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Introduction

GENERAL

In the present century, we find that science 15 held in high esteem. Although the word
“science” has its origin in a Latin verb meaning “to know™, science has come o mean not mercly
knowledge but a bodyv of knowledge of natural world in an orgamsed and rational wav., The
scientific developments have exerted influence on every phase of human activity. The intelligent
man recognises that the matenial progress of technology is a by-product of the discoveries of
science. In all farrness, honest credit is being given to science for its contribution to knowledge,
comfort, efficiency and to the general well-being of mankind.

Physics 1s the fundamental science. The main goal of plivsics is to give corvect and precise
description of the material universe. The study of physics 1s an adventure. It 1s challenging,
sometimes frustrating, occasionally painful and often nchly rewarding and satisfving. Although
physics has carned the reputation as a difficult subject. vet it is inherently simple. It is because
there are only a few fundamental laws that vou need to lodge in vour memory bank. If vou really
understand these laws, vou can readily use them 1o deduce how nature behaves in a variety of
situations. As vou read text and work physics problems. ask voursell how cach problem you
approach 1s really similar to other problems and to the text examples. And vou will find that
similanty because most of the problems and examples really involve only a few underlying laws, So
phyvsics is simple provided if vou understand its fundamental laws and have the experience
in reasoning out how these laws apply to the world about vou. In this chapter, we shall deal with
some fundamental aspects of physics.

1.1. PHYSICS

The branch of science which deals with correct and precise description of the material
universe is known as physics.

The word physics comes from a Greek word meaning “knowledee of nature ™. Physics
attempts to describe the fundamental nature of the umiverse and how 1t works, For example,
phvsics explains why the sky is blue. why rainbows have colours. why stec] ships float, what
atoms and nucleil are made of etc. To all these and many more questions. physics explains using
as lew laws as possible, revealing their underlving simplicity and beauty, The amount of
knowledge available on physics is so vast that as a matter of convenicence. it has been
divided mto two classes :

(i) Classical (old) phyvsics (i) Modern phyvsics

(i) Classical physics. The physics prior to 1890 is known as classical physics.,

By 1890, the various laws governing the material universe were discovered and 1t appeared that
knowledge of this subject was complete. Newlon's laws of motion and gravitation had provided

3
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a solid foundation on which science of mechanics had been raised to impressive heights. The
laws of thermodynamics and kinetic theory of matter gave a satislactory account of the entire
subject of heat. Maxwell developed the theory of electromagnetic radiation and explained all
clectrical. magnetic and optical phenomena. [ appeared that the laws and theones ol classical phyvsics
would hold the field unchallenged. However, startling discoveries after 1890 gave a death blow
1o the so-called classical physics.

(i) Modern physics. The phvsics affer 1890 is known as modern physics.

After 1890, there had been enormous advances in physics which marked the beginmng ol
revolutionary concepts. The thrilling discoveries posed new problems unknown to classical
physics. In 1895, Roentgen discovered X-ravs and a few weeks later. Henry Becquerel
announced the discovery of radioactivity. In the vear 1897_ J.1. Thomson discovered electron,
a fundamental constituent of all matter. In 1901, Max Planck developed quantum theory according
to which energy is not radiated continuously but in discrete packets of cnergy called quanta.
These gquanta eventually came 1o be known as photons. The special theory of relativity
proposed by Albert Einstein in 1903 gave new dimensions to atomic and muclear physics, In short,
the rapid startling discoveries after 1890 gave a new shape to the entire concept of physics.
The study of these concepts has been placed under the head of modern phyvsics.

The reader may wonder about the difference between classical physics and modern physics. The
answer is that classical phvsics does not work for microscopic particles (e.g., atoms) or for objects
travelling at very high specd. In lact. these two aspects gave birth to what is now called maders
physics. Indeed modem phyvsics may be considered as mere “fine-tuning " af classical phvsics.
Except for the microscopic particles and for motion at speeds near the speed of hight, classical
physics correctly and preciselv describes the behaviour of the physical world. Although modern
physics has made many important contributions to technology, great bulk of technical knowledge
and skill 1s still based squarely on classical physics. It is through the applications of classical
physics that we have been able o exploit natural resources successlully. fn this book, we
shall discuss classical physics only,

1.2. SOME SCIENTIFIC NOTIONS
Some important scientific notions are: (i) scientific law (i) theory (iif) model (iv) scientific
method.

(1) Scientific law, The general statement of happenings in nature after repeated observations
and experiments 15 known as scientific law.

A scientific law is a concise statement how nature bchaves. It is actually the essence of a
large number ol observations and experiments. For example. the law of gravitation states thal
the two objects attract each other. Similarly, “unlike charges attract ecach other and like charges
repel” is also a law and is bascd on obscrvations and cxperiments. A law has no theoretical
or other basis. In other words, we cannot ask “why like charges repel and not attract? Why
two bodies attract each other and not repel?” The only answer to such questions is that this
15 how nature behaves. And the matter ends there. No “buts™ and “ifs”,

Physical laws are usually expressed as mathematical equations which are then used fo make
predictions about other phenomena. For example. the law of gravitation states that the two objecis
attract each other with a force which is proportional to the mass of each object and inversely
proportional to the square of the distance between them, It is written in the mathematical form
as = G mm,r’. Because this expresses the law in the form of an equation. it is lar

e
preferable to the gualitative statement. /f may be noted that a scientific law has only experimental

proof.
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(i) Theorv. The speculation on the basis of determuined laws is known as theory.

When several laws are determined. then one may make a guess about the way the universe
must be constituted 1in order that such things happen : this guess is called theory. It mayv be noted
that there is a basic difference between a theory and law. Theory is given by man and hence
may he wrong but law is made by natwre and s always right,

Theories are never derived from observations — they are creaied to explain observations.
They are inspirations that come from the minds of intelligent people. For example. the idea that
malter 1 made up of atoms (atomic theory) was certainly not arrived at because someone observed
atoms. Rather the idea was concieved by a creative mind, The theory of relativity and the
clectromagnetic theory were likewise the result of inspiration. Nevertheless, the history of physics tells
us that theories come and go : that long-held theories are replaced by new ones. However, a new
theory 15 accepted only 1f 1t explains a greafer range of phenomena than does the older one,

(i1} Muodel. A model is a visual picture of the phenomenon under sindy.

When scientisis arc trving to understand a particular phenomenon. they ofien make usc of a
model. The purpose of a model 1s 10 give us a visual picture — something o hold on — when we
cannot see what actually is happening, One example is the wave model of light, We cannot see waves
of light as we can scc water waves. But it is valuable to think of light as if it were made up of waves
because experiments on light show that it behaves in many respects as water waves do.

(iv) Scientific method. To understand any natural process by a combination of logical
reasoning and coniralled experimentation is called the scientific method.

Prior to about 1600, gquestions of truth and falschood were most often determined by
political or religious dictates. But great scientists like Isaac Newton introduced scientilic
methods to the world. The two main tools of scientific method are logic and expenimentation.
The result is that the experimental results are reproducible, That is, the same sct of
circumstances will alwavs produce the same observed results in the same experiment, no
matter who the observer is.

Notes, {i) Scienbific laws are different from pohfical laws in that the latter tell us how we must behave.
Seienlilie laws do nol say how nature must behave bul rather desenbe how nature deoes behave.

(i) To be called a law, a stalement must be [ound expenmentally vahd over a wide range ol observed
phenomena. For less general statements. the term “pnnaple™ 15 often vsed (such as Arclumede’s principle).
Where to draw the line between laws and principles 15, of course, arbitrary and there i1s not alwavs

complete consistency.

1.3. SCOPE AND EXCITEMENT OF PHYSICS

The scope of physics i1s very wide. It covers an immense range of natural phenomena.
Distances extend from incredibly small dimensions of subatomic particles to thousands of million
metres that separate galaxies of the umiverse. For example, the radius of atomic nucleus is about
10" m while the radius of the universe is about 107 m. The time intervals encountered in the
physical world vary over an extremely wide range. For instance, the time taken by light to cross
distance of nuclear size 1s about 107°* 5 while the life of sun is about 10°% s, Similarly, the
mass of an clectron is approximately 10" kg whereas the mass of universe is about 107 kg, All
these wide range of measurements are in the domain of physics.

The subjeci of physics has wide applications. It includes medical physics, compuiers.
metcorology, material science. geophysics. engineering communication, environmental physics
efe. Phvsics 15 a very exciting subject. [t provides answers to exciting questions such as

(i) Why 1s the sky blue? (i) Why is sunset red”
(firy Why is glass transparent? (iv) Why are atoms held together?
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These are only a few exciting questions. In fact, there are a very large number ol such
questions to which physics provides answers.

1.4. FIELDS OF PHYSICS

Physics 1s the *physical science which deals with matter and energy and their transformations,
Knowledge of physics will help vou understand both natural phenomena and the technologies
that increasingly prevade our lives. There are numerous problems that physics faces. Yel we can
describe and understand any problem with the help of the lollowing five ficlds of physics :

(i) Classical mechanics. [t deals with objects from molecules fo galaxies that are
moving at speeds small compared with the speed of light. It deals with such ideas as
imertia, motion, force and energy. Mechanics also includes the properties and laws
of both solids and fluids. You use the laws of classical mechanics (also known as
Newtonian mechanics) when you drive a car. ride a skateboard, build a skyscrapper efc.
Indeed many physics problems can be solved through the application of laws of classical
mechanics. You will see that classical mechanics 1s but an approximation to a more
comprehensive set of phvsical laws that includes Einstein’s theorv of relativity and the
theory of quantum mechanics.

(i) Thermodynamics. It deals with the study of heat and ity interaction with matter. Il
includes effects of temperature on the properties of materials. heat flow and
transformations involving heat and work.

(i) Electromagnetism. [t deals with electricity, magnetism and electromagnetic radiation,
Today electromagnetic technology dominates our civilisation as evidenced by radio.
elevision, taperecorders. microwave ovens and computers.

(fv)  Relativity, In 1905, Albert Einstein gave the theory of relativity. This theory has changed
our notions of space and time and of mass and energy. Space and time are seen (o
be intimately connected with time being the fourth dimension in addition to space’s
three dimensions, Although theory of relativity provides a more correct description
of physical reality than does classical mechanics, the two theories differ significantly
only at speeds approaching that of light. /n our evervday existence, we need not worry
about relativity.

(v) Quantum mechanics. It deals with the behaviour of objects on the extremely small scale
of atomic dimensions. Indeed classical physics fails to explain the behaviour of such
microscopic particles, The quantum mechanics touches every aspect of modem physics
and most ol classical physics. Indecd one requires an understanding and the application
of quantum mechanics for a satisfactory explanation of most of the phenomena,

1.5. THE SIMPLICITY OF PHYSICS

There is a common notion that physics 1s incomprehensible to the people of average
ability. IT vou think that, vou are missing the point because it 1s so fundamemtal. phyvsics is
inhcrently simple. There arc only a few basic laws to lcarn ; if vou really understand those laws.
vou can readily apply them in a wide variety of situations. The faws and theories of plivsics
describe ihe working of the universe ai the most basic level, For that reason, physics 15 extremely
powerful : the same laws describe the behaviour of molecules, acroplanes and galaxies. Scientists
believe that 1t would be possible 1o describe the operation of a living cell or orgamism using only
challenging too — but with an
underlying simplicity that reflects the scope and power of this lundamental science.

the Tundamental laws of physics. So physics is simple

* A phvsical science is one which primarnly deals with non-lhiving things. On the other hand. biological

science deals with hving things.
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1.6.

PHYSICS IS BASIC SCIENCE

Physics is the basic science. It 1s about the nature of basic things such as motion. force,
energy. matter, heat. sound. light and the inside of atoms. An understanding of science begins
with an understanding of physics. There is phyvsics in evervthing vou see. hear, smell. taste
and touch.

(4)

(17)

(££F)

(£}

1.7.

Physics and Mathematics, The laws of physics are usually ¢xpressed as *mathematical
equations which are then used 1o make predictions about other phenomena and to test
the range of validity of the laws. In order to understand phvsics on any level bevond
qualitative description. vou require a considerable knowledge of mathematics, The
mathematical description of the laws and theories of physics gives new insight to the
subject. Indeed, the primary goal of mathematics 1s to md physics.

Physics and Chemistry, Chemistry 1s about how matter 15 put together. how atoms
combine to form molecules and how molecules combine to make up the many Kinds
of matter around us. In order to explain these aspects. we have o apply the laws and
theories of physics. So underncath chemistry 15 physics,

Physics and Biology. Biology is more complex and involves matter that is alive. So
underncath biology i1s chemistry and underncath chemistry is physics, That is why
physics 15 the most basic science.

Physics and other sciences. Since physics is a fundamental science, its laws and
theories are applied to varous physical sciences. The knowledge of physics 1s required in
many lelds and the list below shows some of these

(a) Medical physics (b)) Meterology (o) Geophysics («) Environmental physics

(¢) Communication {f) Material science.

PHYSICS AND TECHNOLOGY

Physics and technology are different from each other. Physics is fthe knowledge of

material universe for its own sake, whereas technology transfers the knowledge of physics into
practical shape for the general well-being of human race. In other words, phvsicists provide the
knowledge of material universe, whereas the engineers provide the tools. techmgues and
procedures for putting this knowledge 1o practical use. For example. physics has provided the
knowledge of semiconductors but technology made of them transistor radios. Many technologics
have been developed on the basis of the knowledge of physics and a few of them are mentioned
below by way of illustration

(1)
(b)
{c)

()

The discovery of Faradav's laws of electromagnetic induction enabled the engingers
to develop elecinc generator, electric motor, franslormer and a host of other equipment,
The discovery of laws of thermodynamics led to the development of many types of
heat engines.

The discovery of clectromagnetic radiation, vacuum tubes and semiconductors led 1o
wirgless communication e.g. radio and iclevision efc.

The discovery of nuclear fission led to the development of nuclear power plants which
arc gencrating huge amount of clectric power all over the world.

The above short list indicates how important is the knowledge ol phyvsics in developing new
technologies. fndeed, technology may be regarded as applied physics,

¥ When laws of physics are expressed in mathematical form, they do not have the double meanings
that so olten conluse the discussion of the ideas expressed 1in common language. When laws are expressed
mathematicallv, they are easier to venfy or disprove by experiments



8 Principles of Physics—XI
1.8. PHYSICS AND SOCIETY

The advancement of technology as a result of discoveries of knowledge of phvsics has made
a sigmificant impact on human lives. We travel faster than ever before in acroplanes. We
enjov colour television. We use clectricity to operate a host of clectrical appliances. We can
solve complex problems at amazing speed with the help of computers. We send satellites into
orbit to learn about the conditions in outer space. The development of radio and television
has led to instant communication. Indeed, the uses of phvsics have exerted considerable influence
on every phase of human activity.

We are all familiar with the abuses of apphied physics or technology, Many people blame
technology itself for widespread pollution. resource depletion and even social decay in
general. [t 1s much wiser to combat the misuse of technology with knowledge than with 1gnorance.
Wise applications ol physics can lead to a better world.

1.9. SOME DISCOVERIES AND INVENTIONS

The discoveries and inventions in the ficld of physics were made by brilliant, logical and creative
minds, The table below gives some discoveries and inventions in physics.

Some Inventions and Discoveries

S.No. | Invention or Discovery Inventor or Discoverer Year
1. | Compound microscope Janssen 1590
2. | Refracting telescope Lippershey 1608
3. | Laws of refraction Smell 1621
4. | Spectrum (hight) Newlon 1666
5. | Reflecting telescope Newton 1669
6. | Capacitor Kleist 1745
7. | Gold-leal” clectroscope Bennel | T8T

Simple cell Volta L &0
9. | Double-sht mterference Young IR0
10, | Duffraction Fraunhoffer 1819
11, | Magnethe elfect Oersted 1819
12. | Electric motor Faraday 1821
13. | Ohm's law Ohm 1826
14. | Transformer Faradavy 1831
15, | Ihvnamo Faraday 1831
16. | Laws ol Electrolysis Faraday | 834
7. | Semuconductors Rosenschold 1534
18. | Cathode ravs (several) 1839
19. | Llectric lamp Edison 1879
20, | Electric iron Secley | R
21. | Radicactivity Becquerel | 896
22, | Nuclear reactor Ferm 1942
23, | Transislor Shockley, Bardeen and Bratiamn 1947
24. | Integrated circuiis Kilby 1958
25, | Optical fibre Kao, Newnes and Beales 1966
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1.10. BASIC FORCES IN NATURE
There are four basic forces that operate in nature. These are (1) the gravitational force

(/i) the electromagnetic force (/i) the strong nuclear force and (iv) the weak nuclear lorce. For
detailed discussion. the reader may refer to Art. 10,8,

1.11. TOWARDS UNIFICATION OF FORCES
In physics, we atfempt to explain different physical phenomena in terms of a jew concepts
and faws. This thrust of unilication in physics has greatly simplified its studyv. We give here
a few examples to illustrate this important point.
(/)  Newton umfied terrestrial and celestial domains under a common law of gravitation,
(1) The experimental discoveries of Oersted and Faraday showed that clectric and magnetic
phenomena are in general inseparable.
(i1} Maxwell’s equations form the basis of all clectromagnetic phenomena.
() Maxwell umified clectromagnetisin and optics with the discovery that hight 1s an elec-
fromagnetic wave,

1.12. CONSERVATION LAWS

In physics. there are some physical quantities which remain the same before and alter an
¢vent or interaction. Such quantitics arc called *conserved guantities. For example. clectric charge
is a conserved quantity. In every event, the principle of conservation of charge has always been
found to apply, Thus when we produce a free negative charge by tearing an electron loose from
an atom. an cqual positive charge is left behind. thereby causing no change in total charge
of the system. The laws relating to conserved quantities are called conservaiion laws,

Thaose laws of nature that state that some physical quantity is ihe same before and after
an eveni ar inferaction are called conservation laws,

Some important physical quantities that are conserved n an event or inferaction are |

(i) Electric charge Law of conservation of electric charge
(i) Encrgy Law of conservation of energy
(i) **Momentum Law of conservation of momentum

We do not know the reason for il. Bui scientists have performed a very large number of
experiments over the vears to test the conserved nature of the above physical quantities. In
all the experiments. the conserved nature of the above physical quantities 1s proved bevond
any doubt. Nevertheless, conscrvation laws reflect one of the most basic ways of describing
nature. Because conservation laws allow us to consider quantities. such as energy, that do not
change during an event, we do noet need to know the details of the interaction, We simply deal
with the value of the conserved quantity before and after the interaction or event. Moreover, the
fact that some phvsical quantities are conserved and some are not, tells us something about
nature itsell. Note that conservation laws are applicable to only isolated syvstems. The reader will
lind detailed discussion on these conservation laws in the lext at apporopriate places.

1.13. SYSTEM, ENVIRONMENT AND ISOLATED SYSTEM

Since conservation laws are valid in isolated svstems, it 15 desirable (o know, what 15 an
isolated svstem?!

* A physical quantity that 15 the same before and after an event or interaction 15 called a conserved
g

**  Linear momentum as well as angular momentum,
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(i) System and Environment. A4 system is some part of SO

the universe in which we have a special interest. All the rest of . e i "+, Environment

the universe outside the svstem is called environment. ’ : : Phheeurr?i?.rte?;e .
The system can be any part of the universe we choose : * notin the

a human body. the whole carth, a single atom efe. Fig. 1.1 shows . - system)

the dashed line around a person. The part of the universe within R

the dashed line is the svstem. All the rest of the universe Fig. 1.1

outside our chosen svstem 15 the environment. The dashed line can be an actal boundary between
the svstem and its enviromment, or it can be an imaginary boundary that we use o help identily
the svstem.

(ff)  Isolated system. The svstem is said to be isolated if nothing (energy. matter. light)
crasses the houndary of the system o or from the environment and if the net sum of all the
external forces on the system is zero.

Within an isolated system. the amount of conserved quantity (e g. electric charge. encrgy,
momentum efe.) will not change during an ¢vent or interaction. Often we can consider a system
approximaiely isolated by simply choosing its boundaries in an appropriate manner. Then we can
apply conservation laws o learn more about elements within the svstem. For instance. when
two cars collide. we can choose the svstem to be the region of space that includes both cars.
The miteraction of each car with the other 15 much greater than anv other force affecting the cars,
As a result, we consider the system as being approximately isolated. Therefore, we can use conservation
laws 1o learn more about the motions of the cars during their collision.

CONCEPTUAL QUESTIONS

(2.1. Which are the two main tools of physics?

Ans. The two main tools of physics are logic and experimentation.

().2.  What is the drawback of classical physics?

Ans. Some aspects ol classical physics do not work lor the tiny world ol the atoms or
objects travelling at very high speed.

(0.3, What is the importance of mathematics for physics?

Ans. The laws of physics are gencralisations from observations and experiments. When these
laws are expressed in mathematical forms, they are unambiguous. Thev do not have
double meanings that so oftien confusc the discussion of ideas expressed in common
language. When findings of nature are expressed mathematically, they are easier to verify
or disprove by experiments.

(4. What is the difference between a theory and a model?

Ans.  Usually, a model 15 Tairly simple and provides a structural similarity 1o the phenomenon being

studicd. However, a theory is broader, more detailed, and attempts to solve a sci of

problems often with mathematical precision.

The theories of science are not fixed but undergo change. Discuss.

Ans. The history of science shows that theorics come and go : that long-held theories are
replaced by new ones. For example. during the last hundred vears. the theory of atom
has been repeatedly refined as new evidence on atomic behaviour has been gathered,
A new theory is accepted only if it explains a greafer range of phenomena than does

-
LA

the older one.
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What are the laws of physics?

Among all the sciences. physics 1s the most basic science. [t is a gquantitative

science. 1is goal is to describe all phenomena in the physical world in terms ol a few

relationships between measured properties of matter and energy. These fundamental

relationships are called fanes of physics. They are statements of great generality derived [rom

a wide range of phenomena.

Why is physics inherently simple?

Physics is inherently simple. It is because there arc only a few basic laws to learn |

if vou really understand these faws, vou can readily apply them in a wide variety of

situations.

Explain the terms (i) Fact (if) hypothesis.

(1) A facr is a phenomenon about which competent observers who have made a
series of observations are In agreement,

(if} A hypothesis is an educated guess: a reasonable explanation of an observation or
experimental result that is not fullv accepled as factual until tested over and over
again by experiments,

VERY SHORT ANSWER QUESTIONS

What is physics?

Physies 15 a branch of science which deals wath the study ol nature and natural phenomena.
What is a scientific law?

The general statement of happemngs i nature aller repeated observations and expenments 1s
known as a scientific law

What is theory?

The speculation on the basis of determuined scientific laws 15 known as theory.

What is a model?

A model 15 a wvisual preture of the phenomenon under study.

What is the basic difference between science and technology?

Science 15 the study ol laws of nature. Technology 1s the appheation of these laws [or the
general well-being of human race,

What are the five main branches of physics?

The five main branches of physics are @ Classical mechanics, Thermodynamies, Electromagnetism,
Theory of relativity and Quantum mechanics.

What is 2 scientific method?

To understand anv natural process by a combination of logical reasoning and controlled expen-
menlation 15 called the scienbfic method.

What is classical physics?

The physics prnior to 1890 15 known as classical physics.
What is modern physics?

The physies aller 18390 15 known as modern physics.
What are conservation laws?

Those laws of nature which state that some phvsical quantity 15 the same belore and after
an event or nlerachon are called conservation laws
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SHORT ANSWER QUESTIONS

What is the difference between classical physics and modern physics?

The classical physies does nol work lor microscopic particles { eg, aloms ) or lor objecls

travelling at very high speed { near the speed of light) These two aspects can only be explained

on the basis of modern physics. Indeed modern physies may be considered as mere “fine-tioning”

of classical physics. Although modern phvsics has made many important contributions fo

lechnology, greal bulk ol techmeal knowledge and skill 15 sull based squarely on classical

physics

Why do we express laws of physics in mathematical form?

The laws of phvsics are generally expressed as mathematical equations which are then used to

make predictons about other phenomena. When a physies law 15 expressed o mathemateal

form, 1t 15 far preferable to the qualitative statement. Moreover, mathematical form permits us

to wvenfy the vanous laws experimentally.

Mame fwo advancements made in fechnology on the basis ol physics,

ir) The discovery of Faradayv’s laws of electromagnetic nduction has enabled the enginecers to
develop electne generator, clectne motor, transformer efe.

{i7) The discovery of nuclear hission led to the development of nuclear power plants which are
generating huge amount of electne power all over the world.

Why is physics called science of measurement?

Physies 15 an expenmental science. In physics, we are (o deal wath a large number of physical

quantities hke length, mass, time, velocty, pressure efe. These quantities can give clear under-

standing  only 1l we can measure them and express our conclusions mto these measurements.

For this reason, phvsics 15 sometimes called the science of measurement,

Discuss relation of physics to chemistry.

The knowledge ol phvsics has enabled us to studv the structure ol atom, radicactiviby, X-ray.
diffraction efe. These concepts of physics lind wide apphications i chemistry e g, determimng
the nature of valency and chemical bonding, to detect traces of substances n a given sample
ele.

Discuss relation of physics to biology.

Biology involves maitter that 15 alive. The knowledge of phvsics has provided us a powerful
ool o study the bological sciences. For example, electron microscope has made 1t possible 1o
see even the structure of a cell. Similarly, optical microscope 15 wadely used in the study of
brology.

What do you understand by system, environment and isolated system?

A svwtemn 15 some parl of the umverse m which we have a speaal mterest. All the rest of the
universe outside the svstem is the emvironment The system 15 said o be iselated 1If nothing
{energyv., matter, hght) crosses the boundary of the system to or from the environment and 1f
the net sum of all external forces on the system 1s zero. Note that conservation laws are valid
only m an 1solated system.

LONG ANSWER QUESTIONS

State the laws of conservation of charge. energy and lincar momentum
|Refer to Art. 1.12]

How 15 physics related to society? [Refer to Art. 1.8]
Ihscuss the basic lorces o nafure, [Refer to Art. 1.10]
(nve a short note on physies and  lechnology. [Refer to Art. 1.7]
(hve three examples where physies has been wsed o lechnology. |Refer to Art. 1.7]
Explain bnelly the scope and excitement ol physics. |[Refer to Art. 1.3]
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MCQ FOR COMPETITIVE EXAMINATIONS

I. The physicist who discovered the law of 6. Electron was discovered by
gravitabion was ta) Einsieln (5) Fataday
(e) Newton (k) Faraday (¢) Bohr (2T, Thioviisian
(c) Crarack (=) Encie 7. Who s the greatest physicist of the twentieth
2. The theory of relativity was proposed by sentir?
(a) Newlon (b} Bohr 5 Chadwiok (b3 1.J. Thomson
(¢) Einstein () None of the above (¢} Bohr —
3. F:i all the sciences, the most basic science B 10 Thonsbanetiss
15
(@) chemmsiry (b)) mologv (e} England (h) America
(e) physics {d) none of the above (e} France () India

i Heavrarime 1o
4. Which of the following activities involve the % Physics. is

utmost expression of passion, talent and ()} expenmental scence
mtelligence? {5} guantilative science
(a) literature (&) science (¢} the most basic science
() music {ah all the above (dy all the above
5. The classical physies is applicable 1o 0. The laws of electromagnetic induction were
{a) mucroscopie world discovered by
(h) macroseope world (a) Faraday by Newion
(¢ both mucroscopie and macroscopie  world (¢} Bohr (&) 1T, Thotson

() cannol sav

ANSWERS TO MCQ FOR COMPETITIVE EXAMINATIONS
1. (a) 2. (¢) 3. (o) 4. (d) 3. (b)
b. () 7. (d) 8. (a) 9. (d) 10, (a)




Systems of Units

INTRODUCTION

Fhysics iy an experimental science. To understand physics or any experimental science.
we must be able to connect our theoretical description of nature with our experimental
observations of nature. This connection 15 made through quantitative measurements, In physics,
we are o deal with a large number of physical quantitics like length. mass. time, velocity.
force. pressure efc. These quantities can give clear understanding only if we can measure them
and express our conclusions into these measurements. For this reason, physics is sometimes called
the science of measurement. There were several systems of units in use over the years. For
example, the unit of length was foot in British svstem, metre in metric svstem and so on. Sut
today, all scientisis and engineers have agreed to state their ohservations of nature in terms
of single wniversal svstem of units called Svsteme International (French for International
svstem) which is abbreviated as 51 In this chapter. we shall discuss the varous aspects of
svsiems of units,

2.1. MEASUREMENT

For the measurement of a physical quantity, we consider a constant quantity as a standard
and then find the number which expresses how many times the standard quantity is contained in
the physical quantity. This standard quantity is called the unit,

Measurement is thus the comparison of unknown physical quantity with a fmown fixed unit
qreciiniily,

For example, if the length of a rod is 3 metres. it means that the unit of length is the
mefre and this unit 1s contained 3 times in the length of that rod. Similarly, il mass of a ball
i5 2 kilogrammes, 1t means that unit of mass is &ilogramme and this unit is contained 2 times
in the mass of the ball. Hence to express the magnitude of a physical quantity. we should
know two things iz,

(1) The wnit in which the quantity 15 measured.

(ii) The numerical value — which expresses how many times the above mentioned unit is
contained in the given physical quantity,

Magnitude of phvsical guantity = Numerical value of phvsical guantity = size of ity unit

If » 1s the numerical value of a physical quantity and « is the size ol the unit, then, magnitude
() of the physical quantity is

() =nu

Thus when we say that the length of the rodis 3 mie 0 =3m, tmeans# = 3and # = 1 m.

The size of unit is different in different systems ol units. Suppose the magnitude ol a

physical quantity is (J. If # is the numerical value of the physical quantity for a unit & and

n, for a unit u, then,
: : 14
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Q=nu ... for lirst svstem of units
=¥, u, .. Tor second system of units
mon, =N, )

Two things are obvious from eq. (/)
(@) The magnitude of a given physical quantity 1s alwavs the same irrespective of the
system of units adopted i.e.
i — Constant

(B) ITw, = u, then n, = n. Therefore, the larger the magnitude of the unit selected. the
smaller 15 the numencal value of the phyvsical quantity,

2.2, NEED FOR MEASUREMENT

In physics, we are to deal with a large number of physical quantities hike length, mass, time,
speed. acceleration, force. pressure efe. These quantitics can give clear understanding if we
can measure them. The need for measurement 15 clear from the following examples

A Siid = T).i:?'.iﬂ]‘.ll.:l:

[1me
We can find the speed if we can measure the distance travelled and the time taken to

travel that distance. :
lorce

T Acceleration =
i
(i7) Mass

In order to find the acceleration produced in the body, we should know the magnitudes (i.e.
measurcment) of force acting on the body and mass of the body.
Force

Froa g A
iii Pressure
(i) Area
Again we can find pressure if we measure the force acting and the area over which the
force acts.

2.3. UNIT
The guantity used as a standard of measurement is called the unit,

For example, when we say that the length of a rod is 3 metres. we compare the length
of the rod with a standard quantity of length called mefre. Hence metre is the unit of length.
several systems of units have been in use over the years. Today all scientists and engincers
have agreed o use Svsteme International (French lor International svstem) which 1s abbreviated
as Sl In 5T units, the standard of length is metre and that for time is the second and that
Jor mass is Kilogramme,

2.4. FUNDAMENTAL UNITS AND DERIVED UNITS

Physical quantities can be divided into two categories | base guantifies and derived
quantities. The corresponding units lor these quantties are called fundamental units (or hase
units) and derived units. Scientists in the interest of simplicity want the smallest number of base
quantitics possible to give full description of the physical world.

1. Fundamental vnits., In mechanics, the units of only threc base quantitics viz. muass,
lengih and fime need to be selected. All other physical quantities in mechanics (e g. speed,
acceleration, force, power, energy efe.) can be defined in terms of the units of these three base
quantitics. For example. speed is defined as the distance travelled divided by the time taken to
travel that distance. Therelore, speed is related to distance (i.e. length) and time. The units
selected for these base gquantities (V.e. mass, length and time) are called fundamental units,



16 Principles of Physics— X1

The units selected for measuring mass, lengih and time are called fundamental units.

These three Tundamental units are independent of each other. However, the units of other
physical quantities encountered in mechanics can be expressed in terms of the units of these
three fundamental units. This eliminates the need Tor assigning a scparate unit for cach phvsical
quantity in mechamcs.

Notes. (7} The fundamental wnits are not definable in terms of other guantities, For this reason,
they are called base or fundamental units.

(ir)  In order to cover all phvsical measurements i science and engineering, we require the
units ol seven base quantities viz. units of mass, length, tme. temperature, current, amount
of substance and luminous intensity. However, to express the units of physical quantities
in mechanies, the units ol mass, lenagth and time are adequate.

2. Derived units. The units of physical quantities which can be expressed i terms of
Sundamental units (mass, length and fime) are called derived units.

(@)  The unit of velocity 15 a derived unit.

; Displacement  Length
Veloclly = [, - e &
[1ime [1me
Thus the unit of velocity can be expressed in the fundamental units of length and time.

(/) The unit of acceleration is a derived unit.
; Velocity  Displacement  Length

Acceletation = ~uy. - SR ACCTICTE _ ==
l1me (Time)’ (Time)

Thus the unit of acceleration can be expressed in the lundamental units of length and time.

-

(¢) The unit of force 1s a derived unit.
Length

{Tilnu}:

Thus the unit of force can be expressed in the fundamental units of mass. length and time.

2.5. CHARACTERISTICS OF A STANDARD UNIT

We have seen that units of all phvsical quantities encountered in mechamics can be
expressed in terms of fundamental units of mass. length and time. In SI units. the standard
of length is mefre, that Tor mass is kilogramme and that lor time is second. The question
arises how we should define these fundamental units. Obviously, the standard unit must be
both accessible and invariable. Indeed. the Tundamental unit selected must have the following
features :

(/) It should be of convenient size.

(#r) It should be well defined.

(fi7) It should be easily available so that as many laboratories as possible can duplicate it

(i) It should not change with time and place.

(v) It should not change with the change in physical conditions ¢ g, lemperature, pressure efe.

(viy It should be umiversally agreed upon so that results obtained in different countrics

are comparable.

Force = Mass = Acceleration = Mass

Il we defline the length standard as the distance between one’s nose and the index linger
on an outstretched arm, we certainly have an accessible standard. But it will vary from
person to person and cannot be accepied as the standard of length. This calls for precise and
accurale delinition of the standard guantity selected for Tundamental units. The standard
quantity must meet the above requirements, There is international agreement on both the definitions
of each of the seven standard gquantities and the design of experimenis used to measure
them. 1t 1s reminded that for mechanics, we only require standard units of length, mass and time.
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2.6. OLD SYSTEMS OF FUNDAMENTAL UNITS
Different units were assigned for mass, length and time in different countries.
However. the following two systems of Tundamental units need briel’ description.

(i) C.GS, (centimetre, gramme, sccond) system,
(i) M.K.S. (metre. kilogramme. sccond) svstem.

In C.GS. system. the units of length, mass and time are centimetre (cm), gramme (g) and
second (s) respectively. However, in M.K.8. system, the units of length, mass and time are
metre (m). kKilogramme (kg) and second (s) respectively, Note that M5, and C.G5. units
are related to cach other by multiples ol ten. It is, therefore, casicr o convert M.K.S. units
into C.G.S. units and vice-versa. Although M. K. S, system held ground for a long time. it did
not quite solve the problem of coherence, A system is said to be coherent when calculations
involving one unit of 4, one unit of &, one unit of " and so lorth. yield one unit ol .\

2.7. SI UNITS

The SI units (Systeme International) were formally introduced in 1960 and have been
accepted by all the countries for scientific work. In this system, seven base quantities viz
HICISy, ffmgfh, time, electric current, femperaline, fieniinions E'.li.l'-r-.'.FJ‘."-'Jii'J-' and q.'m.-m'.f_r f{f ‘matter have
been assigned proper and standard units. The units of all other physical quantities in science
and engineering can be derived from the units of these seven fundamental quantities. The
units assigned to these seven fundamental quantitics are given below in the tabular form.

Base Units

Ouantity Svmbaol Unit name Unit symbaol
Length {. L metre m
Mass ni Kilogramme kg
Time { second 8
Electne current ! ampere A
Temperature I degree kelvin K (not "K)
Luminous mtensity ! candela cd
Cuantity of matter mole muol

In addition to these seven base units. two more supplementary units of plane angle and
solid angle have been introduced in this system.
sSupplementary Units
Plane angle radian rad
solid angle steradian S
MNote. In mechanics. we use only the first three of the base units — metre, kilogramme and second — along
with measures ol angle.
2.8. DEFINITIONS OF §S1 BASE UNITS
The following are the official definitions of SI base units. Although not required for an
understanding of 51, they illustrate the extraordinary precision associated with this modern
system ol units,

1. Metre. In the past, the metre has been defined in various ways.

() In 1889, the metre was defined (o he the disiance hetween ftwo fine lines engraved
near the ends of a bar of platinum-ividinm alloy when the bar was maintained ai
(°C, The onginal international prototype metre 1s stll kept at the International Bureau
of Weights and Measures i Paris,
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(i) As new methods developed. the above definition of metre was not sulliciently accurate.
In 1960, the metre was redefined as 1,650,763.73 wavelengths of orange-red light
emitied by the isofope krypton-86.

(ii7) Ewven the above definition became insufficient. In 1983, the metre was redefined in terms

of speed of light in vacuum. The speed of light 1s now one of the most accurately
determined quantities, Its value in vacuum has been measured at 299.79.2458 m/s,
Therefore. the metre is defined as the length of the path travelled by Tight in a vacuum
during a time inferval of 17299792 458 of a second.

2. Second. The second is the duration of 9192 631770 periods of the radiation corresponding
lo the transition between the two hyvperfine levels of the ground state of the cesiwm-133
Ce{{ATIIRY

3. Kilogram. The kilogram is the mass equal fo the mass of a standavd platinum-ividivm alloy
cylinder (90% platinum and 10% ividium) Kept at the International Bureaw of Weights and
Measures in Paris. This cylinder is about 4 ¢m high and 4 cm in diameter. The standard
of mass is least satisfactory, Unlike the standards of length and time which are based
on measurcment procedures that can be repeated by scientists anywhere, the unit of mass 1s
still defined in terms of a particular cvlinder kept in Paris.

4. Ampere. The ampere is that constant current which, i maintained in two pavallel straighi
conductors of infinite length and of neglicible circular cross-section placed | metre apart in
vacunum, would produce a force between them of 2 % 107 N per meitre of length.

5. Kelvin. The kelvin is 17273 16 of the thermodynamic femperature of the *riple point of
weter:

6. Candela, The candela is the luminons intensity in a given direction of a source whicl emits
monochromatic radiation of frequency 340 =107 hertz and whose radiant intensity is
1/683 watt per steradian.

7. Muole. The mole is the amount of substance of a system that contains as many elementary
particles as there are in 0.012 ke of carbon-12,

SUPPLEMENTARY UNITS

8. Radian. The mathematics of circular motion is much simpler il we
use the radian for angular measure. e define the angle in radians
(D) to be the ratio of the arc length 1o the radius i.e., ‘ !

/
0 =—radians [See Fig. 2.1]
3
If 7 = r, 6 = 1 radian.
One radian (rad ) is defined as the angle subitended by an are whose Fig. 2.1
length is equal to the radius.

9. Steradian. {t s the measure of solid angle and 15 defined as A

the ratio of the subiended area fo radius squared. Relermng to ¢ A

A
Fig. 2.2 (a parl of sphere). we have, solid angle, @ =—.
r Fig. 2.2

fFA4d-1m*and » — | m. then o= 1 steradian.

Hence one steradian (s s the angle sublended at the centre of a sphere of radius
I m by a part of its surface having an area of 1 nr.

Pure water in an evacuated cell 15 cooled until ice begins fo form. The resulting temperature where
wce, waler and waler-vapour co-exisl1s called the tniple point ol water and 15 equal 1o 27316 kelvin,
by defimtion
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Multiplication factor Prefix Symbol
I 000 000 OO0 OO 10 : fera T
1 000 OO0 (00 IUch aiza U
1 000 000 10° mega M
1 000 10" kilo k
100 ]U: hecto h
10 10" deca da
0.1 107 deci d
(0] 10 : centi C
0.001 107 il m
0.000 001 107 micro n
0,000 000 001 10" nano n
0.000 000 000 001 107 pico p

2.16.

CONVERSIONS

It is sometimes necessary to convert SI units into C.G.S, or MK.S. units and vice-
versa, A lew cases are discussed below by way of illustration.

(1)
(ii)
{ii1)
(V)
(v}

Q.1.

Ans,

2.
Ans,

0Q.3.
Ans,

Ans.

1 km = 1000 m = 10° cm = 10° mm
| km* = 10° m* = 10" cm*= 10'* mm* = 10" p m

I tonne/m* = 1000 kg/m* = 1 g/ecm’ = 1 kg/litre
| OO0

I km/hr = -_1&31‘1{5

1 MW = 10° kW = 10° W = 10° mW (wi) 1 kWh =36 = 10° ]

CONCEPTUAL QUESTIONS

In what three types of units can all physical measurements encountered in mechanics
be expressed?

All physical measurements encountered in mechanics can be expressed 1n the units
of mass. length and time.

Why is metre now defined in terms of speed of light?

The speed of light is one of the most accurately determined quantities and its
value in vacuum is 299 792 458 kins .

Why is the unit of mass least satisfactory?

Unlike the units of length and time, which are based on measurement procedures that
can be repeated by scientists anywhere, the unit of mass 15 still defined in terms of a
particular object — the international prototype kilogram kept at the International Bureau
of Weights and Measures in France. Although kept under controlled conditions. it could
concelvably change in value. Further. companson with such a standard is less
convenient than a procedural standard that can be checked in a laboratory,

Why is the unit of mass not based on atomic standards?

The reason that unit of mass is not yel based on atomic standards is that the measurement
of atomic masses and their companson with large-scale masses 15 not vel as precise as the
measurement that can be made on large-scale objects such as the standard kilogram.

m's = 0278 mfs = 27.8 cm/'s
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Measurement of Length,
Mass and Time

INTRODUCTTON

The observations and experiences that mterest the physicists span an immense range.
Distances extend from incredibly small dimensions of subatomic particles to thousands of
million metres that separate galaxies ol the universe. For example. the radius of atomic
mucleus is about 10" m while the radius of the universe is about 107 m. The time intervals
encountered in the physical world vary over an extremely wide range. For instance, the time
taken by light to cross distance of nuclear size is aboul 10 s while the life of the sun is
about 10" s, Similarly. enormous range of masses in the physical world engage the atiention
of the physicists. As an example, the mass of an clectron is approximately 10 ™ kg, whereas
the mass of universe is about 107 kg To measure distances, masses and time intervals of such
wide varving range, several methods have been devised and we shall discuss a few of them,

3.1. ORDER OF MAGNITUDE

In doing rough calculations or comparisons, we sometimes round off a number to one
or even no significant figures.

