerges is more than the sum of its components.

Question: Can you think of other areas where such an approach is used?

Describe briefly a system which is fully describable in terms of its components. Describe
one which is not. Discuss with other members of the group and write your views. Give it to your
teacher and join in any discussion that may follow.

3. Molecular approach to heat

Describe what you think will happen in the following case. An enclosure is separated by a porous
wall into two parts. One is filled with nitrogen gas (N,) and the other with CO,. Gases will diffuse
from one side to the other.

Question 1: Will both gases diffuse to the same extent? If not, which will diffuse more. Give reasons.
Question 2: Will the pressure and temperature be unchanged? If not, what will be the changes
in both. Give reasons.

Write down your answers. Discuss with the group and modify them or add comments.
Give to the teacher and join in the discussion.

Students and teachers will find that such seminars and discussions lead to tremendous
understanding, not only of physics, but also of science and social sciences. They also bring in
some maturity among students.
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8.1 INTRODUCTION

In Chapter 6, we studied the rotation of the bodies and then
realised that the motion of a body depends on how mass is
distributed within the body. We restricted ourselves to simpler
situations of rigid bodies. A rigid body generally means a
hard solid object having a definite shape and size. But in
reality, bodies can be stretched, compressed and bent. Even
the appreciably rigid steel bar can be deformed when a
sufficiently large external force is applied on it. This means
that solid bodies are not perfectly rigid.

A solid has definite shape and size. In order to change (or
deform) the shape or size of a body, a force is required. If
you stretch a helical spring by gently pulling its ends, the
length of the spring increases slightly. When you leave the
ends of the spring, it regains its original size and shape. The
property of a body, by virtue of which it tends to regain its
original size and shape when the applied force is removed, is
known as elasticity and the deformation caused is known
as elastic deformation. However, if you apply force to a lump
of putty or mud, they have no gross tendency to regain their
previous shape, and they get permanently deformed. Such
substances are called plastic and this property is called
plasticity. Putty and mud are close to ideal plastics.

The elastic behaviour of materials plays an important role
in engineering design. For example, while designing a
building, knowledge of elastic properties of materials like steel,
concrete etc. is essential. The same is true in the design of
bridges, automobiles, ropeways etc. One could also ask —
Can we design an aeroplane which is very light but
sufficiently strong? Can we design an artificial limb which
is lighter but stronger? Why does a railway track have a
particular shape like I? Why is glass brittle while brass is
not? Answers to such questions begin with the study of how
relatively simple kinds of loads or forces act to deform
different solids bodies. In this chapter, we shall study the
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elastic behaviour and mechanical properties of
solids which would answer many such
questions.

8.2 STRESS AND STRAIN

When forces are applied on a body in such a
manner that the body is still in static equilibrium,
it is deformed to a small or large extent depending
upon the nature of the material of the body and
the magnitude of the deforming force. The
deformation may not be noticeable visually in
many materials but it is there. When a body is
subjected to a deforming force, a restoring force
is developed in the body. This restoring force is
equal in magnitude but opposite in direction to
the applied force. The restoring force per unit area
is known as stress. If F'is the force applied normal
to the cross—section and A is the area of cross
section of the body,
Magnitude of the stress = F/A (8.1)
The SI unit of stress is N m™ or pascal (Pa)
and its dimensional formula is [ ML T2 ].
There are three ways in which a solid may
change its dimensions when an external force
acts on it. These are shown in Fig. 8.1. In
Fig.8.1(a), a cylinder is stretched by two equal
forces applied normal to its cross-sectional area.
The restoring force per unit area in this case is
called tensile stress. If the cylinder is
compressed under the action of applied forces,
the restoring force per unit area is known as
compressive stress. Tensile or compressive
stress can also be termed as longitudinal stress.
In both the cases, there is a change in the
length of the cylinder. The change in the length
AL to the original length L of the body (cylinder
in this case) is known as longitudinal strain.

ﬂ

Fig. 8.1

—r—

(a) (b)

AL
L

Longitudinal strain = (8.2)

However, if two equal and opposite deforming
forces are applied parallel to the cross-sectional
area of the cylinder, as shown in Fig. 8.1(b),
there is relative displacement between the
opposite faces of the cylinder. The restoring force
per unit area developed due to the applied
tangential force is known as tangential or
shearing stress.

As a result of applied tangential force, there
is a relative displacement Ax between opposite
faces of the cylinder as shown in the Fig. 8.1(b).
The strain so produced is known as shearing
strain and it is defined as the ratio of relative
displacement of the faces Ax to the length of the
cylinder L.

Shearing strain =—— = tan 0 (8.3)

L

where 0 is the angular displacement of the
cylinder from the vertical (original position of the
cylinder). Usually 6 is very small, tan 6
is nearly equal to angle 6, (if 6 = 10°, for
example, there is only 1% difference between 6
and tan 0).

It can also be visualised, when a book is
pressed with the hand and pushed horizontally,
as shown in Fig. 8.2 (c).

Thus, shearing strain =tan 0~ 6 (8.4)

In Fig. 8.1 (d), a solid sphere placed in the fluid
under high pressure is compressed uniformly on
all sides. The force applied by the fluid acts in
perpendicular direction at each point of the
surface and the body is said to be under
hydraulic compression. This leads to decrease

(c) (d)

(a) A cylindrical body under tensile stress elongates by AL (b) Shearing stress on a cylinder deforming it by

an angle 0 (c) A body subjected to shearing stress (d) A solid body under a stress normal to the surface at
every point (hydraulic stress). The volumetric strain is AV/V, but there is no change in shape.
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in its volume without any change of its
geometrical shape.