A number rounded 1o the nearest power of 10 iy called order of magnitude.

For example. the height of an ant might be & = 10" m : we would say that the order of
magnitude of the height of an ant is 107 m. If the given number is less than 5. it is taken
as 1. If 1t lies between 5 and 10, 1t 1s taken as 10, Thus in the above example, 8 has been
regarded as 10 so that the order of magnitude of the height = 10 = 10" = 10 *m. As another
example, the speed of light in vacuum 1s 3 = 10°ms . We would say that the order of
magnitude of the speed of light in vacuum is 10° ms ' Note that the order of magnitude
of a physical quantity does not give its exact value bul usually it is accurate o within a
factor of 10,

Advantages. The knowledge of the order of magnitude of a physical quantity has the
[ollowing advantages :

(i) It gives the approximate value of the physical quantity and can be assumed to be

correct within a factor of 10,
(i1} To compare two like physical quantities, we need not know their actual values ; their
orders of magnitude provide sufficient information.
(7)) Sometimes we want o make a rough estimate in order to check an accurate calculation
made on a calculator to make sure that no blunders were made when entering the
25
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AB DE

In AABC, tanf = (i) : In ADEC, lant=—

From eqs. (i) and (i), AB _DE L

BEC  EC E¢

BE 2 S

(i1)

-. Height of pole, AB=—=x8C

29

Since lengths OF, £C and #C can be measured, we can lind the height of the pole.

Another method. I it is not a sunny day, the height of the accessible object (e.g., electric pole,
tower, etc.) can be determined by a sextant. In this method. the angle o subtended by the top of

tower AR at point " on the ground is measured. In A ABC (See Fig, 3.4),

AR

lanth = B ~. Height of tower, A5 = 8C tanl)

Since the value of § and £C are known, we can find the height of the tower, Note that angle

i 15 called elevation of tower at point €
A

/

Tower
I L

i ¢ h
Fig. 3.4 Fig. 3.

5

e

"y
¥ 7 h‘}
BP0 S S ot o off o o o g o e B o g e o

L 3

(viii) Determination of height of inaccessible objects. The height of an inaccessible object
(e.g. a mountain) can be determined by triangulation method. Suppose A5 is the height of the
mountain. The angles of elevation of the peak of the mountain are measured at two convenent
points " and [ on the ground as shown in Fig, 3.5, Let 0 and 8, be the angles of elevation of

peak of mountain at points O and 72 respectively.

R s
In AABC, cotb,=— : In AABD cotf, =
AB AR
BDb BC BD-BC CD
cotf, —cotf, = = = =
AR AB AB AB

C

cot B, —cot B,

or Height of mountain, Af =

since the values of 0 and 0, are known and the distance €72 can be measured, we can find the

height AFB of the mountain,

(ix) Determination of width of a river. The width of
a river can be determined by tniangulation method as shown
in Fig. 3.6. Suppose A/ is the width of the river. point 5
being some reference object (eg. a tree). A pole is lixed
(perpendicular to the ground) at some point " on the bank

St — . st — i TSk} — . = -

of the river so that reference object and the pole at C are
in the same line. Now proceeding along the line BC, fix
another pole ar /£ in such a way that reference object at 5
and the poles at ¢ and E are in the same line. From E.
draw a perpendicular £72 on the bank of the nver,

Fig, 3.6
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(i)  Size of molecule of a liquid. To measure a very small size like that of a liquid
molecule, we have to adopt special methods. A simple method for determining the molecular
siz¢ of oleic acid is given below. Oleic acid is a soapy liquid with large molecular size
(107 m). To find the size of molecule of oleic acid. we form mono-molecular layer (ir.e.,
single-molecule laver) of oleic acid on water surface.

Procedure. First, we prepare a solution of known concentration of oleic acid in alcohol.
To prepare a solution of 1/300 concentration (say), 1 c.c. of oleic acid 15 muixed with 300 c.c.
of alcohol. We then pour # drops of this solution on the surface of water contained in a flat
and broad vessel. The oleic acid solution spreads  very Tast on the surface of water and forms
a very thin laver of thickness ¢ (sav). The alcohol evaporates and oleic acid laver 1s lelt on
the surface of water. Using a trace paper and a graph paper. we carcfully measure the surface
area A of the oleic acid laver.

Calculations, If v 15 the volume of each of the » drops on water surface. then,

Volume of oleic acid in » drops of solution = » v = %
5
Volume of oleic acid layer = A = ¢
HV 3 _1 = 4% W F= TE
500 500 A

If the thin laver of oleic acid is assumed to be one molecule thick, the value of 7 gives
the size (e, diameter) of a molecule of oleic acid.

Example 3.6. When 926500 C of electricity is passed through silver voltameter,
108 ¢ (1 gram-atomic mass) of silver is deposited on the cathode. What is Avogadro’s
number N, 7

Solution. Each silver ion (Ag") accepts one clectron to become silver atom (Ag) and
gels deposiled on the cathode. The question becomes: How many electron charges are there
in 96500 C? We know that charge on an electron is 1.6 = 10" C,

QG300

Avogardo's Number, N, = Wh— = 6. 02=10*
Hx

Thus in 108 g of silver, there are 6,02 = 10* atoms,

Example 3.7. How many water molecules are there in 1g of water?

Solution. The molecular weight of water (H,O) 15 that of two hvdrogen atoms plus ong
oxygen atom e 2 ¢ L0 + 16.0 = 18.0. Hence 18 g of watcr contains vV, (= 6.02 = 10)
molecules.

Number of molecules in 1g of walter
N, 6.02x 10~

—— A [—
18 18
Example 5.5, How many copper atoms are there in a solid cube of copper which is
1.00 em on each side ? What is the approximate size of atom? The atomic mass of
copper is 63.6 g/mol and density is 8,96 gfcm”,
Solution,
Mass of copper in the cube = Density * Volume = .96 = 1.00 = 8,96 g

Mass BY6g

Atomic mass  03.0 g/mol

= 3.34 = 10" molecules

=01 141mol

Number of moles =

Number ol atoms = Number of moles = NV
= (.141x6.02x10% = 8.49 = 10" atoms
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Procedure. In order to find the mass of a body with a physical balance, the following
procedure is adopted :

(7)

(if)

(Fii)

Eﬁ Beam
© E I® Serew
@Wﬁﬁq == Nut
Beam a_-rr’ Plumb |
. i Ly
Support || [ Line ]
|||I ||
g | |||
il
|| | L 4
Pan |'||'||.| T |'|1||-T|
Lo
:£=J '__,"Ilhw _—‘L

Lever

Levelling
serew

Fig. 3.11

The first step is to make the base board horizontal. This can be done by bringing the plumb
ling just above the pointed mark through the adjustment of levelling screws fixed at the base
board.

The next step is to ensure that the beam is horizontal when the pans are empiy. For
this purpose, the beam 1s raised gently by the lever and 11 is ensured that the pointer
swings cqually on both sides of the #zero mark. This can be achicved through the
adjustment of screws provided at the ends of the beam.

The beam 1s now lowered and the body whose mass ¢my 15 to be found out 1s placed
on the left pan of the balance. The known weights are placed on the nght pan till the
pointcr remains at #cro of the scale or it swings cqually on both sides of the #cro
mark. Under this condition, the balance is in equilibrium. Consequently, the total mass
(M) of weights on the right pan gives the mass of the bodyv. It i1s because weight of
the object is equal o weight on the right pan ie.

meg=Mg or m =M

Two things are worth noting. First. a physical balance measures the mass of a body al
a place and not its weight. Secondly, a physical balance is used for comparing masses of the

bodies.

Weight. The weight of a body is defined as the gravitational force exerted on it due to earth

ie.

Weight. " = gravitational force on the body duc to carth
= mass of body = acccleration duc to gravity
m < g

W = mg

Thus. il a body has a mass of 10 kg, then its weight is W = m g = 10 = 98 = 98 N.
It means that earth is attracting the body with a force of 98 N. The reader mayv note that mass
of an object is different from its weight,
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0.2

Ans.

0.3
Ans.
0.4,

Ans.

Ans,

0.6,
Ans.

Q.7.

Ans.

0.4,
Ans,

0.9,

Ans.

Why parallax method cannot be wsed for measuring distances of stars more than 100 light
years away?

When a star 15 more than 100 hght vears awayv, the parallax angle 15 so small that 1t ecannot
be measured accurately,

What is the dilference between mass and weight?
Refer to Art 3.7

What s the basic principle of alpha particle scattering method for estimating the size of
the nuelens?

When an alpha particle (posibively charged) 15 projected fowards the nucleus, 1l experiences a
repulsive force from the positively charged nucleus. Consequently, o-particle starts slowing
down, As the o particle starts slowing down, s kinetic energy starts converling into electric
potential energy of the system. At the distance of closest approach (). the entire KE. of «
particle 15 converted into electric potential energy of the system. The value of r, gives us the
order of the size of the nucleus.

Suggest a distance corresponding to each of the following orders of length: () 107 m
(i) 10° m (i1 10° m (1) 10°m () 107 m (vi) 10° m (vir) 10" m.

(i) 107 m radius of earth

iy 10'm - height of Mount Everest

Gin 10° m distance travelled by sound in water in 1s
[iv) 10° m length of a college playveround

(v) 10 m thickness of cardboard

(vi) 10 “m mean free path of an air molecule
(vity 10" m - size of atomic nucleus

How will you measure the width of a river?
Refer to Art. 3.3

When circular scale of a screw gauge carrving 100 divisions s given four complete rota-
tions, the head of the screw moves through 2 mm. Calculate the pitch and least count of
the screw gauge.

Mo, of divisions on circular scale 1) Noo ol complete rotabons 4 - Ihstance moved
2 mm,
_ [stance moved 2mm )
Pitch ; . : .5 mm
Mo, of complete rotations 4
Pitch .5 mm

Least count 0005 mim

Mo, ol divisions on erecular scale Lo
What s meant by order ol magnitude? Ilustrate with examples.

Refer to Art. 3.1,

Mention some repetitive phenomena in nature which could serve as the time standards
Which one is most suitable?

The lollowang repetiive phenomena occurnng o nalure can serve as slandard [or measunng
time

(/) Beating of human heart (i) Rotatton of earth about ifs axis
(itf) Oscillatons of a simple pendulum (fv) Vibrations of atoms

Farher, the rotatton of earth was found to be the most appropniate. Now, the vibrations of an
atom (cesium-133 atom) 15 being used 1o measure lme.
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Eq. (i) 1s known as dimensional equation. Note that dimensions in every term of the

formula must be the same. It 15 not surprising because we can *add or equate like quantities.

Thus in the above formula. the three quantities (viz. v, 1 and ar) have the same dimensions r.e.,
[Af ° LT

4.4.

DIMENSIONAL

FORMULAS OF PHYSICAL QUANTITIES
Dimensional formula ol a phyvsical quantity can be easily written 1f we know its relation with

other physical quantities. Dimensional formulas of a few physical quantitics encountered in
mechanics are given below in tabular form

5. Physical Relation with other Dimensional Formula 51 Unit
Mo Quantity physical quantities
1. | Avea length - breadth AN m
3 i
. Volume length = breadth = height | [L] [L] L] = |14 ] m
MAss [A] o,
3. Density - =ML ] kem
; volume [L7] =
: ; distance L] _ypopgt ,
4. speed or Velocity T (7 [ I ms
Velocity AMLT™ i >
=B Acceleration =[MLT™] ms
Lime 7]
6. Force mass - aceeleration [M[M LT =[MLT ] N
T Momentum mass = velocity |‘-'I,‘.f||;'lj'-'g_r'f' '-| =[MLT -'1 kz ms :
8. Work lorce - distance [MLT *|[L] = [MLT ] Nm
wiork |-'l’ﬂr-:?' :] p
9. Power : (7] =ML W
time |
force [MLT ) B ;
110. Pressure 5 =ML T | Nm
area LE |
1 2 : —
11. Kinetic energy 5 mass (velocity ) [M[MPLT 7 =[MLTT ) Nm
12. Potential energy mass ~ g - distance [M[MOLT (L] = [MET Nm
13. Impulse force = time [MLT [T = MLT ™ Ms
14. Torgue lorce = distance [MELT 2 [L] = [MLT 3] Nm
force [MLT 7] sy )
15. Stress 5 =ML 1 | Nm
area | 7]
extension in length |£.] S
1 = .1|.|II ..Ir.l }II "
L ST original length I1.] | | AL
o LT .
N — [N 2
17. Elasticity ST [_-'Lf"',n’,r"}' rl | | Nm

A=B+C

Suppose three quantities 4, 8 and C are related as .

We can add B and Cif they are like quantities i.e., have the same dimensions. Simularly the sum of £ and
(' can be equated 1o A 1f they are hke quaniities.
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(#7) length [ of the string and (ii1) acceleration due to gravity g We can express the relation as

T =k in"f"'g" AN
where k15 a dimensionless constant and @, & and ¢ are the unknown numbers | [fwe equate the powers

of M. I and ¥ on both sides of eq. (), we can find the values of @,  and ¢ and hence the formula
for the time period of a simple pendulum.

|_.|I'| - ]'1"Ir |JI|."F' |I-Il-'r‘:'fl o |r ar l.igrrf_nfl == |.'|”|'“J Jff" Hil' Zr |
Equating the powers of M, L and 7 on both sides of equation. we have,

a=0: b+ec=0 and -2 ¢ =1

I
0:¢c=——andb
e C 2 Il

I
2
Putting the values of . & and ¢ in ¢q. (7). we have,
(
=k Y 5™ % or-T :k1‘,||
B
Dimensional analvsis does not provide the value of & since it 1s a number, However, we

can hind the value of & by experiment or through mathematical analysis. 1t 1s found that & = 2x.
e 1 1 ||r
[me period. T =2n, |—
I
Vg
Although we have not been able to find the value of £ through dimensional analvsis. vet
we have been able to relate the time period of simple pendulum to the major vanables of the

situation viz. fand g. Thus dimensional analvsis can be used to [ind the relation between quantities
when the mathematical analvsis 15 too difficult.

4.11. TO CONVERT ONE SYSTEM OF UNITS TO ANOTHER

The magnitude of a physical quantity remains the same irrespective of the system of
measurements. This fact enables us to convert one system of units into another.

Hlustration. Suppose we have a physical quantity ¢ Let i, and #, be numeric values of the
physical quantity when measured in two systems having units of size », and u, respectively. Then.

2 =nu ... on [irst svstem ol units
O =nu,

... on second svstem ol units
Clearly, Q=nu =nn,

suppose the physical quantity ¢ has the dimensional formula A&L7* . Let the Mundamental
units be A/ L and 7, on the first system and M L and 7, on the second system. Then.

Q0 =n, [:’Lf . ﬂf?;"] . on first system of units

Q=n,[M] ILT; .. on second system of units

n | MPLTS |=n,| MIET; |

T 2] b = [

M 1
H, =1 _I 'Ir_ﬁl Jr_
oM, LT

Thus 1l we know the value ol a physical quantity in one system of units, we can [ind 11s
value in the other system of units.
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Equating the powers of M. L and 7" on both sides. we have,
1 | 1
a+ec=0,a+b=1,-2a=-1 . a==,b=—=;, c=—=
2 2 2
Putting the values of . b and ¢ in eq. (§). we have,
v=kFEP g
Tension

|'ﬁ | ;
4I.||| Mass per unit length

llI'.-
vk |—=%k |—
\ m "q'm.ff

or

Tension
Vo
Mass perunit length

Example 4.6. The density p of earth is given by :

where R is the radius of earth and 7 is gravitational constant. Check the dimensional consistency
of this relation.
; ; ; : M
Solution. Dimensions of L H.8. = ||f‘ || =ML
5
[ :I =ML

Dimensions of RH.S. = =
[£]* M2 T
Since the dimensions on the two sides of the equation are the same. the relation is

dimensionally consistent. :
Example 4.7, Convert 1 km/hr into ms .
(e T oo LS
} —r} = 1[10°][3600] ' = ]:; m s

ls

1
i L 1 1k

Solution. n,=n | L[| 1| =1 Im

I R | R Im
lkm/hr = ims !

18
lkm 1000m 5 |

- = — mSs

Alternatively, 1km/hr = =
lhr  60=60s 18
Example 4.5, Find the value of 60 joule/minute on a system which has 100 g, 100 ¢m

and 1 minute as the fundamental units.
ol I, = 1 s = 1 wall

Solution.
Mow watt i1s the 51 unit of power,
5.1, units Units of new system
n=1W n, =1
M =1kg M, =100g
L =1m L, = i em
To=1g T, = 1 minute
|Power| = [;'lfffi"' "] a=1Y;b=20==3
ML

* 3 and 4 T are dimensionless and [(7)
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4.

G.

0.

1.

il.

A guantity X is given by |
- Al

X =g, ﬂ?
where £, is the permitivity of free space, L is
length, Al is the potential difference and
As1s the time interval. The dimensions of X are
the same as for [ITT 2001 |
(b) charge
() current

() resistance
() voltage

[f speed of Light (), acceleration due to gravity
() and pressure (p) are faken as fundamental
unifs, the dimensions ol gravilational constant

((r) are |AMU 1999]

(a) ¢"gp B e*g’p?

i) IZ'EIS.{:P ' (e r::g:p':

The dimensions of g EilZd -

clectric hield) are
(11T 2000]

permit-

bvity of frec space, &

by ML*T *
() MEET™

(ay MLT™
(e) ML'T

The dimensional formula for P, 15 given by ¢

[Haryana CET 2001)]

(@) ALY by MLT 47

() Aror3T-1 43
If . and R denote inductance and resistance

respectively, which of the following has the
dimensions of frequency?  [MP CET 1999]

{&y none ol the above

(a) R /L (&)L /R

(ch /1, (@) JLIR

The ratio of one micron e one nanometre 15
|MNR 1993]

(@) 107 (By10°
ey 10° (10

Which of the Lollowing 15 equal to  joule-COhmy
sccond-volt ! [Haryvana CET 1998]

(b)) walt

(&) volt

The unit of permitivity ol [ree space 1s
[Harvana CET 1998]

(1) -::mll-::umhz.-"|1::u-1n|1-mutrc:

(a) ampere

(o) lesla

ih) coulomb/{newton- mclrn::"_:n:

14.

L5,

65
(¢) newton-metre ‘coulomb™
(e} coulomb/newton-metre

The physical quantity which has the dimensional
|Ph CET 1998|

i(H) solar constant

formula M7 is

() surface tension

(e) density (o) compressibility

The dimensions of the guantities in one of the

following pairs are the same. Identifv the pair.
[T 1986]

() torque and work

(b angular momentum and work

(¢ ) energy and Young's modulus

() light vear and frequency

The 81 umt of induclance. the henry can be
[IIT 1998]

(@) weber ampere

(h) volt-second ‘ampere

() jouled um}'.uz:n:"lll

(d} all of above

A gas bubble [rom an explosion under water

oscillates with a peniod T proportional to

pd” E* where p s the static pressure, d 1s the

density of water and & 15 the total energy of

explosion. The calculated values ol a. b and ¢

on the dimensional  analvsis will be
|Harvana CET 1994

(@) a==-3/ob=2.0=3
() a=pb=g¢g=1

(c) a=235, b=

3
- h = =
(d) a £ I'L 3

[ i
In the equation :F*r-,: {I —b) = constant
\

(P = pressure , I"= Volume), the units of a are
IMNR 1995]
(h) dyne ~ cm®

(o) dvne

(@) dyne » em?

(¢) dvne'em? < om?

L. C oand R represent the phvsical quantifies

inductance. capacitance and resistance
respectively, Identify the quantity that

represents frequency. [IIT 1984]
1 L
(@} Re )R
i L
L::']'L (d) C
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Hint.

0.

Hint.
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: Voltage [7 P
(ii) Resislance, i = SRR o . Voltage, |” = Work done
Curment [ ' Charge
R - Work done

Charge = Current

[..u LT ] [..1 A 3] = oo
2= L =L = M L' 17
[O][7] 17][/]

In the formula x =3 p 2%, x and z have the dimensions of capacitance and magnetic

induction respectively. Find the dimensions of y in MKSQ system. [1.L.T.]
MESQ stands [or Metre, Kilogram, Second and Charge.
x=3yzt
X
or £ 352
1 _ (Charge j:
Now Capacitance, x = Work done

[x] = _lor [ M7 |

L.w I*T *J

Force

Magnetic induction, z =
Current = Length

) :MLT 3]_- L
2] = fw?_']"['fj_ﬁ” 0 ]
_|'1-.ir |‘ir. Z!-}'".':{;}'.'-I
[¥] =% =M LT
(M7 [

Check the correctness of the following equation :
2T cosl)

rdg
where 0 is the angle of contact, d is the density of the liquid, r is the radius of the
tube, g is acceleration due to gravity, i is the height of the liquid and T is surface
tension,

i

- 2T cosb ()
rd g
The dimensions of £, » dand g are |L]. |L]. |V and | L] respectively,
. Force i MLT Fosipey
Surface tension, 1= e A :[ ] = | AT ]
length (L] -

Note that 2 and cos ) are dimensionsless,
Putting the dimensions of the various physical quantities in eq. (/). we have,

M7
[£]- -|Z]

[L][ ML [ LT ]
We find that dimensions of L.H.5. arc the same as that of R.H.5. Hence, the equation is
correct.
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Hint.
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Hint,
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Putting the valucs of &, b and ¢ in eq. (/). we have, a=krv'm’

‘F
or a= k—
#

The velocity v of water waves may depend on their wavelength j, , the density of
water P and the acceleration due to gravity g. Find the relation between these
quantitics by the method of dimensions, [N.C.E.R.T.]
As per the conditions of the problem.

vee Mptg" or v=kip'g )
where & 1s a dimensionless constant,

The dimensions of velocity v, wavelength 2 . density p and acceleration due to gravity g
are [ LT L] ML and [LT 2] respectively. Putting the dimensions of various physical
quantities 1n q. (1), we have,

[Lr =[] [mL* ] [L7]
or [ MOLT | =[ M ]
Equating the powers of M, L and I on both sides, we have,
b=0; a-3b+c=1; -2c=-1
Onsolving, wepget,a=1/2; b = Oand c= 1/2.
Putting the values of a, b and ¢ 1n eq. (7). we have,
v=k A p" gt =k AV gt

) Y

or Voo Ag

The position x of a particle depends upon time ¢ according to the equation
x=at+ b, Determine the dimensions and the units of & and . What are the
physical quantities denoted by them ? |[UPB]

x=at+bt
In this equation, the dimensions of the term x on L.H.5. are |.]. Therefore, the

dimensions of af as well as & 1 on R.H.S. must also be |£].

i
Dimensions of @ 1 = [I] or Dimensions of @ = 7] = [LJ‘" ]
Therefore. the SI unit of @ is ms ' and it represents the physical quantity speed.

Dimensions of b £ [£.] or Dimensions of H = ,_[ ]] — [LT': |
(12 :

Therefore, the SI unit of bis ms ~and it represents the physical quantity acceleration.
The force Fis given in terms of time £ and displacement x by the equation :

F=Acos Bx+Csin Dt
What are the dimensions of /B ?

Brand Drare angles and hence dimensionless.

. Dl _x _[£]_
ie., [Bx] =D or [H_—; " L1 ]
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a least count of 1 mm (or 0.1cm) ; the second observation 1s made with an instrument having
least count of 0.1 mm {or 0.0lcm) and the third observation 15 made with an instrument
having lcast count of 0.01mm (or 0.001¢cm). Note that last observation is the most accurate.

5.2. LIMIT OF PRECISION OF MEASURING INSTRUMENT

Every measuring instrument has an inherent limit of precision or accuracy. This limit is
determined by the least count of the instrument, For example. a distance measured with an
ordinary metre rod is correct upto 1 mm or 0.1 cm. No matter how carclfully we measure. we
can never obtain a result more precise than the limit of our measuring device. A general
gmdeline 15 that a given measuring instrument has a limit of precision equal to one-hall of
the smallest division of measurement built into the device. When vou make a measurcment,
vou read the measured quantity to the nearest mark on the device. The “true value™ of this
measurement thus lics within a range of ong-half of the smallest division of the device above
or below the indicated mark.

The limit of precision of g measuring instrument is *—of the smallest division of
measurement the device is able to display. 4

For example. a metre rod marked in millimetres (mm) has a limiting precision of
+ (.5 mm or £ 0,05 cm, A vernier calliper that can read to nearest 0.1 mm has a limiting
precision of + 0,005 ¢cm. Thus if the length of a rod as measured by a metre rod is 23.2 cm,
the measurement can be written as 23.2 £ (0005 ¢m. This means that “true value™ of length
mosl likely lies between 23.25 cm and 23.15 cm. Sometimes limiting precision is taken equal
fo the least count of the imstrument.

5.3. SIGNIFICANT FIGURES

Suppose vou measure the length of a table with a metre rod and find that it lies between
52 cm and 33 cm, Looking carefully at the metre rod, vou see that the end of the table hes
between 32,3 cm and 52,4 cm marks. You directly read 523 ¢m from the metre rod but
cannot tell about further distance because there is no marking between 3 mm and 4 mm
marks. You *estimate that this distance is 0.7 mm or 0.07 cm so that vou record the length
of table as 52.37 cm. Note that vou are certain about the digits 5, 2 and 3 but you are
doubtful about the last digit (i.e.7). We say that number of significant figures in the
measurement 1s 4,

The number of digits in a measurement about which we are certain plus one additional
digit which is uncertain are known as significant fisures.

Thus in the above example., we expressed the length of the table as 52.37 ¢cm. This
measurcment 1s expressed to four significant figures — three certain, one estimated. It may be
noted that in recording a measurement or calculation, one and only one doubtful digit is retained.

The greater the number ol significant figures obtained in a measurement. the more accurate
15 the measurement. Since measuring instruments have a limit of precision, there is a limit on
the number of sigmificant figures that can be recorded 1n a measurement. Let us illustrate this
point. Suppose vou measure the length of a rod with a metre scale and find it to be 3.24 cm.
The measurement is expressed to three significant lgures — two certain, onc estimated. If vou

It 13 difficult for the observer to estimate between the smallest divisions of the measuring device. The
estimation would vary from observer to observer.
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E|=£| _001+0.06+02+0.094+0.18

2 X

AT oo KT
Percentage error = ?Tlx 100 = 63

Mean absolute error, AT = =011ls

x100= 4,2%

In this experiment, the result should be written as: 7 2.62 £ 0.11 s

Example 5.10. What is the percentage error in the measurement 8.9 £ 0.2 ¢cm?

-
Solution. Percentage error = ﬁ}: 100 =2.2%

5.9. PROPAGATION OF ERRORS

Any physics experiment involves a series of measurements and cach measurement is
associated with a certain amount of crror. In order to calculate the final result. we may have
to perform mathematical operations like addition. subtraction, multiplicaton, division eic. on
these measurements, The [inal error not only depends upon the errors in individual
measurements but also on the mathematical operations performed on these measurements, We
shall now calculate the Fmaximum permissible error in different mathematical operations.

(7} Errorin sum. Supposc the result ¢ is given as the sum of two observed quantitics a

and b 1.e.
) a+b

If Aa and Ak are the absolute errors in the measurements of quantities @ and b, the

measurements should be recorded as @ + Ag and b+ Ab . IT AQ is the absolute error in the

sim, then,
O+ AQ=(axAag)+ (bt Ab)

or D+ AQ=(a+b)=(Aa+ Ab)
or cAQ =% (Aa+ Ab)
Maximumerrorin ) = AQ = + (Aa + Ab) (Aa +Ab)

Maximum absolute error in ¢ = Maximum absolute error in a

+ Maximum absolute error in b

Therefore, when two physical guaniities arve added, the maximum absolute error in the resull
15 equal to the sum of the absolute ervors in the phyvsical guantities.

Hlustration. Suppose the two lengths @ and b are recorded as:
a=234cm=0.1cm and & =165cm=0.1cm

We are required to find the sum O =a + 5,
(a) ) has s average value when both @ and » have their average values.
Average value of 4 = 254 + 16,5 =419 cm

(H) ¢ has its maximum value when both @ and & have the largest values.
Maximum value of O = (254 +0.1)+ (16.5+ 0.1)=42.1 cm

Magnitude of maximum errorin ¢ — 421 - 41.9=0.2 cm

Note that error in (Jis 0.2 cm( = 0.1 cm + 0.1 cm) which is simply the sum of the errors in
a and b.

¥ We gencrally define error as the maximum amount by which a physical quantity is expected to differ
from its true value. Therefore, we indicate maximum error in the result
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It is desired to Mind the fractional error and percentage error in the measurement ol .

m . &p__ﬁ.nr+5if'_tkl_ |

p= +—=003+0.1=0.13
10)

-

2 p m V¥ 3.3
Therclore. fractional crror in p is .13 and percentage crror = 013 = 100 = 3%,

Alternatively, % errorin p = % error inm + % error in |
=0.03 = 100 +0.1 = 100 =3%+ 10% = 13%
(v) Errorin power of a quantity, Let Q = a°
If Aaisthe absolute error in the measurement of the quantity a. then the measurement
should be recorded as o+ Aa IT AQ is the absolute error in the result. then,
O+ AQO=(a+ Aay=a*+({Aa):+2a Aa

We can ignore the term { A @), since it is the product of two small quantitics and is therefore
small in comparison with other terms.

J+ AQ=n% 2a Aa

or + AQ)=+2a Aa
Dividing both sides by (2 — a”, we have.
N AD . Erv.j'u:r —h Aa
() a i
A \ \
Maximum fractional error in Q = —= =+ 2 ol 0 s
o i

Maximum fractional error in {2 = 2 = fractional error in a

In general, 1f O = a”, then, iﬁ: + ,,-.'II"_”
_ 0 @ o o .
i.e. the fractional error (or percentage error) is n times the fractional error (or percentage

error) in . Note that pure numbers have no errors.

|

from
(vi) General case.Let O = mr:
¢
AL A Abh Ac
It can be proved that : — =[x i T e i
@ a h C

.

f.e. maximum [ractional error in & = [ > [ractional error ina — m = [ractional error in
b + n = [ractional errorin ¢

Example 5,11, The force acting on an object of mass m, travelling at velocity vin a
circle of radius ris given by ;
- v’

r

The measurements are recorded as m = 3.5 ke £ OL1kg 3 v = 20 ms' £ Ims™' 3
r=125m £ (L5 m,

Find the maximum possible () fractional error (i) percentage errvor in the measurement
of force. How will you record the reading ?

Solution,

= — T LA — T —

o AF Am Vi AF
(i) F = e Py

¥ - F i v r
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(1) The bob ol a swinging pendulum can be considered as a particle since its size 18 very
small as compared to the length of the string.

(itiy A spacecraft travelling towards the moon can be considered as a particle. It is because the
length of the spacecrall can be ignored as compared (o the distance imvolved.

Therefore. a particle is not necessary a very small object as commonly imagined. Rather we
take particle to be simply an object that is small enough for 1ts size to be umimportant for the scale
of our observation. Therefore, we are free to consider an object or a body as a particle to simplify
the problems.

6.5. LOCATION OF POINT IN SPACE

The space we live in is three dimensional i.e.. we can
specily the position of any point in space with three num-
bers. To do so, we choose a convenient point ¢J as the
origin. Through 2, we draw three mutually perpendicular
axes O, OF and OF as shown in Fig. 6.1. This is known
as rectangular (cartesian) coordinate system, The three num-
bers — the distances along OX axis, OF axis and OF axis
will specify the position of the point  in space. We say that
coordinates of point 7 are x, v and z. If all the three coor-
dinates x, v and z of an object remain unchanged with time., £
we say the object 1s at rest word. the coordinate system. If
any one or more of the object’s coordinates change with
time. we say that the object 1s moving wrf. the coordinate
svslem.

6.6, FRAME OF REFERENCE
When we say that a car is moving at 80 km/hr, what docs it mean? [t usually means w.rf. the
surface of the carth. Bul earth 15 moving at 30 kimvhr relative 1o the sun so that car’s speed relative

to sun 1s different from 80 km/hr. Statements about motion are meaningful only when we have an
answer (o the question “motion relative to what™!

The place from which mation is observed and measured is called frame of reference.

In order to measure motion (i.e.. to locate the position of an object), we need a coordinate
sysicm. This coordinate sysiem is attached to some specified body, usually carth’s surface. Unless
stated atherwise, frame of reference means coordinale svstem atlached to the earth. We add clock
to the frame of reference to measure time.

6.7. MOTION IN THREE, TWO AND ONE DIMENSIONS

In order to describe the motion of an object. we consider the carth as our frame of reference
r.e.. the coordinate system 15 attached to the surface of the ecarth. We also add clock to our frame
of reference to measure time.
(i) Three dimensional motion. The motion of an object in space is gencrally three dimen-
stonmal motion r.e., all the three coordinates (x. v and z) change with tme,
The motion of an object is said o be three dimensional if all the three coordinates (x.
V. 2) of the object change with fime.
Fig. 6.2 illustrates the three dimensional motion of an object. As the object moves from
P, to £, all the three coordinates change i.e.. Trom (x,. v, z, ) to (x.. .. 2.). The examples
of three dimensional motion are (a) a bird [hving m space (&) an acroplang 1n motion in
space efc.
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Two dimensional motion. The motion of an object in a plane is two dimensional motion
i.e., only two of the three coordinates (say x and y) change with time.
ao By e &l : o (X5, 1)
A "';I L—" P (xa, v, 25 I A i S
.Ir..lr_,-" A e lf,r A
; P, S
I (X, _1,'|} ?
Y3
s s
¥ R |
.Tl .1.'2
0 _ Y LA . -\
— P, P
-+ L > Cme Iimensional
Two [imensional Motion
Motion
Three Iimensional
Motion
Fig. 6.2 Fig. 6.3 Fig. 6.4

The motion of an object iv said o be two dimensional i two of the three coordinates
of the obhject change with time.

Fig. 6.3 illustrates the two dimensional motion of an object. Note that motion of the ob-
ject is restricled to XY plane. Therefore. as the object moves in this plane, only x and y
coordinates change. Thus as the object moves from P, to P, the coordinates (x,. y,) change
1o {x,. »,). The examples of two dimensional motion are (a) projectile motion i.e.. the
motion of a body thrown in air (4) motion of a body n a circle with constant speed efc.
One dimensional motion. The motion of an objcct along a straight line is one dimen-
sional motion i.¢., only one of the three coordinates (sav x) changes with time.

The mation of an object is said to be one dimensional if only one of the three coordinates
of the abject changes with time.

Fig. 6.4 illustrates the one dimensional motion of an object. Note that motion of the object
15 along 04 axis. As the object moves from P to £ along O axis, the x-coordinate
changes from x, to x,. This is the simplest type of motion. Examples of one dimensional
maotion are (@) motion of a train along a straight railwav track () the vertical fall of a
stonc eic,

6.8. SCALAR AND VECTOR QUANTITIES
The physical quantities (e.g. mass, length, velocity, force efe.) in physics can be divided into
two classes viz. (7) scalar quantities (/) veclor quantities,

(£)

(22}

Scalar quantity. A physical quantity which has magnitude only but no direction is called
a scalar quantity or a scalar,

Examples of scalar quantities are mass. length, encrgy. temperature, speed efe. The mag-
nitude or size of a scalar indicates 1ts numencal value and umt of measure e.g. mass of
10 kg : time of 2 hours and so on, The scalars can be added, subtracted. multiplied and
divided by using ordinary laws ol algebra.

Vector quantity. A phvsical guantity which has magnitude as well as direction is called
a vector quantity or a vector.

Examples of vector quantitics are force, velocity, acceleration, momentum and so on. The
magnitude of a vector is a scalar that indicates only how large or small the vector 1s. Often
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the direction of a vector is as important as ils magnitude. For the *additon. subtraction
or multiplication of vectors. their directions must be considered. Therefore. rules of
ordinary algcbra cannot be used to carrv out these operations. Instcad. we use vector
algebra for this purpose.

A vector 1s represented graphically by a straight line with an arrow-
head as shown in Fig. 6.5. The length of the line represents the magnitude
ol the vector (on suitable scale) and arrowhead indicates its direction. Fig. 6.5
When we write a vector such as in Fig. 6.5 in hand, 1t 1s represented as

k ¥

£ . The magnitude of the vector (called modulus of vector) 15 represented as | &) or 7 (hightface).

However, we print its svmbol in boldface type as F

6.9. MOTION IN A STRAIGHT LINE

We can descnbe the motion of an object in two wavs @ with maithemaiical equations and with
eraphs. In order to studv the motion graphicallv, we must be able to measure the position of the
object and time. Since motion along a straight line (7. e., one dimensional motion) is the sumplest,
we shall use 1t to describe these concepts.

(1) Position measurement. In order to locate
the position of an object, we need a frame
of reference. A convenient way is to fix the
coordinate system to earth's surface as Pritive
shown in Fig. 6.6, Here (7 1s the origin and
serves as a reference point for all measure- Negative P
ments. An ebject moving along X-axis or }- ¥ s — —_
axis undergoes one dimensional motion. The O
positive and ncgative dircctions along the
axcs shown are the usual convention. Ac-
cording to this convention, the measurements
to the right of € are taken as positive while
the measurements to the left of ¢ are taken ¥
negative, similarly, measurements above ¢/ Fig. 6.6
arc positive while those below €2 are nega-
tive, It may be noted that the choice of origin is arbitrary, However, once the choice of
origin i1s made in a problem, it should remain unchanged, The 51 unit of distance mea-
surement 1s metre.

(ii) Time measurement, We can add a clock to our reference frame to measure time. In order
to describe the motion of an object, 1t is necessary to choose some instant of time as the
origin. This instant is assigned #cro value of time e ¢ = 0. It may be noted that 1 = 0
1s not necessarily the beginming of the motion, fn fact t — 0 is the nstant at which we
start the siudy of motion of the obfect. The usual unit of time 15 second but sometimes
it 15 more convenient 10 use minute or hour as the unit of tme.

¥
¥
'

Negative

Hlustration. Consider the one dimensional motionof ;= ¢ F P,
an object along X axis as shown in Fig. 6.7. Here () 15 s : r X
the orgin for position measurement. Suppose we start the : %
el SR Sited 2 g B — X —p
observation of motion of the object when 1t 15 at the origin o
(). Therefore. the object 1s at @, at r — 0. Let at any < *2 >
Fig. 6.7

*  IDivision of vector by a vector 15 not a vahd operation n vector algebra. [t 15 because the division of
a wveetor by a direction 15 not possible.
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ume /. the object be al point £, and covers a distance (= displacement) x . We say that the position
coordinate of the object is x,. Similarly, al time 1., the position coordinate of the ohject is x,. Note
that when we say that position of an object is x,. it means that object is on the x-axis and its
distance (or displacement) from the origin O s x,.

Note. In one dimensional motion. magnitude of displacement 15 equal to distance travelled

6.10. DESCRIPTION OF MOTION

To describe the motion of an object, we need the concepls of displacement, velocity and
acceleration. These are vector quantities i.e., they possess magnitude as well as direction. For the
motion of an object in two or three dimensions. the detailed knowledge of vectors is essential,
However, lor one dimensional motion, we need only one axis (e.g.. x-axis or y-axis) o indicate
the position of the object. For such a restricted motion, there are only two *possible directions viz.
positive and negative. Therefore, vector svmbaols are not necded for one dimensional motion. The
sign (+ or — ) indicates the direction of motion along the axis. In this entire unit, we shall study
the concepts of displacement, velocity. acceleration and related topics considenng one dimensional
maotion.

6.11. DISTANCE AND DISPLACEMENT

(i) Distance. The iotal length of the path travelled by an object during a given time 15 called
the distance travelied or covered by the object in that fime. It 15 a scalar quantity and 1s
measured in metres in SI units. The value of distance cannot be negative.

(ir) Displacement, The shorfest distance from the inifial position to the final position of an
object is called displacement of the object, 1t is a vector quantity /.e., it has magnitude
as well as direction. The displacement is measured 1 metres in S1 units and its value can
be zero, posilive or negative,

Fig. 6.8 shows the concept of displacement, The path of the object Fd _H"L"_“"‘*-x
may be ACH, ADE efc. but the displacement is A5 ie., the shortest  j¢ - }ff
distance between the imitial position # and the linal position £ of the L g
object. The magnitude of the displacement 15 the length of the straight RN
ling A8 and its direction is from the initial position (1) to the linal D
position (5). The displacement of an object between two points does Fig. 6.8

not tell exactly how the object has actually moved between these points,
since displacement is a vector quantity, its magnitude as well as dircction must be specified.

Consider the one dimensional motion ol an object along
(I axis as shown in Fig. 6.9 Let the time be measured
[rom the mstant the object 15 at the origin O Suppose at
time #,, the object 15 at point /, with coordimate x, and at | —

tme f,. it is at P, where its coordinate is x,. The change in < -y >
the position of the object (1.e., x, — x,) 15 the displacement )
ol the object during time mterval (1.—.). Fig. 6.9

Displacement, Ax = x, — X,

It is a usual practice to use Greek letter A to indicate the change in a quantity. Thus, the change
In x Is writlen as **Ax

*  There are two directions from the ongin—Ilefl and nght or up and down.
**  The notation Ax (read ‘della x7) stands lor a single quantity ; it 15 not a product of A and x.
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6.12. SPEED

The speed of a moving object is defined as the otal distance covered divided by the time
taken fo cover the distance i.e.,

: Total distance covered
Speed =
Nme taken
The SI unit of speed is ms ' but sometimes the speed of an object is expressed in km/hr.

(/) The dimensional formula of speed is [M" LT ']
(1) Speed is a scalar quantity e, it has magnitude only but no direction,

(itf)y The speed of an object can be positive or zero but not negative. It 15 because distance
cannol be negative.

1. Uniform speed. An object is said to be moving with a uniform speed (i.e., constant

speed) if it covers equal distances in equal intervals of time, however small these fime

mtervals may be,

Thus 1 a car moves with a umiform speed of 60 km/hr for 2 hours, the distance covered

by the car in 2 hours = 60 = 2 = [20km.

Variable specd. An object is said to be moving with a variable speed if it covers equal

distances in unegual intervals of time, however small these time intervals may be,

3. Average speed. When an object moves with a variable speed. we generally describe its
motion in terms of average speed,

[ ]

The average speed of an object is the total distance covered divided by the time taken
fo cover the disiance i.e.,

Total distance covered
Average speed = — — ~

* Time taken
For example, if a car covers a distance of 200 km in 4 hours, then average speed of the
car = 20044 = 50 km/hr. Note that average speed tells us nothing about the difTerent
speeds and variations that may have taken place during the journey.
4. Instantaneous speed. When an object is moving with a variable speed, it has different
speeds at different instants of time.
The speed of an object af a given instant of fime is called its instantaneous speed.
The speedometer of a car indicates the instantancous speed. When we say that the speed of
a car at some particular instant 1s 60 km/hr, we are specifving its instantancous speed. Note that
instantancous speed is quite different from the average speed.
Example 6.1. An object travels different distances with different speeds in the same
direction. Find the expression for the average speed.
Solution. Suppose an object travels distances 5, 5., 5, ete. with speeds v . v, v, elc. in the
same direction respectively,
Total distance travelled = § + 5+ &,
& B

Totlal nme taken = —+ 2
Ly V, vy

S 48, + 8,
5.5 5
1'1 '!-"1

Average speed =

vy
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Special case. I the object travels two equal distances (5, = &, = 5) with different speeds v,
and v, then,
S+8 2wy,

Average speed = ———
S 1 S v vy

17, 1

Example 6.2. An object travels with different speeds during different time intervals in
the same direction. Find the expression for the average speed.

Solution, Suppose an object travels with speeds v, v, v, cle. during time intervals ¢, 4., 1,
ete. in the same direction.

Total distance travelled = v ¢, v, 6, + v, 1
Total time taken = ¢, + 1, + 1,
III'I'I "l + 'I-":_ fi + 113 t!
Average speed = (L +1, 1,
Special case. If ¢, = t,= ;= 1, then,
Average speed = u
3

6.13. VELOCITY
Velocity of an abject is defined as the displacement divided by the time taken jor the displace-

ment i.e.,
: Displacement
Velocity =

Time taken

The SI unit of velocity is ms '. Velocity is a vector quantity i.e., it has magnitude as well as
direction. For example. 1f a body has a displacement of 530 m in 5 s towards north. then its velocity
= 50/5 = 10 ms ' towards north.

() The dimensional formula of velocity is [M" LT ).

(if) The direction of velocity is the same as that of the displacement.

(iiiy Since the displacement can be positive, zero or negative. the velocity of an object may

be posilive, zero or negative.

1. Uniform velocity., An object is said to be moving with a uniform velocity (i.e., constant
velocity) if it undergoes equal displacements in equal infervals of fime, however small these time
intervals may he. Uniform velocity means that magnitude as well as direction of the wvelocity
remains constant.

2. Variable velocity. A body is said to be moving with a variable velocity (i.e., non-uniform
velocity) if there is a change in its magnitude or divection or both.

A body moving with a constant speed in a circle has a variable velocity. Although speed
(magmitude of velocity) is constant, the direction of velocity of the body 1s changing [rom instant
to 1nstant.

3. Average velocity, When an object moves with a variable velocity, we describe its motion
in terms of average velocity,

The average velocity of an object is defined as the displacement divided by the time taken for
the displacement i.e.,

Displacement

Average velocity, v = —
I'ime taken

The bar above the v indicates average velocity.
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Consider one dimensional motion of an object along OL% axis as shown in Fig. 6.10. Let at
¢ = 0, the object be at the origin (). Suppose at ome ¢, the object 1s at point /|, with coordinate

x, and at time f,. 1t is at point £, where its coordinate is x,. P, P,
Therefore. during time interval (1,—/,) : () - ! X
Displacement. Ax = x,  x, - —

Time mterval, Af = -1 ——*2
Ax  x,-x

Average velocity, v =
Al -1

Fig. 6.10

Note that displacement and velocity may be positive or negative depending upon the direction
ol motion of the object. A positive value indicates that the motion is to the right of origin ). a
negative value indicates that motion is to the left (i.e.. towards the decreasing value of x).

4. Instantancous velocity. The velocity of an object al any given instant of time is called its
mstantaneous velocity.,

Consider an object moving with a uniform velocity of 5 ms . It means that the object is
moving with a speed (magnitude of velocity) of 3 ms ' in a straight line. The velocily of the object
at any mstant (i.e., mstantaneons velocity) 15 3 ms " and, therefore, its average velocity is also
5ms .

Hence for uniform motion, the average velocily of an object 15 equal lo its instantaneous
velocity.

Note. When we are dealing with one dimensional motion (ze, motion i a straight line). we need not
use vector nolation for displacement and velocity, Positive and negative signs suthcee.
6.14. SPEED VERSUS VELOCITY
Looscly speaking. we often use the words speed and velocity interchangeably. However. the
two physical quantities are different. This becomes apparent from the following discussion :
(7} Speed 1s a scalar quantity and has magmiude only. However, velocity 1s a veclor quantity
and has magnitude as well as direction.
(1) Speed indicates how [ast something is moving whereas velocity tells us how fast and in
which dircction it is moving.
(1) The distinction between speed and velocily canbe made

more clear if we refer to Fig. 6.11. Here a car 1s moving B 0

round a circular track at a constant speed of 40 km/hr.

At every point on the track. the speed is the same fe., p "-'. Speed constant
40 km/hr, But at every point (such as +, B and ) the 7} ) | Velocity different
velocity is different. Thus the magnitude of velocity at “: /

points A, B and C' 15 the same but the direction off =% O

velocity 1s different. Therefore, we note that velocities
at all points (e.z.. A, B and O) are diffierent, cven though
the magnitudes of the velocities are same.

Fig. 6.11

Example 6.3, A particle is moving along X-axis. At time £, = 2 s, its position is x,= 3 m
and at ¢, = 7 s, its position is x, = 18 m. What is the average velocity of the particle?
Solution. Displacement, ax — x, — x, = 18 = 3 = 15m

Time interval, A7 =1, — §. T-2=5¢

Average velocity, v o Ims
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Mote that the displacement and average wvelocity are positive. indicating that the particle
moved to the right J.e.. towards increasing valucs of x.

Example 6.4. A train is travelling due east at an average speed of 120 km/hr. How far
does this train travel in 6 s?

Solution. Since the tme interval is given in seconds. we shall convert the magnitude of
velocity in metres per second.
120km  120%10"m

1

120 km/hr = _ =33.3ms
lhr 1 3600 s
, Ax
Average velocity, v = G

Displacement, Ax = v Af
Here, v = 33.3ms ', Ar =65

Ax =333 x6=200m

Example 6.5, A runner runs 1000 m in 10 s, then turns around and jogs 50 m back toward
the starting point in 30 s. Find his (i) average speed (i) average velocity.

Solution. (i) Total distance travelled = 100 + 50 = 150 m
Total time taken = 10 + 30 = 40 s

150 s g
Average speed = 0 = 3.75 ms
{ii) Total displacement, Ax = 100 — 30 = 50m

Time interval, Ar = 10 + 30 = 405
Av 50
\40

Example 6.6. A particle moves along a circle of radius £ as shown in Fig. 6.12. It starts
from A and moves in anticlockwise direction. Calculate the distance travelled and displace-
ment (i) from A to B (ii) form A to C and (iif) from A to D,

1

Average velocity, v = = 1.25 ms

i . : : X ik =nR
Solution, (/) Ihstance travelled from A to B = n e
- B
Displacement. |AB| = [ L op’ .
I
|
i g 2 = Sy et A R
SR 4RI =VIR gt
_ 2R A
{if) Dhistance travelled from A o O = T R De R
Displacement, | AC | = 2R Fig. 6.12
(iif) Distance travelled from A to D= 2n R = i = L.5nR

Displacement. | AD | = [p? L p* — 2R

Example 6.7. A man walks on a straight road from his home to a market 2.5 km away
with a speed of 5 km/h. Finding the market closed, he instantly turns and walks back home
with a speed of 7.5 km/h. What is the magnitude of average velocity and average speed of
the man over the interval of time () 0 = 30 minutes (i) 0 — 50 minutes (fif) () — 40 minutes?
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Solution. (i) Time interval 00 — 30 minutes. While going 1o the market. the man walks at
a speed of 5 km/h.

Displacement in 30 min = 5/2 = 2.5 km

Net displacement  2.3km

Average velocily = T e = 35 km/h
e )

Total distance travelled 2.5km  _
Average speed = ——— =="" =5 km/h
l'otal time taken (0.5h

(if) Time interval 0 — 50 minutes. While going to the market the man walks at a speed of

3 km/h. Since the market is 2.5 km from his home. he takes 30 minutes o reach the market. While

coming back from the market. he walks at a speed of 7.5 kmv/h so that tune taken to reach home

=2.53/7.5= 1/3 hour = (1/3) = 60 = 20 minutes, This means that in 30 minutes the man walks back
home. Therefore. net displacement = 0,

. Net displacement ()
Average velocity = S p—
[1me 50min
Now in 30 min. the total distance travelled = 2.5+ 25 =35km and total time taken

= 50/60 hr = 5/6 hr.

=)

Total distance travelled 5
= =6 km/h

Average speed = =
BC 5P Total time taken 506

(i#i) Time interval (0 = 40 minutes. In 30 minutes. the man covers a distance of 2.5 km in
going from home to the market. While returning home. he covers a distance of 1.25 km i 10
minutes (- return speed 1s 7.5 km/h).

MNet displacement during time mterval O — 40 min
=325-125=125km
MNel displacement 1.25

Average velocity = - : = =1.875 km/h
: ['otal time 40/ 60

Total distance travelled in 40 min = 2.5 + 1.25= 3.75 ki

Total distance travelled 3.75
Total time 400/ 60)

PROBLEMS FOR PRACTICE

1. A particle is moving along X-axis. At time !, = 3s. ils position is x, = 6m and at

Average speed = = 5.625 km/h

{,= 8 s, 1ts position 1s x, = 21 m. What is its average velocity ? [3 ms']
2. A particle is moving along X-axis. At time f, = 4s, its position is x, = 40 m and at
{,= 06 s its posilion is x, = 20 m. What is its average velocity ? [-10 ms™|
3. A train travels a distance with a speed of 30 km/hr and returns with a speed of
30 km/hr, Find the average speed of the train. [37.5 km/h]

4. Ona 60 km track, a train travels the hirst 30 km with a uniform (i.e.. constant) speed
of 30 km/h. How fast must the train travel the next 30 km so as (o average
40 km/h for the entire trip? [60 km/h]

A stopwaltch is used to time the motion of a car. At ¢, = 14 s, the car is at x = 60 m.
At t,= 17 s, the car is at x = 15 m, What is the average velocity of the car 7
[-15 ms™|

th
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6.15. UNIFORM MOTION IN A STRAIGHT LINE

Uniform motion means that the object moves with a uniform velocity i.e., the magnifude and
direction of the velocity remain the same. Clearly, such a motion can take place onfy if the object
moves in a straight ling,

An object is said to be in uniform motion i 1 undergoes equal displacements (in the same
direction) in equal intervals of time, however small these time intervals may he.

[T an object 15 moving with a uniform velocity v, then displacement of the object in time 7 will
be = vi. This is the kev point in uniform motion.

Formulas for Uniform Maotion. Consider an object moving with uniform velocity v along the
straight line €Y as shown in Fig. 6.13. Here ¢ is the origin. Let the time be measured rom the
instant when the object is at position A e, at = 0, 04 = x,. Let the object be at positions £ and
(" after times f, and ¢, respectively. Then, 4 = x,: OB =x, . OC = x;; AB = v, AC = w,,

EFa

=0 =1 E=,
(e * . ® X
A B L
. X,
b X >
g ¥ >
Fig. 6.13
Now 08 =04+ AB
or Xy = xs o+ W )
Also OC =04 + AC
or ¥ = v iy
From eqs. (i) and (i), K A =N ) . i)
ar X = X7 WL, = 1) V)

Eqs. (7} to (iv) give the formulas for uniform motion. Here eq. (/) gives the position of the
object at ¢ = ¢, while eqs. (/1) and (iv) give the position of the object at 1 = r,. However. eq. (i)
gives the displacement of the object duning the time interval (i, —1.). Ifx, —x, = S. then displacement
during the time = (¢, — 1)) is

Note. It the time is measured from the instant the object 15 at the ongin €2, then at ¢ = 0}, x, = 0.
Therefore. the above equations for uniform motion (put x, = U) become

BT L R TR R o THE L) L T TG )

6.16. GRAPHICAL REPRESENTATION OF UNIFORM MOTION

The graphical representation of uniform motion 15 very helpful because it provides more
physical insight than the mathematical relations. We shall study the following graphs :

1. Displacement-time (x — ) graph

2. Aelocity-time (v — 1) graph

While interpreting the graphs for uniform motion. the following points may be kept in mind

() The displacement (x) and velocity (v) will be taken along the Y-axis and ume (1) along

the X-axis,

(#f) Positive velocity (or displacement) means that the motion of the object is to the right of
the origin ). Negative velocity (or displacement) means that the motion 1s to the lelt of
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(i27)

{iv)

the origin O. Therefore, if x — { or v — { graph is above X-axis (i.e., time axis), the velocily
(vl is positive and if it is below X-axis. velocity is negafive.

ITat += 0, the initial displacement of the object rom the origin is #ero (i.e., x, = 0}, the
v — ¢ graph will start from the origin of the graph. If at r = 0, the initial displacement 1s
X, the x — r graph will start at x,,.

Zero velocity of the object means the object is at rest.

6.17. DISPLACEMENT-TIME (x—-¢) GRAPH FOR UNIFORM MOTION

We have seen that in uniform motion, the position x of the object at any time 7 1s related to
the uniform velocity v as :

x = vi ..starting location (J

e -.starting location x,,

Both these equations reveal that x is a linear function of ¢, Therefore, x 1 graph for uniform

molion is a straight line.

(z)

(if)

(iii)

X
Slope of x — ¢ graph. Fig. 6.14 shows the x — ¢ graph for A
uniform motion. The graph 4 represents the condition
when the starting location of the object i1s ¢ while graph
()" represents the condition when the same object has a
starting location x,. Since the two graphs are parallel (x =
(). they have the same slope.

> =5 — = £= ¥
Slope of graph = tan () = Fig. 6.14

Hence we arrive al a very important conclusion that slope of x — ( graph rtrue for any
hpe of motion) of an obfect gives the velocity (v) of the object. In the present case, the
slope of graph (= x7) gives the uniform velocity v of the object.

When the object is rest, Fig. 6.15 shows the x — ¢ graph for an object at rest for two
conditions viz. Tor starting locations at O and x,. Note that displacement does not change
with time ie.. velocity is zero. This fact (zero velocity) is also revealed by the graphs
being parallel to the Y-axis (lime axis) ie., tan 00 = tan 0° = 0,

X
x 4
4 larger positive v
b
i smaller positive v
é_ Zero v
]
o k. s small negative v
Fig. 6.15 Fig. 6.16

When object moves with uniform velocity. Fig. 6.14 (Refer back) shows the situation
when two objects have the same uniform velocity v but have different starting locations,
Fig. 6.16 shows the x ¢ graph for different velocitics for the same starting location ¢,
Note that if x — 7 graph 1s above X-axis (time axis). the velocity is positive. However, il
the x — 1 graph is below X-axis, the velocity 1s negative. Further, greater the slope (= tan U)
of the x — 1 graph. the greater is the velocity and vice-versa.
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6.18. VELOCITY-TIME (v —¢) GRAPH FOR UNIFORM MOTION

B Ao |
X vi - = i (vf) = v = constant
ax
X x,t vl ” = 0 ':"‘:u = vl) = v = conslant

Therelore, the velocity of the object 1s constant at all times so that velocity-time graph 1s a
straight line parallel to time axis as shown in Fig, 6.17. Note that v — ¢ graph (sohd line) above
() indicates positive velocity i.e, the object 1s moving in the positive x-direction. The v 7 graph
(dotted line) below ¢ indicates negative velocity re.. the object 18 moving in the negative x-
direction,

j 1_-‘

{
- ! v = :
0 =

(2| £

Fig. 6.17 Fig. 6.18

Net displacement from v — ¢ graph. The velocity-time graph of a moving object can be used
fo calculate the net displacement of the object during a given time interval. Thus referring to
Fig. 6.18. . and B arc the two points on the v - ¢ graph corresponding to times 1, and 7,. Since
velocity of the object 1s the same (fe.. v)al ¢, and 1. the arca under v — ¢ graph during the tme
mterval #, to £, 15 equal to the arca of the rectangle ABCD.

Arca under v — ¢ graph = Area ABCD = AB = BC = (f, - ,v

But v(z, - 1) is the displacement of the object during the time interval (1, - 1,).

Hence the displacement of an object during the (ime nterval (i, — 1)) is equal io the area
under velocity-time graph during that time interval,

This statement is true for any ype of motion. Note that the area ol the v — ¢ graph above
A-axis (tme axis) 1s positive and that below the Y-axis 15 negative. The net displacement will be
the algebraic sum of the arcas under the v - ¢ graph.

Note. If we are o hind distance travelled by the object Irom the v — f graph, then the negative area ol
v — { graph (re, area of v — ¢ graph below X-axis) is also to be considered positive.

6.19. SUMMARY OF UNIFORM MOTION IN STRAIGHT LINE
The following points are worth noting about uniform motion in a straight line :
(#) The magnitude (v) and direction of the velocity remain the same throughout the journey.
(#/) The sign of v gives the direction of motion.
(iir) The magnitude of velocity gives the time rate of covering distance or displacement.
(fv) The displacement-time graph 1s a straight line. The slope of this graph gives the magni-
fude of the constant velocily.
(v} The position x of the object at any time 1 1s given by x = x, + v {. Here x;, is the position
of the objectat r = 0 (i.e., 1ts distance from ongin at ¢ = 0} and v 1s the constant velocity.,
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(vi) The velocitv-time graph 1s a straight line parallel to the tme axis.
(vir) The displacement during any time interval is equal to the arca under the velocitv-time
araph during that time interval.

6.20. GRAPHICAL ANALYSIS OF VARIABLE VELOCITY

In uniform motion. the magnitude and direction of the velocity remain the same. However, in
mon=uiiform motion, the velocity of the object is vanable, In such a case, the motion of the object
i5 described by its average velocity and instantancous velocity, Let us discuss these graphically,

(1) Geometrical interpretation of average velocity, Consider one dimensional motion of an
object along (ALY axis as shown i Fig. 6,19, Suppose the object 15 moving with a variable velocity.
Attime 7, the object is at point  with coordinate x, and at time ¢, it is at & with coordinate x..
The graph between x and ¢ 1s shown in Fig. 6.20. Note that curve in this figure does not represent
the path of the object: it is the curve showing the positions ol the object at various times. The path
of the object is along a straight line as shown in Fig. 6.19. The cordinates of point /' are (x. 1)
and that of (J are (x,. ¢, ). These are represented on the graph. The displacement Ax = x, — x, and
the time interval Af=f, — . A straight line drawn from point P (x,. ) to point (J (x,. £,) forms
the hypotenusc of the right angled triangle whose sides are Ax and At The ratio Ax/ A7t is the
slope of the hine 20 But Ax/ Atis also the average velocity of the object during the time interval

At =ty —t;

A
P 0 ¥,
(}e i
-« —p
-4 5 >
>
Fig. 6.19 Fig. 6.20
; A , : : :
Average velocity = ?— Slope of line connecting points £ (x,. &) and O (x,. ()

Thus we have the geometrical interpretation of the average velocity.

The average velocity of an object during the fime interval At = t, — 1, is equal to the slope
of the straight ine connecting two poinls Pix, 1) and Ofx., 1) on the x — 1 graph,

MNote that the average velocity depends upon the time interval choosen. For example in Fig.
620, 1 we choose a smaller tme interval, the average velocity would be greater as mdicated by
the greater steepness of the line connecting P and (°

(i7) Instantancous velocity, If you drive a car along a straight road for 100 km in 2 h. your
average velocity 18 50 kin/h. However, it is unlikely that vou were moving at 50 kinvh at every
instant. The velocity at any instant of time is called the instantancous velocity, This 15 not a very
precise definition. More precisely. the instantancous velocity af any moment is the average
velocity over an indefinitely short time interval. To make 1t clear, we shall seck the help of
x — 1 graph.
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Fig. 6.21 shows the same x — 7 graph as Fig. 6.20. Suppose we want lo lind the instantancous
velocity at point 7 re., at time 7. Consider the fime inter-
val Ar = 1, 1, The average velocity during this time
interval is slope of the line PO. Now consider a time f
between ¢, and ¢, at which time the object is at x'. The
slope of the line PO"1s greater than the slope of line 20
in s case. As the tme interval Ar becomes smaller and
smaller, the average velocity approaches the slope of tan-
gent at point £ (dotted ling).

He define the slope of this tangent 1o be the instanta-
neous velocity at the time 1,

Thus nstantaneous velocity is the limit of the ratio
AxiAtl as At approaches zero 1.e..

. lim Ax .
Instantaneous velocity. v = 5, 5 7 Fig. 6.21

The limit as Ay —» 0 18 writlen in calculus notation as ovdf and 15 called denvative of x with
respect 1o f,

= liim Ax - dx
Vo M0 T

at Fa E=
Thus, for a position versus fime graph, the slope of the fangent line at a particular time is
the object s velociiy af that fime,

This is the gecometrical interpretation of instantancous velocitv. Since the slope may be posi-
tive (x increasing) or negative (x decreasing). the mstantancous velocity may be positive or nega-
five in one dimensional motion,

Example 6.8, A car moves at a constant speed of 60 km/h for 1 km and at 40 km/h for
next 1 km. What is the average speed of the car 7

Total distance covered

Solution. Average speed = g ;
EC spe I'otal time taken

x(() =lkm; v(t))=60kmh;x () =1km; v ()= 40 km/h

x { f, J ] .r{r'._, } |

i o ik
'rl — '|-’{f|] Iﬁ'ﬂ dﬂd f: = 'I..-'{.r:} ..H}

Total distance travelled = x (t) +x (£,) = 1+ 1 =2 km
Total 1 ken = f +1 : + 1 : 1
ofal ntme Aaken 1T T e y 0 4
2
Average speed = 723 - 48 km/h

Example 6.9, A car travels 1/3 of the distance on a straight road with a velocity of
10 km/h, next one-third with a velocity 20 km/h and the last one-third with a velocity of
60 km/h. What is the average velocity of the car for the entire journey ?
Solution. Let x be the total distance of the journey.
X () =33 ; x(t,)=x3; X (£)=xi3
v(t) = 10kmh: v()=20km/h; v(,)=60kmh
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b I|' a2 a
LX) s x
ﬁ:[!,} 1) 1)
x|, :
f = T{ 2) = /3 = l hours
1={f:] 20 60
Ir_ |
fy = x(5) -7 Y hours

v(,) 60 180
X X X 10
4t L= + + —
L2 2 30 60 180 180
X Lr J
t (10x/180)
Example 6.10. A particle is moving along the X-axis as shown in Fig, 6.22, Its position
as a function of time is given by :
x=Ar+8B

Total ttime, =1

Average velocily = = 18 km/h

}
Here A=21ms”; B=28 m
Determine (i) the displacement of the particle during
the time interval from ¢, = 3 s to ¢, = 5 5 (i) the average
velocity during this time interval and (i) the magnitude of
instantancous velocity at ¢ = 5 s, e e X
) ; 2 C =y X3
Solution. (i) =4 r+8
At t, = 3 s, the position of the particle is Fig. 6.22

¥, =213 +28=217m
At t, = 5 s, the position of the particle is
¥, = (2.1) (5)° +28=3553m
Displacement, ax =x, —x, =533 -21.7=33.6 m
(/1) Magnitude of average velocity is

At k- 336
VT A¢ - £ T g_a = 16.8 ms
(i1i) x=4¢F+B8
. Instantancous velocity v 1s given by ¢
e =i[.;-uj +B) =21
dr di

Atit=55 v=2%21%x5=31ms"

Note that instantancous velocity is quite diffcrent from the average velocitv. Clearly. the
particle 15 moving with a vanable velocity,

Example 6,11, The position of a stone dropped from rest from a cliff is given by x =
S . What is the magnitude of the velocity of the stone at = 25 ?

Solution. The stone is dropped from rest from the cliff. Therefore, it will fall vertically
downward. Clearly, it is one dimensional motion along YV-axis.

x=58F

Instantancous velocity 15 given by
Ay
dar i
Atr=2g;v=10%x2=20 ms"
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Example 6.12. The position of a ball rolling in a straight line is given by ;

x=2+661-117¢

What is its velocity at () r=2s and (i)t =3 s 7
Solution, x=2+661—11F
The instantancous velocity is given by -

()
(i)

i { 2
Z =l 2+661-11F)=66-221
dr i

Att=2s v, =66-22%x2=22ms'
Atr=3s v,=66-22=3=0ms'

Obwviously, the ball will come to rest in 3 seconds,

[t

.

2

b.

PROBLEMS FOR PRACTICE

A car travels 30 km at a uniform speed of 40 km/h and next 30 km at a vmiform speed
of 20 km/h. Find the average speed of the car. [26.67 km/h|
A person travelled a distance of 200 km between two cities by a car covering the lirst
hall distance of the journcy at a constant speed of 40 kmv/h and the remaining half
distance at a constant speed of v kin/h, I the average speed during the entire journey 1s
48 km/h, find the value of v [60 km/h]
The displacement at any time ¢ of a particle moving with a uniform velocity along a
straight line 15 x = 3 + 51 Whalt is the velocity of the particle? Displacement is measured
in metres and time in seconds. [5 m s
Draw x — f time graphs for the following cases : (iYx =3 — 5¢ (i) x = 2 + 31
The position of a particle as a function of time is given by

x=6f+05¢F

What is 1ts velocity at 1 = 187 [8.1 ms ™'
The position of a stone dropped from rest from a cliff is given by x = 5 . What is the
velocity of the stone at ¢ = 3 57 [30 ms ']
The position of a particle moving along Y-axis is given by ;

x = At + 4 BF
What is its velocity at 1 = 5 s7 [1200 B]

RELATIVE VELOCITY IN ONE DIMENSION

Velocity 1s not an absolute quantity but 1s measured relative to other objects, Thus to measure
the velocity of an object. we specily the frame of reference. Ordinarily. we consider the surface
ol earth as our frame ol reference and specily the velocity of body with respect w it (i.e.. earth).
Thus, when we say that a car 1s travelling at *60 km/h, we mean to say 1t 15 going 60 km/h relative
o the road or carth’s surfacc.

Suppose the two cars /4 and B are travelling on a straight level
road in the same direction as shown in Fig. 6.23. Let the uniform
velocities of A and B be v, and v, respectively. We want to lind the

N

FEREEF A AT T F T T T sy

velocity of car A with respect to car 5. Note that v is the velocity of 5 >
car A wrd. carth. But we want to find v, — now our frame of refer- s

ence is car £, I we superpose a velocity — v, on the two cars, then
car B comes to rest (i.e., car B and earth become 1dentical frames of

Fig. 6.23

reference). then the velocity of car 4 wrt, car Bis v = v, — v,

&=

We generally omit mention of reference frame since we know that it 15 earth’s surface.
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Thus in order to find the relative velocity of body A wrt body B in one dimensional motion,
we add negative of velocity of B io both the bodies. This effectively brings the body B io rest The
resultant velocity of body A is v . i.e., relative velocity of A wrl. B

Suppose two cars . and & having velocities v, and v, are moving along a straight road mn the
same direction. In order to find the relative velocity of A woer. B, we add velocity — v, to both
the cars. This effecuvely brings the car £ to rest and the resultant velocity of car A becomes
Vi~ Vg

Relative velocity of car A wrt. car 7 1s
|

‘4 ~ Y4 Vg

The direction of the relative velocity will depend upon the direction of (v, — v,).

Maote, v =¥ ¥

A A Fad
But v, and v, are the velocities of the cars w.er. carth and can be written as v and vy,
respectively.
: Vag = Vuag~ Var
ot Vag = Yag ™ Vep ) (o Vg Vg )

Eq. (i) 15 a verv uselul relation, By writing the equation in this form, we see that inner
subscripis on the right-hand of eq. (i) are the same (the two /%) and the outer subscripis on the
right of eq. (/) (the A and 5) are the same as the subscripts of the tlerm v, on the left-hand side
of eq. (i),

6.22. MATHEMATICAL TREATMENT OF RELATIVE VELOCITY
We know that velocity ol a body 15 the time rate of change

of its position. Thercfore. relative velocity of a body A wrt,
body £ can be defined as under :

The relative velocity of body A wrl. body B (v . ) is the
time rate at which body A changes its position wrt. body B,

O f— 35—

Consider two bedies 4 and 5 moving along a straight line
in the same dircction with uniform velocities v, and v,
respectively as shown in Fig. 6.24. Lel x,, and x, , be their
displacements from the origin (Jat ¢ = 0. Clearly, (x,, — x,.)
is the displacement between the bodies A and B at 1 = 0. 1f x| [ B =g
and x,, are their position coordinates in time /, then, o
Xy =Xgot Vgl Fig. 6.24

and Xg = Xgo T Vgl

Xy— Xg = (Kyp — Xgo) + (vy 8 —vp i)
or Xy X = (X0 — Xgod T V- vl
Increase in displacements between the two bodies in time ¢
= Final displacement — Oniginal displacement

>\

= [(ey5- Xgo) + (vy — vp) f] = (X0 — Xpo)]
= {1"_._: a L',r;] !
Therefore, relative velocity of A wet # 1s

displacement (v, —v, )1
lap T

=¥ Vv

A |

i

time ) i
It is left as an excrcise for the reader to prove that v, = v, v,



138 Principles of Physics—XI
6.23. POSITION-TIME GRAPH OF RELATIVE VELOCITY

We have seen above that the total displacement between the bodies A4 and & in time {15 given

bv ;
Xy —Xg = (X Xpo ) T vy —vp) !
(7} When v, =v,. When v, =g then,
Yo~ Xp — X0 Yo

This means that distance between the twe bodies will remain the same at all nmes. Since
" = v, their position — time graphs are parallel to each other as shown in Fig. 6.25,

=

X
A A 1

A -
// E __H-f"f |

I3 .
-"fpr-; //ff e

Yecr

\

et

Xz

Xier

0 i ¢’

Fig. 6.25 Fig. 6.26.

() When v, # v, In such a case, onc of the position-
time graphs will be steeper than the other. I vy, = v . then
position-time graph of v, will be sieeper than that of e .
body .1 as shown in Fig. 6.26. As a result. the two graphs /
will meet at point & which corresponds 1o tme 17 AL 1. -
the two bodies meet i.e., they have the same displacement X
from the origin. Before ', the body 4 is ahcad of body e
B and after 7. body B will be ahead of body .. On the P s
other hand. if v, > v, then (v, — v,,) will be positive. It *80
means that relative separation between the two bodies
will increase by an amount (v, — v,) afier each second, W)
Therelore, the two graphs will never meet as shown in Fig, 6.27
Fig. 6.27. In fact. the two graphs will open out gradually.

-

Example 6.13. Two railway tracks are parallel to west-east direction. Along one track,
train .4 moves with a speed of 54 km/h from west to east while along the second track, train
B moves with a speed of 90 km/h from east to west. Find the (7) relative velocity of B wrt
A and (i7) relative velocity of ground wnt. B.

Solution, Considening the positive direction of x-axis from west to cast. we have,

v ;- = Relative velocity of A4 wrt ecarth = +54 km/h = +15 ms :

Ve = Relative velocity of B wri. carth = —90 km/h = -25 ms '

(i) Relative velocity of B wrr A 1s given by |

Vs = Ve Vi Vo~ Vg = (25) = (+13)= =40 ms I

=

This means their slopes are the same.
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What is the meaning of negative sign? It means that train /2 appears (o move from cast
to wesl with a speed of 40 ms .
(i) Relative velocity of earth wrr. B is

I
v

g = Vep T Veg = Vep— V= 0 — (= 23) =25 ms
Posifive sign shows that the ground or carth's surface will appear to move west o cast
with a speed of 25 ms

Example 6.14. Two trains, each of length 100 m, are running on parallel tracks. One
overtakes the other in 20 seconds and one crosses the other in 10 seconds. Calculate the
velocity of cach train.,

Solution. Let v and v be the velocities of the trains in ms .

Relative velocity of overtaking =« — v
Relative velocity of crossing = u + v

Total distance = 100 + 100 = 200 m

200
20 =
H—V
ar u—v =10 A7)
200
Also 10 =
H+v
ar u+v=2 )

Solving eqs. (/) and (if). we have, w = 15 ms™ . v = 5 ms ;

Example 6.15, Two trains along the same straight rails are moving with constant velocity
of 60 km/h and 30 km/h towards each other. It at time ¢ = (), the distance between them is
90 km, find the time when they collide.

Solution.  Relative velocity ol approach = 60 — (=30) = 60 + 30 = 90 km/h

Distance between trains = 90 km

a0
— = 1h
L)

Time when they will collide =

Example 6.16. Two cars A and B are at positions 100 m and 200 m from the origin at

t =), They start simultancously with velocities 10 ms™ and 5 ms™ respectively. Calculate the
time and position at which they will overtake one another. Assume that they are moving in

the same direction.

Solution. Xpr =200 m; x,,= 100m ;v = 10ms ;| v,
X

5 Xy~ (Xgg Xyt T (g v

For the solution of the problem, x, — x, — 0.

i 0=0200-100) + 5-10% or 0O=100-5 . = 100/5= 2%

Also r= 100 + 10 =20 = 100 + 200 = 300 m

Example 6.17. The distance between two towns M and N is 400 km. Two cars 4 and B
sel off simultaneously from the towns M and N towards each other. The car A from M travels
at a speed of v, = 60 km/h and car B from N at a speed of v, = 40 km/h. Find the time that
will elapse before they meet and the point where they will meet.

Solution, v,=60 kmh'; v, =-40 kmh

The negative sign 1s given because car £ 1s moving in a direction opposite o that ol the car 4.

o Relative velocity of car A wet. to car & is
v g= ¥, — Vg = 60 — (-40) = 100 kmh™'

= I
3 ms
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Distance between the towns A and N 1s x = 400 km.
. Time after which the two cars meet is
v 400 2
foi o e 1
Vg 100

The distance & from the town A when the two cars meel is

S=v, ®xt=060x4 =240 km

6.24. ACCELERATION

The aceeleration of a moving object is defined as the change in velocity divided by the time

taken for the change in velociiv 1.e.,
Change 1n velocity

Acceleration = —
[Mme mnlerval

The SI unit of acceleration is ms °. Acceleration is a vector quantity ie., 1t has magnitude as
well as direction.

(1) The dimensional formula of acceleration is [M" LT 7).

(i1} The dircction of acceleration is the same as that of the velocity.
(7i1) The acceleration is positive 1l the velocity 1s increasing and 1s negative il the velocity 1s
decreasing, The negative acceleration 1s also called retardation or deceleration,

1. Uniform acceleration. An object is said fo be moving with uniform acceleration (i.e.,

consiant acceleration) if' its velocity changes by equal amounts in equal intervals of time,
hrowever small these time intervals may be.
Note that uniform acceleration means that magnitude as well as direction of acceleration
remains the same, For example, objects falling freely under gravity near earth’s surface
have uniform acceleration, In this case. the magnitude of acceleration in 9.8 ms * and is
always directed vertically downward.

Foad

Variable acceleration. An object is said to be moving with variable acceleration (or
non-uniform acceleration) if its velocity changes in magnitude or divection or both. The
problems mvolving vanable acceleration are solved either graphically or by the use of
calculus.

3. Average acceleration. The average acceleration of an object is defined as the change
in velocity Av Vy — Vo) divided by the time interval Al ¢ e 9 Jor the change in
velocity i.e.,

o ,  Wy—y Av

Average acceleration, a = =

f: Il At

supposc a body starts from rest and moving in a straight line attains a velocity of

20 ms ' in 2 seconds, The change in velocity, Av = 20 — 0 = 20 ms '

Av 20

Average acccleration, a = T = 10 ms *

Example 6.18. A car travels in the positive x direction at 20 ms™ and needs to pass a
truck . The car’s velocity is increased to 25 ms™' in 2 s, Find the average acceleration of
the car.

Solution. Since the motion 15 in the positive x direction, both mtial (v,) and final (v,)
velocities are positive.

Change in car’s velocity, Av = v, —v=25 - 20= 5 ms"
Time interval, Af f; =#, =28
_ B Av 5
Average acceleration, a = g =5
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What does average acceleration mean? In this case. it means that on the average, the velocity
of the car increases bv 2.5 m s ' every second.

Example 6.19. A car is moving in the positive x direction at 20 ms ' and comes up
behind a truck and is unable to pass. The car slows to 15 ms™ in a time 2 5. Calculate car’s
average acceleration,

Solution. Change in car’s velocity, Av = v, —v,= 15 - 20 = - 5 ms”

Mote that the change in velocity 15 negative because the car’s velocity in the positive x
direction 15 decreased by 5 ms .

Time interval, Af =, — ;= 2s

."'i'l-" —5 i =
— == 2.5 ms
A 2
The average acceleration is negative because the car’s velocity along the positive x direction
is decreased. It, on the average. lost 2.5 ms ' each second.

6.25. GRAPHICAL ANALYSIS OF VARIABLE ACCELERATION

In uniform acceleration. the magnitude and direction of the acceleration remain the same.
However. in non-uniform acceleration. the acceleration of the object is variable. In such a casc.
the motion of the object is described by its average acceleration and instantancous acceleration.
Let us discuss these graphically.,

Average aoceleration, g =

(f) Geometrical interpretation of average acceleration. A graphical approach gives further
imsight imto the relationship between average acceleration, velocity and time, Consider one dimen-
sional motion of an ebject along the positive x direction as shown in Fig. 6.28. Al ume /. the
object 1s at point / and has a velocity v, and at a later time . . the object is at () and has a velocity
v.. The veloctity-time graph of the object is shown in Fig. 6.29. Note that *curve in this figure does
not represent the path of the ebject : it is the curve showing the velocities of the object at various
times. The path of the object is along a straight line as shown in Fig. 6.28,

() | 1 X

Fig, 6.28 Fig. 6.29
The coordinates of point P are (v, {) and that of ¢} are (v,, {;). The change in velocity
Av=wv, —v, and the timg interval Ar = ¢, -1 . The straight ling P() forms the hypotenuse of the
right angled triangle whose sides are Av and A¢ . The ratio Ay / A¢ 1S the slope of the hine PO
But Av /A is also the average acceleration of the object during the time interval Ar=1, —1,.
. Average acceleration, a = v Slope of the ling connecting points P(v, ) and O (v,. 1,)

Ar
Thus we have the geometrical interpretation of the average acceleration.

The graph 15 a curve (not a straght hine) because the object 153 moving with a vanable velocoity.
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The average acceleration of an object during the time interval Al — {, — 1, is equal to ihe slope
of the straight line connecting two points Pyv,, 1) and O¢v,, t,) on the v [ graph,

The reader mayv note that the geometrical interpretation of the average acceleration is defined
in a manner similar to the wav we defined the average velocity, In case of average velocity, we
used x — ¢ graph and in case of average acceleration. we have used v — ¢ graph.

(if) Instantancous acceleration. We can define
msiantaneous acceleration i a manner similar to the
way we defined the instantancous velocity, Fig. 6.30
shows a typical v — ¢ graph [or the one dimensional
motion of an object. The average acceleration of the
object during the time interval Ar =1, —{, is the slope
of the line OF The instantancous acceleration at any

_ slope of this line
15 a al 1

fime ¢, is the slope of the tangent to *v — f graph at "1~ A ———————— ~
that time. Thus alsﬂlimc s : ik Ilq—.-x.r=.r_~__—.r,+; v
Instantaneous acceleration, g= hm L v f' ‘2 o
Voo NIt Fig. 6.30
cv
i

Like velocity, acceleration is a rate. The velocity ol an object is the rate at which displacement
changes with time, its acceleration is the rate at which its velocity changes with time. Therefore,
acceleration can also be expressed as ¢

i i[L _d% —
dt i dih dr ) dr \ df

v d’x

& dr

Hete d-xde” is called the second derivative of x worl. time. It is because we [irst take the
denvate of x wet. time (f.e.. dedi) and then we again take the dervative wer s time |ddf (dedl)]
10 get acceleration.

6.26, GRAPHICAL REPRESENTATION OF ACCELERATION
The acceleration ol an object 15 very important in physics because 1t 1s related to the lorces
acting on the object. We shall see¢ in chapter 10 that the acceleration is directly proporiional to the
nct force acting on the object. In order to have more insight into this important physical quantity,
we discuss its graphical interpretation.
(1) When acceleration of the object 18 zero.
v i v
@ = — or = —
dlt dt
This means that rate of change of velocity with time 1s zero. In other words. the velocity of
the object 1s **constant, Therefore. velocity-time graph of an object moving with zero acceleration
is a straight line parallel to the time axis as shown in Fig. 6.31. Note that graph corresponds 1o
zero slope. This is expected because acceleration is the slope of v — 1 graph.

®  Nole that as we go lrom ¢ lo ¢, the velocily is inereasing bul aceeleration 15 decreasing since slope
of the curve 15 decreasing

** Il the acceleration of an object 15 zero, the object 13 either moving with constant velocily in a straight
hine or remains al rest. We are considenng here the lormer case.
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(i) When acceleration of the object is constant. Consider the one dimensional motion of
an object. Suppose at ¢ — 0, the object is at the origin and starts with constant acceleration “a”,
Then,

v A VA VA

Slope not constant
slope= constant= tan B
Slope= 0 |
i
i
I
2
0 |
| |
() = | i3 | (2 I sl
Fig. 6.31 Fig. 6.32 Fig. 6.33
v A ;
J=— or dv = adl
lf
We integrate velocity from the initial velocity zero to the final value v corresponding to time 7.
v !
jf?["f’ = -I:?I dl
0 0
v it

Since « 1s constant, v oo f. Therefore. the velocitv—time graph of an object moving with
constant acceleration is a straight line as shown in Fig. 6.32. Note that slope of line is constant
and is equal to the acceleration of the object. Also note that slope of the line is evervwhere the
same. indicating that velocity is increasing at a constant ratc.

MNote. The motion in a straight line with constant acceleration is a verv important tvpe of motion. It 1s
called wniformly accelerated linear motion

(iii) When acceleration of the object is variable, For zero acceleration or constant accel-
eration, the graphical analvsis of acceleration is simple. We can easily find the acceleration of the
object (= slope ol graph) [rom its v — ¢ graph. But il the velocity of the object changes continuously
with time (See Fig. 6.33). how can we determine the acceleration at a particular instant of time?
In other words, the acceleration is variable, We have alrcady scen that instantancous acceleration
eiven by "

ﬂ — e T—
el

The instantancous acceleration at any time ¢, 15 equal to the slope of the tangent (shown dotied
in Fig. 6.33) to the v — ¢ graph at that time. In order to deal with variable acceleration. we usc the
techmiques of calculus.