The body develops internal restoring forces
that are equal and opposite to the forces applied
by the fluid (the body restores its original shape
and size when taken out from the fluid). The
internal restoring force per unit area in this case
is known as hydraulic stress and in magnitude
is equal to the hydraulic pressure (applied force
per unit area).

The strain produced by a hydraulic pressure
is called volume strain and is defined as the
ratio of change in volume (AV) to the original
volume (V).

AV

Volume strain = —

7

Since the strain is a ratio of change in
dimension to the original dimension, it has no
units or dimensional formula.

(8.5)

8.3 HOOKE'’S LAW

Stress and strain take different forms in the
situations depicted in the Fig. (8.1). For small
deformations the stress and strain are
proportional to each other. This is known as
Hooke’s law.

Thus,

stress o« strain

stress = k x strain (8.6)
where k is the proportionality constant and is
known as modulus of elasticity.

Hooke’s law is an empirical law and is found
to be valid for most materials. However, there
are some materials which do not exhibit this
linear relationship.

8.4 STRESS-STRAIN CURVE

The relation between the stress and the strain
for a given material under tensile stress can be
found experimentally. In a standard test of
tensile properties, a test cylinder or a wire is
stretched by an applied force. The fractional
change in length (the strain) and the applied
force needed to cause the strain are recorded.
The applied force is gradually increased in steps
and the change in length is noted. A graph is
plotted between the stress (which is equal in
magnitude to the applied force per unit area) and
the strain produced. A typical graph for a metal
is shown in Fig. 8.2. Analogous graphs for

compression and shear stress may also be
obtained. The stress-strain curves vary from
material to material. These curves help us to
understand how a given material deforms with
increasing loads. From the graph, we can see
that in the region between O to A, the curve is
linear. In this region, Hooke’s law is obeyed.
The body regains its original dimensions when
the applied force is removed. In this region, the
solid behaves as an elastic body.

o 1./Proportional limit D
’ yield point E
& Fracture
Oy || T point
A
N
1
1
w2 1‘
g I
5 “
1
1
|
“:/Permanent set
1
0 * ) 30%
<1% Strain —»

Fig. 8.2 A typical stress-strain curve for a metal.

In the region from A to B, stress and strain
are not proportional. Nevertheless, the body still
returns to its original dimension when the load
is removed. The point B in the curve is known
as yield point (also known as elastic limit) and
the corresponding stress is known as yield
strength (o) of the material.

If the load is increased further, the stress
developed exceeds the yield strength and strain
increases rapidly even for a small change in the
stress. The portion of the curve between B and
D shows this. When the load is removed, say at
some point C between B and D, the body does
not regain its original dimension. In this case,
even when the stress is zero, the strain is not
zero. The material is said to have a permanent
set. The deformation is said to be plastic
deformation. The point D on the graph is the
ultimate tensile strength (o) of the material.
Beyond this point, additional strain is produced
even by a reduced applied force and fracture
occurs at point E. If the ultimate strength and
fracture points D and E are close, the material
is said to be brittle. If they are far apart, the
material is said to be ductile.
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Fig. 8.3 Stress-strain curve for the elastic tissue of

Aorta, the large tube (vessel) carrying blood
from the heart.

As stated earlier, the stress-strain behaviour
varies from material to material. For example,
rubber can be pulled to several times its original
length and still returns to its original shape. Fig.
8.3 shows stress-strain curve for the elastic
tissue of aorta, present in the heart. Note that
although elastic region is very large, the material
does not obey Hooke’s law over most of the region.
Secondly, there is no well defined plastic region.
Substances like tissue of aorta, rubber etc.
which can be stretched to cause large strains
are called elastomers.

8.5 ELASTIC MODULI

The proportional region within the elastic limit
of the stress-strain curve (region OA in Fig. 8.2)
is of great importance for structural and
manufacturing engineering designs. The ratio
of stress and strain, called modulus of elasticity,
is found to be a characteristic of the material.

8.5.1 Young’s Modulus

Experimental observation show that for a given
material, the magnitude of the strain produced
is same whether the stress is tensile or
compressive. The ratio of tensile (or compressive)
stress (o) to the longitudinal strain (¢) is defined as
Young’s modulus and is denoted by the symbol Y.

Y= = (8.7)
From Eqgs. (8.1) and (8.2), we have
Y=(F/A)/(AL/L)
=(Fx L) /(AxAL) (8.8)

Since strain is a dimensionless quantity, the
unit of Young’s modulus is the same as that of
stress i.e., N m2 or Pascal (Pa). Table 8.1 gives
the values of Young’s moduli and yield strengths
of some material.

From the data given in Table 8.1, it is noticed
that for metals Young’s moduli are large.