Note. Like velocity, acceleration can also be positive, negative or zero. Posiion-time graphs for
motion with positive, negabive and #ero acceleration are shown in Figs. 6.34 (i), (@) and (6i7) respectively.
Note that the graph curves upward for posiive acceleration, downward for negative acceleration and 15 a
straight line tor zero acceleration,
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x A S XA
|
_..--"'_'_'_H_"
_._‘_.d'" -..-_____.-
-
/” e
_—'—_'-F-H- .-"F-
0 | ol > i i) |
Positive acceleration Negative acceleration Fero acceleration
(i) (i) (if1)
Fig. 6.34

Example 6.20. The position of stone dropped from a cliff is given by x = 5 £ where
X is in metres and £ is in seconds. What is the acceleration of the stone at £ = 2 s?

g _ 4 ; ! dx 4
Solution, xr=5¢r - —=10¢t or — =10ms*
: " clt dt _1
But « x / & 15 acceleration of the stone, Therefore, o 10 m s~
Example 6.21. The position of a particle is given by x = K r* where K is a constant with

the dimensions of m 7. Find (7)) velocity (i) acceleration of the particle as a function of time.

Solution, (1) x=Kr T ‘E = i{j{ﬂ} =3k or v=23 ks
ai i
Mote that value of v varies as the square of time. Clearly, it is a case of variable velocity,
v d '+ [ ;
(i) Now. “ 1f.f:.n’: B m{v}: if;["'h_} =6kt . a=6 K

Mote that value of @ varies directly with tume. Clearly, the acceleration is not constant but
varies with time.

Example 6.22. The position of a particle moving along a straizht line is given by ;
x=2-5t+6r

Find the acceleration of the particle at r = 2 s,

Solution, x=2-5t+61 or ﬁ—iqz—ﬁ-z—ﬁ )= 5+ 121
di i
d'x d
= — = (= 5F12 H =12
. dr ot [ )

Note that acceleration of the particle is constant and is independent of time.

CONCEPTUAL QUESTIONS

(2.1. What is translation motion?

Ans, Rigid objects that move without rotation are said to undergo translation motion, When we
arg interested only in translation motion and the object’s size 1s not significant, we can
treat the object as a particle.

(0.2, Which is generally our frame of reference for studying motion of objects?

Ans. Ordinarily our frame of reference for studving motion of objects 1s a coordinate svstem
attached to the surface of earth. Unless stated otherwise, this 1s our frame of reference,
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0Q.3.
Ans.

Ans,

0.7.

Ans.

An acroplane is flving in the sky, Is its motion three dimensional?

Yes. [t 1s because it may be changing its direction as well as the height from the ground
during its flight.

Which is the simplest type of motion?

The umform motion in a straight line (one dimensional motion) is the simplest tvpe of
maotion,

Why is time period repeated twice in the unit of acceleration?

The velocity of a particle 15 the rate at which its displacement changes with time; its
acceleration is the rate at which its velocity changes with time. Thus acceleration is the
rate of a rate. So tme is repeated twice.

Fig. 6.35 shows v — 1 graph for various sitnations, What does each graph indicate?

%

Fig. 6.33

Acceleration = Slope of v — 1 graph

(i) Straight lingc /1.2 indicates that the acceleration of the moving body is zero. Clearly.
the body is moving with constant velocity.

(i1} Straight hine 1) indicates that the body has constant positive acceleration with
initial velocity €2C. In this case. the velocity of the body 15 increasing.

(f17) Stranght ling OF mdicates that the body has positive constant acceleration with zero
mitial velocity,

() Dotted curve € shows the increasing acceleration. Here the slope of the graph
increases with time.

(v) Dotted curve O indicates decreasing acceleration. Here the slope of the graph
decreases with fime,

(vi) The straight line FC indicates that the body 1s moving with constant negative accel-
eration. Here the slope of the graph 15 negative, It means the velocity of the body
is decreasing al a constant rate. i

i

Is the time variation of position as shown in 4

Fig. 6.36 observed in nature?

The graph shown in Fig. 6.36 cannot be observed

in nature, It is because with the increase of posi-

tion. the tme first increases and then decreases

which is impossible. 0 » position

Fig. 6.36
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Q.1.

Ans,

Ans.
0.3
Ans.

Q.4
Ans,

0.5
Ans,

0.0,
Ans,

0Q.7.

Ans.
0.4,
Ans,
0Q.9.
Ans.
0. 140.
Ans,
0Q.11.
Ans,

0Q.12.
Ans,

0.13.

Ans.

0.14,

Ans.

Q.15.

Ans,

0.16.

Ans.

0.17.

Ans,

Q.18

Ans,

0.19.
Ans.
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VERY SHORT ANSWER QUESTIONS

Are rest and motion absolute or relative terms?

Rest and motion are relative terms.

Which speed is measured by the speedometer of a car?

Instantancous speed fe, speed at a given instant of hme.

A body s moving with a uniform velocity. What does it mean?

It means that the body is moving with a constant speed in a straight line

Can a body have a constant velocity but a variable speed?

Mo, It 15 because speed 15 equal o the magmiude ol velooty.

Can a body have a constant speed but variable velocity?

Yes. When a body is rotated along a circular path with constant hnear speed, the velocity s
changing (because direchon of motion 15 changing) but speed 15 constant.

What does the slope of position-time graph of a body represent?

The slope of x — ¢ graph of a body represents its veloaty.

Under what condition will the distance and displacement of a moving object will have the
same magnitude?

When the object moves m oa straight line m the same direction.

What is the nature of position-time graph lor a stationary object’!

The x — t graph for a stabionary object 15 a straight hine parallel to time-axis.

Can the speed of a body be negative?

Mo, It 15 becanse speed = distancefime and distance can never be negabive.

Can the slope of x — ¢ graph be negative?

Yes. It 1s so when the velocity of the bodv 15 negative.

What is meant by a point object in physics?

An object 15 considered as a point object when its size 15 negligible compared to the scale of
observalion.

What does slope of velocily-time graph represent?

The slope of velocity-time graph represents acceleration.

How will vou calculate distance travelled from velocity-time graph?

The arca under v — ¢ graph for a given time interval gives the distance covered durning that bime
interval.

What will be the nature of x — ¢ graph for a uniform motion?

It wall be a straight line inclined fo the time-axis.

Can an object be accelerated without speeding up or slowing down?

Yes, 1L can be so i case of umform crcular motion of an object.

If the acceleration of a body is zero, what is the nature of motion?

It the acceleration of a body 15 zero, the body 15 either moving with constant velocity in a straight
line or remains at rest.

What is the basic difference between speed and velocity?

Speed indicates how fast the bodv 15 moving whereas velocity tells us how fast and 1n which
direction 11 15 moving.

What does area under velocity-time graph represent?

The net area under veloaity-time graph represents displacement for a given fime terval

Can the displacement be greater than distance travelled by an object?

[hsplacement 15 the shortest distance between two posiions. Theretore, displacement cannot be
greater than the distance travelled.
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(.21,
Ans.

0.21.
Ans,

0.1.
Ans,

Ans,

©

Ans,

Ans.

Q.5

Ans.

Ans,

Q.7.
Ans.

0.5,

Ans,
0.9,

Ans.

What will be the nature of velocity-time graph for a uniform motion?

It wall be a straight line parallel o tme-axis.

When will the relative velocity of two moving objects be zero?

When the two objects are moving with same speed in the same direction (ie, equal wvelocities),
How can a body be simultaneously at rest and in motion?

In relatve moftion, it 15 possible. A passenger in a tram 15 at rest wrf train but is in motion wrt.

ground.
SHORT ANSWER QUESTIONS

Il the displacement of a body s zero, is the distance covered by it necessarily zero”? Comment.
MNo. For example, when a body 15 thrown verticallv upward. it comes back to the same point after
some hme. In this case. displacement of the body 15 zero but the distance travelled by the body i3
2h where h s the maximum height to which the bodv nses. Sinularly, when a body moving in a
cirele of radius r completes one revolution, the displacement of the body 15 zero but distance
travelled by it 15 2rr.

Explain that rest and motion are always relative.

Rest and motion are relative terms. For example. a book on the table 15 at rest wre table and other
objects in the room. IF an observer 1s located on the moon, he will observe that the book and other
objects 1n the room are moving. Thus the book is at rest if viewed from the room but 15 moving
it viewed from the moon.
A body can have zero average velocity but not zero average speed. Comment.
The statement is true
_ Total displacement Total distance
Average velocity 3 _ . Mverage speed ety

Fotal iume Fotal time
If a body moving i a circular path of radius » completes one revolution in ¢ seconds. then
displacement 15 zero but distance travelled 18 2me. Therelore, the average velocity ol the body s
zero while average speed 15 2met
A car covers a distance &, with velocity v, and distance &, with velocity v,. What is the average
velocity of car?

Sy +855

(S /W) + 085 Tvg)

Average velocity Reter to Example 6.1.

During a given interval of time, can the average velocity ol a body be greater than its average
speed?

Mo, It 15 because dunng a given bme nterval, the total displacement can be equal to or smaller
than the total distance travelled.

A cyclist completes one round of circular track of radius R = 20 m in 20 seconds. What will
be the displacement at the end of 20 s and 30 &7

AL the end of 20 s, the eyelist completes one revolubon and the displacement 15 #ero. However,

at the end of 30 s, the cvelist completes 1.5 revolutions and the displacement = diameter of circle
IR = 2 % 20 = 40-m.

In the above question, what is the average speed and average velocity?

Afler 20 s, average speed = 2mR = 2r = 20020 = 2n m's and average velocity = 0 m's.

After 30 s, average speed = 1.5 « 2z » 20/30 = 27 mv's and average velocity = 2 R/t = 40030 = 4/3ms ™.

The velocitv-time graph of two bodies A and B make angles of 30° and 60° with the time-axis.

What is the ratio of their accelerations?

aag = tan 30%tan 60° = 1/3

The displacement-time graph of two bodies A and B make angles of 457 and 3P with time-

axis. What is the ratio of their velocities?

v vp = tan 45%an 30° = 3 |
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Q.11.
Ans.

0.12.

Ans.

Q.13.
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0.1
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A car travels hall the distance with velocity v, and the second hall with a velocity v,. If the
total distance is &, what is the average velocity of the car?

2w

Average velocily ... Refer to Example 6.1

LT o Y

Daes velocity or acceleration decide the direction of motion of a body?

It 15 the velocity and not acceleration that decides the direction of motion of a body, Thus when
a body 1s thrown upward. the direction of motion of the bodv and s velocity are in the upward
direchhon. However, acceleration due to gravity (g) acls vertically downward. Therefore, direction
of motion of the bodv 15 i the direction of velocity and not that of acceleration

If the distance (x) covered by a moving body is directly proportional to time (r), what conclu-
sions yvou draw?
x = for x = &k when & 15 constant of proportionality,
ax  d
Mo, v =—(kt)=k = constant
et df
Theretore, the body 15 moving with uniform velocity fe, with a constant speed in a straight line,

If the displacement of a body is directly proportional to the square of time, what conclusions
you draw’?

The bodv 15 moving wath vmform accelerabon (Refer 1o Example 6.20).
If the displacement of a body s proportional fo !’j, whal conclusions vou draw?
Acceleration oc ¢ (Refer to Lxample 6.21)

A ship &, is sailing due east with a velocity of 30 km/h and another ship 8, is sailing due south
with the same velocity. What is the velocity of &, relative to &7

Impress a velocity of 30 km'h due west on both ships. This brings ship &, to rest. The velocity v
ol S, wrel 5, s the resultant of two velocities, each 30 kmv'h, one due west and the other due south.

v w;'][]: e 2 3[1ﬁ km'h south-west

When two cars A and B move towards each other with constant velocities v, and vg, the
distance between them decrcases by 10 mis. When they move in same direction with the same
specd, the distance between them increases by 5 m/s. What are their velocities !

v, + vy =10 m's and v, — vy = 5 m/s. Therefore, v, = 7.5 m's: v; = 2.5 m/s.

LONG ANSWER QUESTIONS

Explain the terms : distance, displacement, average speed and average velocity

[Refer to Arts. 6.11, 6.12 and 6.13]
Explain difference between speed and wvelocity. |Refer to Art. 6.14]
What 15 the geometrical inferpretabion of average velocity? |Refer to Art. 6.20]

Prove that displacement ol an object in a given tme interval 1s equal to the area under velocily-

time graph in that time mterval |Refer to Art. 6.18]
What 15 the importance of x — ¢ graph? |Refer to Art. 6.17|
Fxplain the x — ¢ and v —  graphs of uniform motion, |Refer to Arts. 6.17 and 6.18]

Draw position-time graphs of two objects moving along a straight line when their relative veloaty
15 (£} zero (i) non-zero. |Refer to Art. 6.23]
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.

9.

1.

11.
12,
13,

COMPLIITION SUCCESS MAIERIAL

Useful Concepts/Information

Distance 1s a scalar while displacement is a vector. Both have the same dimensions and
units.

The displacement of a moving particle in a given time interval can be positive. negative
or zero bul distance travelled by il cannol be negative or zero.

An object or body can be considered as a particle 1f its size 1s small compared to the scale
of observation.

In general, the magnitude of displacement ol a moving body is not equal to the distance
travelled. However, if the body moves in a straight line without changing direction. the
magnitude of displacement is equal to the distance travelled.

The average velocity of a moving body in a given time interval can be positive. negative
or zero but s average speed cannot be negative or zero.

For a given time interval, a moving body can have a single average velocity, However,
it can have a number of avermge speeds depending on the path followed.

The average velocity of a body over a parituclar time interval 15 equal to the displacement
A x divided by mme interval At

;. = Ax

Average velocity, v= =
Om a displacement-time graph, the slope of the chord over a given time interval gives the
average velocity over that tme mmerval,
The instantangous velocity v (velocity at a given instant) is defined as the limit of the
average velocity at a particular time as At — 0.

. Ax
v=[L1m =
arst Ap ot

On a displacement-time graph, the instamtancous velocity is cqual to the slope of the
tangent to the graph at that instant of time.

I a particle travels distances s, 5, and s, with speeds v, v, and v, respectively, then,

Total distance travelled, s = 5, + 5, + 5,
* '1'I'| "'IE n.ll-q
Total time taken, f = —+—1
v, vy W
3

Average speed = "
If a particle travels with speeds v,. v, and v, during time intervals ¢,. ¢, and ¢, respectively,
then.,
Total distance travelled, s = v, + vt + wil,
Total ume taken. =+ 1, + 1,

i
Average speed = i

For a body at rest. displacement-time graph s a striaght line parallel (o tme axis.

Uniform velocity means magnitude of velocity as well as its direction remains the same,

The velocity of a body is positive if it is moving to the right of the origin and the velocity

1s negative il the body is moving to the left of the origin.
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14.

=
Lh

16,

17.

18.

20).

. The displacement-time graph for two particles |
A and B are stranghl lines inchined al angles of
30
velocies of 17,0 17, 15

(cr) |

() 3 1

For a particle, displacement-time relation s

Principles of Physics—XI

The displacement-time graph of a body moving with unifonn velocity is a straight line
inclined at an angle © to the time axis. If © < 90°, the uniform velocity is positive and
if & = 907, the uniform velocity is negative.

The velocity-time graph of a body moving with uniform velocity s a straight line parallel
to time axis.

Acceleration 1s the time rate of change of velocity. The average acceleration over a time
interval Ar is equal to change of velocity during the time interval divided by Ar,

; —_ I.‘i.'l_.l
Average acceleration, a = e
!

The instantancous acceleration a of a body is defined as the limit of the average accel-
eration at a particular tme as At — 0,

. oAv dv
a=Lim—-=—
vl At dt
Il the velocity the time graph of a body 1s a striaght hine parallel 1o time axis. it means
the accelration of the body is #ero. The body 1s, therefore, either at rest or moving with
uniform velocity,
If the velocity-time graph of a body is a striaght line inclined at an angle & to the time
axis, the body 1s moving with uniform (constant in magnitude and direction) acceleration,
If & < 90°, the acceleration 1s positive and if € = 907 | the acceleration is negative.
If' the slope of velocity-time graph is changing, it means the body 1s moving with variable
acceleration,

MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

518 1n metres and {15 in scconds. The velooity
of the car at start wall be |[CBSE PMT 1998

By 9 m's
() 16 m's

and 60° with time axis. The ratio of
[CPMT 1990]
2 By 143 e}

@y 1:3

(a) 7 m's
12 m's

6. The displacement-time graph of a moving
particle 15 shown n Fig. 6.37.

[CBSE PMT 1994]

=

Jx +3 s displacement when its velocity

{

15 ZCIo 15 [CBSE PMT 1999] 1

(@) 2m (b} 4m E

(c) 0 () none of these g D .
A car covers the first hall of the distance "E:L //
between two places at 40 km/hr and the other al/c ; 4
hall’ at 60 km/'hr. The average speed ol the car f

I8 [CBSE PMT 1990] R * 1
fa) 40 km'h (b} 48 km'h Fig. 6.37

(c) 50 km'h {dy 60 km'h
The area under acceleration-time graph
represents IMP PMT 1993
{a) the displacement (5 velocity

() change m velocity (&) distance travelled
A car moves along a straight hne whose
equation is given by s = 12¢ + 3¢

1
2r where |

The mstantaneous velocity of the particle 15
negative al the point
(a) D
(e) C

by F
{d) £

. The position x of a particle varies with time ¢

¥ | {pR i
a5 x = al b The ume ¢ when the accelera-

tion 15 equal to zero 13 |[CBSE PMT 1997]
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g,

1ok

.

T (h) -
3h b

i) i () wero
3h

A particle moves along a straight hine such
that 1ts displacement at any time ¢ 15 given by
|CBSE PMT 1994]

] * 1.3t 4 4y metres

x = (f it
The velocity when the acceleration 15 zero 15
{a) ()
(e} 3 m's (d) 42 m's

Which of the following curve in Fig. 6.38 does
nol represent moebion in one dimension?

[CBSE PMT 19492]

O

O m's 13 mv's

Vo

{a) (b)

il

14,

11,

:

N e
A
(ol ()

Fig, 6.38

In 1.0 5, a particle goes {rom
point A o point B, moving
in a sermeircle of rados 1.0
m as shown in Fig. 639
The magnitude of average
velocity s [CPMT 2000]
(a) 3.14 m's

(h)y 2.0 m's

ic) 1.0 m's

(o) zZero

One tramn A 120 m long 15 moving m a diree-
tion with a speed of 20 m's. Another train B
130 m long 18 moving with a speed ol
30 m's in the opposite direction. The train B
crosses the train A 1na time [CPMT 1996]
(h) 36 s

() Mone ol these

Fie. 6.39

(a) 5%
{c) 3B s

151

The displacement of a particle 15 given by |
y=a+ bt+ecf —df

The imtial velocityv and acceleration are

respechively [CPMT 1999]
{a) b, — del (b)y —b, 2c
{c} b, 2¢c () 2¢ —dd

The displacement x ol a particle vanes with

Lar

time ¢ as x = ae ' + b, where a. b. o and
[} are positive constants. The velocity of the
|CBSE 2005]

g0 on decreasing with time

particle will
{a)
(&)
(c)
()
Two bovs are standing at the ends A and B of
a ground, where AB = 4. The hoy at B starts
runmng m a direction perpendicular to A8 with
velocity v,. The boy at A starts running simul-
tancously with velocty v and catches the other
bov in a time r, where 7 is

{a) :4_.-"I1,|"|JE —v]:

() alv

be imndependent of o and [}
drop to zero when o = 3

on on increasing with bime

|[CBSE 2005

= m—

(B} -.UIIrJ?_-"IU': 1'|1:|

(e} allv + v

1=|]|

5. Which of the following velocity-time (v — 1)

graph shows a realistic situation l[or a body n
motion (See Fig, 6.40)7 [ATIMS Z005]

L

i > f >
[ﬂ'] |:'|I'_}':|

e

i ™ / g
c)
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ANSWERS TO MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

[ ]

qu

HINTS TO MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

Velocity of particle is equal o the slope of displacement-time graph. (See Fig. 6.41).
g tan30° 1 4 B

|
% tan60” 3

o

' 5
= fx+3 g
Dilferentiating both sides wrr f we gel E
1 dv
L= Eﬁﬁ Foama : - Time
Putting dx/dr = 0, we have x = 0, Fig. 6.41
Let the total distance be s
i : {2 s/2 ¥
Total tme taken = TR TR
Average speed = lotal distance 5~ 18 km/h

Total time 5 /48

. Area under acceleration — time graph

= acceleration = time
= Change in veloeity

. The velocity at start means the velocity at { = 0,

s = 12t + 3¢ =278

8 pastoet

( ds .
L— = 124+6x0-06x{0) =12 m/s
I?II!I =0

Instantaneous velocity of a particle 1s the slope of the tangent to the displacement-time
graph al a point. Al point /&, the slope is negative. Therelfore, the instantancous velocily

of the particle is negative at point E.

2 i

x =af" — bi
dx 4
or — = 2ai -3br’
!
'ar:
or t = 2a-6bhi
dtr”
Let at time ¢, the acceleration of the particle become zero. Then as per given conditions:
0 = 2a - 6ht,
2a a

T %
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8, x=£—65+3%+4
e .
— e =12r+3
0ar .u".f
o’ v
or — =0 = 12
dt

When the acceleration (¢ /di”) of the particle is zero, the time ¢ is given by
0=06t-12 . t=2 sec.
The velocity of the particle at ¢ — 2 sec 15

("

L{;_:J‘ 3x(2)F -12x2+3= —9m/s

9. In Fig. 6.38 (b), the particle has two velocities at the same time, This 15 not possible 1n
onec dimensional motion.

10, Displacement = 2 = radius = 2 = 1.0 =20 m

Displacement  2m

Average velocity = = 2m/s
5 y Time 15
11. Total length of two trains, x — 130 + 120 = 250 m
Relative velocity of train £ wort train A
= 30 - (=20} = 50 m/s
Time taken by train & to cross train
x 250
50 50
12 y=a+bi+cett—d
e :
or D _ b+2et—ddf
clt
or d]' = Ze=12dt°
et~
» iy 3
Initial velocity = | =) = b+2cx0—ad = (0) = p
i 3 d:}’\' — B
Initial acceleration = = =2c-12d(0) = 2¢
di™ /i q
13. x = ae ™ + he
e d .
v o= o =—(m3 g +E}€B'} = —que ™ +bpe" =A+ B
at i
where 4 = —aoe™ and B = Ape™

As time 1 ncreases, the term 4 approaches zero, However, as fime ¢ increases, the term
B (positive) approaches infinity. As a result. velocity goes on increasing with time.
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Fig. 6.42 shows the conditions of the problem In time ¢, the -
distance covered by the boy starting at point A is AC = vt i
In time 7. the distance covered by the bov starting at point
Bis BC = v

Now (ACY = (4B)* + (BCY
or (v)* = a + (v
or Vi =a + v

- Fig. 6.42

(v: - ‘n',']

We know that a body in motion has only one velocity at a particular time, However, this
velocity can decrease or increasce with time. In the given v — ¢ graphs. only graph () has
only one velocity at a particular ime. But graphs (a), (¢) and () have two velocities at
same times. Therefore, v — ¢ graph (b) shows a realistic situation for the body in
maotion,

MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS

f{vz — vlzj= a or = ‘“

. A car travels for hall ol its time at 80 km/'h and {a) 4 m's () 3 ms

for the rest half ime at 40 km'h. Total distance (c) 5.5 m's (d) 4.8 m's
ER P e . r 1 e

c:r.:u,n;,d ]F'I 60 km. What " the cmff‘ oo 5. Which one of the lollowang four stalements 1s
of the car? EH.H]HE“I.HII PE1 lf}ﬂﬁi false? I]"i"lﬂnipﬂl lﬂg.;:l
430 km-'h. @) =59 ki {a) A body can have zero velocity and still
(e} 120 km'h (d) 180 km'h be accelerated:
The displacement of a body is given to be pro- (b) A body can have constant velocity and
portional to the cube of ume elapsed. The mag- sill have a varving speed.

nitude of the acceleration of the body is

¢) A bodv can have a constant speed and
INCERT 1990] © * be

sill have a varying velooity.

a) nereasing with time ” i e :
(a) = {f) The direction of a body can change when

(h) decreasing with time magnitude of s accelerabion 15 constant.
(c) constant but not zero 6. Figs. 6.43 (i) and (#i) below show the dis-
() zero placcment-time graph ol two particles moving
The correct statement [rom the following 13 along x-axis. We can say that
IMP PET 1993] [Harvana CEET 19946]
o ik

(a) A body having zero velocity will not -
necessarily have zero acceleration /

ih) A bodyv having zero velocily wall
necessarily have zero acceleration

(¢’ A body having umiform speed can have
only uniform acceleration

i) A body having non-uniform velocity  will fi) > P p
have zero acceleration.
: L : : : Fig, 6.43
. A particle moving in a straight line covers half
the distance with a speed of 3m's. The other {a) both the particles are having a uniformly
halt’ of the distance 15 covered in two equal accelerated motion,
time mtervals with speed of 4.5 m's and 7.5 {#) both the particles are having a unilormly
m/'s respectivelv. The average speed of the retarded motion
particle during the entire motion 1% (¢} particle () 15 having a uniformly acecler-
[T 1992] ated motion while the particle (i) is hav-

g a umformly retarded motion.
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() parbicle ¢ 15 having a umformby retarded
motion wiile the particle (i) 15 having a
uniformly accelerated molion.

7. The displacement ol a particle starfing from

; : * : AR :
rest (1 = 0) is given by 5 = 61 — r . The time
in seconds al which the particle will attain

zero velocity s ISCRA 1998]
(a) 2 (k) 4
(¢) 6 (el) B
8. Which of the following in Fig. .44 cannot be
speed-time graph ? |Manipal 19949
vl L
b i
fer) b}
"
F
vk
\ 5 N
(] [l
Fig. 6.44
9. An aeroplane 15 flving with a umform speed
ol 100km'h along the crreumference of a carcle.
The change in velocity i half the revolution
will be (km/'h) [KCET 2000
(a) 100 (H) 200
(e} 300 (g) 150
1. The velocity of a body depends upon time
according to the equation v = 20 + (L 1#. The
body is undergoing IMNR 1995]
{a) umlorm acceleralion
(h) unmiform retardation
{c) non-uniform acceleration
(e} zero acceleration
11. An athelete completes one round of a circular

track of mdius R in 40 seconds. What wall be
his cdhisplacement at the end of 2 min and 20

13.

14.

153

The acceleration ‘a’ in mv's” of a particle 15
oiven by a 3¢ + 2t + 2 where # is the time
in seconds. If the particle starts out wath a
veloelty v = 2 m's at 1 = (), then the velocity
al the end of 2 seconds 15 ISCRA 1994]
{a) 12 m's (h) 18 m's

{c) 27 m's (d) 36 m's

A bodv starts from rest at time ¢ = 0, the
acceleraion me graph 1s shown in g, 6.45.
The maximum velocity attained by the body

will be - [1IT 2004]
ﬁl.
% |10
g
7
= n
Time (zec)
Fig 6.45
{a) 110 m's (h) 35 m's

{c) 630 m's () 350 m's

The relaton between tme r and distance x 1
1= ax" + bx, where a and b are constants, The
acceleralion 15 |AIEEE 2003]
(e} Er.‘r.!’n.:3 if) 2151.:3

(c) 2av () 2av’

Which of the followmg option 15 correct for
the object having a straight line motion repre-
sented by the following graph (See Fig. 6.40)7

[DCE 2004]
D

&
T\
!

A
o §—>»

Fig. 6.46

{a) average velocity 13 zero

{b) velocity of the object increases umformly

(e} the obpect moves with conslantly mercas-
ing velocity from O o A and then it moves

seconds? [NCERT 1990] : _
63 s b) 2 R with constant velociby
) 2 7R ) 7R {d) the graph shown 1s impossible
| ANSWERS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS
1. () 2, (a) 3. (a) 4. (a) S, (h)
0. (C) To (0) 8. () 9. (0) 10, ()
11. (h) 12. (b) 13, (#) 14. (o) 15, (a)
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HINTS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS

wh vty BO0xt/2+40x1/2

1. Average speed = =6l km/h
e 1, +1, 124112
dx ., 42
1 x=k — =3k"  or ‘ t = Okt
it dt”

& Acceleration o«
3. When a body is projected vertically upward. at the highest point of motion, its velocity
15 #zero. However, the body is acted upon by acceleration due to gravity (downward).
4. Let s metres be the total distance travelled by the particle. Suppose ¢, seconds is the time
for first half journey and ¢, seconds two equal time intervals to cover the second halfl of
Journey.

sl i
I = i:l seconds ; 8= 454, and s, = 7.3 i,
3 ﬁ L e =
X
Now 5+ 8= 5= 4.5, + 7.5, = 124,
{, = .T:?-l

-
-

Total time = ¢ ‘IELZE I Exi:_g,"d

Total distance s
Total ime  s/4
5. The constant velocity of a body means that its magnitude (speed) as well as direction 1s
unchanged thronghout 1ts motion.

6. The slope of x — 1 graph at any time gives the velocity of the particle at that time, In Fig.
G643 (i), the slope of x — ¢ graph increases and hence the body has accelerated motion.
The reverse is the case for Fig. 6.43 (i),

Average speed =4 m/s

T, g =F
! Iﬂrn.lll I:vllr = a e |
Velocity = —=—(60 -7 ) =12t -3¢
at i
When velocity 1s zero. we have, 0 = 121 - 3t LE=48
8. In Fig. 6.44 (o). there will be two speeds at one time. But a particle can have one speed
at a time,

9. In half revolution. the velocity of the plane will be opposite to the initial velocity.
Change in velocity = 100 — (=100} = 200 km/h
av d y
11). Acceleration, a = —=—(204+0.1t")=0.21
dit ot
since a =« £, the body 15 undergoing non-uniform acceleration,
11. Total ime of motion = 2 = 60 + 20 = 140 seconds
Time/revolution = 40 seconds. In 120 scconds. the athelete will complete 3 revolutions
and the displacement will be zero.

Displacement in 140 sec = Displacement in 20 sec,

=R+R=2R
A
12. R B VL L
n"!

or dv = (3t + 2 + Dt
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Vv !
or J‘ﬂ"'l-" .- II:_BJI-I + 2+ EJEI'.F
i ]
= _iga &
or vV — il S R S
or v-u-f:’-;:IE!

At the end of 2 seconds, the velocity 1s
V) —nee =2+ QY + (2 +2%x2=18 m/s

He

13. The area under acceleration-time graph gives the change in velocity.

I 5
Vi = =% 10 11=55m/s
-
Since the initial velocity 15 zero, the maximum velocity attained = 55 m/s
14. t=ax® + bx

Differentiating werd. £, we have,
alx al d

|l =2ax — + pZ = & (2ax + b)
el ddl el
clx 1 |
— =y = 2o + b
d 2ax + b o st iAl)
Again differentiating eq. (/) wrt £, we have,
d’x - vy
— =] x (2ax + b)) x 2a —
dt” ] } el
s Ty, B0 et
(2ax +b)"  (2ax+b) | dr (2ax +b)
—2a 3 i ]
e —2av R T
(2ax + b) \ (2ax +b)

15, Ttis clear from the graph that the displacement of the object is zero. Therefore, average
velocity of the object is zero.

NUMERICAL PROBLEMS FOR COMPETITIVE EXAMINATIONS

1. A person travelled a distance of 200 km between two cities by a car covering the first
half distance of the journey at a constant speed of 40 km/h and the remaining half
distance at a constant speed of v km/h. If the average speed of the person for the
entire journey is 48 km/h, find v,

100 100

Hint. {, = —=2.5 hours ; {, = — hours
' 40 v

Total distance

Average speed =
1+,

200
or B = 55100/ v)

On solving, v = 60 km/h

2. A train 100 m long is moving with a uniform velocity of 45 km/h. What is the time
it will take to ¢ross a bridee 1 km long ?

Hint, Total distance to be covered
= Length of bridge + Length of train =1 + 0.1 = 1.1 km
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Time taken by the train to cross the bridge is

r[1 i '| ljl’ gre ] ] ] |.
o= 200 CIBIOE = 2 x 36005 =98 &
Veloeity 43 45

3. A motor ship covers a distance of 300 km between two localitics on a river in 10
hours downstream and in 12 hours upstream. Find the velocity of the river and the
velocity of the motor ship in still water, assuming that these velocities are constant.

Hint. Suppose v, and v, are the velocities of the ship and water flow respectively in km/h. In
case ol downstream, the resultant velocity 1s (v, + v,) while 1n case ol upstream, the
resultant velocity s (v, — v,).

¥ 300
In downstream, k= or 10 =
v, +v, v + Vv,
v, +v, = 30 ...
x 300
In upstream, {, = or 12 =
- L V=V,
Vo= =15 3

On solving egs. (i) and (i), v,= 27.5 km/h ; v, = 2.5 km/h

1. An electron starting from rest has a velocity v given by ;

v=kt
where k=2 ms™ and ¢ is the time in seconds, What will be the distance covered by
the electron in first 3 seconds ? INCERT]
i
Hint. v= St =k
di
| ki
Integrating. we get, x = E'S
Here & —2ms” .7 - 3s
2%(3)
X E j =% m
=

—_—

5. Two cars started simultaneously towards each other from towns A and B which are
480 km apart. It took first car travelling from A to B 8 hours to cover the distance
and the second car travelling from B to A took 12 hours, Determine when the cars
meet after starting and at what distance from town A. Assume that both the cars
travel at constant speed.

Hint. Specd of car travelling [rom town A 18
v, — 480/8 = 60 km/h

Speed of car travelling from town B is
Vg 480/12 = 40 km/'h
Let the two cars meet after time ¢ hours. In this time. the distance travelled from A is 61

and the distance travelled from /15 407, When the cars meel. the tolal distance travelled

= 480 km.
60f + 40 + = 480
i = A = 4.8 1 "
0r = 60 =40 = 4. Wrs

The distance from town 4 at the meeting point
=y % f =60 %48 = 288 km
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6. Two cars are moving in the same direction with the same speed of 30 km/h, They
are separated by a distance of 5 km. A truck moving in the opposite direction meets
these two cars at an interval of 4 minutes. Find the speed of the truck

Hint. Suppose the truck is moving with a speed of v kmv/h as shown in Fig. 6,47, Apply a
velocity of 30 km/h on all the vehicles in the direction of motion of the truck. The two
cars come to rest with a fixed distance of 3
km while the velocity of truck becomes (v =
- 3Mkm/h. The time ¢ hours taken by the
truck to cover a distance of 5 km with a

30 kmv'h 30 km'h
S Car —m

—— Skm —»

speed of (v + 30)km /h is given by :
SR ! L."
Velocity v+ 30
_ ) | B
of L & X { f= 4dminutes = —_]'n:rut'sJ
15 v+ 3l 15

v = 45 km/h

=

A body is moving in a straight line along X-axis. Its distance x in metres from the
origin is given by ; x=8t -3

The time t is in seconds. Find the average speed of the body in time interval
r=0tor=1s.

Hint. x=81—-3t¢
e " .
Velocity, v il (8 —-31") =8 -61
: di
Att=0s, v,= 8-6%x0=8 ms"
Att=1sv=8-6x1=2ms’
B+2 =
Average speed = —— =35 m§

8. Two trains are moving in opposite directions. Train A moves east with a speed of 72
km/h and train £ moves west with a speed of 20 km/h. What is the (i) relative
velocity of B wref. A ? (if) the relative velocity of ground w.r.t. B (i) the velocity of
a dog running on the roof of the train A against its motion (with a velocity of 54
km/h w.r.t. to train 4) as observed by a man standing on the ground.

Hint. I not mentioned. the speeds are undersiood to be worr. earth or ground. Therefore. speeds
of trains A and 5 are w.rt. earth.

; T2 1000
()’ Speed of train A, v, — T2km/h="""""" =20ms '
s GO = 60
: Q0 = 1000
Speed of train B, vy, 90kmh=— " = 25ms
= 61 = 6I)

et us choose the positive direction from west o east.
vV =+20ms " ;vge =~ 25 ms
Relative velocity of B wrr A is given by

- " 1 ] ¥ _.‘.]_ P
Voa = Vee " ¥Ygse T Vpr — Vg L3 = (+ 20)

& | = |
= — 45 ms  or 45 ms  east to west
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(i1} The relative velocity of ground (r.e.. earth) wri B is

- - |
Ver— Vpr = 0 — (= 25) = 25 ms

Vee ~ VeEr T VEB
Thus, velocily is from west (o east,

(i) Velocity of dog wri to train A is
541000

Vp, = S4km/h=———=15ms™

- ) 60
Since our positive direction 18 from west o cast. v, 15 ms .
Now Vru = Vo ™ YE4 = Yor Var

Vo= Vg™ Vg 15+20 =5ms

9. The motion of a particle along a straight line is described by the equation :
x=6+47-r
where x is in metres (m) and 7 is the positive time in seconds (s).
(i) Find the position, velocity and acceleration at r = 2 s,
(i) During what time interval is the velocity positive ?
(#f) During what time interval is x positive ?
(iv) What is the maximum possible velocity attained by the particle ?

Hint. (i) o= G =
. e diy. g
Velocity, v £ —{ﬁ +4¢° —1 '} e — 4’
dt  di
dv d

Acceleration, «

-

= m@;4ﬂ~ﬁlm3

At =28 x=6+4{2 - ()'=6m
At t =25 v=8x2-4(2)=-16 ms"
At t=25s a=8-12(2Y=-40ms *
(i) The velocity v is positive if 8 — 4¢ = 0. That is if
162- >0

ie., i B g or O<r<141s5

(iii) The position x is positive if 6 + 4 # — (= 0, That is. £ <2 + /10 or

<2 %316 s Since / is positive, ¢ lies between 0 and /5.16 or 0 and 2.27 s,
(iv) The velocity i1s maximum for ¢ given by ;
dv
e
Maximum veloeity, v, = (8f — 4 %)

3
0 or 8-12*=0 or r= |E SRS

=816 =
= [8 % 0816 — 4 % (0.816)’] = 4.355 ms™"

1. Two cars A and B are at positions 100 m and 200 m from the origin at ¢ = 0. They
start simultancously with velocities 10 ms™ and 5 ms ™' respectively, Calculate the
time and position at which they will overtake one another. Assume that they are
moving in the same direction.
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Hint.

Hint.

i

Hint.

Hint.

Xgp =200m ;. x,,= 100 m ; v, = 10 ms t Vy = 3 ms :
Xp— Xy~ Wgo— Xyp) = VM
For the solution of the problem, v, — x, = 0,
. 0 = (200 —100) + (5 — 10}
or 0 =100 - 5¢
t = 100/5 = 20 5
x = 100 + 10 = 20 = 100 + 200 = 300 m
The motion of a particle along X-axis is given by the equation x = 20 + 4 * where
x is in metres and ¢ in seconds. Find (i) the displacement of the particle in time
interval £, = 2 s and 7, = 5 s (i) the average velocity in the same time interval
(#i7) the instantaneous velocity at t = 2 s,
x=20+4F¢F
(f) The position of the particle at , = 2s 15 x,= 20 + 4 (2)’=36m
The position of the particle at 7, = S sisx,= 20 + 4 (5)°= 120 m
S Displacement of the particle during time interval 2 s to 5 s

=x,—x = 120 -36 =84 m

_ ; X, =X el bt
(i) Average velocily = 2L =" =""— 28 my"’
L,—-t 5-2 3

(iii) e =2W+47F
Instantancous velocity 1s given by .
x d :
g si—le _{1:‘:+4f"} - Ry
dt dr

Att=25" v=8x72 =16 ms"

If velocity (m/s) varies with time as v = 47, find the distance travelled by the body

in the interval of 2 to 4 seconds. [CBSE 2004]
dx
v=4 or = 44
it
X 1
j:?'x = Jtl! il
) 2
, 74
or x=4|2| =24 -2=2%m
S

. The position of a particle as a function of time is described as p(f) = 5 cos(10f + 15%)

in metres. What is the average velocity of the particle from £ = 0 to r = 3 seconds?
v () = 5 cos(1¢ + 15°)
Whent=0s; vy (0) =5cos (10 =0+ 15 =5¢cos15° =483 m

When =35, v(3)=35cos (10 3+ 15%)=5¢cos 43" =353 m

_ Total displacement 483 +3.33 _ 70 m/s

S Average velocity, v =

Tolal time 3
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Uniformly Accelerated
Linear Motion

INTRODUCTION

When an object moves with a constant acceleration in a straight line, it is said to have
uniformly accelerated linecar motion, It 15 the simplest Kind of accelerated motion. There are
many practical situations in which the acceleration is uniform (i.e.. constant). For example, near
the surface of earth, all objects [all vertically with a constant acceleration of gravily
(=98 ms %). There are only four mathematical equations that describe the lingar motion of an
object with constant acceleration. In this chapter. we shall deal with mathematical and graphical
aspects of uniformly accelerated lingar motion,

7.1. EQUATIONS FOR UNIFORMLY ACCELERATED LINEAR MOTION

Consider an object moving with a unifornm acceleration "o along a straight ling X with origin
al () asshown in Fig. 7.1, Let at ¢ = 0. the position of the object be x,, (initial displacement from
(1) and its velocity v, (initial velocity). Let at ¢ — 1, the position of the object be x and its velocity
v (final velocity). Clearly, in time ¢, the displacement of the object is x — x,.

o |

Fig, 7.1 Fig, 7.2
(Z) Displacement — Average Velocity relation. The velocityv-time (v — ) graph for the motion
in Fig. 7.1 15 AB as shown in Fig. 7.2, The velocity increases uniformly from v, at
t=010vintime ¢ (= 7). We know that displacement during any time interval is equal
o the area under velocity-time graph during that time interval. In this case. the lime
mterval 1s from 0 to ¢ so that displacement 15 equal to the shaded area in Fig. 7.2

Displacement = Shaded area = Arca of trapezium OABD
162
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(i)

(idi)

(iv)

ACQ + BD -
- ST T
2 2
: Displacement v, +v
Average velocily, v = —— = X+ 1
Time interval 2
‘L--‘I.I + Vv
or v =
! 2

Note that for the case of constant acceleration and only for this case, the average velocity
15 equal to one-hall the sum of initial and (nal velocities.

MNow Displacement = Average velocity = Time interval
|IP Vo TV
or x—-x,=|—=a | e ¢
] | 2 { JI
Velocity=Time relation. Since object’s velocity has changed by an amount v — v, during
time {. the constant acceleration “a” during this time 1s
| R &
a = -
!
or v =4 + al .1y
Position—Time relation. This can be found as under :
: Displacement x-x,
Average velocity, v = =
[1me f
or : i il
[L‘U+v‘" f i 1,'||+1-'W
ﬂr‘ X x_l — ||ll | e P=
% 2 ] |k- 2 J
v, +v, +af
or X—xy=|——% ¢ (v=v,+at)
or X—X,= vi+—ai
1 2 ]
or ¥ = x, v+ jar“ (i)
If x — x, = &, the displacement of the object in time ¢, then eq. (#if) can be written as :
’ 1 .
S=vtt = at
2
Velocity—Displacement relation. This can be found as under :
(v, )
X - X, = L > ! [From eq. (/)]
.
[vr,+1:“ |fv--vn V=V,
or X—Xx, = From eq. (i), { = =
4 2 J . a J | q. (1) a |
v =y
or X=X = —5-
2 AL -
Vo — v, = 2alx —x,) . (Bv)

If x = x, =5, the displacement of the object in time ¢, then eq. (iv) can be written as .

T ) -
vi—v. =12 aSs
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7.2. SUMMARY OF EQUATIONS FOR UNIFORM ACCELERATION

The jour equations of motion for uniform acceleration are given in the table below. Each
equation is also identified by the varable (x, v, a or ) that does noi appear in it

Equation Variable not appearing
v =, T al x
Lo
x—rt,*uu:rgﬂt v
¥, + V¥ p
X=X = 2 (i
2 .
Vvi= " = 2a(x - x,) !

(1} The first twe equations respectively give the final velocity v and final displacement x in
terms of their initial values v, and x,_ the acceleration "o’ and time interval 1.

(ii) The last fwo equations are very imporiant because they are usnally sufficient to solve
problems for constant acceleration.

7.3. DISPLACEMENT IN nth SECOND FOR UNIFORM ACCELERATION
Consider an object moving with a uniform acceleration “a” along a straight line O2X with ongin
at O as shown in Fig. 7.3, Let at 1 = 0. the position of the object be x, and its velocity v, (initial

velocity). Let at ¢ = ¢, the position of the object be x and its =10 o
velocity v. Clearly, in time 1, the displacement of the object O _= =_ X
18 x - x, = 5. The displacement of the object in time 1 s given i :
by : I '
S=vi+ = at Mg 33
b 9

I05, and & | are the displacements of the object in »# and n — 1 seconds. then displacement
of the object n the #th second 1s
H.r:r-‘i - '5..*:_ Srl I

= | va+—an’ |—|v,(n- l}'i'%ﬂ'{ﬂ l}ﬁ]

4 | . a
= |vnt+—an” [—|yn—v, +—an —an+—
2

2

ﬂ 1 i
= v (n=-n+)+Z(n* -n* +2n-1
v, (n=n+1) E{:H n+2n )
!
- v,:+%{2ﬂ—]]

S o V, v%{ln - 1} e L)

-—

Eq. (1) gives the expression for the displacement in the sth second for uniform acceleration.

74. EQUATIONS OF UNIFORM ACCELERATION FROM »+ GRAPH

Fig. 7.4 shows the velocity-time graph for an object moving along a straight line with constant
acceleration a. The velocitv-time graph is a straight line because a (— slope of graph) is constant,
Note that graph starls from v, because at ¢ — 0, the initial velocity is assumed to be v,
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(7) Velocity at any time £. From velocity-time graph, we v
can derive the relation for final velocity v of the object at any
time . Thus in Fig. 7.4, the final velocity v is the sum of two v—————————:{i
parts — initial velocity v and the velocity change ar during / at
the ime £, (Note that time mterval = ¢ — (0 = §). 2 .

. Yo - A

it V.=V, T

. L) . ) . F:F_/d-"' Ve
It is the same result that we derived earlier from algebraic // / :
R
!

considerations, Note that how clearly this relation is indicated o] _

in the v — ¢ graph. Fig. 7.4
(if) Final position x at any time . From the velocity-time graph in Fig, 7.4, we can denve

the relation for the position x of the object as a function of time. We know that displacement

*x — x, of the object duning the time ¢ 15 equal to the area of the graph for that time interval (i.e.,

(1o ¢ in this case). The arca under the graph for ttime mterval O to ¢ is the shaded area. It consists

of a rectangle of width r and height v, plus right angled triangle of base 1 and height a 1,

x — x, = Shaded area

S

T
or X—X=witz at

g
or X =xs+ vl 1 5 il

This 15 the same result which we derived carlier from algebraic considerations. Note the
case with which we have found the above relation [rom the v — ¢ graph. Indeed. graphical study
of motion provides more insight than the mathematical equations.

(i) vt — v = 2a8

We shall derive the above relation graphically, Relemming to Fig 7.4, we have,

x — x, = Arca of trapczium (shaded portion)

] ;
) (v + v i )

Acceleration. o = Slope of velocity-time graph

or t=
a

Putting the value of 1 in eq. (/). we have,

1

X—X.= —iV+V, =
o= 2(v+v)

Ly

a
v — vE =24 (x — x,)
If x-x,= & the displacement of the particle in time ¢, then, v wr = 2al.

(iv) Average velocity. Compare the velocity-time graphs in Fig. 7.5 (i) and in Fig. 7.3 (if).
The shaded arca under v — ¢ graph 1s the same for both cases for the same time interval.

In Fig. 7.5 (1). the area is under the trapezoid and in Fig, 7.5 (if), the same area 1s under the
rectangle. Both arcas arc **equal to the change in displacement x — x,. The horizontal ling

* AL = 0, velooily 15 v and the posibon of the objecl (ie., 1ts displacement from the ongm) 1s x,.

*#  The velouty-ime graphs are with identical areas under the graph. In Fig. 7.5 (1), the area is with
constant acceleration and m Fig. 7.5 (), the same arca 1 shown wath constant veloaty.



166 Principles of Physics—XI

(solid line) in Fig. 7.5 (i) has the value (v, + v)/2 . it is in fact the average velocity v,

v A v A

Vv % /
Vi ¥ ////

. .
e i ) {
{7} (i)
Fig. 7.5
_ v, ¥
Average velocity, v = "1

Referring to Fig. 7.5 (ii). the area under the v — ¢ graph for 0 — ¢ time interval is equal to
the width 7 of the rectangle multiplied by height v [= (v, + v)/2].

[Vt
Xy = 3 {

7.5. POSITION —-TIME GRAPH FOR CONSTANT +VE ACCELERATION

The position-time relation for uniformly accelerated motion 1n a straight ling is given by ¢

X=Xt vt + o at’ A (D)
Eq. (i) shows that x is a quadratic function ol tme 7.
Therefore, the x — graph is a *parabola (Sce Fig. 7.6).
Note that slope of the tangent at 7 = 0 is equal to the initial
velocity v, and slope of the tangent at time 1 15 equal to the
velocity v at time #. It is clear that the slope of the graph
is continuously increasing  (i.e., velocity is continuously Slope = v,
increasing). The measurements would show that the rate of _
mcrease of slope 15 constant. b =y

-

: il - 0

Mode, X = Xy vyl 5 al Fig. 7.6

At first sight, it may appear that in this equation, acceleration is not constant, However, by
differential calculus. it can be casilv shown that acceleration is constant,

el e | §
— = —|x,tvlt=al” |=v,+al
el i z ]

|
|
|
|
|
|
|
|
|
|
' -
[

o —

- - ot = E’
it di \ il

E o ﬂ'.‘t‘J :i{l’,, g
il

MNote that acceleration ¢ is independent of time and. therelore. 1t is constant. The reader
may note the important role of mathematics in physics. From the **x — / graph. it is not clear
that acceleration « is constant. But the use of differential calculus readily proves it

If x 15 ploted against « the curve 15 a parabola whose svmmetry axis i1s parallel to the direction of the
conslanl acceleralion.

**  However, from the w—¢ graph, it 15 clear that acceleration is constant in this case.
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7.6 VERTICAL MOTION UNDER GRAVITY

One important example of linear motion with constant acceleration is the vertical motion
(downward or upward) of an object under gravity, Objects that move under gravity alone are called
freely falling bodies. . freely falling body alwavs has an acceleration of 9.5 ms s vertically
dewmward. Note that magnitude (9.8 ms 7) as well as direction (vertically downward) of the
acceleration 1s constant,

A freely falling body has a constant acceleration of 9.8 ms ~ acting vertically downward. It
does not matter whether the body is rising or falling; its acccleration is still g (= 9.8 ms )
downward. When a body is rising. its velocity decreases at the rate of 9.8 ms ' every second until
il reaches at the top of s motion. At this instant. the velocity of the body 1s zero and 1t starls
downward journev. As the body is falling, its velocity increases at the rate of 9.8 ms ' every second
until it hits the ground.

Equations of Motion. Since vertical motion under gravity alone is the linear motion with
constant acceleration, all the equations of motion derived in Art, 7.2 are applicable to freely falling
bodics. The only thing to be done is to change the nomenclature i.e., displacement S is replaced
by & (vertical displacement) and @ by g. Therefore. equations of motion for a freely falling body

Arc |

'I.-'|:I -+ 3
() h b J'r
(i) Vo=, t gt

I 5

(1i1) h =v tH4 - g
(iv) Vo vt =20 h
(V) I T ‘Zr{in 1)

Note. Il may be noted that eq. (v) 15 nol the basic equation lor umfornm acceleration bul 15 only a special
case of eq. (fif).

Sign convention, While solving problems regarding freely falling bodics. it 1s very important
o adopt one sign convention for displacements and velocities. [t s a uswal practice to choose
It to be paositive in the upward direction from ihe selected origin and negative in the downward
direction from the origin. Thercfore, you must specily the origin of mecasurcment in problems
involving motion under gravity.

Example 7.1. A car starts from rest and accelerates uniformly for 10 s to a velocity of
36 km/h, It then runs at constant velocity and is finally brought to rest in 50 m with a
constant retardation. The total distance covered
by the car 1s 500 m. Find the value of accelera-
tion, retardation and total time taken,

Solution. Fig. 7.7 shows the velocitv-lime
oraph for the motion. The car uniformly accelerates
for time ¢, ( = 10 s) and attains a constant velocity
v~ 10 ms ). In the time inverval I, o1, Il moves
with this constant velocity (ie..10 ms ). In time
interval £, to ¢, it retards uniformly and comes to
stop. o 3

oy |

-1 7
Wms |——

10 s i 3
(£) Constant Acceleration part ((24) Fig, 7.7

v,=0:v=36kmh=10ms"'; ¢, =105
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; v—v, 10-0 :
Constant acceleration, a = .f - = o Ims ~
_ vo+v 0410 _
Average velocity, v : = =5 ms
2 2
Distance covered. 5, = ¥, =53x10=50m

(if) Constant Retardation part (BC)

o 10 ms " ;v {};:3—f2='.’;h' = 5 m

v, +v  10+0 |

Average velocity, v = = 3MmS

Distance covered, 5, = v (i, — 1)

5 500
Iy = 'rg I oy 105
v 3
. v=v, 0O=10 i
Retardation. a = = —1ms
i, =1, 10

(#if) Constant-velocity part (485)
Distance covered. 5, =8 & &, = 500 - 50 - 50 = 400 m
S 400

Time taken, £, — - , =40 5
* constant velocity 10

Total time for journey = ¢, (f, — 1) + (t; — 1,)

=10+ 40 + 10 = 60 &

Note, The statement of the problem suggests that magnitudes of acceleration and retardation must be
same. For the same rcason, bmes for aceeleration and retardabion must be same ; also the distances covered
during acceleration and retardation periods must be the same

Example 7.2, Fig. 7.8 shows the speed-time graph of a car.
(f) What is the acceleration of the car in first two hours, in the next two hours and in
the last two hours?
() What is the total distance travelled by the car?
(i) What is the average speed of the car?
Solution. (/) Since the specd-time graph during acceleration (4179) period is a straight line, the
car moves with constant acceleration during this time interval,

Constant acceleration. a = Slope of line A5

_BD 60

Al 4

The car retards uniformly (graph BC7) from 4 hours to 8 hours. Therefore. retardation is
constant and is given by :

= 15 km/hr”

BD 60
D 8

15 lkmhre

a = Slope of ling BC

|
(i) Total distance = Area of AABC 5% 60 % 8 = 240 km

if) A d Total distance 240 0 kil
i verape speed = — : = = 30 km/h
&& sp [otal time =
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A
T A

~ 50%

Speed (knmvh) —»
Speed (kim/'h

D C

1 [l ] | F_
”.ﬂ. 1 2 3 4 5 6 7 8 ¢(houn

0 2 4 6 8 10 12
Timei s} L o
Fig. 7.8 Fig. 7.9

Example 7.3, A driver of a car travelling at 52 km/h applies the brakes and decelerates
uniformly, The car stops in 5 seconds. Another driver going at 34 km/h applies his brakes
slower and stops after 10 seconds. On the same graph paper, plot speed-time graphs for the
two cars. Which of the two cars travelled more distance after the brakes were
applied?

Solution. Since both the cars decelerate uniformly, their speed-time graphs will be straight
lines as shown m Fig. 7.9, We know that distance travelled by an object during any time mterval
is cqual to the arca under specd-time graph during that time interval.

Distance travelled by car 1 = Area OAB

321000
M———x 2 = 36.1 m

1 1
—x ¥ A= 0B = —
2 2 6Ux60

Distance travelled by car 2 = Arca QCD
1 341000

1
G OO ROD e et ey
g e 60%60 bl

Therefore, car 2 travels more distance after the brakes were applied.
Example 7.4. A body moving with uniform acceleration covers 24 m in the 4th second
and 36 m in the 6th second. Calculate acceleration and initial velocity.,

Solution. The distance covered in the nth second is given by :

i e
vgt o @rly 2=y o @x4-1 )

'ﬁh i
a e
Also 36 =v, + E{(} x 2 -1) i)

Subtracting cq. (i) from eq. (i), we gel
12=2a . a=122=6ms"

Putting the value of a in eq. (7). we get.

H=v+ —(2=x4-1) S V= 3 ms~

L 3

52w 1000 i
[Tl=
i) = GBI

=04 =532km'h =
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Example 7.5, A body is moving with uniform acceleration. Its velocity after S seconds is
25 ms ' and after 8 seconds, it is 34 ms . Calculate the distance it will travel in 12th second.,

Solution, v=wv,tal
For the hirst case R L T MR

25 = v+ 5a e ()
For the sccond casc : v=34ms :t=8s

3 =v, + 8a ... (i)

solving eqs. (/) and (ii). we get, v, = 10 ms L-a=3 ms™

The distance travelled in the 12th second is given by :

-~y

i 3
5 . 1{241 —1)y= 10 4 E(E *x 12— 1)=445 m

12h ¥

Example 7.6, A tennis ball is dropped on to the floor from a height of 10 m. It rebounds
to a height of 2.5 m. If the ball is in contact with the floor for 0.01 second, what is the average
acceleration during the contact ? Take g = 10 ms ",

Solution. Let v, be the velocity of the ball just before striking the Noor and v, be the velocity
of the ball just after striking the floor. Since the two velocities are acting in the opposite directions,
the change in velocity Av = v, — (=v,) = v, + v, and time for the change Ar = 0.01 sccond.

‘II I Fl

Al
MNow V= ,UI'IEH',I!'I-_ 1.,,."1 x 10 = 10 «,‘."'Ef]'l? ms vy = ’\JI’?._S{EJ = ,J'IE- x 10x 25 = 1‘I|[:}':“:| ms_

J200 + 50 :
q = 200 + - = 2121 ms ~
0,01

Average acceleration. 7 =

Example 7.7. A car starts from rest and accelerates unifomiily at a rate of 2 ms * for
20 seconds. It then maintains a constant velocity for 10 seconds. The brakes are then applied
and the car is uniformly retarded and comes to rest in 5 seconds. Draw the velocity-time
eraph for the motion and find (i) the maximum velocity (i) the retardation in the last 5
seconds (i) total distance travelled and (iv) average velocity.

Solution. Fig. 7.10 shows the velocity-time graph for the motion of the car. The graph is

OABC,
L*l
o i [ I 51
= e e el e 1
=y I III
o= 1 I
= I L
= l L)
> [ L
I I
I I \
I Do\ .
g * f
Q 20 30 35
lime (5)

Fig. 7.10
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(i) a=2ms v, =0:¢(=20s:v_ =7
vo=v, taf =0+ 2 % 20 = 40 ms :
B A0 2
il Retardation = Slope of ling B =———=——= -8 ms ~
pe e
3
v—v_ (=40 i

—Rms -

Alternatively; Retardation = Z N

(iii) Total distance travelled. 5 = Arca of trapezium OABC

1
= ;}-{_«']H = Q) = BD

l
~( 10 +35) x 40 = 900 m

ot g 5 L
(iv) Average velocity = 7 13

Fxample 7.8. A ball is thrown vertically upward with a velocity of 29.4 ms ', Describe
the motion of the ball.

Solution. Let us take origin at the ground. Then upward displacement and velocity will be
positive and downward displacement and wvelocity will be negative. As g is always
directed downward, g 9.8 ms "

Upward Journey. Since the ball is under constant acceleration (= 9.8 m s °). its velocity will
decrease by 9.8 ms ' every second.

=25.71 ms '

i all - S 1 T A | S —— it e B B e
i I;{?l:::;u? of ball after 1s = 294 - 98 0 %) 7 | ;: "
Velacity of ball after 2s = 196 — 98 98ms' __ | 4 9.8 ms"!
=98 ms' {t=2s) TI : (r = 1s)
Velocity of ball afler 3s = 98 - 98 =0 196ms' | (¥ 19.6 ms”’
Thus the ball will reach the highest point (= 18) | -|r (1 = ls)
in 1 SI At [hc hig]]csl pﬂ]“ll lhc ‘.I‘:]DEH}I Dr lr - folfﬁ}l'q-fnwfﬁ-lnl.;' Y FEE .i'l' E'fl'l-'d.l'].l'll:lilnlll' Iy I:-.r - 35.:'
the ball is zero. Now the ball starts *down- P
ward journey. Fig. 7.11

nuwfm':ard Journey. Note that during the downward journey of the ball, g is again
9.8 ms °. But displacement and velocity are negative.

Velocity after 1 s = 0 — 9.8= -9.8 ms ;

Velocity after 2 s = —(v, + g 1) = — (9.8 + 9.8)= —19.6 ms '

Velocity after 3s = — (19.6 + 9.8) = -29.4 ms’

Thus the ball reaches the ground in 3 s and sirikes it with a velocity of 29.4 m s ',

Conclusions. Three important conclusions can be drawn aboul a [reely Talling body.

(/) The time taken for upward journey is equal 1o the tme taken lor the downward journey.

(i71) The magnitude of velocity (i.e. speed) with which the ball was thrown upward. it hits
the ground with the same speed.

* In fact, the downward journey of the ball wall be along the same path along which it performed upward
journey. But in Fig 7.11, the two paths are shown separate for explaining the behaviour of a
Ireelv falling body.
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(i) The magnitude of velocity of the ball at any point in its upward and downward journey
15 the same,

The above behaviour of a freelv falling body is due to the fact that value of g is constant.

Example 7.9, A person throws a ball vertically upward with an initial velocity of

15 ms L. Caleulate (7) how high it goes and (i) how long the ball is in air before it comes to
his hand.

_ i
Solution. We sclect carth as the origin so that g 9.8 ms "~ .’/_ !
(1) At the highest point. velocity is zero. |' I|I
|
Now o \f =2gh ‘|+ T
| |
- | |
Here v=0:v,=+15ms :g 98 ms ™ t=0 | | t= 3.065
."-'.-'.";'.-'."J'.-'."-'.-'."-".-'."-'.i.f-'f.";'.-'.-."-'.-'."*J'.-'-"J'.--";'.--"J'.-'-"J'."-".-'.-'-";'
2 =2 A =
0) = (+15y'=2 = (-98) = h
{ f‘ _(+15) Fig. 7.12
Maximum height. & =115 m
& 2%(-9.8)
: - 3
(i) f=v, 1t S &t
Here i =0 v, =+ 15ms ;. g 08 ms*

1 ; p
0= 151 ~3 “OR or 0=15¢t-49r

0=1¢(15-491

Felh Eid IR AD R0 s ol =S .

4.9
Note that there are two solutions lor ¢ . 0 s and 3.06 5. The first solution corresponds 1o mitial
point A (See Fig, 7.12) and second solution corresponds to the return—point ¢ Therefore, the
ball is in the air for 3.06 s,
Example 7.10. An object is thrown vertically upward from the ground at 30 ms™,
() What is the displacement after 4 87 (i) What is the velocity after 4 57
(i) What is the maximum height it attains ? (iv) What is the time of flight ?

Solution. We select carth as the origin. Then ¢ — 9.8 ms =, For upward journey,
Vy = + 30 ms : g 98 ms ",
0 .n' | -
i ! vl +—el
| 2-!.51
Here v, = +30 m5':,ﬂ=—‘].ﬂ ms :t=4ds:h="9

1 ,
h=30%x4+ = (-98) x @’=42m
&

{if) Vv v, + gt
Here v, = H30ms g = 98 ms i =45
vo=30+ (-98) x4 =9 msg"

Thus four seconds after the object 1s thrown, it 1s 42 m above the ground and 1s travelling
downward (negative sign shows downward motion) with an mstantaneous speed of 9 ms 2

#

The net displacement for entire journey 1s zero
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(i11) Al the highest point. the velocity of the object is zero.

Now Ve 1:_:]: =2Ltgn
Here v =0:v,=+30ms':g- 98 ms”
(0) - (30)° =2 (-9.8) h
0% —(30)
or f =#} = 46 m
2(-9.8)

(iv) The displacement / 15 zero when the object sirikes the ground. We want to lind the
corresponding time of fhight.

] ﬁ.’j_
o =vt+=-gk 60 -
A0 ve=+mtip=08me? L7
Here i =0: v, =+30ms . g=-98ms 20k |
] E U E = _ B (seconds)
; 0 =301 =x98¢F 20 |}" i
o 40 t
or 0 =301—49 ¢ _sol [ (er)
or 0 =7(30-491 I
|
fF=0and 0=30-49¢ v A {
L r
30 4l E
or f = —=06.1s% w20 I
4.9 : t

I = (seconds)
Therefore, time of flight is 6.1s. Note that 20 N )
t = 0 corresponds 1o the point of throwing the  —ao-

object upward. Fig. 7.13 shows the graphical
solution of the problem, a A
(a) The i graph of the motion 15 a parabola. "'-:; 9.8

This is not surprising because the posi- = 0
tion-time graph for a lincar motion with —%.8]
constant acceleration 1s a parabola. Note (c)
that the displacement is zero at 6.1s. This Fig. 7.13
is not only indicated on fr+ graph but also
by the net area on v graph. The net arca of v graph is zero so that net displacement
IS ZET0.

3 z = (seconds)

(5) The v ¢ graph of the motion 15 a straight hine. It 1s because the acceleration 1s constani
during the entire motion of the object. Note that as the object moves upward. its velocity
decreases uniformly (9.8 ms ' every second). When the object reaches the highest point
ol motion, its velocity 1s zero, From now onwards, the object starts its downward journey,

() The a — ¢ graph of motion is a straight line parallel to the time axis. This implies thal
acceleration is constant ( = —9.8 ms *) throughout the journey of the object. Since origin
is selected at the ground and g always acts downward, the value of g is negative.

Example 7,11, Water drops fall at regular intervals from the nozzle of a shower on to

the floor 3.24 m below. The first drop strikes the floor at the instant the fourth one begins
to fall from the nozzle. Find the positions of the drops when a drop just strikes the floor,

Solution. Fig. 7.14 shows the positions ol the lfour drops A, B, C"and 1) When drop A strikes
the floor, the drop 2 just beigns to fall from the norzle. The positions of the second and third drops
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are mid-way between them. Let ¢ be the time interval between two successive drops. Relerring 1o

Fig. 7.14, De .4
i I 3 | 9 5 il - 7 3 f
o Egr . Bh Eg (28 = 2g1r” ;. AD % g (3fy =45 gr Ce
< 3.24
It is given that A0 — 324 m. 3 : =
: 45 gt =324 r
or gf —324/4.5 =072 de ¥
D Egr” 3 * (0,72 = 0,36 m

i E_E.f‘? 2x072=144 m ; ALy = 3.24 m

Example 7.12, A parachutist bails out from an ;11.:1'1[“'.!]::'lrlu.‘:1 and after dropping through a
distance of 40 m opens the parachute and decelerates at 2 ms ., It he reaches the ground with
a speed of 2 ms ', how long he is in the air? At what height did he bail out from the plane?

Solution, Time for first 40 m journey.

Now v, =0:h=-40m:.:g=-98 m/s’; v = 7

(V) =i =2gh  or v —(0) =2 % (-9.8) x (—40)
V V2% 9 Bxd0) =28m/s

Now v = vt gt Al = =204

Time for second journey.
Vo =-28ms jv=-2mis ;a=+2 m/s’
v =v, + at, ar =2 ==28+2, 5 15= 135
Total time ¢ for which the parachute 15 1 air 18
f=t+1,=29+13=159s

Height from which parachute has fallen during second journey.

voe vl = 2ah or (“2Y (28 =2+ % h - h=195m

]

Height at which the parachutist bailed out = 40 + 195 = 235 m

Example 7.13. A balloon is ascending at the rate of 12 ms™'. When it is at a height of

65 m from the ground, a packet is dropped from it. After how much time and with what
velocity does the packet reach the ground? Take g = 10 ms ™.

. : o L I
Solution. /1 = v, 7+ g
Taking downward motion as positive . v, = —12 ms™ ;g =+10 ms™

65 =—12 % t + ;xmxﬁ

or S5 -126-65=0 or (¢+13)(-5=0
=—13/53sec ;1= 35 sec
As the ume cannot be negative ; = 5 sec.
p=y tgi==]12+ 10 x5=38 ms :

Example 7.14. A bottle dropped from a balloon reaches the ground in 20 5. Determine
the height of the balloon if (i) it was at rest in the air (i) it was ascending with a speed of
50 ms ', when the bottle was dropped.
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Solution. (i) h = v, i 4 ; of”

Taking upward motion as positive, g = — 9.8 ms ~

h=0xt- ; % 98 = (20 = — 1960 m Sl A= 1960 m

(#7) Taking upward motion as positive. g = — 9.8 ms *

h=vi+ 5 gF=50%20+ 5 x (-9.8) x (20)° = 960 m
| | = 960 m

Example 7.15. A stone is dropped from the top of a tower 400 m high and at the same
time another stone is projected upward vertically from the ground with a velocity of
100 ms™, Find when and where the two will meet,

Solution. Supposc the two stones meet afier ¢ secconds when the stone from the top of the
tower has covered a distance of /. Then the distance of the meeting point from the ground is
(400 — A1) as shown in Fig. 7.15. Take the downward motion positive.

For downward motion, g LR ms;_z-:\.[] =)

A
coper L L ggy 2 [ '
h—v{:.f+5gf —ﬂxr+5,-:lﬂx.f :
or h=49 1 (i) * cl
For upward motion, g = — 9.8 ms ol v, = 100 ms 2
) 400 — h
1 v, 1 2
. — = w i + o 4 R . .ﬂl.g
-I-t-}f] llr]l ||I"Ilr 2 "Lrl lnﬂ s 2 l:: J-R] J .I'|'.'+'.I'|'.".-.'.fn'."-'.".-".'."-'.".-'.'.l'-'."

or 400 ~h=1001¢-49 r Fig. 7.15 .. (i¥)
Adding eqs. (1) and (i), we have,

400 = 100 ¢ - 1= 400/]100 = 4 5
Putting t = 4 s ineq. (i), # =49 = (4)° = 784 m.

Therefore, the two siones meet 78.4 m below the top of tower after 4 s
Example 7.10. A body is dropped from rest at a height of 150 m and simultancously
another body is dropped from rest from a point 100 m above the ground. What is the
difference between their heights after they have fallen for 3 seconds? Take g = 10 ms -,
2 . P ATy Al : 1 7
Solution. Since initial velocity in the two cases is zero. i = 5 8.

Dowmward distance covered by first body in 3 seconds

At

= %}: 10x (3) =45m
Height of first body above the ground = 130 — 45 = 105 m
Downward distance covered by second body 1n 3 seconds

= %}’. 10 (3}1 =45m

Height of sccond body above the ground = 100 — 45 = 535 m
Difference 1in height between the two after 3 seconds = 105 — 55 = 50 m
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PROBLEMS FOR PRACTICE

A train starting from a station i1s uniformly gaming speed until after 5 minutes 1t
acquires the maximum uniform speed of 80 km/h. Find the average velocity and the
distance travelled during variable state of motion, [40 km/h ; 3.33 km|

A car travels with a uniform velocity of 72 ki'h. The drnver applies the brakes and
the car comes to rest with a umform retardation 1in 10 seconds. Find (/) the retardation
(#7) velocity of the car after 3 scconds and (#77) the distance car travels after the brakes
are applied. [()) =2 m s (i) 14 m & (i) 100 m]
A car travels at a uniform velocity of 20 ms ' for 5 scconds. The brakes are then
appliecd and the car comes 1o rest with umform retardation in further 8 seconds.
Determing (¢) the distance travelled in first 5 seconds (i) retardation in the last 8 seconds
(iif) distance travelled by the car after the brakes are applied and (iv) total
distance travelled. [(i) 100 m (i) 2.5 m s~ (iii) 80 m (iv) 180 m]

. . . - ‘?I
A motorcvele starts from rest and maintains a constant acceleration of 3 ms ° for
C . ) = .
O seconds and then a constant acceleration of 2 ms © for another & seconds. Find the
acquired velocity and total distance travelled. [30 ms™'; 216 m|

A body has a wvelocity of 5 ms ' and a uniform acceleration of 4 ms ~. Find the
distance travelled in the 11th second of ils motion. [47 m]

A body starts from rest and shides down an inclined plane (assumed [rictionless) of
length 15 m in 15 s. Find its acceleration and its speed at the bottom of the plane.
[0.113 ms %3 1,995 ms ']

A body travels 200 cm in the first two seconds and 220 cm in the next four seconds,
What will be the velocity at the end of seventh second from the start 7 [10 em s ')

An electron travelling with a speed 75 = 10" ms ' passes through an electric field

with an acceleration of 10 ms . How long will it take for the clectron to double its
speed ? [5 % 1077 g
A boy drops a stone into a well, If the stone takes 2.5 s to hit the water, find (/) depth
of the well (if) the speed with which the stone hits the water.

[(©) 30.63 m (i) 24.5 ms ']
A boy standing near the edge of a chil 125 m above a niver throws a stone downward
with a speed of 10 ms ' Find (/) with what speed will the stone It water and (i)
how long will it take 1o descend 7 () 30.5 m s ' (i) 4.13 s
A ball is thrown vertically upward from the ground with a velocity of 39.2 ms .
Calculate (i) the maximum height to which the ball rises and (i) the time taken by
the ball to reach the highest point, (&) T84 m (if) 4 §]

. A stone is dropped from the top of a building 200 m high and at the same time another

stone is projecied vertically upward from the ground with a velocity of 30 ms'. Find
where and when the two stones will meet.

|after 4 s at a height of 121.6 m from ground]

A ball thrown vertically upward reaches a height of 80 m. Calculate (i) the time o
reach the highest point (i7) the speed of the ball upon arrival on the ground.

[(i) 4.04 s (i) 39.59 m §']
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7.7. EQUATIONS FOR UNIFORMLY ACCELERATED LINEAR MOTION
(CALCULUS METHOD)
In the earlier sections, we derved the equations for umformly accelerated motion in one

dimension by making use of algebra or graphical analysis. Now we shall derive these equations
directly from definitions with the help of mntegral calculus.

(/) Velocitv-Time relation, The instantaneous acceleration of a moving object 15 given by ;

e
n . —
it
ar dv = aq di

Whent =0 v =v,and whent = v = wu

We integrate velocity from the initial value v, to the final value v, the corresponding limits
on the time being 0 and 1. ; r
‘F dv _[ a dt
¥ 0

Since acceleration a /s constant. it can be taken out of the integral sign.

v ]
J'.{?T" = .:rI dt
v il
L T
or Ivl, = altly
or vV—v, = daf
v=v,tal 1)
(#f) Position-Time relation, v =v, tal
ax :
or —_— = Vgl
i
ar dx = v, dt + at dt

i

s e 7

ke

Whent =0 . x=x, and when ¢ = ¢
Integrating the above equation for dy through proper limits. we get,

- 3 { i
jffx J\-Un’HJ..::.rdf
""-",_I |'_:| 1_|-
Since v, (= initial velocity) and acceleration a arc constant, they can be taken out of the

integral sign. ;

IEITI = 1=njffl+cii f el

Ry 0o ]
|"2 ;
X 0
X — Ly |||r +Iﬂ- TET
or | x [, bltio ta5
{
I
x—X, = vyl S
] kx| -
or e it Sl O g 2 ?.{J f ..({F)

If x — x, = & the displacement of the object in time ¢, then eq. (if) can be written as :

]
o Vo b S ¢ 3

—
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(iii) Velocity-Displacement relation.

dv  dv dx
H —_— = *
dt  dx di
v ,.-' f.?l.'l'.' b
or g= —¥ NP & I
dx L ol J
or adx = v dv
When x = e and whenx=x, v =¥
Integrating above equation with proper limits, we have,
& v
j:‘:r dy _ j vy
J:U 'I.-'rl:.
Since acceleration « 15 constant. it can be taken out of the integral sign.
X v -..1 -
ri!j v Ivrﬁi or i1'|xl::j -
.'L':| 1I|'_:- : = I":I::l
2 2
LTI L Vil X % o oy =g .
or -:I(.‘-u: J.,J] = E__E ot e i ga{x :a,u] i)

Il x —x, =5 the displacement of the object in time {, then eq. (iif) can be writlen as

T ".-: =2af

Note. We can venfy the correciness ol these equattons of uniformly accelerated linear motion by
ditferential calculus,

(1)

(£r)

AN X 'FU.I' 4 a
v d | P 2

5 =—| x,+vt+—at’ |=v,+al
i i L 2 A

v 'I-'I:: ol I |
dv  d { I}I

0 i L R ] constant
dt i

The reader may note the important role of mathematics in physics. We derived these equations
directly from defimitions with the help of mtegral calculus and then proved their correciness by
differential caleulus.

).1.
Ans,

0.2,
Ans.

(.3.
Ans.

CONCEPTUAL QUESTIONS

When is an object said to be accelerating?

Whenever the velocity (magnitude or direction or both) of an object changes. we say
that the object 15 accelerating. However, an object moving at a constant speed in a
straight line 15 not accelerating because its velocity 1s not changing i.e.. magnitude as
well as direction of velocity 1s the same.

What do you mean by uniformly accelerated linear motion?

Unifornly accelerated hinear motion means that the magnitude of the acceleration 1s
constant and the motion 15 n a straight line.

Give one most common example of uniformly accelerated linear motion.

Oneg of the most common and practically important examples of uniformly accelerated
lincar motion is the vertical movement of an object in the gravitational field of the
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Q4.

Ans.

Q.5.

Ans,

().0.
Ans,

0.7.
Ans.

Ans,

Ans,

0Q.10.

Ans.

carth. The effect of gravitational attraction is 10 impart all unsupported bodies an equal

downward acceleration of 9.8 ms ™ (neglecting the retarding effect of air),

We say that acceleration due to gravity is constant only if we ignore air resistance,

For what situations can air resistance be ignored?

The answer to this question depends upon several factors ¢

(/) Il vou do not require greater ACCUracy, you Can 1gnore air resistance.

(i) I the body is moving through air at a moderate speed. air resistance can be ignored.
It 1s because the faster an object moves, the more air resistance allects 1ts
acceleration,

(¢68) If the body is heavy and/or strcamlined, vou can ignore air resistance. It is because
shape and surface area ol an object greatly alTect air resistance. Air resislance is
much more important for a light object. such as a ping-pong ball, than for a heavier
object of the same size. such as a golf ball.

Is the value of g positive or negative?

The acceleration due to gravity alwavs acts vertically downward whether the body is

rising or [alling. The value ol g will be negative or positive depending upon whether

we choose upward direction positive or negative. If we choose upward direction
positive, g, being directed downward. is — 9.8 ms °. If we choose downward direction
positive, then g is +9.8 ms ~.

It a body moves with constant acceleration, what 18 the average velocity?

Il a body moves with constant acceleration, the velocitv-time graph is a straight ling;

the slope of graph = constant acceleration. Therefore, the average velocity lies midway

between the initial velocity (v.) and the final velocity (v) 1.e.,

v, +V

2
Note that it 15 true only for constant acceleration,

'II_:\' —

What is a freely falling body?

When an object is under the action of gravity alone. it is called a freely falling body.
The presence of other forces, in particular air resistance, may alter dramatically the
statement that all objects fall with the same constant acceleration g (= 9.8 m s 7).
The position of a stone dropped from rest from a cliff is given by x = 4.9 ¥ where
X is in metres and £ is in seconds. What is the acceleration of the stone?

5 clx
x=49F or — = 2(4.9)t =98
L

or = Y _98ms® or a - 98 ms>

df”
We arrive at an important conclusion that if the displacement of a body varics as the
square of clapsed nme. the acceleration of the body 1s constant.
In one dimensional motion, can a particle have zero speed at an instant but non-zero
acceleration at that instant?

The answer 1s yves. For example., when a body starts falling [reely. its
speed is zoro but acceleration 1s 9.8 ms 3

In the position-time (x — ) graph shown in Fig. 7.16, what is the
acceleration?

=

The x — ¢ graph 15 a straight ling. Therelore, slope 1s constant. This

means that velocity of the body 1s constant, Therefore, acceleration is Fle 716 >
[FLA
F2T0.
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The distance travelled by a body is found to be directly propor- 0
tional to time. Is the body moving with uniform velocity?
R
s P
s i or s=kt .. ¥ T & (constant)
el

Therefore, the body 15 moving with uniform velocity. -
i - Fig. 7.17

Fig. 7.17 shows x — ¢ graph for a moving body. At what point velocity is zero?
The velocity at any point on the graph is the slope of the tangent line at that point. The
slope of the tangent line at ) is zero. Therefore, velocity 1s zero at point (.

VERY SHORT ANSWER QUESTIONS

A ball is thrown straight up. What is its velocity and acceleration at the top?

Veloaity at top = 0 . Acceleration at top = 9.8 ms = downwards.

Can a body have zero velocity and still be accelerating?

Yes. In case of a body projected vertically upwards, the velocity at the highest point is zero but
acceleration 15 g (- 9.8 ms 7) downwards.

A body is thrown vertically upwards with a velocity of 30 m/s, What is its velocity when it
hits the ground?

30 m's because the velocity with which the body hits the ground 15 equal o the veloaty with wiich
it is thrown up, The reason for this is that acceleration due fo gravity gi= 98 ms 7} remains
constant dunng upward or downward journey.

Two balls of different masses (one lighter and other heavier) are thrown vertically upward
with the same initial speed. Which one will rise to greater height?

Both the balls will rise to the same height. It is because in the formula v — v, = 2gh, no mass

lerm 15 mvolved.
What does the area under acceleration-time graph for any time interval represent?
V= V-,

=X =

! 2

Therefore. area under a — ¢ graph during time miterval ¢ represents change m velocity duning that
lime interval

1 1
Area under a — 1 graph = Sat =

If the acceleration of a particle is constant in magnitude but not in direction, what type of path
does the particle follow?

It will lollow a non-linear path.

A ball is thrown vertically upwanrds and takes 5 s to reach the highest point. What is the time
for downward journey?

5 s because the value of g ( = 9.8 ms ™~ downwards) is constant for upward and downward journey.
A man standing on the edge of a cliff throws a stone straight up with initial velocity # and
then throws another stone straight down with same initial speed & and from the same position.
Find the ratio of the speeds, the two stones would have attained when they hit ground at the
base of the cliff.

When the stone 1s thrown ap with speed #, 1t will return o the thrower with speed #. Smce both
stones are falling under gravity with the same imtial speed w. they wall hut the ground wath the same
speed. Henee the mbo ol the speeds ol the two stones wall be 1 0 1.

A stone is thrown vertically upward from the ground at 30 ms . What is the time of Might?
1 = 6.1s (Refer to Example 7.10).

The initial and linal velocities ol a unilormly accelerated body are 20 ms | and 60 ms . What
is the average velocity?

Initial vel. + Final vel. 20 + 60
o i

Average veloeity =40 ms"
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0.11.
Ans.

How will vou find the distance covered by a uniformly accelerated body from its v — 1 graph?
The distance covered by a body 1n a given interval ol time 15 cqual o the imal area (posiive and
negative) under v—f graph during that time interval. Note that negative area {due fo negative
velocity) 1s also taken as posifive

Note. The displacement of a body dunng a miven time interval 15 the met area (with due regard to sign
to area) under v—¢ graph during that interval

0.12.

Ans.

Q.13
Ans,

0.14.
Ans,
0.15.
Ans.

0Q.16.
Ans.

Q.17.

Ans,

Q.18.

Ans,

Q.19

Ans,
0Q.20.

Ans,

Q.1
Ans,

Ans.

A car starting from rest has an aceleration of 3 ms . How fast will it be after 10 s?

v =1+ at 0+ 5 = 10 :i[]-nn:-:I

A body s thrown up vertically with velocity w. How high will it rise?
£ i il 3 )
v —u=2gh o O —uw =2-gh o h=ulig
Velocity and acceleration are interlinked but is it possible that one is zero while other s not?

Yes it 1s possible. A body thrown vertically upward has zero veloety at the highest point but 1t has

-

acceleration g (= 9.8 ms - downwards), On the other hand, acceleration is zero for motion with
umform velocity.

A body is thrown vertically upward from the surface of carth. What is the dirvection of
acceleration ol the body?

The acceleration is g (= 9.8 ms "y acti ng vertically downward whether the body is going upward
or coming downward.

What is the unique characteristic of uniformly accelerated motion?

In case ol umlormly acceleraled moton (and only for ithis case), the average veloaly 13 equal 1o
one-half of sum of initial and final velocities

What is the ratio of the distances fravelled by a body falling freely from rest during first,
second and third second of its fall?