Table 8.1 Young’s moduli and yield strenghs of some material

Density p | Young’s modulus Dltimate Yield strength
t th, 1€ ? Ten; 3

Substance | (ko m?) |y (10°'N m? e Nmy | 00 Nm)

Aluminium 2710 70 110 95

Copper 8890 110 400 200

Iron (wrought) 7800-7900 190 330 170

Steel 7860 200 400 250

Glass” 2190 65 50 —

Concrete 2320 30 40 —

Wood* 525 13 50 —

Bone* 1900 94 170 —

Polystyrene 1050 3 48 —

# Substance tested under compression
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Therefore, these materials require a large force
to produce small change in length. To increase
the length of a thin steel wire of 0.1 cm? cross-
sectional area by 0.1%, a force of 2000 N is
required. The force required to produce the same
strain in aluminium, brass and copper wires
having the same cross-sectional area are 690 N,
900 N and 1100 N respectively. It means that
steel is more elastic than copper, brass and
aluminium. It is for this reason that steel is
preferred in heavy-duty machines and in
structural designs. Wood, bone, concrete and
glass have rather small Young’s moduli.

Example 8.1 A structural steel rod has a
radius of 10 mm and a length of 1.0 m. A
100 kN force stretches it along its length.
Calculate (a) stress, (b) elongation, and (c)
strain on the rod. Young’s modulus, of
structural steel is 2.0 x 10! N m™2.

Answer We assume that the rod is held by a
clamp at one end, and the force F'is applied at
the other end, parallel to the length of the rod.
Then the stress on the rod is given by

F
Stress =— = —

A nr2
100 x 10°N

3.14 % (107 m)2
=3.18 x 108 N m2
The elongation,
(F/A)L
Y

(3.18 x 10°N m_z)(lm)

AL =

2 x10"'N m™

=1.59 x 103 m
=1.59 mm
The strain is given by
Strain = AL/L
=(1.59 x 103 m)/(1m)
=1.59 x 107
=0.16 % <

Example 8.2 A copper wire of length 2.2 m
and a steel wire of length 1.6 m, both of
diameter 3.0 mm, are connected end to end.
When stretched by a load, the net
elongation is found to be 0.70 mm. Obtain
the load applied.

Answer The copper and steel wires are under
a tensile stress because they have the same
tension (equal to the load W) and the same area
of cross-section A. From Eq. (8.7) we have stress
= strain x Young’s modulus. Therefore
W/A=Y,x(AL/L)=Y,x (AL/L)
where the subscripts ¢ and s refer to copper
and stainless steel respectively. Or,
AL /AL = (Y /Y) x (L,/L)
Given L, =2.2m, L = 1.6 m,
From Table 9.1 Y_= 1.1 x 10! N.m™2, and
Y, =2.0x 10" N.m™2.
AL /AL =(2.0 x 10''/1.1 x 10") x (2.2/1.6) = 2.5.
The total elongation is given to be
AL,+ AL ;= 7.0 x 10*m
Solving the above equations,
AL, =5.0 x 104 m, and AL ,=2.0 x 104 m.
Therefore
W =(AxY, xAL)/L,
=n(1.5x 1092 x [(5.0x 10* x 1.1 x 10'1)/2.2]
=1.8x 102N <

=

Example 8.3 In a human pyramid in a
circus, the entire weight of the balanced
group is supported by the legs of a performer
who is lying on his back (as shown in Fig.
8.4). The combined mass of all the persons
performing the act, and the tables, plaques
etc. involved is 280 kg. The mass of the
performer lying on his back at the bottom of
the pyramid is 60 kg. Each thighbone (femur)
of this performer has a length of 50 cm and
an effective radius of 2.0 cm. Determine the
amount by which each thighbone gets
compressed under the extra load.

Fig. 8.4 Human pyramid in a circus.
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Answer Total mass of all the performers, tables,
plaques etc. =280 kg

Mass of the performer = 60 kg

Mass supported by the legs of the performer
at the bottom of the pyramid

=280-60=220kg

Weight of this supported mass

=220 kg wt. =220 x 9.8 N =2156 N.

Weight supported by each thighbone of the
performer = %2 (2156) N = 1078 N.

From Table 9.1, the Young’s modulus for bone
is given by

Y = 9.4 x 10° N m™2.

Length of each thighbone L=0.5m

the radius of thighbone = 2.0 cm

Thus the cross-sectional area of the thighbone
A =1tx(2x10%2m?=1.26x 102 m?2
Using Eq. (9.8), the compression in each
thighbone (AL) can be computed as

AL =[(Fx L)/(Y x A
=[(1078 x 0.5)/(9.4 x 10° x 1.26 x 109)]
=4.55 x 105 m or 4.55 x 103 em.

This is a very small change! The fractional
decrease in the thighbone is AL/L = 0.000091 or
0.0091%. <

8.5.2 Shear Modulus

The ratio of shearing stress to the corresponding
shearing strain is called the shear modulus of
the material and is represented by G. It is also
called the modulus of rigidity.

G = shearing stress (¢ )/shearing strain

G =(F/A)/(Ax/L)

=(Fx [)/(Ax AX) (8.10)
Similarly, from Eq. (9.4)
G =(F/A)/0
= F/(Ax 0) (8.11)

The shearing stress o can also be expressed as
o,= G x0 (8.12)

SI unit of shear modulus is N m or Pa. The
shear moduli of a few common materials are
given in Table 9.2. It can be seen that shear
modulus (or modulus of rigidity) is generally less
than Young’s modulus (from Table 9.1). For most
materials G~ Y/3.