5. =y + L(an 1}—{]+§(2H )= S(2n-1)

!
iz i 2

L8 0808, - Szx 1}:*;[2}:2 1}.§{2x3 1) = sgem

Can vou cite an example where a body subjected to uniform acceleration does not move in a
straight line’!

A body subjected to umiform acceleration in one dimensional motion moves in a straight line.
However, the projectile 18 subjected o umlorm acceleration and has a parabolic path (motion in
a plane).

What is the acceleration of a body when its v — f graph is (1) perpendicular to time-axis (i)
parallel to tfime-axis?

() Imbmity (i) zero.

A stone is thrown vertically upward with an initial velocity of 14 ms . What is the maximum
height reached? (g = 9.8 ms )

h=vli2g =142 x 98 = 10 m

SHORT ANSWER QUESTIONS

What are the three main characteristics of a freely falling body?
A body that moves under gravity alone 15 called a freely falling body.

(i} Time taken lor upward journcy 1s equal to that tor downward journey.

(i1) The speed with which body 15 thrown upward, if hits the ground with the same speed
(i} The speed of the body at any point m s upward and downward journey 15 the same.
A ball is thrown vertically upwards. Draw its height-time and velocity-time graph.

The h — ¢t graph for the motion 15 a parabola and 15 shown in Fig. 7.18 (f). The v — ¢ graph lor
the motion 15 a straight hine [See kg 7.18 (i)] because acceleration 15 constant duning the entire
motion of the body,
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0 ' A \ ol

(e} (i)
Fig, 7.18

A ball is thrown vertically upward from the ground at 30 ms . What is the time of flight?

The displacement # — 0 when the ball sinkes the ground.
T ] 2 t .
MNow h = v ! -ng' or D=30%x¢f— == 98¢ & t=6]13
-
Two balls of different masses (one lighter and other heavier) are thrown vertically upwards
with the same speed. Which one will pass through the point of projection in their downward
journey with greater speed?
Suppose v, is the velocity of projection of the ball and v 15 the velocity of the ball while passing
downward through the point of projection. Smee displacement b = 0,

vV —v; =2gh o v —vy =2gx0 S e

Henee both the balls wall have the same speed while passing through the point of projection 1in their
downward journey. Alternatively, there 15 no mass term in the equation of motion.

For a particle in one dimensional motion having uniform acceleration, the instantaneous speed
is always equal to the magnitude of instantaneous velocity. Why?

In one dimensional motion having uniform aceeleration, the direction of veloeity does not change;
only the magmtude of veloety changes (ie. speed). Therefore, the instantancous speed 15 always
equal to the magmitude of instantaneous velocity of the particle in one dimensional (ie. in a
strarght hine) moton.

What will be the distance moved by a freely falling body from rest in the 5th second of its
journey”

E ol 3 =
8 =¥ "2[2” 1) . Here Vg =0.a=98ms " and m = 3.

‘
i 1.8

> E(EM 1) =49 =441 m

5

What is the magnitude and direction of acceleration due to graviry?

A freely falling body always has an acceleration of 9.8 ms ~ downward. It does not matter whether
the body is rising or falling ; its acceleration 15 stll g (= 98 ms %) downward,

The position of a particle moving along a straight line is given by : v =2 — 5¢ + 6. What is
the acceleration of the particle at £ = 257

a = 12 {(Reler o Example 6.22)

The acceleration due to gravity is 9.8 ms *. What does it mean?

It means that when the motion of a body 15 under gravity alone, s speed decreases at the rate of
9.8 ms ' every second during upward motion. During dewnward journey. the speed of the body
increases at the rate of 9.8 ms every second until it hits the ground.

A body starts from rest and has a uniform acceleration a. What will be the shape of Qs
(1) x — ¢ graph (&) v — ¢ graph (i) a — ¢ graph?

(/) Parabola {ir) It will be a straight line passing through the origin (#7) It will be a straight line

parallel to the tme-axis
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[

=~ 2
b

o

A body is dropped from a height . In how much time will it reach the ground?

h = vyt + l-n'.!!. Here vy=0:2=g

.
1 . 21
h=0xt+ g o 1= [=
4 e
The velocity of a particle in ms moving along a straight line is given by : v= 10 4 37 What
is instantaneous acceleration at ¢ = 4s 7
dv _d

o ff.r{m”":]‘m- Therefore, at £ = 4s ; a = 6 % 4 = 24 ms ",

Why does time occur twice in the unit of acceleration?

Change in velocity _ DisplacementTime _ Displacement

Fe

Acceleration o o
I'ime I'me (Time)
A food packet is released from a helicopter which is rising steadily at 2 ms . What is the
velocity of the packet after 2 seconds? (Take g = 10 ms'zj.

v = v, + gt Taking upward direction posifive, we have, v, = 2 ms b g = —10 ms * Therefore,
v=2-10x2 18 ms . Hence the packet 15 falling downward with a velocity of 18 ms ~ after 2 s,
Can vou round a curve with zero acceleration?

Mo, 1t 18 because when yvou round a curve, the direction of motion 15 changing from nstant fo

instant. This s possible only by a force and hence by an aceeleration,
Is the rate of change of acceleration with time important to mechanics? Comment.

The rate of change of acceleration with time is not important fo mechanics, It 1s because the laws
ol mohon mvolve acceleration only and 1o solve problems relating o motion, we do nol require
rafe of change of acceleration with time

A car travelling at 36 km/'h takes a U furn in 5 seconds. What s the acceleration of the car?

Change in velocity in 5 seconds, Av = 36 — (-36) = 72 km'h = 20 ms™

o Acceleration of car, & = Awi{Af) = 2005 = 4 ms t

LONG ANSWER QUESTIONS

Explain the terms (7)) umlorm acceleration () vanable acceleration and (#7) average acceleralion.
[Refer to Art. 7.1]

Show that in case of umiform acceleration. the average wvelocity 1s equal to one-half the sum of

mitial and final velocities. [Refer to Art. 7.2|
For umformly linear accelerated motion, draw and explain (#) position-time graph and (i) veloeity-
time graph. |Reler to Arts, 7.5 and 7.4]

Derive graphically the following equations for umiformly accelerated linear motion
- I - = ol 9
(i} v v, + at (i) § = v r - Eﬁf' (@) v — vy = 2ad |Refer to Art. 7.4]
Deduce the above equations of motion by calculus method. [Refer to Art. 7.7|
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COMPLIITION SUCCESS MAIERIAL

Useful Concepts/information

Omne dimensional motion with uniform acceleration means that magnitude as well as
direction of acceleration remains the same,

The equations of kinematics for a particle moving along x-axis (one dimensional motion)
with uniform acceleration ‘a’ (constant in magnitude and direction) are

ETREETY

() X—X%= t_l.l Jf v, = initial velocity of particle
(i v=v,+ ai v = [inal velocity of particle in time ¢

: = A — el * : . g sl
(i) x=x;+vt+—al v - average velocity of particle

ral

x,, = initial displacement of particle from origin

(W) v’ —v, =2a(x—x,) ie at =10

¥ = [inal displacement ol the parucle [rom
origin in time f

a = constant acceleration

The displacement of a particle in the nth second during uniformly accelerated motion in

ong dimension is

§ = vy, +—(2n=1)

aih

Objects that move under gravity alone are called fieely falling bodies. A freely falling
hody alwayvs has an acceleration of 9.8 ms” downward,
The motion of a freely falling body (neglecting air resistance) is equivalent to motion in
ong dimension with constant acceleration. Therefore, kKinematic equations for constant
acceleration can be applied.
While solving problems regarding freely falling bodies. it is very important to adopt one
sign convention for displacement. We shall take the vertical displacement /& positive
upward. Since positive /1 1s upward. the acceleration 1s negative and givenby a — g The
negative sign simply indicates that the acceleration is downward. Tt does not imply that
the velocity of particle is increasing or decrcasing. With these substitutions, we get the
following equations for freely falling bodies :
(Vg +V) y P i

t where h =x — x, (i) v=v,—gt (iii) h=vt ?g.f

) fe=

. ) 2 &
(iv) v -y = —2gh V) ;'rr.l.u'.- =WV T{E” ~1)

You should note that negative sign jor acceleration is alveady included in these expres-
Slons.
For upward journey, v, ,v and /i are positive and equations containing "z "term become!
I 3 “ = o
(N v=y, —gt (i) h=vy —S 8 @) vi-vi=-2gh (iv) P = v._m—‘%{ln—ll

For downward journgy v, v and /i arc ncgative and the equations containing ‘g’ term
become:

v Vo — 1 or v e ... (1)
I 5
~h vt — =gt or h =v/t ig ~ .. (i)
2 ] 2
(—v) = (=)} = =2g(=h) or vi-v: =2gh .. (i)
h.lh'url 1;':' .. 5[2” ]'-} '::-':'L'}
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#. Consider the case of a particle thrown vertically upward [rom the origin with velocity v
In this case, v 1s positive, x, = 0 {(earth surface), Fig. 7.19 (i) shows displacemeni-time
graph and Fig. 7.19 (ii) shows velocity-time graph for this motion. The following points
are worth noting :

s A
Vo
= f=vyle
Edvg | P Ivye
2|2 N ?
z L)
| e i
f’.? |r'| !: _":II
() (i)
Fig. 7.19

(/) The velocity 15 initially positive but decrcases with time and becomes zero at the peak of

the path, This will occur at time f, given by:
0 =v,—gi or f =v, g .. tmefor max vertical displacement
Al this time, the vertical displacement is maximum and is given by :
(0) = (v,)" = -2gh__ . Ao =g . max. displacement
(i) Attime £, = 21, = v /e, the displaccment is again zcro e, the particle has returned to
the starting point.
L, =2v/g total journey time
(iify At time 7., the velocity v = v, as proved below |
w2V
v o= ""n_gfzzvﬂ_g =¥,

rd

MNote that there is svmmetry in motion. In other words. both the displacement and the
magnitude of the velocity repeal themselves in the ime interval ¢~ 0 to £~ 2v /g,

MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

[AFMC - Pune 2000]

. A body treely falling from rest has a velocity (@) 16 m (£) 12 m
v after it falls through a height k. The distance () 8% m () 4 m
it has to lall further tor its velocity o 1h::::nm:: 4. A particle is thrown vertically upward, Its
double 1s LBl L, velocity at hall of the height 15 10 m's, then
(a} 4 h (B) O A maximum height  attained by 11 s
(c) B A () 10k (g = L0 m's”) |[CBSE PMT 2001]
The velocity of a bullet 15 reduced from 200 (@) 8 m (b 200 m
m's o 100 m's while travelling through a (€) 10 m () 16 m
“'U'!Jdu" h]m:k. b '.[hu.:knuﬁs. I.D. ot l]‘_}.c s 5. A body A starts from rest with an acceleration
dation, assuming it to be uniform, will be a. After 2 seconds, another body B starts from
) [AIIMS 2001 rest with an acceleration .. It they travel equal
{a) 10 = 10" ms () 1.2 = 10" m/s distances in the hifth second affer the start of
(e} 13.5410" mis® (e 15 = 10" mis° A, then ratio of @, © a, is equal to
A car moving with a velocity of 40 km'hr can [ATIMS 2001]
be stopped by applving brakes in 2 m. If the (a) 3:9 (b) 5:7
same car 1s moving with a speed of 80 km / (c) 95 (dh 9:7
hr, what 15 the minimum stopping distance? : o )
6. A stone 15 thrown up with an mitial speed of

4.9 m's from a bndge in vertically upward
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7.

10).

11

direction. It falls down i water after 2 sec.
The height of the bndge 15

|[AFMC = Pune 1999]
(b)Y 9.8 m
(d) 24.7 m

(a) 4.9 m
(c] 198 m

. It a freely falling body mn the last sccond trav-

els a distance equal o the distance travelled
the tirst three scconds, the ime of its travel 15

[Pb PMT 1998]
(b)Y 4 sec

() & sec

A body dropped [rom a height i sinkes the
ground with a veloaity of 3 m's. Another body
of same mass 15 dropped {rom the same height
fowith an imtial veloeity of 4 m/'s. Final veloe-
ity of second mass with which it strikes the
ground will be |IAFMC - Pune 199%]

(b) 4 m's

() 3 sec

(c) 5 sec

() 3 m's

(e} & m's () 5 m's

The acceleration of a particle 15 mereasing lin-
carly with time ¢ as & The parbele slarls [rom
origin with an mial velocity v, The distance
ravelled by the particle m time ¢ will be

|[CBSE PMT 19495

L=

(@) Vo + ! hi* (B) Vol +-br
G i

v +]bi": v +]-4':le':
(c) Vo 3 () Vo 5

If' the water falls [rom a dam into a turbine
wheel 196 m below. then the velocity ol water
at the turbine 15 (Take g = 9.8 m's’)

[AIIMS 1998]
(B) 196 m's

(ef) 98 m's

(a) 98 m's
(€] 392 m's

A car 18 moving along a straght road wath a
umiform acceleration. It passes through two
pomnts M oand O separated by some distance
with velocities 30 km'h and 40 km'h. The
velocity of car midway between P and O 1s

[CBSE PMT 1993]
(@) 33.3 km'h (hy 20 -‘."ii kmvh

(e) 25 2 km'h (d) 35 km'h

. I a ball 18 thrown wvertically upwards with

specd o, the distance covered during the last ¢
seconds ol s ascent 15 |CBSE 2003]

14.

L

16.

18.

Principles of Physics—XI

(a) wul Z_E' gﬂ'-" (b)Y (u + gtit

() ut {r.lr} 5311

A man throws halls with the same speed ver-
beally upwards one afier the other at an mter-
val of 2 seconds. What should be the speed of
the throw so that more than two balls are n

the sky at any time? (Given g = 9.8 ms )
[CBSE 2003)

(a) Anv speed less than 19.6 m's

{F) Only wath speed 19.6 m/s

{c) More than 19.6 m/'s

() Ateast 98 m's

A body moves for a total of nine seconds start-

g from resl with uniform acceleration and

then with umiform retardation, which 15 twice

the value of acceleration and then stops. The

duration ol umiorm accelerabion s :
[Manipal 2003]

(by 4.5 s

() O3

A body imbally at rest 1s moving with umiform
acceleration @, Its velocity abler w seconds 15 v,
The displacement ol the body m last 2 315

[Manipal 2005]

v |
(@) w Y

[ H

Ev{ﬂ + l]

" "

When a ball 15 thrown up verhically, with
velocity v, 1t reaches a maximum height of A
" one wishes o inple the maximum height,
then the ball should be thrown wath a veloaity
of |ALIMS 2005]
(a) 3v, (b v,

{a) 3 s
{(c) 531

vim+1
L e

- .
{{-":l 'h'l3 ¥ l:-ﬂrj -_:, 1"||

=

. An carthquake generates both transverse (8)

and longitudinal () sound waves in the earth,
The speed of § waves 15 about 4.3 km/s and
that of P waves 15 about 8.0 km/s. A seismo-
graph records F and 5 waves from the earth-
quake. First P wave amves 4.0 mm. belore
the birst § wave. Epicentre of the earthquake
15 located at a distance ol aboul

[AIIMS 2003]
{a) 25 km (by 250 km
{c) 2500 km {dy 3000 km

A ball 15 thrown vertically upwards. Which of
the following plot represents the velocity-time
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graph of the hall dunng its fhght, it the air

resislance 15 nol 1gnored?

'y
y
(a) (h)
E— r—
F 3
ey ¥ Led)
PO J—
Fig 7.20

ANSWERS TO MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

F 3

[AIIMS 2003]

—_— —

1. (a) 2. (d)
6. (h) 7. (o)
1. (b) 12, (d)
16. (c) 17. (c)

— |

. 3
8.
13.
18.

12

20.

()
()
()
(d)

187

A car accelerales from rest at constant rate for
first 10 5 and covers a distance x. It covers a
distance » in next 10 s at the same accelera-
ton. Which ol the [ollowing 15 true?

[AFMC 2003
(@) x = 3yp (b) ¥ = 3x
() x=» () y=2x
A coin s dropped mnoa il I takes time ¢ 1o
reach the floor when hit s stationary. It takes
time £, when lift 15 moving up with constant

acceleration. Then ¢ |[AFMC 2005]
(@) t; = & (B) & =1
() =& {d) & == 1,

4. () 5. (a)

9. (a) 10, (H)

4. (d) 15. (a)

19. (d) 200 (a)

HINTS TO MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

2. TImtial velocity. v, = 200 m/s ;. Final velocity. v

Distance travelled. S

Now

t

2 «: Lo 4
Vie= Jalk s

.

4

'FL-'I } h,
V, B .'riz

[0 cm =101 m
vi—w (100) —(200)°

=

The minus sign 1s due to retardation,

ve = v +2gh or v =0+2gh

e
[iJ :.l’::

v h
1

Sohy = 4

100 m/s

2.5

V' = v +2as

. |

= _15 % 10" m/s’

2x0.1
or O=vl+2as .. viws
10 ]3 2
—| = — S8, = 8m
%0 o5 )

4. Suppose v, 1s the 1mnal velocity. Let after travelling a distance s, the velocity of the

particle be 10 m/s. At maximum height fie 2s), v

Also

Maximum height =

{,

0°= vl =2g(2s) or v =dgs=dx10s=404

(10)° =

fF=3m

5. Distance travelled in mth second is

H —

Hth

vi—2x10s or 100=40s-20s

i
V, +i12ﬂ—1]

(o vi =40 5)

25=2x5=10m
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As per problem, distance covered by body A1 n the [ifth second aller start 15 equal 1o the
distance covered by body # in the third second { 5 — 2 = 3 sec) after start.

0+D(2x5-1) = 0+22(2x3-1)
2 2

E

Sar, Sa, 2
or =5 T‘ oar F; 8, =880
The time ¢, taken by the stone to reach the highest point from the bridge is given by |
v—v, 0-49 .
V=v,—gf Of | = L = — =0.5 sec
- —g -5.a

Therefore, total time of journgv from the bridge and back to bridge = 0.5+ 0.5 = | sec,
Aller reaching the bridge. the velocity is 4.9 m/s e v, = 4.9 m/s, ime o reach waler,
t=2-1=1 sec.

1 . 1 5
h= vyt +—gt" =49x1 5 (9.8)x(l)" =928 m
Distance travelled in first 3 seconds
| (- ¥
= ¥t +_—gt" =0xt +éx D8x(3) =44.1m
r
Let ¢, be the total tme of travel. Then,

44.1 = distance travelled in the last second
1
or 441 = v, + ,;J;‘L’{lf. ~1}

I

44.1 = U+?:-:E}.E§{?.f]—i}
or =3 9
For the first body, v,, = 0, v,= 3 m/s

Now wi—vi = 2gh
or 3 -0y =2 x98 x k
i fr =046 m
For the second body, v, =4 mfs [ v, =7
Now v —v = 2gh
or vi-(4) = 2x 98 x 046
or ¥, = 35 m/s
Accelerati hi Bt or v br’ Fe
ceele X, ; Qrr = r=—
celeration, a E 5
Attt =0, v = v,
b (0)
W= *19) +c
' 2
ht? IS bt* bt’
V= ——+ vy or 2 -2 v, or S=ywi+—
2 el i 2 O

u[.f:ﬂ:h 196 m ;v ?

vi—v: = 2gh or v (0 =2x98x19.6 Sov =196 m/s
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11. Since the acceleration is uniform, the velocity v of the car midway between P and ) 15
2viv,  2x30x40 ~
Lo e 2P 343 km/h = 20+/3 km/h
v, +v, 30 + 40

12. Let the body take ¥ seconds to reach maximum height.

v=u—-g'" or O=u—-gl' . T=ulg B
=1l
Velocity attained by the body i (7" - 1) sec. is
V=u-g(T-0)=u-—gl+ gt r YR
i)
= U—-gr.— TelT gl *
£
Distance travelled 1n the last 7 sec. is A
Fig, 7.21
CB=if- = gh=gf - Zgh= S )
B=vt-—gt*=gt - —gt" = —gt
L 2 = & 2& 25.

13, The time ( taken by the ball to reach maximum height 1s
v=y,—gt orb=v, — gt
vy, = gl
If t =2 s, then v, = 9.8 x 2 = 19.6 m/s. If the man throws the ball with a velocity of
19.6 m/s, then after 2 s, it attains a height of 19.6 m. When he throws the second ball.
the first ball 1s at the top (= 19.6 m). When he throws the third ball, the first ball comes
to the ground and the second ball will be at the top (= 19.6 m). Therefore, at anv time,
only two balls will be in air. If he wants to keep more than 2 balls in air. he should throw
the ball with a speed greater than 19.6 m/s.
I14. Total time. 1 = 9 s . Acceleration = ¢ . Retardation = -2a
Let ¢, and 7, be the time for acceleration and retardation respectively (. 1, + 1, = 9 5).

Now v=v,+af; orv=0+at, - L =va
Also 0=v-2af, or I,=vla
Vv % v
MNow r=i +1 or 9= —+— . —=06
f a 2a a

W
Duration of acceleration. b = =iy
a

- i a ]. - ] - ] . “a
15. Displacement in last 2 seconds = —gn’ ——a(n—-2)V=—a[w —(n-2)]
2 2 2 )

— —

= lz-ﬁ (dn—-4)=2a (n-1)

A F [
Acceleration.a = — st
i H )

v 2v(n—1)
Displacement in last 2s = 2a(n — 1) = 2 x ;{H -1)= ——=
H

16, v — 1.,-;15 =—2gh or {f}!.‘]"3 — (v f= 2 gh .. V, % 'b.."[H

For the first case. vy =y h=h

|'_'I L]
For the second case, vu’ = e Jpti=gl
v, Vi s

N3 ol = if3,
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Speed of 5 waves : v, = 4.5 km/s : Speed of P waves. v, = 8 km/s
Difference of tme between two waves, Af = 4 min. = 240 seconds

The relation for the location of epicentre of earthquake (s) is
g & s ¥ L
Al ofe s, 0F CAHES e e co8 0 2500 km
Ve ¥V, 45 8§

The velocity of the ball decreases during upward motion and becomes zero at the highest
point, During downward motion, the velocity of the ball increases. Since there 15 air
resistance. the velocitv—time graph during upward as well as downward motion will not
be linear, Remember that air resistance varies as the square of velocity. Therefore,
velocity—time graph of the ball during its flight will be represented by graph (),

Distance covered in first 10 seconds is
| Y | 2
X =yt + -2-{:." =0x10+ if:x{lﬂ] = 50a
Velocity of car alter 10 seconds 1s
v=v,tat=0+ax 10 = 1l0a

Distance covered in the next 10 seconds is

y=vit= 1lla x 10 = 100a = 2x (. x = 30a)
y=2x
20 In stationary hift. the time taken by the coin to reach the floor 1s given by ;
l 2h
_|I1-]|'_ EE.’_{'!' aor f= : { 1I:J_'n':|
In the upward moving lift with constant acccleration a. g' = g + a.
o Lo i
= <
. 1I.||I g+a =
MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS
'ﬂf‘ hnd"’ pmljcuin.:{l vertically UP“HMH' “-i_lh 4 3. A particle 15 thrown vertically upwards. The
velaity. .th & 20 Ehl'i ararting metm . 1 graph between its speed v and tme ¢ 15 mven
scconds. IFeg = 10 m's™. the value of # 15 by (neglecting air resistance) the figure
|Karnataka CET 1999] |Roorkee 1995]
(@l 3 m's (b1 10 m's L v
2 : & 1
(e}l 15 m's (ef) 20 m's
The rabios ol the distances covered by a
freely falling particle, starting from rest in
the hirsl, second. third ..nth  scconds ol 1its
maotion
(@) form the series corresponding o the . >
squares of the first » natural numbers . (e (B}
'I.l
(b1 form an AP A A
() form a senes corresponding to the dif-
ference ol the squares of the successive
natural numbers
id) both chmces (b)) and (2) are correct
|Harvana CET 2001 ! = »
() ()

Fig. 7.22
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4.

:JI

6.

.

L0,

A man 1 balloon nises vertically with an ac-
cderdion of 4.9 NS releases a ball 2 seconds
after the balloon nses from the ground. The
greatest height above the ground reached by
the ball g = 9.8 m's) is

[Harvana CET 2000)

(H) 245 m
196 m

fa) YR m
() 147 m (]
A body falling from rest descnbes distances
S, 8, and 5, in the first, second and third
seconds of its fall. The mto of &, @ &, ¢ §; 18
| Karnataka CET 1997]
(ay 1 :2:3 (hy 1 :3:5
fey 1.:1:1 )y 1:4:9
A body released from a great height falls reely
toward earth, Another body is released trom
the same height exactly one second later. The
separation between both the bodies two sec-
onds alier the release ol the sccond body 1s
| Karnataka CET 1997
(b1 98 m

() 245 m

(a) 4.9 m
() 19.6 m

. A ball is dropped on to the floor from a height

of 10 m. It rebounds to a height of 2.5 m. If
the hall 15 in contact with the floor for 0,01
second, what 15 the average acceleration dur-

ing contact? [BHU 1997]
(@) 1400 m/s” (by 2100 m/'s”
(¢} 700 mis () 2800 m's”

A ball P s dropped verbically and another ball

) 15 thrown horizontally from the same height

and al the same tme. I air resistance 15 ne-

glected, then, [BHL 1994]

{w) ball P reaches the ground hrst

(b) ball (7 reaches the ground first

(c) both the balls reach the ground at the same
ime

(e} respective masses of the two balls wall de-
cide the time

A stone falls from a balloon descending at a
unitorm rate of 12 m's. The displacement of
the stone from the point of release afier 10
seconds 13 [Haryvana CET 1995]

(@) 723 m (B 610 m
(c) 510 m () 490 m
A body 15 projected vertically up wath a veloe-
iy v and after some time it returns to the

11.

13.

14.

=
th
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point from which it was projected. The aver-
age velocity and average speed of the body for
the total flight are

(el 1,: and 0O (A O and w2

() 0 and 0 () O and -,:

A particle moving wath a umlorm acceleration
travels 24 m and 64 m in the first two con-
geculive mlervals ol 4 sec each. Its imtal

velocity 15 |MP PET 19495]

(@) 1 m'sec (B 10 m/sec

(c) 3 msec () 2 m'sec

The veloaity-time graph of a bodv moving n
a straight line 1s shown i Fig 7.23, The dis-
placement and distance travelled by the body
in 6 seconds are respectively,

IMP PET 1994]

v | FTiE)
51
4
<
24+ —————
14 | ‘
0 | f | | e lECe]
1+ 1 2 3 14 5 &
5] |
al
Fig. 7.23
(a) B m. 16 m (6) 16 m. 8 m

ich 16m. Iém () Bm, 8m

Two bodies of different masses are dropped
[rom heights of 16 m and 25 m respectively.
The ratio of fime taken by them to reach the
around 1% [Ph CET 1991]

(a) 23/16
(c) 4/>

(b 54
(d) 16/25

A wooden block of mass 10 g 1s dropped [rom
the top of a chif 100 m high. Simultaneously
a bullet of mass 10 g s fired [rom the ool of
the chifl upward with a velocity of 100 m's
The bullel and the wooden block will meel
each other after a time (in second)

[EAMCET 1991]
(a) 7 (k) 10

(e) 0.3 () 1

. For the veloaty-tume graph shown in Fig. 7.24,

the distance covered by the body in the last
two seconds of its motion 15 what [raction of
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16.

the total distance covered in all the seven
scconds 7 [IMPPET 1998]

VELOCITY (m/s) —p
MNDos ®m oo

/i

[\

1 2 54 5 § 7
TIME (5} —»

Fig. 7.24

] § |
[ar) 3 (b} ]
1 2
() 3 (d) 3

A car, starting from rest, accelerates at the rate
S through a distance 5, then continues at con-
stant speed for time ¢ and then decelerates at

the rate ,.l, to come to rest, If the total dis-

tance travelled 15 155, then -
[ATEEE 2005]
b §=1p

h

(@) § = fi

] .E 3 ] -
) §=—J1 & =— fi
© S=__ji ) S=_f

', Three balls 4 B and C are thrown {rom the

top ol a tower with the same speed. A 1s thrown
straight up. £ 15 thrown straight down and O
15 thrown honzontally, They hit the ground
with speeds v, vy and v respectively. Then:

|DCE 2006]

(&) Vg = Vo = ¥

(@) v, = vy = ¥ y

[

() ¥, = vy = ¥, (d) v, = vg = v,

18.

12,

20,

Principles of Physics—XI

A ball 15 released from the top of a tower of
height i metres. Tt takes T seconds to reach
the ground. What is the position of the ball
T3 seconds? |[ATEEE 2004]

(a) W% metre Trom the ground
(&) Th's metre from the ground
{c) 8h'9 metre from the ground

() 17TH18 metre from the ground

Aosmall block shdes, without friction. down
an inclined plane starting from rest. Let § be

the distance travelled from ¢ ( #1 11 to
) _
¢ = n. Then q T is [ITT 2004]
2n -1 2n+1
1 - h
@ (%) 2n—1
2n -1 2n
3 o
&) Bat @)

The velocity-displacement graph of a particle
moving along a straight line 15 shown in Fig
7.25. The most sutable acceleration-displace-
ment graph wll be [T 2005]

T

ANSWERS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS

1. (d) 2. (d) 3.
6. (d) 7. () 8.
1. (a) 12. (a) 13.
16. (c) 17. (¢) 18.

(€]

T Ly
Fig. 7.25
A 47
(a) ' (h)
= LY
' il
d F Y
N —
{c) \\ (d) |
Fig. 7.26
4. (c) 5. (b)
9. (h) 10, (h)
14. () 15. (b)
19. (¢) 20, (a)
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HINTS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS

1. Time of ascent = Time of descent = 4/2 = 2 sec,
For upward journey. we have. v = v, — g f
or 0 =v,—10 %2

& vy = 20 m/s
The distance covered by the particle in the nth second (with v, = 0) is

I

1 s .
5 = =gln* —(mn-1)]==g2n-1
5 2LIH (n—=1)"] zalirr

1 = 13 :
g = Eg: 5, :Eg; =

Therefore. choices (h) and (&) are correct.

ir
o

-2 | wh

3. For upward motion, v — v, — gi. Therefore, velocity decreases hinearly with time. For
downward motion, v = v+ gf = 0+ gf — gi. Again for downward motion, the velocity
increases linearly with time.

4. Melocity v acquired by the ball in 2 seconds is
v=v,tal =0+49%2=098 mis

s =0+ l < (49) = (2) =98 m
When the ball is released. it moves under gravity alone. Its velocity decreases till it
reaches the highest point. Let 1t rise to a height A after is release from balloon.
2 (0 -~ (98 =-2=98xh . h=49m
Greatest height of ball above ground
=098 +49=147Tm

. : |
5. Initial velocity, v, = 0 b W Eé—-"f g
| » |
" : ] a A
S +8 = Eg:{{lﬁ“ =2g . S +8,+8, = E;L,’x{fﬂ' =408
" ] . 0y P ] ot !y -
5= 38 S=2-38=15g; §;=45g-2-25¢
LY ¥ .. 1 t . = . = - P
&y 08, 8y Eg-l.bg-ljg—l:j:r
. .
6. Since mmtial velocity in the two cases 1s zero, & — —gr .

2

l 5
Distance covered by first body in 3sec — —x 98 % (3)" =41 m

1
Distance covered by second body in 2 sec = —= 98 = (2)° = 196 m

separation of two bodies 2 seconds after the release of second body
=441 -196=245 m

. v= 28k =2x10x10 =200 mis: v, = —f2gh, =—2x10x2.5 =50 m/s

!

Average acceleration. & = L ST el 200 + ~50 o 2100

At Al 0.01

m/s”
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9.

10).

11.

p2.

13.

14.

16.
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The balls will reach the ground due to gravity. Since the mitial vertical velocity of the
balls 1s zero, the two balls will reach the ground at the same time.
v, =12 m/s : g = 98 m/s’; ¢ = 10 sec.

1

. | .
g=v, I Eg =12 = 10 +EK 98 = (10 = 6100 m

]

Msplacement for total Might is zero. Therelore, average velocity is zero. The speed of the
body changes from v to zero during upward journey and from zero to v during downward
Journcy. Thercfore, average speed = (v + 0)/2 = /2,

Let v, and @ be the imtial velocily and uniform acceleration respectively.

] ¥
24 =y x4+ 3 a 4" or dv, + 8Ba =24 s k)

Also 24 +64) =v, * 8 +% ax 8 or 8v,+ 32a=88 . (i)
Solving eqs. (/) and (ii). v, = 1 m/s,
Displacement 1s cqual 1o the medr arca under velocity — time graph.
Displacement =4 x2 -2 x2+2 x2= 8m
Distance travelled is equal to the total arca under velocity — time graph,
Distance travelled =4 2 +2 =242 %2 = 16m

| 1 e

h 'I*'I.:I i _g I!w or h _:L{ |'m {'.' ¥y =ﬂ} Tl '_’:“'u'lh
o fr_. 16 _4
t, hﬁ 25 5

Let the block and bullet meet after time ¢ at a distance x vertically below the top of the
chifT.
] “

For the downward motion of the block, we have, ¥ = 0 + 3 gr

For the upward motion of the bullet. we have,

:
100 —x =100¢— ~gt*

i

l
or 100 —x = 100 — x (' ) g = x)

i 1 sec

. Total distance covered in 7 scconds is cqual to the arca under velocitv—time graph for ¢

T sec.
| ]
Total distance covered = EH 2x10+2 =10+ E * 2= 10=40m
Distance covered in the last 2 seconds
|
= =x 2 x 10 =10
E I

Fraction of distance = 10/40 = 1/4

Fig. 7.27 shows the v graph for the motion of the car. The car accelerates for time 1,
and attains the velocity v. It moves at velocity v for time ¢, The car then decelerates for
time ¢, to come to stop.

v oviE=ars or Wo0r=208  Lv= orS
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1 ] b
Total distance travelled = EWE v+ — i, T e B
S TR I | o
or I:'E‘l = El"'_ L4 EU] {Il} i : c
|
{ ns 28 ey e
Now 5 = EJ'?( S e T Fig. 7.27
v 2xJ2f5 RS
Also 0 —'F—If: or = —/= J.j = |||
2 G ! '
Putting the values of v, f, and £, is eq. (i), we get.
E s
N = — [t
72 /
17. The three balls A, B and € are thrown up. vertically downward L X
and horizontally respectively from the top of a tower (point 7) r ) C
with the same speed v as shown in Fig. 7.28. When ball .1 returns - lll"
to point 1.1t has velocity v e, the same as that ol ball £ at point T
T’ Therefore, balls 4 and 8 hit the ground with the same velocity & 5 wv
LE, v, =V.
- FrAFrrrrirrrarrrss
Now V, = Ve = v +2gh Fig. 7.28
However, for ball , the vertical velocity at point " is zero so that it will hit the ground
with velocity v, given by ¢
1:3, —1',_:,2 =2ghh  oOr 1:[,2, s 2o
Ve = £2gh SRy B
T | T oy J o e Iﬂ
18, h=v,T EE! or h=0xT+ ng S T= ?
. . ] |'/T:_l}'l|r~:_[ 2h _ul'.!l_[_l
At time =13, h=0+ 2813 255 1.53 gx9 9
i h 8h
. Position of ball from ground = & - Vi ?m
o e _d S
19 S=w,+ E{Eu—i]— :?-f_?u—]j (" vy =10)
; a el
Syer= RN 1= 2R +1] (v =0)
"":I.'ﬂ . IH T ]
H” 1 EH + ]
2{). From the given v — x graph, we have,
Intercept = v, and slope = —v,/x,
-, The equation of the given line is
'|_.|
Vo= —1—_:'-35"‘11; (¥ =mx + ¢)

H]
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dv v, v,
E — T_,]E o a= —I'(;'l’
2 2
R (_”n 3'-‘+in. _ "E;.x_"’ﬂ
o\ o J X X0

Therefore, the @ — x graph is a straight line with slope = v, /x7 (positive) and intercept

15 v; f x;‘l (negative). The slope and intercept reveal that graph () 1s the most suitable
representation.

NUMERICAL PROBLEMS FOR COMPETITIVE EXAMINATIONS

1. Brakes are applied to a train travelling at 72 km/h. After passing over 200 m; its
velocity is reduced to 36 km/h, At the same rate of retardation, how much further
it will go before it is brought to rest ?

Hint. For the [irst part of motion :

v, =72 kmh=20ms"'; v-36 km/h = 10ms"; § = 200 m

b b ]

p —v;.! {]['.l} —{Ef]]

w B o rd i ;} 3 T I'I i =- i e, = {:l?jl'”h :

Now e a & 35 3 % 200

For the second part of motion : v, = 10ms :v=0:a= 075ms °:5 =7
L vty (0) -(10)

Again vi—y, =2al .. 5= { } ( ] = (h.67m

2a  2x(-0.75)

A body with uniform acceleration covers 76 m in the Sth second and 116 m in the
10th second. Find the distance travelled in the 15th second. What is the distance
travelled in next 5 seconds ?

Hint. The distance travelled in the sth second 1s given by

[ ]

ol
§ = v +—(2n—]
'!|--'|.-I 1( H }

“nih
: e = . 4 :
Ssen= Vot 2{2?{3 1) or 6=y, + f D
. el 19 y
Also Sion= Yo +E{3‘ﬂ 10-1) or 116= v, + ; i)

i

Solving egs. (/) and (if), v,= 40 ms ': a = 8 ms*
~. Distance covered in the 15th sccond is

e pu+%[1”—1]=4{}+§{2}{15—1]= 156 m

Distance covered in 10 seconds is
e 1Jur+-‘%ar: =40 x 1U+-;: :-:E::-:{IU]? =800m

Distance covered in 15 seconds is

| 4 |
=y .|"+E.|:rf"' =4{};~=:15+5x Bx(15) =1500m

S Distance covered in next 5 seconds
= §'= §=1500-800= 700 m
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3.

Hint.

Hint.

Hh

Hint.

A bus starts to move with acceleration of 1 ms™. A man who is 48 m behind the bus
runs to catch it with a constant velocity of 10 ms™'. In how much time he will catch
the bus?

Suppose the man catches the bus alter ¢ sec. The distance covered by the bus in time
f SEC 15

1. 23 ] :
§= v t+-at f}xﬁ+;x{]}xi'

or 8= 21"
S+48
For man, 10 = - r
& { . | :“*.
or S+48 =101 or —1 +48 =10 L S =—t J

or F-200+9=0 or ({—8)( 12y =10

f 8sec or 12 sec

4. A ball thrown up is caught by the thrower after 4 seconds. How high did it go and

with what velocity was it thrown ? How far below its highest point was it 3 seconds
aflter start?

The time for upward journey is equal to the tme for the downward journey. Therefore,
tfime taken by the ball to reach the highest point = 2 sec, At the laghest point v= 0,

vEYohigl e - 98 % 2

or 0=v,-98x2 . v,=196 ms"
; X 2oy (0F —={19.6)
Now Vi —v, =2gh . h= T ( } { } =19.6 m
: Qg 2x(-9.8)

The ball takes 2 scconds 1o reach the highest point. Therefore. to find height below the
highest point, t = 3 -2 =15,

- 1 :
h=Vol+gr =0xt+—x98x(1) =49 m

“

A rifle bullet loses 1/20 of its velocity in passing through a plank, What is the least
number of planks required to stop the bullet ?
Let 5 = thickness of the plank

a — umiform retardation of the plank

v, = initial velocity of the bullet

V 19v.
The velacity of the bullet after passing through a plank = v, - RE} =- ;[_jc
e
5 5 . 19y, . 391 :
Now V=v"=2as8 or IJJ —v; =2a8 or - s =2a8 i)
' 20 400

Supposc # number of planks arce further required to stop the bullet completely. Then,

0., %2 ays .2
0-(2%) c2ams) o —BV% _pgq i)

L 20 |
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{r.

Hint.

-
-

Hint,
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| ) (19) v 304
From ¢qs. (i) and (i/), we have, 400 7 400

(19)°
39

“. Minimum number of planks required = 10 + 1= 11

n= 10

A stone after falling freely under the influence of gravity for 1 second strikes a slass
pane held horizontally. In breaking through the glass pane, the stone loses half the
velocity. How far will it travel in next two seconds?

Let v ms ' be the final velocity when the stone strikes the glass pane. For this part of
motion, v,=0: f=1s. g=98 ms".

tet= 0+98x%1=98 ms"

After striking the glass pane, the stone loses half the velocity, For this part of motion,
vo=49ms'; g= 98 ms’; =28 k=17

W V

: ] 2 —4.9%7 ]-EJH AN
h Yk g =% ‘ﬂ’ali‘-\ Bx(2) =294 m

A car accelerates from rest at a constant rate o« for some time after which it decel-
erates at a constant rate b to come to rest. If the total time elapsed is £ seconds, find
(£) the maximum velocity reached (6) the total distance travelled. [1IT]
Supposc the car accelerates for f, seconds. Then it decelerates for (f - 7,) seconds.
(1) Maximum velocity reached. For accelerated motion of the car, v, =0 :a —«
tme = ¢, and v = v (maximum velocity).

v v, T al or v o f

1w o1 |

The velocity o ¢, becomes zero after time (¢ 1)),
Bt
F o+ ol 0=a f - i I S =
VoAb o B 2 I o +f
[fe  alp ’
o+ - i+

S Maximum velocity, v, = of, =ax

(1) Total distance travelled.
Let 8,

S, = distance covered by car during decelerated motion

distance covered by car during accelerated motion

Total distance covered, & = 5, - 5,

4
4

Now v —v = 2al

L
Here o= W lhE O = W5 bishy
P : v,
o =0y =2 a b, .
iy M
2ox
Agpain, vio—v., = 2a8

Herev=0: v=v_: a B &=L

!

(00 - == s or 5=

i 2 ..:.ﬁ
Fo o ) .
_. 1 "I L _+

Total distance covered, S =5 +5, = 2+ L =
f 2a 2p 2\ [JJJ
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N.

Hint.

l-'.

_ v (atp) |
T 20p k)
Putting the value of v in eq. (7). we get.