Table 8.2 Shear moduli (G) of some common

materials
Material G (102 Nm™2
or GPa)
Aluminium 25
Brass 36
Copper 42
Glass 23
Iron 70
Lead 5.6
Nickel 77
Steel 84
Tungsten 150
‘Wood 10

Example 8.4 A square lead slab of side 50
cm and thickness 10 em is subject to a
shearing force (on its narrow face) of 9.0 x
10* N. The lower edge is riveted to the floor.
How much will the upper edge be displaced?

Answer The lead slab is fixed and the force is
applied parallel to the narrow face as shown in
Fig. 8.6. The area of the face parallel to which
this force is applied is
A =50cm x 10 cm
=0.5mx0.1m
= 0.05 m?
Therefore, the stress applied is

(9.4 x 10* N/0.05 m?)
1.80 x 10 N.m™2

50 cm

g TER I T IR
S S e i i R S S i AR R
et e e e T

Fig. 8.5

We know that shearing strain = (Ax/L)=Stress /G.
Therefore the displacement Ax = (Stress x )/ G
=(1.8 x 10° Nm™ x0.5m)/(5.6 x 10° N m3)

=1.6x10*m=0.16 mm |
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8.5.3 Bulk Modulus

In Section (8.3), we have seen that when a body
is submerged in a fluid, it undergoes a hydraulic
stress (equal in magnitude to the hydraulic
pressure). This leads to the decrease in the
volume of the body thus producing a strain called
volume strain [Eq. (8.5)]. The ratio of hydraulic
stress to the corresponding hydraulic strain is
called bulk modulus. It is denoted by symbol B.

B=-p/(AV/V) (8.12)

The negative sign indicates the fact that with
an increase in pressure, a decrease in volume
occurs. That is, if p is positive, AV is negative.
Thus for a system in equilibrium, the value of
bulk modulus B is always positive. SI unit of
bulk modulus is the same as that of pressure
i.e., Nm™ or Pa. The bulk moduli of a few common
materials are given in Table 8.3.

The reciprocal of the bulk modulus is called
compressibility and is denoted by k. It is defined
as the fractional change in volume per unit
increase in pressure.

k=(1/B=-(1/Ap) x (AV/V) (8.13)

It can be seen from the data given in Table
8.3 that the bulk moduli for solids are much
larger than for liquids, which are again much
larger than the bulk modulus for gases (air).

Table 8.3 Bulk moduli (B) of some common
Materials

B (10° N m2 or GPa)

Material

Solids

D
<\

Ji
y

Table 8.4 Stress, strain and various elastic moduli

Stress Strain

Type of
stress

Two equal and

opposite forces ‘
parallel to oppoi

surfaces forc
in each case suc

that rce and
total t e on the
PR
Forces endicular
ev e to the
ace, force per

u area (pressure)
same everywhere.

- r
Two equal am& S
opposite forces
perpendicular to
opposite faces
Yes

Name of
Modulus

Elastic
Modulus

Change in State of
Matter

Solid

Y=(FD/
(AAL

Solid

Q
I
2
ES
o

B =-p/(AV/V)

Solid, liquid
and gas
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Thus, solids are the least compressible, whereas,
gases are the most compressible. Gases are about
a million times more compressible than solids!
Gases have large compressibilities, which vary
with pressure and temperature. The
incompressibility of the solids is primarily due
to the tight coupling between the neighbouring
atoms. The molecules in liquids are also bound
with their neighbours but not as strong as in
solids. Molecules in gases are very poorly
coupled to their neighbours.

Table 8.4 shows the various types of stress,
strain, elastic moduli, and the applicable state
of matter at a glance.

‘ Example 8.5 The average depth of Indian
Ocean is about 3000 m. Calculate the
fractional compression, AV/V, of water at
the bottom of the ocean, given that the bulk
modulus of water is 2.2 x 10° N m=2. (Take

g =10m s

Answer The pressure exerted by a 3000 m
column of water on the bottom layer

p=hpg =3000m x 1000 kg m=x 10 m s2
=3 x10"kgm!s?2
=3 x 10" Nm2
Fractional compression AV/V, is
AV/V = stress/B =(3x10°Nm?/(2.2 x 10°Nm)
=1.36 x 1020r 1.36% <«

8.5.4 Poisson’s Ratio

The strain perpendicular to the applied force is
called lateral strain. Simon Poisson pointed out
that within the elastic limit, lateral strain is
directly proportional to the longitudinal strain.
The ratio of the lateral strain to the longitudinal
strain in a stretched wire is called Poisson’s
ratio. If the original diameter of the wire is d
and the contraction of the diameter under stress
is Ad, the lateral strain is Ad/d. If the original
length of the wire is L and the elongation under
stress is AL, the longitudinal strain is AL/L.
Poisson’s ratio is then (Ad/d)/(AL/L) or (Ad/AL)
(L/d). Poisson’s ratio is a ratio of two strains;
it is a pure number and has no dimensions or
units. Its value depends only on the nature of
material. For steels the value is between 0.28 and
0.30, and for aluminium alloys it is about 0.33.