, fﬂiqju+ﬁ_ apt’
H"Lu+ﬁ. 2aff  2a+P)

-

A solid ball of density half that of water falls freely under gravity from a height of
19.6 m and then enters water., Upto what depth will the ball go ? How much time
will it take to come again to the water surface ? Negleet air resistance and viscosity
eftects of water. | Roorkee]
Let I7 m” be the volume of the ball.

density of water 1000 y
Density of ball, p = - 9 . =500 kg/m

Mass of ball, m = 1" p = 500 " kg

The velocity v of the ball when it hits the water surface is given by

V= Fﬂ: F2gh=2gh v .Jlgi'r V2x9.8x196 =196 ms' (- v,=0)

Upthrust of water = " p,, g 7% 1000 = g 1000 1e
Ellective weight of the ball when n waler
mg — 1000 T'g 500 Fe - 1000 Tg S00 T'e
Acceleration a of the ball is given by :
m a 500 Teg or 500 1" x a 500 Vg (-~ m=500 1)

ke ] g
The depth /& upto which the ball will go in water can be found from the relation :
2 !
vi—v =2 ah

Here v = 0 ; v, = 19.6 ms b g

Vi (0) =(15.6)
h : :{ ) [ ) =19.6 m
2a 2x(-9.8)
The time ' taken by the ball 1o come again to the water surface can be found by using
the relation

o -
h Vo I +—al
#;

Here h 196 m ; Vo = 0: a 08 ms 4

|. -
19.6 =0 = ¢ s 08) 1"

E=

:hl'::'.":';u_q ; —
e = 98 = or ¢ =~4= 2 sec

A rocket is fired vertically and ascends at a constant vertical acceleration. In
3 seconds, it attains an upward velocity of 150 ms™' . After 5 seconds, its engine stops
functioning and the rocket continues to move as a free particle and finally returns
to carth. Plot the velocity-time graph of the rocket. From the graph, find (i) accel-
eration of the rocket during fuel burning (if) the height reached by the rocket during
the period wuf fuel burning (ii) the maximum height reached by the rocket. Take
=10 ms ",
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Hint. Figure 7.29 shows the velocity-time graph
of the rocket. During the part 04 of the A
graph. the rocket is under constant accelera-
non and its velocity 1s increasing. Al point
A, the velocity of the rocket is maximum (=
150 ms ). At point .1, the engine stops func-
tnoning and the velocity of the rocket starts
decreasing but the rocket 1s still nsing. This
part of motion is represented by graph A5, ll[J ]'5 2[}\?'5 >
Al point &, the rocket has attamed maxinuumn - -

: : T Fme £ isec) —w» ,
height and 1ts velocity 1s #zero, Now the rocket (
starts downward journey represented by graph Fig. 7.29
BC. Time taken during the part A8 of the graph can be found using the equation
V =V;+ al

L
=]

Velooily (mis) —e

A B

Herev =0: v,=150ms"; a=—-g=-10 ms™
0=150-10¢ ort= 150/10 = 15 sec.
Thus, the total time for the upward journey of the rocket = 5 + 15 = 20 scconds.
(/) Acceleration of the rocket during fuel burning

Al 3
= Slope of line 04 = _-J g = l:iU
OM 5

(ff) Height reached by the rocket during fuel burning

=M ms ~

. |
= Area of ACAM = ?fo;ﬁf w AN =lzx5:-:l:':[,1=.]'?'5 m

(177) Maximum height reached by rocket
o 1
= Area of AOARB= ;xf}ﬁx AM = ; % 20150 = 1500 m

). The velocity-time graph for a car is shown in Fig. 7.30. Draw acceleration-time
oraph from it. 4 4
Hint. (/) Referring to velocity-time graph L e ' [
[Fig. 7.30], during the part ()4, the :
velocity is increasing uniformly. In :
other words. the car is under con- !
stant acceleration. This constant ac- :
celeration is equal to slope of the () :
ling (4. ——» Tinfe (sec)
- Constant acceleration durning €4 ' Fig. 7.30
o 2T ='1':U=]{i ms 15 | :
oF 3 . !
The acceleration-time graph for this
part of motion is PCF as shown in
Fig. 731
(11) Refermng to velocity-time graph,
during the part A5, the velocity is
constant so that acceleration is zero. 10
The accelertion-time graph for this
part of motion is B8 |Sce Fig. 7.31]. T L
—3 Time (sec)
Fig. 7.31

YVelocity (mi's)

e

—
—
.

o

b
o
=

Acceleration (m/s)
o
Tad
]
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11.

Hint.

Hint.

(/i) Reflerring to velocity-time graph, during the part BC, the velocity is decreasing
uniformly. In other words, the acceleration 1s constant and negative. It is given by
the slope of ling 8C in Fig. 7.30.

B 30

Constant retardation during part 8" = — o) —l5ms

The acccleration-time graph for this part of motion 15 717 as shown in Fig. 7.31.

A ball falls freely on a perfectly elastic plate from a height of 3.0 m. At instant
t = 0, the velocity of the ball is zero. Draw the velocity-time graph for the motion
of the ball.

The time ¢ taken by the ball in Talling from rest through 3.0 m is given by

., 2h  [2x3.0
h::;::!' or = II gy \{_ =().78 sec
A '_5_-:' 1'\' I'.}H

The velocity v of the ball just before siriking the plate is
v=yf2gh=42x98x3.0=76Tms"

Figure 7.32 shows the velocity-time graph for the motion of the ball. At = 0, the velocity
of the ball is #zcro. As it Talls towards the plate under gravity, its velocity goes on increas-
g fll it becomes maximum (= 7.67 ms hy — B
after 0.78 sec. On striking the plate. it re- = 0 /
bounds with the same velocity because the = 7
|
7.67 -~ 1
|

5)

(T

plate is perfectly elastic. Now the motion of

=3 WVelocity

the ball is against gravity so that its velocity

aoes on decreasing till it becomes zcro af- .. :

o o e : ) —* Time ¢ ( % 0.78 sec)
ter 0.78 sec. The ball again starts down-

ward journey. Fig. 7.32

. From the top of a tower 98 m high, a stone is projected vertically upward with a

velocity of 39.2 ms™. On its return, it misses the tower and finally strikes the ground.
Calculate (i) the greatest elevation (i) the velocity with which it strikes the ground
(#i7) the time it takes to reach the ground.

Take the upward motion as positve.

(1) Let /i be the height from the top of the tower to which the stone rises.

i

Now v — u[f =2gh
Herev=0: v =392 ms': 2 98 ms

L

2wt (0Y =(392)
S i W ) L B
2o 2x[-9.8)

Greatest elevation = 784 + 98 = 176.4 m

(ii) The velocity v with which it strikes the ground is given by

& T

de Tl L -:',
Vo= 22 h

Herev, =0: g= 98ms~° ' h= -1764 m

-

V-0 =2 x (-98) x (- 176.4)

or v= 27 (-9.8)%(-176.4) = 58.8 ms'



202 Principles of Physics—XI1

(#17) The total tume 1 1aken to reach the ground is given by :

v=v,+ gl
Here v S88ms': v, =392ms': g- - 98 ms”
V—V {—55’5.3}—[39‘.2]
= —= =11 &
£ -8

13. In figure 7.33, ball 1 is released from rest at the top of a smooth inclined plane and
al the same instant ball 2 is projected up the plane from the foot of the plane with
such velocity that they meet half-way up the plane. Determine (i) the velocity of
projection and (ii) the velocity of each ball when they meet,

Hint. (/) In the common time ¢, distance travelled by ball 1 is given by

!  — :
E:{Jxr+5{g:ﬂn[}}r' ()
The distance travelled by ball 2 in ume ¢ is 1
IS
=L
! 1 ; . L [y
E:PJI | ?[—g sin )i .. (i) }\
Adding eqs. (/) and (i), we have, /
1 / h
F—=W,1 Of I=
2. 2 = W,

Putting t = I/ v, meq. (i), we have,

£ v

/ | i

Fi- —(gsinf)—

B V5 Fig 7.33

or v = glsind

Vs = \l'lga"&;lt'tl:'=..,q,"lgﬁ (- {sinf = h)

r2 i ||I : B
(i) vo = 004 2(gsmB)=  or v'=\g Isin = [gh

i

2 3 ; / ; :

MNow (o v, +2(—gsin H}E gisinf—glsind = 0

14. A bullet is fired from a rifle with a velocity of 750 ms™". If the length of the barrel
is 0. 6 m, find () the average velocity of the bullet while being accelerated (i) time
taken by the bullet to travel the length of the barrel (ifi) the average acceleration.

Hint. (/) Initial velocity of bullet. v, = 0 : Final velocity of bullet, v = 750 ms '

v v 0+750

Average veloeily = 5 =375 ms~
(i) If 1 15 the ime taken by the bullet to cross the barrel (5 = 0.6 m). then,
! I T Y )
e "J =375x1
b,
B 5 0.6 i .
I = 375 375 LG s

(ir1) If @ 15 the average acceleration, then,

v =1y, al
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W=, 150-0 .. . ;
or > p i .’ S NPOIE 468750 ms
15, A ball after having fallen from rest under the influence of gravity for 6 s crashes
through a horizontal glass plate, thereby losing two-third of its velocity. I it then
reaches the ground in 2 s, find the height of the plate above the ground.
Hint. The velocity v of the ball just before striking the glass plate is given by

v=v, ¥ gl

Herew, =0 g =98 ms” ;t=6%
- p=0+(-98) x6=-588 ms
The velocity of the ball after passing through the glass plate, v,= v/3 = — 588/3 =

~ 19.6 ms '. The height /i of the glass plate above the ground is given by :

1 .
v I+ L
h kil

i

Here v, = — 19.6 ms

| b =28 1 98 ms™”; h h

h = —19.6x 1+-2]-:<||:—U.H]:{{E}l

or b SR8 m
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Ans.
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N.C.E.R.T. TEXTBOOK EXERCISES

NCERT CHAPTER 3 : MOTION IN A STRAIGHT LINE

In which ol the following examples of motion can the body be considered approximately
a point object: (@) a railway carriage moving without jerks between two stations, () a
monkey sitting on top of a man cveling smoothly on a circular track. (¢) a spinning cricket
ball that turns sharply on hitting the ground. {d) a tumbling beaker that has slipped off
the edge of a table?

When the size of an object 15 very small compared to the scale of observation, the object can be

considered as a point object,

(@) The size of rmlway carmage 15 very small compared to the distance between the two stations.
Therefore, the carnage can be considered a pomt objeet.

() The size of the monkey 15 very small compared to the distance covered by the cychst
Therefore, monkey can be considered a pomntl object.

(¢) The size of the spinmng ericket ball 15 comparable to the distance through which the ball may
turn as it hits the ground. Therefore, cricket ball cannar be considered a point object

i) The mze of the beaker 15 not neghgible as compared to the height of the table. Therefore. in
this case, the beaker cammof be considered a point object.

The position-time {x — {) graphs for two children .1 and B returning from their school () to
their homes P and () respectively are shown in Fig. 3.01. Choose the correct enteries in the
brackets below: (a) (473 lives closer to the school x
than (H1), (F) (A/B) starts from the school ear-

lier than (B2, (o) (L) walks faster than (B41), S e RS
() A and B reach home at the (same/different) :

time, (¢) (A/B) overtakes (B/4) on the road fonce/ | [~~~ """ "7 77T R/
twice).

(@) From the graph. it 15 clear that P s closer 1o 07 A
than 2. Therefore. chuld 4 lives closer to the B
school than the child B '
(H) It 15 clear that cluld A starts at ¢~ 0, while the 0}
chuld /3 starts at later tume.
(¢) The x — ¢ graph for child B is steeper than thal
of child 4. In other words, slope of x— graph for child B 15 greater than that of child 4. Since
lhe slope ol x-¢ graph 15 equal o the speed. child B walks laster than chld A.
(¢f) It is clear from the graph that both children reach their homes at ¢,. ie., they reach home at
the same time

Fig. 3.01

(¢} The x -t graphs lor the children milersect only onee at K. Therelore, B overlakes .1 on the moad
only once.

A woman starts from her home at 9.00 A.M., walks with a speed of 5 km/h on straight road
upto her office 2.5 km away, stays at the office upto 5:00 P.M. and returns home by an auto
with a speed of 25 km/'h. Choose suitable scale and plot the x — ¢ graph ol her motion.

; Distance 25k i
Tune taken to reach office E‘h I - - 0.5 hr

Speed  Skm'h

x (in km)

Time taken 1o return [rom ollice

55

Instance 2.5Kkm o s

- s 0.1 hr = 6 minutes 2.0

Speed  253km/'h 1.5

Therefore, the woman reaches the office at
930 AM. and returns home at 5.06 PM. 05 506

The x  § graph ol the molion ol the woman

| 1
i5 shown in Fig, 3.02 .00 3.00

Fig. 3.02

i\ i > !
9.00  11.00 5.00 {in hours)
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Ans,

Ans.

().6.

Ans.

A drunkard walking in a narrow lane takes 5 steps forward and 3 steps backward followed
again by 5 steps forward and 3 steps backward and so on. Each step is 1 m long and requires
I s. Plot the x - 1 graph ol his motion. Determine graphically and  otherwise how long the
drunkard takes to fall in a pit 13 m away from the start.

Fig. 3.03 shows the x — ¢ graph of the motion of the drunkard. It 18 clear from the graph that the

N -y

required time = 37 s

We can also lind the required time mathematically. Assigning the forward motion positive and
backward motion negative.

x=5m+{-3m) + Sm+(-3m) + Sm+(-3m) + Sm+(-3m) + 5Sm

2 m_ 8 sleps 2m. 8 sleps 2 m. 8 sleps 2 m. 8 sleps 5 sleps
Total number of steps = 8 + 8 + 8 + 8 + 5 = 37 sleps

Since time taken for one step 1s | s, the total tme taken o fall in pit 13 m away from the start

FTx]l =374

x (m)
A
13F

12
11

| ':: : I fllf
H M\ /
/

T
——

- T G R O R S —.————————-\-\-“

I
-\-\_\_\_\_\_\_

| |
' |
6 [\ /1 i
{ i |
5 / | |
AN i
% A WY A T S A |
AV I
: ,-"'III f || [ I
arf LY T |
2= T || !
Il 8 1316 21 24 2932 37
4 ! L I|I L - o — — h"'.ff"a.jl
& 5 10 15 20 25 30 35 40

Fig, 3.03

A jet aeroplane travelling at the speed of 500 km/'h ejects its products of combustion at the
speed of 1500 km/h relative to jet plane, What is the speed of the latter w.rt. an observer on
the ground ?
Considering the positive direction of x-axis 0 be the direction i which the jet plane moves, we
have,

v — Relative speed of jet plane wrt earth = + 500 km'h
Relative speed of combustion products wri jet 1500 km'h

vl' o

Relative speed of combustion products wrt earth is
Ve = Vout W = (1500} + (+300) 1000 km'h
A car moving along a straight highway with a speed of 126 km/h is brought to stop within
a distance of 200 m. What s the retardation ol the car (assumed uniform) and how long does
it take for the car to stop 7
v, = 126 km'h = 35 m s : - v=0:5=200m a=7;1=1"

vty 35+0
e

e

: o I
Mverage speed ol car, v =175 ms
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Ans.
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Ans.
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-
& v L f:S:HUL:I:H.-I-.?rH
V 17.5

Mo v v, +a ¢

v—w, 0-35
i - = -
i 11.43
Two trains 4 and B of length 400 m each are moving on two parallel tracks
with a uniform speed of 72 km'h in the same direction with A ahead of B, The driver of f5
decides to overtake A and accelerates by T m s, If after 50 s, the auard of B just brushes past
the driver of A, what was the original distance between the trains?

2
J.06 ms

Let ¥ metres be the original distance between the trains. Now for each ftrain v, = 72 km'h
| .
200 ms

For train A v, = 20m s Y =0 e=508
. Ihstance travelled by A, 5, = v, t = 20 = 50 = 1000 m

For train B: v,=20ms ;a=1ms"; r=50s

[hstance travelled by B, 5, = v, t ai =20 = 50+ | » fi{l}"" 2250 m

2

It ., and L, arc the lengths of the trams, then the stalement of the problem suggests that

iﬁl}l:. X LSI._J' .Ir.-._l T .Iil.-_rj
Of 2250 = x + 1000 + 400 + 400

x = 450 m
On a two-lane road, a car A is travelling with a speed of 36 km/h. Two cars
B and O approach car A in opposite directions with a speed of 34 km/'h each. At a certain
instant, when the distance A8 is equal to AC, both being 1 km, £ decides to overtake - before
C does. What minimum acceleration of car B is required fo avoid an accident?

Fig 3.04 shows the condihons of the problem.

B —vy Vo——o!
Fig. 3.04
v, = +36 km'/h = +10 ms = vy = +54 km'h = +15 ms v Ve 15 ms
Relative veloaty of car C wrr car 4 = v — v, = (-15) — (+10) 25 m s

3

: 2 1000
I'ime required by car O’ to cover 1 km to reach car A -

In order to avoid accident. the car B should be accelerated such that il overtakes car 4 in
40 s Let the mimmum required acceleration be “a’. Relative velocity of ecar B wrt car

A=vp—v,=15-10=5ms".
Now v, = 5 ms et =A0s; S = 1000 m ;e ="
Mow, & ¥l 1 {313

2
or 1000 = 5 = 40 ;a (40y°
OF R00 a = 800 - a =1 ms"

Two towns A and B are connected by a regular bus service with a bus leaving in either
direction everv ' minutes. A man cveling with a speed of 20 kin/'h in the direction A to B
notices that a bus goes past him every 18 min in the direction of his motion and every 6 min
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Ans,

in the opposite direction. What is the period I of the bus service and with what speed
(assumed constant) do the buses ply on the road ?

Let the constant speed wath which the buses are plving on the road be v km'h.

<. Speed of bus going from 4 to B wre the cyelist = (v — 207 km'h

speed of the bus gomg from B to A4 wee the cyclist = (v + 20} km'h

The distance covered by the bus in time T - v T,

T [ nstance
e ,
3 Velocity
18 vl i
O :
60 v 20 s
| 6 T )
A 60 v 420 A1)
s 4230
Ihviding eq. (1) by eq. (i), we gel. it 3 Sov = 4 kmi'h
v—20

Putting v = 40 km'h mn eq. {i), we get,
lE{r—Eﬂ] lﬂ{fm—lﬂ']

= 4 min
¥ 4()

10 A player throws a ball upwards with an initial speed ol 29.4 ms . (2) What is the direction

Ans.

Q.11.

of acceleration during the upward motion of the ball? (5) What are the velocity and accelera-
tion of the ball at the highest point of its moetion? (¢} Choose the x = 0 m and 7 =0 5 to be
the location and time of the ball at its highest point, vertically downward to be the positive
direction of X-axis, give the signs ol position, velocity and acceleration of the ball during its
upward and downward motion. (d) To what height does the ball rvise and after how long does
9T -2 : :
the ball return to the plaver’s hands? [Take g = 9.8 ms ~ and neglect air resistance].
(@) The ball moves under the achon of gravity, Therefore, the direchion of acceleration due to
gravity 15 alwavs vertically downwards.
(h) At the highest point, the velocity of the ball is zero and aceeleration due 1o gravity is
9.8 ms ~ verbeally downwards.
(¢) When the highest point 1s chosen as the location for x = 0 and ¢ = 0 and vertically downward
direction to be the posihve direchion ol X-axis, we have,
During upward motion. The signs of position and velocity are negative and the sign of
acceleralion 15 posilive.
During downward motion. The signs of positon, velooity and acceleraton are posiive.

(o) For the upwerd ntion, v, = 294 ms ' and g = 98 ms

v v,_-:' 2eh or A _2:, = _LE_ f?}:: 44.1 m
The negative sign shows thal the distance 15 covered n the upward direction,
[ ¢ 15 the time taken to reach the highest pont, then.
v=w, +tgl or 0 204 +98: - t=3s

MNow lor verbcal motion under gravily, time ol ascenl — bme ol descent.

. Time taken by the ball o return o player’s hands = 3 - 3 ~ 6 5
Read each statement below carefully and state with reasons and examples, if it is frue or false;
A particle in one-dimensional motion (@) with zero speed at an instant may have non-zero
acceleration at that instant (5) with zero speed may have non-zero velocity (¢) with constant
speed must have zero acceleration (&) with positive value of acceleration must be speeding up.



208

Ans,

Ans.

Ans.

Principles of Physics

Xl

@) The statement 15 true. When a body s thrown vertically upward from the ground. then at
F ; p i 2 i ¥ .
the highest point, the body has zero speed but acceleration of 2.8 ms ™ (= g) 15 acting verhcally

downwards.

(b) It 1 false. It 15 because the speed of a bodv 13 equal to magnmitude of s veloaty. Therefore.

when speed 15 zero, velocity 15 also zero.

(e) It s true. When a bodv moves in a straight Line, its direction 15 unchanged. I the speed of

the body 13 constant. change n velocity 15 zere and hence acceleration 15 zero.

() The velocity of body moving in a strmght hine 1s given by: v = v, + at The statement given
in the problem 15 not correct 1’ v, 15 negative at ¢ = (). However, the given statement 15 true

if both v, and a are positive.

- A ball s dropped from a height of 90 m on a floor. At each collision with the floor, the ball

loses one-tenth of its speed. Plot the speed-time graph of its motion between ¢ = 0} to 12 s

(2 = 10 ms’)

Smee the ball 15 dropped from a height of 90 m. we have. v, ~ 0, g = 10 m's” and A ~ 90 m.

Time taken by the ball to reach floor is :
Speed (m/s)

2h (290 i &
f — g 5
Ve V10 ;
Weloeity of the ball at floor 1s 2 F======
v 2k =2x10%90=302mis NI [T773 K"
4. —_— ol i -l e - ey e ik -
Rebound veloctly ol ball s 242 : |
£ g (r.;;. Y e = I |
! —lv=| — | %3042 =272 m/s ‘ . -
1 |a1':'31 ul[-:'fx A Ve ( 4,24 $.05 1186 i)
Time taken by the ball to reach the highest point s Fig. 3.03
_b:r ET'\‘II':
r= —=7% =381 s
g 10

Total ime=§¢+ ' =424 + 381 .05 5

The ball takes lurther 3.81 5 1o reach the loor again where its veloeity belore stniking the Hoor

will be 272 mis.
9

11}
The ball wall start upward motion after time

8.05 + 381 11.86 s
Fig. 305 shows the speed-time graph of motion of the ball between 1 = U and ¢ = 12 s

Rebound velocity ol the hall is v x 2732 =24.3J2 mis

Explain clearly, with examples, the distinction between :

(@) magnitude of displacement (sometimes called distance) over an
interval of time and the total length of the path covered by a B
particle over the same interval.
(b} magnitude of average velocity over an interval of time and the
average speed over the same interval. [Average speed of a
particle over an interval ol fime is delined as the total path

length divided by the time interval]. Show in both (@) and (b)

that the second gquantity s either greater than or equal to first,
When is the equality sign true? [For simplicity, consider one- Fig. 3.06
dimensional motion only]|.

(a) Suppose a particle moves from 4 to B and 8 to O in time ¢ as shown in Fig, 306, Then
magnitude ol displacement ol the particle = AL whereas the total length of the path covered
by the particle = AB + BC. Note that the total path length (= AB + B(7) is greater than the
magnitude of displacement (< AC). If the particle moves in a straght line, then magnitude of

displacement 15 equal to the total path length covered by the particle in a given time.
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Ans,

Ans.

(b) Relernng to kg 3.06,
Displacement _ AC
Time !
Total path length  AB + BC

[ime /

Average velocity

Average speed

since (Af ~ BC) = AC, the average speed 15 greater than the average veloaly. I the particle moves
m & straight hne, displacement = total path length in a given time so that average speed wall be
equal 1o the average veloaty. Thus in ether case (a) or (b) the second quantity 15 either greater
than or equal to first quantity. Equality sign s true when displacement 15 equal to distance.

A man walks on a straight road from his home to a market 2.5 km awav with a speed of
5 km/h. Finding the market closed, he instantly turns and walks back home with 2 speed of
7.5 km/h. What is the {a) magnitude of average velocity and (d) average speed of the man
over the interval of time (1) 0 — 30 minutes (z2) 0 — 50 minutes {rz) 0 — 40 minutes?

(7)1 Time interval 0-30 minutes. While gomg fo the market, the man  walks at a speed of

5 km'h.
[asplacement in 30 min = 52 = 2.5 km
MNel displacement 2.5km

Average velowly : e 5 km'h
- [ime 0.5h

Total distance travelled 2. 53km

Average specd 5 km'h

Total ime taken 0.5h
(i7) Time interval 0 — 30 minutes. While going to the market the man walks at a speed of
5 km'h. Since the market 18 2.5 ki from lus home, he takes 30 minutes to reach the market.
While coming back from the market, he walks at a speed of 7.3 km'h so that time taken to
reach home = 2.57.5 = 1/3 hour = (1/3) = 60 = 20 nunutes. This means that i 30 minutes
the man walks back home. Therefore. net displacement = 0.

Net displacement 0

Average velocity 0

Time S min
Mow m 50 min. the total distance travelled = 25 + 25 = 5 km and total ume taken
SO0 hr = 56 hr
Total distance travelled 3
Tolal ime taken 5/6
(it} Time interval 0—0 minutes. In 30 minules, the man covers a distance of 2.5 km in going
[rom home to the market. While returming home, he covers a distance of’ 1.25 km mn 10
minutes (- return speed is 7.5 km'h).

Average speed 6 km'h

Net displacement dunng tme mterval O - 40 nun
25 —-125=125 km

_ Metl displacement 1.25 I
verase velocily = : = = 1.87s k'
Average 'veloait Total time A0/ 60 '
Total distance travelled m 40 mun 2.5+ 1.25= 3.75 km

Total distance travelled 375

Average speed 5625 km'h

Total time 40/60
In Q.13 and .14, we have carefully distinguished between average speed and magnitude ol
average velocity, No such distinetion is necessary when we consider instantaneous speed and
magnitude of velocity, The instantaneous speed s always equal o the magnitude ol instanta-
neous velocity, Why?

el

el
In such a small mterval of tme {(di), the direction of motion of the particle 15 not supposed to

change so that displacement is effectively equal to the distance. Therefore, instantancous speed 13
equal o the magnitude ol instantancous veloaly.

Instantancous velocity, v
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(.16, Look at the graphs (@) to (d) |Fig. 3.07] carefully and state, with reasons, which of these
cannot possibly represent one-dimensional motion of a particle.

+

f TN it
=

A\

(a) (b) (¢) ()
Fig. 3.07
Ans. () The graph shown in Fig 3.07 (&) does not represent one-dimensional motion. It is because

the particle has two posibons at the same time which 15 not possible i one-dimensional
maofion.

I'otad
Path Length
——

\d
)

:

(B) The graph shown in g 307 (F) does nol represent one-dimensional motion. I 1s because
a particle cannot have positive and negabve velocity at the same time 1in one-dimensional
molion.

(¢) The graph shown i Fig. 3.07 (¢) does notl represent one-dimensional motion because the
particle speed can never be negative.

() The graph shown m kg 3.07 () does not represent one-dimensional motion. It 15 because
the graph shows that fotal path length decreases aller certamn time. However, the total path

length of a moving particle can never decrease with time l
(317, Fig, 3.08 shows x —  graph of one dimensional motion of a particle.

Is it correct to say from the graph that the particle moves in a
straight line for ¢ < 0 and on a parabolic path for ¢ = 0? If not, =0 t={
suggest a suitable physical context for this graph.

Ans. No, because the x — ¢ graph does not represent the path taken by the 0 ol
particle. From the graph, at + = 0, x = 0. This graph represents the
motion of a freely falling body. Fig, 3.08

.15 A police van moving on a highway with a speed of 30 km/h fires a bullet at a thief’s car
speeding away in the same direction with a speed of 192 km/h. If the muzzle speed of bullet
is 150 m:-'ﬂ with what speed does the bullet hit thiefs car?

. 25 -
Ans Speed of police van, vy, — 30 km'h y s i
Speed of bullet, vy, — 150 ms '

e 160

Speed of thief’s car, v... = 192 km/'h —— ms
; 3

When the bullet 15 fired from police van, the net speed of bullet 1s the sum of vy, and vy,
25 475 |

Nel speed ol bullet = v, + v

" +150 = ——ms
.|'§.I.' ;

The bullet wall hit the thiel™s car with relative speed of the bullet wee thief"s car. Therefore, the
speed with which the bullet hits thiet™s car 15
475 160 315
T3 33
Q.19 Suggest a suitable physical situation for each ol the following graphs in Fig 3,09,
: i

= -1
15 ms

0}  —

=

()

(er) () ()
Fig. 3.00
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Ans,

ia)

(f)

()

The x — ¢ graph m g 3.09a) shows that mally x = 0 (re, the body 15 at rest). Then
x Increases with time. attains a constant value and agam reduces to zero with time. Then x
inereases 1 the opposite direction wll 1t again attains a constant value (e, body comes to
rest). Such a physical situation anses when a hall resting on a smooth Hoor 15 kicked. The hall
rebounds from a wall with reduced speed and moves to the opposite wall which stops 1t
The v — ¢ graph in big. 3.09(b) shows that the veloaity of the body changes sign agmn and
again with passage ol time and each time magnitude of velocity 1s reduced. Such a physical
situation anses when a ball 15 thrown up with some mitial velooity and returns back as freely
falling body, On stnking the ground. it rebounds with reduced speed each time it strikes the
ground.

The a — ¢ graph n Fig. 3.09(¢) shows that mmballv the body moves wath umform veloaty (e,
a = ). Its acceleration ncreases for a short ime and then falls to zero and therealler, the body
moves with a constant veloaity, Such a physical situation anses when a encket ball moving
with a uniform speed 1s hit with a bat for a short interval of time.

210 Figure 3.010 gives the x — ¢ plot of a particle executing one-dimensional simple harmonic
e a p P u p

motion (You will learn about this motion in more detail in chapter 25), Give the signs ol

position, velocity and acceleration variables of the particle at r = 03 s, 1.2 &, —1.2 s

Ans.

0Q.21.

Ans.

x4

g, 3010
In S H.M., acceleralion a o x where o (re, angular [reguency) 1s constant.
(f) Atr =103 s It is clear that x is negative. The slope of x — 7 graph is negative so that velocity
15 also negalive. Since a m™x and x 18 negalive, acceleralion a 15 posiive.
(/) At f= 12 s [t s clear that x s positive. The slope of x — ¢ graph 15 posilive s0 that velocity
15 also posiive. Since a i x and x 15 posiive, acceleralion a 15 negalive.
(iir) At f = —12 s It s clear that x 15 negative. The slope of x — ¢ graph 1s negative. Since both
x and ¢ are negative, velocity 15 positive, The acceleration a 15 also posifive,
Fig, 3.011 shows the x — ¢ graph of a particle in one-dimensional motion, Three different equal
intervals of time are shown. In which interval the average speed is greatest and in which it
is the least? Give the sign ol average speed for each interval
The average speed mna small interval of ttime 15 equal x4
to the slope of x — ¢ graph dunng that interval of
time. It 15 clear from Fig. 3.011 that average speed 13
ereatest in the iime mierval 3 because slope of x — ¢
araph 15 greatest in this time interval. The average
speed 15 least i nterval 2 because slope 15 least m
this mnterval. The average speed 15 posifive 1n hime 3 >
: . 1
miervals 1 and 2 because slope of x — ¢ graph 15 |
positive for these time intervals. However, average ' :
speed 1 tune interval 3 18 negative because slope of ;
_ i Fig. 3.011
x — ¢ graph 18 negative.
Fig. 3.012 gives the speed-time graph of a particle in one-dimensional motion. Three different

equal intervals of time are shown. In which interval is the average acceleration greatest in
magnitude? In which interval is the average speed greatest? Choosing the positive direction
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Ans,

L
t-J
[

Ans,

Q.24.

Ans.

Principles of Physics—XI

as the constant direction of motion, give the signs ol *u’ and “¢" in the three intervals, Whal
are the accelerations at the points A, B, C and D7

The average acceleration i a small interval of tune
15 equal to the slope of veloeity-time graph dunng
that mterval of time. It 8 clear from g 3.012
that slope of v — ¢ graph 15 maximum in interval 2
(as compared to mmtervals 1 and 3). Therefore.
average acceleration 1s maximum in bme inferval
2. The average speed 1s greatest in tume wterval 3
because point [} is at maximum on speed axis

In micrval 1, the slope of velocity-time graph 15
positive. Therefore. acceleration as well as speed
15 positive. In interval 2. the slope of velocity-time
oraph 15 negative. Therefore, acceleration 15 nega-
tive but speed 15 posiive. In interval 3, the veloc-
ity-time graph 1s parallel fo the time axis. There-
lore, acceleration 15 zero but speed 15 positive, Al

Speed
4

D

a1

>
3  Time

[

Fig, 3.012

pomnts A, B C and [, the veloeitv-time graph is parallel to tine aas. Therefore, acceleration is zero

at these four pomts.

A three wheeler starts from rest, accelerates -‘ﬁ'aiim}
uniformly with 1 ms on a straight road for i
10 s and then moves with uniform velocity. 1° | o o oo B
Plot a graph between the distance covered by %1 __ |
the wvehicle during the mth second (n = 1, 2, 54 P |
3, ..) versus n. What do you expect the plot to 7. : : :
be during accelerated motion: a straight line or T | :
aparabola? @ S eescmcecaaa- : : : |
a _- 1 ! i |
Herest, =0 ie=1mly = Hesccoeaeao 2 1
: ; . - |
Distance covered in the mth second is B ) ! b
3 | 1 |
. i O elmanaiar o+ b |
S, = Vot (@n=1) e & L i 9 |
< 14 A : < : : : |
or 8 .= 0+ 1 (Zn—-D = 0.32r - 1) ) O0—T1—d —
: 2 1 2 3 4 5 6 7 & 9 10 n(s)
Putting » = 1. 2, 3. .. n eq. (1), we get the fol- Fig. 3.013
lowing fable of 5§ ., versus n.
" 1 2 3 4 5 & 7 ! 3 10
S |05 15 |25 |35 | 45 | 55 | &5 |75 85 | 9.5

When we draw the graph between S, and » [See Fig. 3.013]. we get straight line A8 because

S

LRI

BC parallel to time axis.

o i Adler 10 s, the three wheeler moves with umform velocily so that graph 1s a straight hine

A boy standing on a stationary lift (open from above) throws a ball upwards
with maximum initial speed he can, equal to 49 m/s. How much time does the ball take to
return to his hands ? If the lift starts moving up with a uniform speed of 5 m/s and the boy
again throws the ball up with the maximum speed he can, how long does the ball ke to

return to his hands 7

Let the tme laken by the ball 1o reach the highest pomnt be ¢ Then.

Mo v, =49 mis v=0.¢g 98 m's
v =y, gt or (=49 - 9.5f

Tolal tme taken = 2 ¢ 2 3 LS

i

4959 8
since time taken for upward journey is equal to the fime taken for downward journey,

38
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Ans.

).26.

Ans.

. ] ; HIH. ot i X
When the hit starts moving upward with umborm speed of 5 ms . there 15 ne change of relative
velocity of ball wrs boy. Therefore. the total ime taken wall remain the same ie., 10 s

On a long horizontal moving belt (Fig. 3.014), a child runs 0 and o with a speed ol Y
km/h {with respect to belt) between his father and mother located 30 m apart on the moving
belt. The belt moves with a speed of 4 km'h. For an observer on stationary platform outside,
what is the (a) speed of the child running in the direction of motion of the belt (&) speed of
the child running opposite (o the direction of motion of the belt and () time taken by the
child in cases (a) and (#)7 Which of the answers alter, if mofion is viewed by one of the
parents?
Fig. 3.014 shows the conditions of the problem. Considering that positive direction of X-axis 1s
from left to nght, we have,

var = opeed of belt wrt earth = 4 km'h

vep = Speed of child wrr belt = 9 km'h
(@) When child runs in the direction of motion of belt. In this case. v, = +4 kmvh and

Vep = 79 km'h
Moving belt — 4 km/h

y

Child

Stationary observer
Fig. 3.014
speed of child wrr earth, vy = vy + vge = (19) + (#4) = 13 km/h
(04} When child runs opposite to the direction of belt. In ihis case. v, 4 km'h |
Vg = —2 km'h
Speed of child wrt. earth, v, = v, Vag = & M + (+4) = -5 km'h
The negative sign shows that the child appears to be moving from nght to lefi with a speed
of 5 km/'h,
(¢) Time taken. Ihstance between parents = 30 m
Since parents and child are in the same frame of reference (re., moving belt). the speed of
lthe child as observed by the slabbonary observer wall be 9 kmv'h (— 2.5 m's) lor the either
direction of motion of the child
Time taken 1 cases (@) and (F) = 50/2.5= 20 s
[f motion is viewed by one of the parents, the speed of the child is 9 km'h in either direction
Therelore, answers (@) and (6) wall alter. However., answer (¢) remams unaliered.
F

120

Two stones are thrown up simultaneously
from the edge of a cliff 200 m high with
initial speeds of 15 ms " and 30 ms™. Verily
that the graph shown in Fig. 3.015 correctly = 100

¢, (m)
|

represents the time variation of the relative %0

position of the second stone with respect to

the first. Neglect air resistance and assume tll

that the stones do not rebound after hitting

the ground. Take g =10 ms . Give the egua- 40

tions for the linear and curved parts of the 20

plot.

For a umiformly accelerated motion, the posi- 2 '!{:}'

ton x of a body m tune 15 given by |




214

Ans.
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I e
X Xy 7 1-'“.! { al

Motion of first stone. v, = 200 m . v |5ms Ja=g 10 ms *

0
I x, 15 the pesiion (height above the ground) of the first stone after tme £ then,

. ]

. I 4 . 1 ;
x, = 200 + 15¢ 4 ﬂ;{ 1N or xp =200 + 131 - 30 i)

The time after which the hirst stone hits the ground can be found by putting x, = 0 n eq. (.
0=200+ 15 -5 or £-3t-40~-0 - t~-8s3s
Motion of second stone, x, = 200 m v, = 30 ms . a - g= -10 ms "

II' x, 15 the positon (height above the ground) of the second stone aller tme ¢, then,

¥, = 200 + 30¢ - ;.: 10y or x, = 200 + 30f — 57 (i)
The time after which the second stone hits the ground can be found by putting x, = 0 in eq, (ir)ie,
0=200+30{—5° or F-66—40=0 . t=103s
i = 154 AT
Conclusions. The above calculations veniy the correctness of the graph in Fig. 3015 as shown
below
(r) Eq. () (re, v, —x, = 156) describes the relative position of second stone wrez first with time
ull the lirst stone hits the ground. Since lirst stone reaches the ground aller 8 seconds. 1t
means that upto 8 s (x, — x) o 1 or graph between (x, — x,) and ¢ is a straight line.

From eqgs. (i) and (i), Xy — X

(##1) Alicr 8 5. only the sccond stone will be in mobion for 2 5. Therelore, from 8 s o 10 s, the

: ; - - - -

motion of the second stone will be governed by the equation x, = 2000 + 3l — 5. For this
reason graph 15 curved lrom 8 s o 10 s,

. The speed-time graph ol a particle moving along a lxed direction is shown in Fig, 3.016.

Obtain the distance travelled by the particle between (@) # = 00 to 10 s (b) ¢ = 2 to 6 5. What
is the average speed of the particle over the intervals (@) and (5)?

(@) The distance travelled by the particle from 0 T |
to 10 5
Area of ACAB from O to 10 s
1
x10x12 = 60 m A
2 i 12hd e maiaa :
Average speed = 60/10 = 6 ms |
|
(A} From time = 0 s fo 1 = 3 s, the particle moves |
|
with umiform aceeleration a, given by . I.J B
1411 )
|'.2|'-_ l!r 5 .ll:.l ."lr{h"
v=v, 12-0 Fig. 3.016
0 = S 24 m's & :
f 3
Veloaity of particle after 2 s 15
v, Sy ta x2=0+24 x2 =48 mfs
[nstance travelled by the particle from r = 2 sto = 5 5 is
1l =
8= v +-;'.""'|I|_ (Here t, = 5 - 2 = 335)

-

A8x3+ i(z.am 3 =0k

-

From time ¢ = 5 s to ¢ = 10 5. the particle moves with umform retardation given by .

0-12

- 2.4 m":i:

i
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For the motion of the particle from ¢+ = 5 s to f = 6 5. we have,

v, =12 ms, a, 24mis t,=1s

o Distance travelled by the particle from 1 = 5 st0 1= 6 5 15

| -
H— "|-'1||I'_| ‘I {-f-hlr-__|
= = L 2 & .oy
| -
12 =1 +E{—2.4}:=f 1" =108 m
oo Total distance travelled, & = &, 4 .‘:‘:_ 252 + |08 36 m
A 36
Average speed 30 e 9 ms
6=2

).24. The velocity-time graph of a particle in one dimensional motion is shown in Fig, 3.017.
Which of the following formulae are correct for describing the motion of the particle over

the time interval f; and f,. ,i
(iy xity)= r{rl}+r[a‘|uf:—r1]+;a{rg—a‘t}1
(zr) Wl ) =wlt,)+alt, — 1)) T
(i) vy, ={rty) - rie)} /t, - 1) :
(iv) a, = {uii'zj —HFIH}__-".{TI —1;) t |l
_ ) 1 2 e | 2 2
(v) Xtz)=x{t)+v (t, =)+ zum_ﬂ‘: —y) Fig 3_{”?'

(vi) xff,) — x(t,) = area under the v — ¢ curve bounded by the time axis and dotted line shown

Ans. I we look at the v — 7 graph over the time interval ¢, and £,. we find that slope 15 neither constant
nor umiform. Therefore, relations (9. () and () are not correct. However, relations (&), (A and
(vi)] are correct,
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Vectors

INTRODUCTION

A particle confined to a straight line (one dimensional motion) can move in only two direc-
tions viz. either upward or downward from the selected origin or towards right or left from the
origin. We can take the motion of the particle to be positive in one of these directions and negative
in the other direction. Therefore. in one dimensional motion, the vector quantities like displace-
ments. velocities and accelerations can have either positive or negative values. We can use simple
arithmetic 1o add or subtract vector quantities in this case. However. the situation is not that simple
in two or three dimensional motion. For example, in case of two dimensional motion, the particle
moves in a plang —say AV planc. The position of the particle 1s described by two numbers viz, x
and y coordinates. Suppose a particle is at point | (x. y,) at any instant and aller some tme it

* »

15 at another point 2, (x,, y,). The vectors OF, and OF, (O 1s the origin of the coordinate system)

are not along the same line as was the case with one dimensional motion, To carry out the addition
¥ F

or subtracton of vectors OF and OF, | we require special methods. This is called vector algebra.

Therefore, in order to study two dimensional motion (f.e., motion in a plang) and three dimensional

motion (i.e., motion in space). we need the help of vector algebra. In this chapter. we shall discuss

the varions properties of vectors.