8.5.5 Elastic Potential Energy
in a Stretched Wire

When a wire is put under a tensile stress, work
is done against the inter-atomic forces. This
work is stored in the wire in the form of elastic
potential energy. When a wire of original length
L and area of cross-section A is subjected to a
deforming force F along the length of the wire,
let the length of the wire be elongated by I Then
from Eq. (8.8), we have F = YA x (I/L). Here Yis
the Young’s modulus of the material of the wire.
Now for a further elongation of infinitesimal
small length d/, work done dWis F* dlor YAIdl/
L. Therefore, the amount of work done (W) in
increasing the length of the wire from Lto L + 1,
thatis from /=0to I =1is
YAL YA 1?

wel, oA=L

1 LY
- —xYx|—| xAL
" 2 (L]
1
= EX Young’s modulus x strain? x

volume of the wire

x stress x strain x volume of the

N |~

wire
This work is stored in the wire in the form of
elastic potential energy (U). Therefore the elastic
potential energy per unit volume of the wire (1) is

1
— .14
5 O¢ (8.14)
8.6 APPLICATIONS OF ELASTIC
BEHAVIOUR OF MATERIALS

The elastic behaviour of materials plays an
important role in everyday life. All engineering
designs require precise knowledge of the elastic
behaviour of materials. For example while
designing a building, the structural design of
the columns, beams and supports require
knowledge of strength of materials used. Have
you ever thought why the beams used in
construction of bridges, as supports etc. have
a cross-section of the type I? Why does a heap
of sand or a hill have a pyramidal shape?
Answers to these questions can be obtained
from the study of structural engineering which
is based on concepts developed here.

u =
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Cranes used for lifting and moving heavy loads
from one place to another have a thick metal
rope to which the load is attached. The rope is
pulled up using pulleys and motors. Suppose we
want to make a crane, which has a lifting
capacity of 10 tonnes or metric tons (1 metric
ton = 1000 kg). How thick should the steel rope
be? We obviously want that the load does not
deform the rope permanently. Therefore, the
extension should not exceed the elastic limit.
From Table 8.1, we find that mild steel has a
yield strength (o) of about 300 x 10° N m™. Thus,
the area of cross-section (4) of the rope should
at least be

A> W/O'y = Mg/O'y (8.15)

= (10*kg x 9.8 ms2) /(300 x 10° N m?)

= 3.3x 10* m?
corresponding to a radius of about 1 cm for a
rope of circular cross-section. Generally a
large margin of safety (of about a factor of ten
in the load) is provided. Thus a thicker rope of
radius about 3 cm is recommended. A single
wire of this radius would practically be a rigid
rod. So the ropes are always made of a number
of thin wires braided together, like in pigtails,
for ease in manufacture, flexibility and strength.

A bridge has to be designed such that it can
withstand the load of the flowing traffic, the force
of winds and its own weight. Similarly, in the
design of buildings the use of beams and columns
is very common. In both the cases, the
overcoming of the problem of bending of beam
under a load is of prime importance. The beam
should not bend too much or break. Let us
consider the case of a beam loaded at the centre
and supported near its ends as shown in
Fig. 8.6. A bar of length /, breadth b, and depth
dwhen loaded at the centre by a load Wsags by
an amount given by

5= WI3/(4bd?*Y)

Y

Fig. 8.6 A beam supported at the ends and loaded

at the centre.

This relation can be derived using what you
have already learnt and a little calculus. From
Eq. (8.16), we see that to reduce the bending
for a given load, one should use a material with
alarge Young’s modulus Y. For a given material,
increasing the depth drather than the breadth
bis more effective in reducing the bending, since
d is proportional to d % and only to b'!(of course
the length I of the span should be as small as
possible). But on increasing the depth, unless
the load is exactly at the right place (difficult to
arrange in a bridge with moving traffic), the
deep bar may bend as shown in Fig. 8.7(b). This
is called buckling. To avoid this, a common
compromise is the cross-sectional shape shown
in Fig. 8.7(c). This section provides a large load-
bearing surface and enough depth to prevent
bending. This shape reduces the weight of the
beam without sacrificing the strength and
hence reduces the cost.

|
J

o>

(a) (b) (c)

Fig. 8.7  Different cross-sectional shapes of a

beam. (a) Rectangular section of a bar;
(b) A thin bar and how it can buckle;
(c) Commonly used section for a load
bearing bar.

The use of pillars or columns is also very
common in buildings and bridges. A pillar with
rounded ends as shown in Fig. 8.9(a) supports
less load than that with a distributed shape at
the ends [Fig. 8.9(b)]. The precise design of a
bridge or a building has to take into account
the conditions under which it will function, the
cost and long period, reliability of usable
material, etc.
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Fig. 8.8 Pillars or columns: (a) a pillar with rounded

ends, (b) Pillar with distributed ends.

The answer to the question why the maximum
height of a mountain on earth is ~10 km can
also be provided by considering the elastic
properties of rocks. A mountain base is not under
uniform compression and this provides some

shearing stress to the rocks under which they
can flow. The stress due to all the material on
the top should be less than the critical shearing
stress at which the rocks flow.

At the bottom of a mountain of height A, the
force per unit area due to the weight of the
mountain is hApg where p is the density of the
material of the mountain and gis the acceleration
due to gravity. The material at the bottom
experiences this force in the vertical direction,
and the sides of the mountain are free. Therefore,
this is not a case of pressure or bulk compression.
There is a shear component, approximately hpg
itself. Now the elastic limit for a typical rock is
30 x 10”7 N m2. Equating this to hpg, with
p =3 x 10% kg m™ gives

hpg =30 x 10’ Nm?2.
h = 30x10"Nm?2/@3x10°kgm?®x 10 ms?)
=10 km
which is more than the height of Mt. Everest!

SUMMARY

1.  Stressis the restoring force per unit area and strain is the fractional change in dimension.
In general there are three types of stresses (a) tensile stress — longitudinal stress
(associated with stretching) or compressive stress (associated with compression),
(b) shearing stress, and (c) hydraulic stress.

2.  For small deformations, stress is directly proportional to the strain for many materials.
This is known as Hooke’s law. The constant of proportionality is called modulus of
elasticity. Three elastic moduli viz., Young’s modulus, shear modulus and bulk modulus
are used to describe the elastic behaviour of objects as they respond to deforming forces

that act on them.

A class of solids called elastomers does not obey Hooke’s law.
3.  When an object is under tension or compression, the Hooke’s law takes the form

F/A = YAL/L

where AL/L is the tensile or compressive strain of the object, F'is the magnitude of the
applied force causing the strain, A is the cross-sectional area over which F is applied
(perpendicular to A4) and Yis the Young’s modulus for the object. The stress is F/A.

4. A pair of forces when applied parallel to the upper and lower faces, the solid deforms so
that the upper face moves sideways with respect to the lower. The horizontal displacement
AL of the upper face is perpendicular to the vertical height L. This type of deformation is
called shear and the corresponding stress is the shearing stress. This type of stress is

possible only in solids.

In this kind of deformation the Hooke’s law takes the form

F/A=GxAL/L

where AL is the displacement of one end of object in the direction of the applied force F,

and G is the shear modulus.

5.  When an object undergoes hydraulic compression due to a stress exerted by a surrounding

fluid, the Hooke’s law takes the form
p=BAV/V,

where p is the pressure (hydraulic stress) on the object due to the fluid, AV/V (the
volume strain) is the absolute fractional change in the object’s volume due to that
pressure and B is the bulk modulus of the object.
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1.

POINTS TO PONDER

In the case of a wire, suspended from celing and stretched under the action of a weight (F)
suspended from its other end, the force exerted by the ceiling on it is equal and opposite to
the weight. However, the tension at any cross-section A of the wire is just F and not 2F.
Hence, tensile stress which is equal to the tension per unit area is equal to F/A.

Hooke’s law is valid only in the linear part of stress-strain curve.

The Young’s modulus and shear modulus are relevant only for solids since only solids
have lengths and shapes.

Bulk modulus is relevant for solids, liquid and gases. It refers to the change in volume
when every part of the body is under the uniform stress so that the shape of the body
remains unchanged.

Metals have larger values of Young’s modulus than alloys and elastomers. A material
with large value of Young’s modulus requires a large force to produce small changes in its
length.

In daily life, we feel that a material which stretches more is more elastic, but it a is
misnomer. In fact material which stretches to a lesser extent for a given load is considered
to be more elastic.

In general, a deforming force in one direction can produce strains in other directions
also. The proportionality between stress and strain in such situations cannot be described
by just one elastic constant. For example, for a wire under longitudinal strain, the
lateral dimensions (radius of cross section) will undergo a small change, which is described
by another elastic constant of the material (called Poisson ratio).

Stress is not a vector quantity since, unlike a force, the stress cannot be assigned a
specific direction. Force acting on the portion of a body on a specified side of a section
has a definite direction.

8.1

8.2

EXERCISES

A steel wire of length 4.7 m and cross-sectional area 3.0 x 10" m? stretches by the same
amount as a copper wire of length 3.5 m and cross-sectional area of 4.0 x 10® m? under
a given load. What is the ratio of the Young’s modulus of steel to that of copper?

Figure 8.9 shows the strain-stress curve for a given material. What are (a) Young's
modulus and (b) approximate yield strength for this material?

300 /_\
£ /
E 200
< 150
% 100 v
a 50~
0
0 0.001 0.002 0.003 0.004
Strain
Fig. 8.9
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8.3 The stress-strain graphs for materials A and B are shown in Fig. 8.10.

Stress
>
Stress
os}

A
v

Strain ! Strain

Fig. 8.10
The graphs are drawn to the same scale.
(a) Which of the materials has the greater Young’s modulus?
(b) Which of the two is the stronger material?

8.4 Read the following two statements below carefully and state, with reasons, if it is true
or false.
(@ The Young’'s modulus of rubber is greater than that of steel;
(b) The stretching of a coil is determined by its shear modulus.

8.5 Two wires of diameter 0.25 cm, one made of steel and the other made of brass are loaded
as shown in Fig. 8.11. The unloaded length of steel wire is 1.5 m and that of brass wire
is 1.0 m. Compute the elongations of the steel and the brass wires.

[/ L/ L]

1.5m
Steel

C 4.0kg

1.0 m
Brass

[ ] 60ke

Fig. 8.11

8.6 The edge of an aluminium cube is 10 cm long. One face of the cube is firmly fixed to a
vertical wall. A mass of 100 kg is then attached to the opposite face of the cube. The
shear modulus of aluminium is 25 GPa. What is the vertical deflection of this face?

8.7 Four identical hollow cylindrical columns of mild steel support a big structure of mass
50,000 kg. The inner and outer radii of each column are 30 and 60 cm respectively.
Assuming the load distribution to be uniform, calculate the compressional strain of
each column.

8.8 A piece of copper having a rectangular cross-section of 15.2 mm x 19.1 mm is pulled in
tension with 44,500 N force, producing only elastic deformation. Calculate the resulting
strain?

8.9 A steel cable with a radius of 1.5 cm supports a chairlift at a ski area. If the maximum
stress is not to exceed 108 N m2, what is the maximum load the cable can support ?

8.10 A rigid bar of mass 15 kg is supported symmetrically by three wires each 2.0 m long.
Those at each end are of copper and the middle one is of iron. Determine the ratios of
their diameters if each is to have the same tension.

8.11 A 14.5 kg mass, fastened to the end of a steel wire of unstretched length 1.0 m, is
whirled in a vertical circle with an angular velocity of 2 rev/s at the bottom of the circle.
The cross-sectional area of the wire is 0.065 cm?. Calculate the elongation of the wire
when the mass is at the lowest point of its path.
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8.12 Compute the bulk modulus of water from the following data: Initial volume = 100.0
litre, Pressure increase = 100.0 atm (1 atm = 1.013 x 105 Pa), Final volume = 100.5 litre.
Compare the bulk modulus of water with that of air (at constant temperature). Explain
in simple terms why the ratio is so large.

8.13 What is the density of water at a depth where pressure is 80.0 atm, given that its
density at the surface is 1.03 x 103 kg m=>?

8.14 Compute the fractional change in volume of a glass slab, when subjected to a hydraulic
pressure of 10 atm.

8.15 Determine the volume contraction of a solid copper cube, 10 cm on an edge, when
subjected to a hydraulic pressure of 7.0 x 106 Pa.

8.16 How much should the pressure on a litre of water be changed to compress it by 0.10%?
carry one quarter of the load.
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CHAPTER NINE

9.1 INTRODUCTION

In this chapter, we shall study some common physical
properties of liquids and gases. Liquids and gases can flow
and are therefore, called fluids. It is this property that
distinguishes liquids and gases from solids in a basic way.

Fluids are everywhere around us. Earth has an envelop of
air and two-thirds of its surface is covered with water. Water
is not only necessary for our existence; every mammalian
body constitute mostly of water. All the processes occurring
in living beings including plants are mediated by fluids. Thus
understanding the behaviour and properties of fluids is
important.

How are fluids different from solids? What is common in
liquids and gases? Unlike a solid, a fluid has no definite
shape of its own. Solids and liquids have a fixed volume,
whereas a gas fills the entire volume of its container. We
have learnt in the previous chapter that the volume of solids
can be changed by stress. The volume of solid, liquid or gas
depends on the stress or pressure acting on it. When we
talk about fixed volume of solid or liquid, we mean its volume
under atmospheric pressure. The difference between gases
and solids or liquids is that for solids or liquids the change
in volume due to change of external pressure is rather small.
In other words solids and liquids have much lower
compressibility as compared to gases.

Shear stress can change the shape of a solid keeping its
volume fixed. The key property of fluids is that they offer
very little resistance to shear stress; their shape changes by
application of very small shear stress. The shearing stress
of fluids is about million times smaller than that of solids.

9.2 PRESSURE

A sharp needle when pressed against our skin pierces it. Our
skin, however, remains intact when a blunt object with a
wider contact area (say the back of a spoon) is pressed against
it with the same force. If an elephant were to step on a man’s
chest, his ribs would crack. A circus performer across whose
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chest a large, light but strong wooden plank is
placed first, is saved from this accident. Such
everyday experiences convince us that both the
force and its coverage area are important. Smaller
the area on which the force acts, greater is the
impact. This impact is known as pressure.

When an object is submerged in a fluid at
rest, the fluid exerts a force on its surface. This
force is always normal to the object’s surface.
This is so because if there were a component of
force parallel to the surface, the object will also
exert a force on the fluid parallel to it; as a
consequence of Newton’s third law. This force
will cause the fluid to flow parallel to the surface.
Since the fluid is at rest, this cannot happen.
Hence, the force exerted by the fluid at rest has
to be perpendicular to the surface in contact
with it. This is shown in Fig.9.1(a).

The normal force exerted by the fluid at a point
may be measured. An idealised form of one such
pressure-measuring device is shown in Fig.
9.1(b). It consists of an evacuated chamber with
a spring that is calibrated to measure the force
acting on the piston. This device is placed at a
point inside the fluid. The inward force exerted
by the fluid on the piston is balanced by the
outward spring force and is thereby measured.

A F

(a) (b)

(a) The force exerted by the liquid in the
beaker on the submerged object or on the
walls is normal (perpendicular) to the
surface at all points.

(b) An idealised device for measuring
pressure.

Fig. 9.1

If Fis the magnitude of this normal force on the
piston of area A then the average pressure P,
is defined as the normal force acting per unit
area.

F
P =

w =y 9.1)

In principle, the piston area can be made
arbitrarily small. The pressure is then defined
in a limiting sense as

lim AF

P= a0 M (9.2)

Pressure is a scalar quantity. We remind the
reader that it is the component of the force
normal to the area under consideration and not
the (vector) force that appears in the numerator
in Egs. (9.1) and (9.2). Its dimensions are
[ML-'T2]. The SI unit of pressure is N m=. It has
been named as pascal (Pa) in honour of the
French scientist Blaise Pascal (1623-1662) who
carried out pioneering studies on fluid pressure.
A common unit of pressure is the atmosphere
(atm), i.e. the pressure exerted by the
atmosphere at sea level (1 atm = 1.013 x 10° Pa).

Another quantity, that is indispensable in
describing fluids, is the density p. For a fluid of
mass m occupying volume V,

m

P=% 9.3

The dimensions of density are [ML™®]. Its SI
unit is kg m3. It is a positive scalar quantity. A
liquid is largely incompressible and its density
is therefore, nearly constant at all pressures.
Gases, on the other hand exhibit a large
variation in densities with pressure.

The density of water at 4°C (277 K) is
1.0 x 10° kg m™>. The relative density of a
substance is the ratio of its density to the
density of water at 4°C. It is a dimensionless
positive scalar quantity. For example the relative
density of aluminium is 2.7. Its density is
2.7 x 10° kg m™ The densities of some common
fluids are displayed in Table 9.1.

Table 9.1 Densities of some common fluids
at STP*

Fuid | plgm)
Water 1.00 x 10°
Sea water 1.03 x 10°
Mercury 13.6 x 10°
Ethyl alcohol 0.806 x 10°
Whole blood 1.06 x 10°
Air 1.29
Oxygen 1.43
Hydrogen 9.0 x 10~°
Interstellar space  ~ 107

* STP means standard temperature (0°C) and 1 atm pressure.
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Example 9.1 The two thigh bones (femurs),
each of cross-sectional areal0 cm? support
the upper part of a human body of mass 40
kg. Estimate the average pressure
sustained by the femurs.

Answer Total cross-sectional area of the
femurs is A =2 x 10 cm? = 20 x 10* m?2 The
force acting on them is F = 40 kg wt = 400 N
(taking g = 10 m s72). This force is acting
vertically down and hence, normally on the
femurs. Thus, the average pressure is

Pavzgzzx105Nm*2 <

9.2.1 Pascal’s Law

The French scientist Blaise Pascal observed that
the pressure in a fluid at rest is the same at all
points if they are at the same height. This fact
may be demonstrated in a simple way.

N g

Fig. 9.2  Proof of Pascal’s law. ABC-DEF is an
element of the interior of a fluid at rest.
This element is in the form of a right-
angled prism. The element is small so that
the effect of gravity can be ignored, but it

has been enlarged for the sake of clarity.

Fig. 9.2 shows an element in the interior of a
fluid at rest. This element ABC-DEF is in the
form of a right-angled prism. In principle, this
prismatic element is very small so that every
part of it can be considered at the same depth
from the liquid surface and therefore, the effect
of the gravity is the same at all these points.
But for clarity we have enlarged this element.
The forces on this element are those exerted by
the rest of the fluid and they must be normal to
the surfaces of the element as discussed above.
Thus, the fluid exerts pressures P, P, and P on

this element of area corresponding to the normal
forces F,, F, and F, as shown in Fig. 9.2 on the
faces BEFC, ADFC and ADEB denoted by A , A
and A_respectively. Then

F sin0=F,, F, cosd=F, (byequilibrium)

A sind =A, A cosb=A (bygeometry)
Thus,

ﬂ:FC:E; P, =P =P
Ab Ac Aa

Hence, pressure exerted is same in all
directions in a fluid at rest. It again reminds us
that like other types of stress, pressure is not a
vector quantity. No direction can be assigned
to it. The force against any area within (or
bounding) a fluid at rest and under pressure is
normal to the area, regardless of the orientation
of the area.

Now consider a fluid element in the form of a
horizontal bar of uniform cross-section. The bar
is in equilibrium. The horizontal forces exerted
at its two ends must be balanced or the
pressure at the two ends should be equal. This
proves that for a liquid in equilibrium the
pressure is same at all points in a horizontal
plane. Suppose the pressure were not equal in
different parts of the fluid, then there would be
a flow as the fluid will have some net force
acting on it. Hence in the absence of flow the
pressure in the fluid must be same everywhere
in a horizontal plane.

9.4

9.2.2 Variation of Pressure with Depth

Consider a fluid at rest in a container. In
Fig. 9.3 point 1 is at height h above a point 2.
The pressures at points 1 and 2 are P, and P,
respectively. Consider a cylindrical element of
fluid having area of base A and height h. As the
fluid is at rest the resultant horizontal forces
should be zero and the resultant vertical forces
should balance the weight of the element. The
forces acting in the vertical direction are due to
the fluid pressure at the top (P,A) acting
downward, at the bottom (P,A4) acting upward.
If mg is weight of the fluid in the cylinder we
have

(P,-P)A=mg (9.5)

Now, if p is the mass density of the fluid, we
have the mass of fluid to be m = pV= phA so
that

P,—P= pgh (9.6)
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Fig.9.3  Fluid under gravity. The effect of gravity is
illustrated through pressure on a vertical
cylindrical column.

Pressure difference depends on the vertical
distance h between the points (1 and 2), mass
density of the fluid p and acceleration due to
gravity g. If the point 1 under discussion is
shifted to the top of the fluid (say, water), which
is open to the atmosphere, P, may be replaced
by atmospheric pressure (P,) and we replace P,
by P. Then Eq. (9.6) gives

P=P + pgh 9.7

Thus, the pressure P, at depth below the
surface of a liquid open to the atmosphere is
greater than atmospheric pressure by an
amount pgh. The excess of pressure, P- P, at
depth Ais called a gauge pressure at that point.

The area of the cylinder is not appearing in
the expression of absolute pressure in Eq. (9.7).
Thus, the he