8.1. VECTOR

The physical quantities in physics are divided into two groups viz, scalars and vectors. Those
physical quantities which have magnitude only are called scalars e.g., mass. length, temperature,
speed efc. The physical quantities which have magnitude and direction are called vectors e.g.,
displacement. velocity. acceleration efe. I a physical quantity has both magnitude and direction but
does not obey the laws of vector addition, it will not be called a vector. For example, electric
current in a wire has both magnitude and direction but it does not obey the laws of vector addition.
Therefore, electric current is not a vector.

A physical guantity that has baoth magnitude and direction and also obevs the laws of vecior
addition i1s called a vector

A vector 1s represented graphically by a straight line with an arrowhead J
as shown in Fig. 8.1. The length of line (C4) represents the magnitude of O
the vector (on suitable scale) and the arrowhead indicates its direction. Fig. 8.1

Thus in Fig, 8.1, displacement vector (5) is represented graphically. The starting point (€)) of the
arrowed line is called tail of the vector and the end (1) of the arrowed ling is called head or tip
of the vector.

219
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In writing. a veclor 1s represented by a single letter with an arrow on it. Thus in Fig. 8.1,

»
displacement vector will be written as & . The magnitude of the vector is represented by the same

*
letter used for the vector without arrow. For example, the magnitude of displacement vector § is

¥
represented as S or | 8.
Discussion. The following points are worth noting
(#) The magnitude of a vector is a scalar and 15 alwavs positive.

(##) The magnitude of a vector is also called modulus of the vector and 15 represented by
enclosing the vector svmbol between two vertical lines. For example. the modulus of

¥ —
displacement vector 5 will be represenied as | 5.

(i) Vectors can be added, subtracted and multiphied. However division of a vector by another
vector is not a valid operation in vector algebra. 1t 15 because the division of a vector
by a direction is not possible.

8.2. S50ME DEFINITIONS IN VECTOR ALGEBRA

(1) Equal vectors. The two vectors are said to be equal if they have the same magnitude and
the same direction.

In Fig. 8.2, the two vectors ; and é are equal vectors because they have the same
magnitude and the same direction. For two
vectors 1o be equal, it is not necessary that T
their tails should have the same starling 1
location. Equal vectors may have different ¢ - 0
locations but they must have the same
magnitude and the same direction. Thus in ¢ - 7

E and I? 2
iy ()

Fig, 8.2

Fig. 8.2(1). the two equal vectors

F-E have the same starting location ().
However, in Fig. 82(i). the two equal
VECIOTS ] and E: have dilferent starting locations (O, This properiv of equal vectors is
important becanse we can shifi a vector from one location to another in a diagram provided ils
magnitude and divection are nol changed.

(2f) Negative of a vector. A vector is said to be negative vector of a given vector if ils
magnitude is the same as that of the given vector but its divection is opposile.

* * e
The negative vector of 4 1s represented as — 1 as shown in Fig, 8.3, Note that vectors

and - 5 have the same magnitude but opposite directions. In other Py

words, the vectors have the same length but opposite directions. In “ »-b
order to find the negative of a vector, we merely reverse its arrowhead.

Clearly. the addition of a vector to its own negative vector will result  » == — d
in #ero magnitude 1.e., A

; : Fiz. 8.3
A+{-4)=10
This also applies to ordinary numbers, For example, the negative of 3 1s -3 and their sum
=3+ (-3)=0.
(7i1) Unit vector. In vector algebra. it is oflen useful to represent a vector by its magnitude
and a wnit vector A unit vector is a dimensionless vector that has a magnitude of 1 and has the
same direction as that of the given vector.
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A unit vector af the given vector is a vector of unil magnitude and has the same direction as
that of ihe given vecior

¥

For example. any vector 4 can be written as ¢
¥ -
A = A4
r A
Here A is the magnitude of 4 and - is the unit vector whose magnitude is 1 and direction
r -
is the same as that of A, Note that wnit vector A is read as A cap’or 4 hat’.

A unit vector is used to specily a given direction. Unit vectors have no other physical
significance. Vectors can be conveniently writlen in terms of unit vectors which point along the
chosen coordinate axes. In rectangular coordinate
system, these unit vectors are called 7, ;and & they
point respectively along the positive X, ¥ and £ axes as
shown in Fig, 8.4, Since unit vectors have magnitude
of 1. they may be used to give direction to vectors. For A }‘*
example, il a force (vector) of 6 N 1s acting along the
+ X direction, we can represent the force as 6 N

y

: S X
Similarly, if an object has a velocity (vector) of 55 < »
ms ', it means that magnitude of velocity is 5 ms ' and ke
its direction is along the —ve Vdirection. Note that the £ Fig. 8.4
only purpose of unit vectors is to indicate the direction
of a vector.

(iv) Zero vector. A vector that has zero magnitude is called zero vector or null vector

¥
A zero vector or null vector 15 represented by (0 (arrow over the number zero). There 15 no
need to specily the direction of a #ero vector as its length is #ero. The result of addition of a vector

' * *
o ils own negative veclor 18 a zero vector e, A +i(—A)1= 0. Similarly. when a vector is multi-
¥

plicd by zero. the resull is a zero vector i.e., t']{‘-i] 0,
Examples. (@) The velocity vector of a stationary object 15 a zero vector,
(h) The acceleration vector of an object moving with uniform velocity 1s a zero vector.
{¢) The position vector of the origin of the coordinale axes 15 a zero vector,

8.3. POSITION VECTOR AND DISPLACEMENT VECTOR IN A PLANE

Consider the motion of an object in the X7 plane ¥
with origin at . Suppose at any time /. the object is at Pix.m)
point P (x,. y,) and at time £, it is at point P,(x,. 1,). 34
1. Position vector. The position vector of an object :
15 the vecior from the arigin O of the coordinate system 3 Pl )

fo the position of the object.

_}.
Thus in Fig. 8.5, the position vector of the object at o 2 v
E b 2 £
point P, is OF (=#) while the position vector of the Fig. 8.5

]
object at pont ., 15 OF, (:ai}. The position vector of an object provides two important
informations :

(1) It gives straight line distance of the object from the orvigin O (starting point),
(i) It gives the direction of the object w.ri. origin.
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2. Displacement vector. Displacement is a vector quantity and is called displacement vector.
We know that the displacement of an object is the straight line distance (shortest distance) between
the mitial position (7,) and the final position (7%,) of the object. Thus in Fig, 8.5, Bi (= Ar) 15

the displacement vector. The straight line distance P P, is the magnitude ol the displacement
vector and the direction of the displacement vector is from P, to /2.,

Hence displacement vector is a vector thal points from object 5 initial position fo s final
pasition and whose magnitude is equal to the straight line distance between the two points,

yo ¥ - -
Position veclor, ¢ ,:l,r:; xi+wm)

; - -
Position vector, QP, = x,i + y,j

¥

Displacement vector. /% = Final position — Initial position

OP, - OF,

= (¥ + 20 = (51 + 3]
¥ A A
PP, = (—x) +0m -1/
8.4. ADDITION OF VECTORS
Vector addition can be done most easily by a graphical method. Suppose we want o add two
b *
vectors P oand ¢ (supposc these are displacement vectors) as shown in Fig. 8.6(r). To add them

¥ w
graphically, we place the tail of vector ¢ at the head (or tip) of vector P as shown in Fig. 8.6(41).
Note that we can move a veclor

[rom one place 10 another but we 7
cannot change the magnitude and B a y
direction of the vector while mov- - = £
* .
ing it. Having moved vector ¢J . 0 >
¥
we draw another vector /& from (1) (i)

F
that tail of vector 7 to the head
] b ¥ ¥
of vector (. This vector R represents the net displacement (or vector sum of P and () and

is called the resultant of vectors f; and 4:3 . We can write the resultant in the form of mathemati-
cal equation as : ; ; ,
R=P+0Q

Hence the resultant vector of two or move veciors is the single vecior which produces the
same effect as is produced by the individual vectors together, The advantage of resultant vector
15 that we can replace a number of vectors by a single vector. This makes mathematical analvsis
a simple affanr.

The method of vector addition described above is called i
irrangle law of vector addition. An alternative graphical method P

¥ ¥
for adding two vectors P and O is shown in Fig, 8.7, In this
* *
construction, the tails of the vectors P and (2 are together and

]
the resultant vector R is the diagonal of the parallelogram formed

¥ *
with the vectors 7 and (& as the adjacent sides. This is called
parallelogram law of vector addition.
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(i) Triangle law of vector addition. [f two vectors acting simultaneously at a point are
represented in magnitude and direction by the two sides of a friangle faken in the same order, then
third or closing side of the viangle taken in the opposite order represents their resuliant in
magnitude and direction.

* *
The triangle law of vector addition is illustrated in Fig. 8.6(i7). Here vectors P and ¢ are
represented in magnitude and direction by the two sides ol a tinangle taken in the same order. The

¥
third or closing side of the triangle taken in the opposite order represents their resultant & in

¥ ¥

r
=P +0

(¢7) Parallelogram law of vector addition. [f two vectors acling simulianeously at a point
are represented in magnitude and direction by the two adjacent sides of a parallelogram, then the
diagonal of the parallelogram passing through that point represents their resultant in magnitude
and direction.

magnitude and direction.

k

The parallclogram law of vector addimion 1s shown i Fig. 87. Here veciors F rmu:i{j
arc represented in magnitude and direction by the adjacent sides of the parallelogram. Then
diagonal of the parallelogram passing through point ¢ represents their resultant IE in magnitude
and direction,

8.5. ADDITION OF MORE THAN TWO VECTORS GRAPHICALLY

The *tail-to-tip method can be used to add anv number of vectors graphically, As stated
carlier, in this method the vectors are placed tip to tail one at a time /e, tail of the second vector
15 placed on the tip of the first vector, tail of the third vector is placed on the tip of the second
vector and so on. The magnitudes and directions of the vectors should not be changed as thev are

¥
moved about. The resultant vector & is represented in magnitude and direction from the tail of

the first vector to the tip of the last vector. In other words. R is the closing side of the figure {of
vectors) taken in the opposite order.

(i) (i)
Fig 8.8

¥ * *

Let us illustrate the tail-to-tip method of vector addition considering four vectors A, B, €' and
*
) |See Fig, 8.8 (i)]. Applying tail-to-tip method, these vectors are represented in magnitude and

¥ ¥

*

direction by the sides 0K, AL, LM and MN of the regular polygon respectively as shown in Fig,
]

8.8 (ir). Then, the resultant g2 is represented in magnitude and direction from the tail of the first

vector to the tip of the last vector. In L::th-:r words, the closing side of the '[}Dh. gq:m taken 1 the

opposite order represents the resultant fﬂ in magnitude and direction 7.e.. ﬁ,’ m This provides
* MNole thal tail-to-ip method has been explained in Art. 8.4,
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us a useful rule for adding more than two vectors graphically. This is called polygon law of vector
addition. It may be stated as under:

I a number of vectors aciing simulianeousiy at a point arve represented in magnitude and
direction by the sides of a polyegon taken in the same order. then closing side of the polygon taken
in opposite order represents the resultant in magnitude and direction,

Proof. A Tittle thought will show that polygon law ol vector addition is an exiension of
triangle law of vector addition. According to tnangle law of vector addition. L 15 the resultant

r

¥
of 4 and B 1e.,

¥

po b
OL =4+ B

* » »
Likewise. A/ 15 the resultant of Of and¢ i

¥ ¥ & » ¥

¥
OM=0L+C=4+8B+C

* » o —F
OM = A+C+ B

R Y
Again 0OV 1s the resultant of OM and D

¥ ¥ —F ¥ ¥ *

*
ON=0M+D=A+ B+C+ D

¥ 4 B ¥

.Iil"-;: =N = A+ B+('+ FE‘
8.6. ANALYTICAL METHOD OF VECTOR ADDITION

The graphical method of adding vectors takes considerable time if done accuratelv. We can
find the magnitude and direction of the resultant (or sum) of two vectors mathematically by using
triangle or parallelogram law ol veclor addition. c

1. Triangle law of vector addition. Let two vectors M
¥ ¥
FPand ) be represented in magnitude and direction by the E’, 157 -
> > e 3
sides ) and AC of atnangle CAC taken in the same order, /
o
)

Then according to triangle law of vector addition, the third or ___.efﬁ{_]’__ I 1y
closing side of the tnangle taken in the opposite order repre- P 4
Fig. 8.9

scms the resultant (= OC } in magnitude and direction. Let

R make an angle o with P ie., [See Fig. 89] £40C =n.

() Magnitude of Resultant. From €. draw CD perpendicular to @4 produced. Suppose
ACAD =0 . Note that ¢ is the angle between the two vectors. In the right angled triangle
QDC,

(0CY* = D) +(CDY’ = (OA+AD)" +(CDY [In right angled triangle ACD,
R*= (P +Qcosf) +(Osind)’ AD = Q cospand CD = @ sinl]
= P24+ 0% cos” 0+ 2P0 cosb+0" sin” 0
= P2 40 (sin” 0 + cos” 0) + 2P0 cost
= P+ 0" +2P0cosh (- sin®B+cos’O=1)

R = JP*+0! +2P0cost ... (i)
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(ii) Direction of resultant. From right angled triangle ODC,
) D () sin 0l
lana = — ==
O Od+AD P+ 0Ocost

(Jsint .
T AV— i)
P +cosd ] .

Thus. the magnitude of the resultant is given by cq. (1) and the direction of 2 with P 1s given
by eq. (i)

2. Parallelogram law of vector addition. Let two vectors

fano =

» E B
# and O be represented in magnitude and direction by the
¥ ¥
adjacent sides 4 and 8 of the parallelogam OACE (See
Fig. 8.10). Suppose the angle between the vectors 1s (0 ie., {?
ZA08 =0 . According to parallelogram law of vector addi- 8
* ¥ ¥
ton, the diagonal (X7 represents IJ:e resultant § (= () in i

magnitude and direction. Suppose /1 makes angle o with
e, £A0C =q. Fig, 810

(/) Magnitude of resultant. From C, draw CD perpendicular on (24 produced. From geom-
eirv. ~DAC =0. Inright angled triangle OD(C,

(OC)! = (ODY +(CDY = (04 +ADY* +(CDY
R? = (P+Qcos0)? + (OsinB) [-- AD = 0 cos: CD = () sin(]
= p? __,L'.Il cos® 0 + 2P cosl 1'—{_}1 sin” 0
= P+ 0% (sin® 0 +cos® 0) + 2P0 cosd

= PP+ 0" +2P0cosb

R =P + 0% +2PQcos0 o (i)
(#7) Direction of resultant. From right angled tnangle GDC,
D D (2sint
tan o — = =
oD O04+4D  P+(Qcosb
Jamtl .
tance = 9 e (V)

P+ cosh

Thus. the magnitude of the resultant 1s given by eq. (11) and the direction of IE with 4’; 15
aiven by eq. (iv),
Different cases.

(a) When the vectors act along the same direction 1.¢., ()= (°.

R=yP2+0* +2P0cos® =|(P+0) =~ R=P+0Q
Osin0°®  0(0)

lano = = : = . _ne
PeOcos0®  P+O(l) k=l

Therefore, the magnitude of the resullant of two vectors in the same divection is equal

o the sum of the magnitudes of two vectors and the direction of the resuliant is along

the direction of P and 0.
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(b)) When the vectors are at right angles ie., () =090°.

R =+P? + 0 +2P0c0s90° = \|P? +(*

(sm B0~ o) o 9
[ano = = === . fan o = —
P+Qcos90® FP+(0) F P

(¢) When the vectors act along opposite directions i.e., () = 180°.

R = P>+ 0% +2P0cos 180° = \[(P - 0)
R=P-0
.-}.'. e} J
lano = Ysnish = 20 =0
P+Qcosl180° FP+0(-1)
A . =0° or 180°
Thus the magnitude of the resultant of two vectors acting in the opposite directions is
equal to the difference i the magnitudes of the vectors. The resultant acts in the divection
of the larger vector

8.7. SOME PROPERTIES OF VECTORS
We now discuss some uscful propertics of vectors,

F
(/) Multiplication of a vector by a real number. If we multiply a vector 4 by a real
] ¥
positive nimber n, we get the vector n A which has the same divection as A and magnitude nA

e
¥

¥
it A A
Thus the magnitude of the vector becomes n times while its direction remains unchanged. For
¥ *
example, if we multiply vector 4 by 2. we get another vector B which has the same direction

as that of 4 but twice the magnitude i.e.
¥

T
B =24
I a vector s multiplied by a negative real number (e, —nl, the magnitude of the vector

*
hecomes nd bui divection is opposite fo that of A 1.e.,

¥ B
(A )=-nd
' . } :. h r
For example, if we multply vector 4 by -2, we get another vector 5 parallel 1o A but in
opposite direction and of magnitude 24 i.e.,

¥
(if) Multiplication of a vector by a scalar. If we multiply a vector A by a scalar S, the

* »
result is another vector with divection of A but magnitude SA. [ & is negative, §A has a
*
divection opposite to that of .
¥ »
If the quantities & and 1 both happen to have units, then vector & 4 15 expressed in units
*

F
indicated for such a product. For example. if 4 = 10 m/s north and & = 2 s then S 4
= 10 m/s = 2 s = 20 m north.

(iif) Vector addition obevs commutative law, According to this law, the resuftant of the
vectors remains the same in whatever order they may be added.
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In order to find the vector sum of i
» ¥

and 5 . we can add (vectorially) cither A 3

: : ¢ o : R g
o B or B to A (See Fig, 8.11). Vectors

» ¥ * *

A+ B and B + A are the same because T
they are parallel and have the same magni- SEe 3
tude. Their order in the addition does not R=A+8
maltter, ; ; ! : ; Fig, .11

i R=4+B=8+4
It 15 interesting to note that commutative law also holds for ordinary algebra because
3+ 2=2+3

(iv) Wector addition obevs associa-
tive law. According to this law, the resuli-
ant of the vectors remains the same in

whatever grouping they may be added. 5
Suppose we are Lo ﬁrld}lhu veclor sum

of the vectors A, B and . Then we can

add ¢ to the vector sumof A + B or add - Fig. 812

* ¥
A to the vector sum of 5 + ¢, Therefore, as shown in Fig. 8.12 ;
¥ *

¥ * ¥ ¥
(A + B)Y+C=4 +(B + ()
This is quite logical. For the addition of any number of vectors, we can merely draw them in
head-to-tail fashion. The sum of all vectors is then just a vector from the tail of the first vector
o the head of the last vector. It 1s interesting o nole that associative law also holds good for
ordinary algebra because (2 +3) + 4 =2+ (3 + 4),
Example 8.1, The angle between two vectors of equal magnitude is 120°, Prove that the
magnitude of their resultant is equal to either of them.

Solution, P=0;0=120°

w= ﬁr’rj? +0" +2PQcos0 = *u'llf’l +P? +2P% cos120°

i
_ Pt ot ot = p
\ L2

> R =P

Example 8.2, Two forces of 30 N and 40 N are inclined to each other at an angle of 60°,
Find their resultant. What will be the angle if the forces are inclined at right angles to each
other?

Solution. P=30N: O0=40N

When 6 = 60°. The situation is shown in Fig. 8.13 (i).

{

(=40N

T

J

P=30N
(1) Fig. 8.13 (ii)
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ft= u.'{f’i +07 +2P0cosl = J{Bﬂj* +(40)” +2x30% 40cos60° = 60.83 N

(sintl  40sin60°
P+0cos) 304 40cos60°

Therelore. the resultant has a magmitude of 60 83 N and makes an angle of 34.6% with 30 N force.
When 0 = 909, The situation is shown in Fig, 813 (i),

lanao =

=060 . g=tn'069=346°

R= /P2 +Q% +2P0cosh = /P> +0% +2P0c0s90°

= P +0? = (30 + (40> = SON

e M
WP T30
Therefore, the resultant has a magnitude of 30 N and makes an angle of 53.06° with 30 N
force.

1.33 - o= lan '1.33 = 53.06°

Example 8.3, The resultant of two equal forces acting at right angles to each other is
1414 N. Find the magnitude of each force.

Solution. P=0:R=1414 N 0=90°

R= \[P* +0% +2P0cos0 = {P? + P> +2P% cos90° =2 P

R 1414
P = "_E: E = 1000 N . P f_,] = 1000 M
LY Y

Example 8.4, The magnitudes of two vectors are equal and the angle between them is () .
Show that their resultant divides angle O equally.,

Solution. P=0:08=0
Qsin®  PsinB  sin@
A= B Ocos® P+ Pcosd 14 cos0

L0000 0
2 51 5 Ccos 2 s :_r COS—  Sin- L a 0
= = mas — mar = lan — ! o= —
5 A () 5 ., o 2

14| 2cos” i = | 2 cos’ o8 4
iRt 2 2

We can also find the magnitude of the resultant.

Ri= P2y p? 43P cosh=2P" +2P% cosO = 2P (1 +cosh)

. p RN
= EPE\‘].+L1UIHEE —1 |J=-i”3"Jl :_'n:-;z[]
2 2

5]
R= 2Pcos—
2

These results are very mmportant.

Example 8.5, The sum of the magnitudes of two forces acting at a point is 18 N and the
magnitude of the resultant is 12 N, If the rvesultant is at 90° with the force of smaller
magnitude, what are the maenitudes of forces?
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Su!utiun. l:'ig. 814 shows the r:c::udili?us of the problem.
Here P and ¢ are the two forces and A 1s their resultant.
It 1s assumed that !: 1s the smaller force.

It 1s given that P+ (0 = 18 N and i = 12 N. Refernng
o Fig. 8.14, wec have.

RR=0"-PF oo RR=(0+P)(0-P)

: 144 =18(0 - P) or Q- P=8N

Now F + =18 Nand 0 — P = 8 N. Therelore,
Q=13 Nand P=5 N,

Example 8.6. A particle has a displace- C . N
ment of 12 m toward east and 5 m toward
north and then 6 m vertically upward. Find b m
the magnitude of the resultant displace- i W F
ment.

Solution. Fig. 8.15 shows the conditions 5m

* »
of the problem. OF is the resultant of 24 o 12 m 'fll' 5
% .

and AR, Fig. 8.15

OB = (04 +(AB} = J(12*+(5 =13 m

¥
'

¥ ¥
Apain (X is the resultant of (8 and BC

OC = (OB +(BCY = (1372 +(6)2 =4205 = 1432 m
Example 8.7, A person moves 30 m north, then 20 m east and finally Sl[w'rﬁ m south-west,
What is the displacement from the original position?
Solution, Figure 8.16 shows the conditions of the problem. Resultant displacement is given by .

¥ * ¥ ¥
I.';':l = p';_'l:ll + Jﬁllj =+ IJ,]']

Let i and ; be the unit vectors along east (E) and north
(N) respectivelv. Then.,

Sy = 305 8, =200 ; W 0
s, = —30y2(cos45% +sind5°)) =-30; -30;
¢ = (307)+(200)+(-30i —30;) =10
e
Therefore, the resultant displacement is 10 m west,
Fig. 8.16

8.8. SUBTRACTION OF VECTORS

r > ¥
In order to subtract vector 5 Tfrom vector 4 . Tirst reverse the direction of /3 . thus producing

¥ 3 »
— B . Then add -1 and (- 5) by parallelogram law of vector addition,
¥ ¥ ¥ ¥ ¥
R=A+(-Br=A-F
* i ]
Consider two vectors - and £ of the same kind and inclined to each other at an angle 0 as
shown in Fig. 8.17. (/).
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e e R i

(7 ¥y (i)
Fig. 8.17
» 3 . 3

*
(/) In order to find - 5. reverse the direction of 5, thus producing — 5 as shown in

Fig. 8.17 (ii). Then find the sum of I and — 5 by parallelogram law ol vector addition.

The required difference 18 ® and is shown in Fig. 8.17 (/).
» ¥ ] » ]
H=A+(-8)=4-8
»

B ¥ *
(##) In order to find B-.1. reverse the direction of 4. thus producing — .1 as shown in
* ¥ *
Fig. 8.17(ii). Then find the sum of B and - A . The required difference 1s £ and is
shown in Fig. 8.17 (ii1).
* * ® & >
R=B+(-Ay=8-4

8.9. RELATIVE VELOCITY IN TWO DIMENSIONS

Two bodies A4 and /# moving in a plane (two dimensional motion) may not have their motions
along the same ling. Conscquently, their velocitics v, and v, will be inclined at some angle as
shown in Fig. 818,

() In order to find the relative velocity of bodv A wri. to body
* »
B (v, ). we superimpose a velocity —v, on both the bodies.

As a result, the body B is brought to rest. Then the resultant

! . —F 4 ] * L.
velocily of the body A 15 v, —v,; and is equal o v, . o
: ' )
* * * ¥ »
s VLT : Fig. B.18
Vg =Vq—Vg =Vy+(=vp) &
¥ ¥ ¥

Therefore. m order o find Vg . reverse the direction of v, and lind its sum with v,

by parallelogram law of vector addition,

* ¥ *
(#) Similarly, v, = vg—v,
* »
Again parallelogram law of vector addition can be used to find the sum of vy and —wv |

8.10. MAGNITUDE AND DIRECTION OF RELATIVE VELOCITY

~* *
Consider two bodics /1 and 5 moving with velocities v, and v, respectively inclined at an
angle 0.
(i) Relative velocity of A4 wert. B. As discussed above, relative velocity of A wrt. B is

* * -—¥ B *
Vg =Vy—Vp =V, +(—vg)
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¥ ( ¥
In order to find v,;. we find the sum of v, and — vz by parallelogram law of vector

+ B k -

addition. This is illustrated in Fig. 8.19 (/) where the vector sum of v, and —vgis vz (= 0C) .

»

Magnitude of v, 18

Vig = \'IIIF?; + 1*"%} +2v v cos (1807 - 0)

Wt Vag = \['P’Ji 3 VFE 2y vy cost

¥ *

The angle o which v ; makes with — v, is

v, sin(180° —0)

v+, cos(180° —0)

v, sin b

Lan =

O tan =

vy — v, cost

A

Fig. 8.19

(if) Relative velocity of B wrt. A, The relative velocity of B wrf. 4 is

—p F * * ¥

Vga =Vg—Vy =vVpt(=¥,)

» * ¥
In order to find v,, . we find the sum of v, and —v; by parallclogram law of vector
¥ * ¥ "
addition. This is illustrated in Fig. 8.19 (if) where the vector sum of vy and —v, 18 vg, (=) .
¥

Magnitude of vy, is

2 2 5
aa b ] - o
VB4 = J 4 v +2v, vy cos(180°-6)

_ "-i'._':,i"_;. : —
2 Lg: 7 \v("’,J v — 2w, vy cost

¥ ¥
The angle f which vy, makes with v, 15

v, sinf 180° —0)

tan i =
vy + v, cos(180° —1)

G tan s = v, sinll

Vg —Vy cost)
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8.11. APPLICATIONS OF RELATIVE VELOCITY
We shall discuss a few applications ol relative velocity in two dimensions.

(7} Boat to cross the river along shortest path. i {.':
Fig. 8.20 shows river flowing from right to left. " ®------—- .
Point A is the starting point of the boat and point E:':{':E:':ffEE}:{EE:{{:'}_EEE}:ZE%:

B is directly opposite to point A4 on the other side  zomezzon | fiommzoespfommnmoamn: b oo River flow

; : : S T Te e e e ———
of the river. It 15 desired that boat should follow —------ 3-8 /Wi ----—--f- =
the shortest path AB5. The river flow will carry =zwszzorsgesriooorroomrrotmropss
the boat downstream as the boat crosses the river. A

In order that the boat follows the path AR, it Fig. 8.20

should be rowed upstream making an angle © with 45 as shown in Fig. 8.20.

¥ ¥

Let vpe = ¥, = Velocity of boat wrt. shore
¥ .
v”-: = v, = Velocity of water w.r:1. shore
* * \
Vg = v = Velocity of boat woet waler
* — * * *
Vew = Vpg * Vew = Vps — Vg
* * ¥
or B = i — ¥

The magnitude of v ( = vﬁ.l';] 15 given by .

Y

Now the boat moves across A8 with a velocity v,
. Time of crossing of boat. ¢ = ab_ o
v ¥

Angle 0 is given by | sin 0 = v /v,
MNote that angle 8 is determined by the magmiudes of u; and ‘:1 i

(71)  Boat to cross the river in shortest time. In order that the boat crosses the river in the
shortest time, the nver velocity u; should help the

boat velocity y . Therefore. the boat should be
rowed along A5, Now the resultant velocity
v {(=vy, ) is given by (See Fig. 8.21)

- River flow
T

* ¥ *
V= oW+

- 5 - {5
Magnitude of v .v= \ful +v] 1 tanB= -2
; v

MNow the boat moves with velocity v along AC and will reach point O instead of point 5. If

BC = x, then,
AC = [x* + 87 where § = width of the river

oo Time of crossing of boat 1s

£=_

MNow tan

I
w0
Ly | =
,.ﬁ
1]
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¥
(i) Relative veloeity of rain w.r.z. man. Consider a man walking east with velocity + . Lel

. . . \ . ¥
the rain be falling vertically downward with velocity , . In N
:
»
order 1o find the relative velocity of rain wrd man (v ), v
' s
» : B,
: W R O : i [ »
impress a velocity —w,, on rain as well as man. Now v, is — o v
. . W ﬂ - E
4 P, ]
the resultant of —v, and v, @S shown in Fig. 822, i
' 0|
* . ] ¥ '|-'J.
A= 1 . - 4 i 12 § 2 P 4 e B
Magmitude of v, 15 Vo = J v +vi +2vv, cos90 5
1I'ﬁl
. 73 :
01 ||"rr'r;l| = PI' b 1"'..lr;| Flli_!, 8.22
®
Il 6 is the angle which v, makes with the vertical direction, then,
tand = = ()

vy

In order o save himsell from the rain. the man should hold his umbrella in the direction of

¥
relative velocity of rain wort, man (v, ). In other words, the umbrella should be held at an angle
(0 with the vertical dircction given by eq. (/) above.

Example 8.8, A river 1 km wide is flowing at 3 km/h. A swimmer whose velocity in still
water is 4 km/h can swim only for 15 minutes, In what direction should he strike out in order
to reach the other bank? What is total distance covered?

Solution. Fig. ¥.23 shows the conditions of the
problem. The point O represents the starting position of

*
the swimmer. At this point. man’s velocity 8 =4 km/h

¥
and that of water current ¢34 = 3 kmvh. The resultani

*

velocity of man will be 8" and he will reach point F on

the other side of the bank.

4 4 Fig. 8.23
lant = — O )= tan L7 s SOAM
3 3
Magnitude of resultant velocity 1s
OB' = J(OAY +(OB) =3 +(4> =3 km/h
- ; 3 "
-, Distance covered by the swimmer = OF =< tme=35= é_u = 1.25 km along B’

Example 8.9, A boatman can row with a speed of 10 km/h in still water. If the river flows
steadily at 5 km/hr, in which direction should the boatman row in order to reach a point on
the other bank directly opposite to the point from where he started? The width of the river
is 2 km.
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Solution. Suppose the river 1s lowing [rom lefi P P
to nght and (J 1s the starting point. The boatman wants [SS3535355325533535EEE552285858835255558

1o recach point P dircctly opposite to the point 7 (Sce
Fig. 8.24). Il he starts along &F, he will be swayed
away due to flow of water and may reach point 2"
Therefore, in order to reach point P, he should stan

along op' (upstream). making an angle § with OP. [I35555552000 00550
¥
The resultant velocity 15 now (Jf f'}ﬁ't = {’,]_:J} 4 .r’}f; :
Fig, 8.24
. . o O B e
In right angled triangle OB'B. sin0=——="=05 . 0=30°
(10

Angle with the bank of river = 90° + g = 90% + 30% = 120°
Therefore, the boatman should row making an angle of 120% with the bank of the river,
Example 8.10. A man is going due east with a velocity of 3 km/h. Rain falls vertically
downward with a speed of 10 km/h. Find the angle at which he should hold his umbrella so
as to save himself from rain,
Solution. Fig. 825 shows the conditions of the problem.

»

v, = wvelocity of man = 3 kmv/h due cast
1,? = wvelocity of rain = 10 km/h vertically downward
2
“a-:r: = velocity of rain w.ef, man
In order to save himself from the rain, the man should N
hold his umbrella in the direction of relative velocity of
rain w.r.t. man {ie v_ ). ,f'f
) » ¥ ¥ » W - - L“'f [ Vin - E
Now Vim = Y™ ¥u =% +(= ]'Jr:llflI I A 0 f
» 2 | - # 0 T
In order to lind v, . reverse the direction of v, , | 1"'"
» » Y pa i ——
thus producing — v, . Now lind the sum of v and — v,
by parallclogram law of vector addition as shown in Fig.
AT . 3
8.25. The umbrella should be held at angle § with the
vertical where, Fig. 8.25
v, 3 § gis
tanf=—"L=—=03 ;- @ = 16/
v 10

:
Example 85.11. A boy is moving with a velocity of 3 km/h along east and the rain is falling
vertically with a velocity of 4 km/h. Calculate the velocity of rain wrr. the boy.

: hiis : ¥ : i :
Solution. Suppose v is the velocity of the bov and «  that of rain. Then velocity of rain wrt
the boy is

¥ * * ¥ *
'=u—v=u+{—-v)

Taking x-axis along east and z-axis vertically upward (See Fig. 8.26). we have.
¥ F

w=—dk ; v=3i
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I = (—4k)+(-3) = 4k - 3i

¥
Magnitude of 1™ is given by ;
|17] = J(=4)" +(=3)" =5 km/h

»

If § 1s the angle made by 7° with the vertical. then,

3 2
tan £ = 4 = =0.75"., @ = 37° Fig 8.26
» *

Example .12, ARCD is a parallelogram and AC and BID) are its diagonals. Prove that :

» ¥ ] * * ~F
(i) AC+BD=2BC (ii) AC-BD -=2AB
Solution. Fig. 827 shows the conditions of the problem.
() Applving triangle law of vectors o A4RC . we have,

* * E \

AC = AB+ BC kE)
Applving triangle law of vectors to ABC. we have,

¥ > ¥ * L . ¥ ¥

BD = BC+CD = BC— AB ) (v D =—-4B)

Adding eqgs. () and (7)., we have,

AC + BD = AB + BC + BC - AB D .

b » »
W AC+BD =2 BC
(1) Subtracting eq. (/i) from eq. (f). we have,

AC=BD = (AB+ BC)—(BC— AR) J N,
» » * i Fig. B.27

¥
= AB+ BC- BC+ AR

PROBLEMS FOR PRACTICE

1. A bov goes 100 m north and then 70 m ecast. Find the displacement of the boy from the

-

) ]
AC - BD =248

starting point, [122 m]|
2. Two forces of 3 N and 10 N acting at a point have an angle of 120% between them. Find
the magnitude and direction of the resultant force. [8.66 N ; 30° with 10 N force]

I
el
.

Two equal lorces & have a resultant of 1.5 & Find the angle between the forces. [82.82°]
4. Aboat’s speed in still water is 20 kmv/h, If the boat is to travel directly across a river whose
current has a speed of 12 km/h. at what upstream angle must the boat head?

[126.9° with river bank]
A swimmer is capable of swimming at 1.65 ms "in still water. (/) If she swims directly
across a 180 m wide river whose current is (.85 m/s. how far downstream (from a point
opposite her starting point) will she land? (7/) How long will it take her to reach the other
side? [(/) 93 m (i) 110 §]
8.12. RESOLUTION OF A \-"E{"'I'{'}H IN A PLANE

¥

When we add two vectors such as 1 and H we can replace the separate vectors by a single

equivalent resultant vector, f'E' J o+ H We can do this in reverse 7.e., we can replace a single
vector by any two (or more) vectors whose sum gives us back the original vector. This is called
resolution of a vector.
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The process of spliting a single vector o (wo or move vectors in different divections in a
plane such that their sum gives back the original vector is called resolution of a vector.

The vectors into which the given vector fE is rcsm]x'cd (or
splitted) are called the vector components of .n’-f Fig, 8§, ;_'E g
5hmn the vector fi' resolved into two non-parallel vectors .-F

and E such that :

®

R=A+38

- : £ F'. . B.28
Therefore., 4 and B are the vector components of R . As B

any number of vectors can be combined to give a single equivalent vector, therefore. a veclor can
be resolved into any number of vector components. The resolution of a vector into its components
often simplifics manv problems related to vectors.

8.13. RECTANGULAR COMPONENTS OF A VECTOR IN A PLANE

When a vector m a plane is resolved (i.e.. splitted) info two components at right angles to

cach other, the component vectors are called rectangular components of the vecior.
¥

Fig. 8.29(7) shows a vector /1 m the A-1 plane. It s resolved into two rectangular components

* »
A, and A (along Y-axis and Y-axis).

b
The vector components 4 and 4 are the rectangular components of vector 4 . Therefore,

* ¥ » y '
we can replace vector A by A, and ,.-]J_ . From the geometry of Fig. 8.29(i). we see that mag-
* » *

nitudes of components . and A, are related to the magnitude of A4 by :

-

A = A cos 0 A, =4 sin b

Note that /1 _and A are not vectors : these are x-component and y-component respectively of

*

¥
vector A . Therefore, we can treat them as algebraic quantitics. Thus, we can specify vector 4
in a plane by scalar t:mnpmncnls A, (=4 cos0)and A (= A sin 0),

Magnitude of - ,,|.|I 1' . - I \,I'I{.sl cos 8)° + (A sin 9)°

. .|'.]. -
Direction of 4 with X-axis, tan () = 11

-1

¥
In short, we require two quantities 10 specily a vector such as 4wz either A and 0 or A and A |

4 ¥
_}.
.-‘1I .-"l ; j-.
B 1
X - - X
0 Ai
(7] (if)

Fig, 8.29
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— ¥ ¥ -
We can express the vectors 4 and 4, in terms of unit vectors j and j [See Fig. 8.29 (i1)].

¥ *

d. =475 A=A ]
* - -
A=A i+4,;
Note that A, (= .1 cos ) is not a vector : .1, is a vector. Similarly. A, (= sin 0) is not a

vector : A7 is a vector.

8.14. VECTOR ADDITION BY RECTANGULAR COMPONENTS

Adding vectors graphically is not very accurate and is not useful for vectors in three dimen-
sions. A far more powerful and accurate method for adding vectors is to resolve the vectors into
their rectangular components,

¥ *
Fig. 8.30 shows two vectors 1 and £ inthe X} plane. By mangle law of vectors, their vector

*

d ¥ B
sum 1s . MNote that vectors 4. B and R are resolved into rectangular components. It is casy

¥
fo see the component X of 1 along \-axis is equal to the algebraic sum of the components of

» ¥
the vectors 1 and B along X-axis i.e.,

R =A_+B,
¥
Similarly, the component £ of g along F-axis 15 equal o the sum (algebraic) of the compo-
) ¥
nents of vector 4 and B along Y-axis ie.,

R,=A,+B,

T -

|
I |
I |
T ® |
<
| l
I |
I |
I |
I |
I |
I |
I |
I |
|
|
|

______C:l_

Fig. 8.30
The magnitude and direction of the resultant is given by ;
e 4 R,
= R+ R? . tanb=—
R=\R; +R, : R

¥
Note that angle (0 (not shown) is the angle that & makes with the positive Y-direction,
Example 8.13. Find the resultant of the following forces acting simultancously at a point,
(#) a force of 50 N acting along OX axis
(7)) a force of 40 N acting at an angle of 60° to OX axis
(fif) a force of 60 N acting 3307 with X axis,
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Solution. Fig. 831 (1) shows the conditions of the problem. Let £ be the magnitude of the
resultant of the forces. Resolving the forces into rectangular components, we have,

A A

40N I ¢

R,=4.6N &
60°  SON N | i ;
O30 Ol R =1219N
60N
(i) (i1}
Fig. 8.31

The xcomponent of R, £ = *Algebrmc sum of xcomponents of forces
= 30 cos 0° + 40 cos 60° + 60 cos 30°
=50+ 20+ 519=1219 N
The y-=component of &, HJ_ = Algebraic sum of v-components of forces
= 50 sin 0% + 40 sin 607 — 60 sin 307
=0+346-30=46 N
As shown in Fig, 8.31 (i), R (= OC) represents the magnitude of the resultant.

R=\JR+R? =(121.9) +(46)" =122 N

R.
anf=_2=00377 -~ O=tan' 00377 =22°

kY

Note. Following the usual convention, the angle O is measured counterclockwise from the positive
A-ax1s.
8.15. RECTANGULAR COMPONENTS IN THREE DIMENSIONS

So lar we have considered the rectangular components of a vector in a plane. The treatment
can be extended to three-dimensional space in which case a vector will have three rectangular

* ¥ 3 —3

components. Consider a vector 4 in space. It has three reclangular components ., A, and .

as shown in Fig. 8.32. S R -
A=A+ A+ 4,

Magnitude of 4. *¥*4 = J.al: +Jj +.--J_f"

& b

¥ ¥ ¥
Note that 4, is the x-component of 4 A, is the ycomponent of A and .. is the
¥

z-component of A |

*  An algebraic sum 15 one in which the sign of quantity 15 to be faken inte account. The component
along OX axis 15 positive while in opposite direction, it 15 negative. Similarly, component along QY
15 positive and thal in the opposite direcion 15 negative.

**  Note that 4_and A are perpendicular to each other and their resultant s H'u.,J.fl_E +_fIE . Now A_1s

i i
L K’ Therefore, magnitude of A .,|II|'.|’1."'2 + l'l —.,J_le + l[? + 1‘:r ;
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Y
We can also express vector 1 in terms of unit vectors as ;

¥ - - -
A=Ai+Aj+Ak

Note that A4 1s not a vector ; .-'Jl_; is @ vector. Same 15 trug for other two components,

Fig. 8.32

Addition of vectors in three dimensions. To add vectors in three dimensions. each vector is
resolved into three rectangular components and the treatment is carried out in a similar way as in the

¥ ¥ ¥ *
two dimensional case. Suppose that there are three vectors A, /7 and O inspace and their sum s &

¥ ¥ ¥

R=A+ B+C
The three corresponding algebraic equations are
R =A+B.+C,; R,=4,+B,+C,; R =4 +B_+C.
Note the economy, generality and elegance of vector algebra. A single vector equation repre-
sents three component equations,
Direction cosines of vector. If o, [ and v are the angles which vector ;E makes with Y.
Y and £ axes respectively. then,

A,
COs o = —J‘ or A, = cos
A,
cos p = o or A, = cos [
A.
CoOs y = —] or ,,1: = cosy
l-. }
Here cos o cos [3 and cos ¢ arc called direction cosines of the vector 4.
= 3 ™ -
Now At = A+ A+ A7
or A* =47 cos® o + 4" cos’P + A° cos’y
or 1 = cos o + {:E}Ejﬁ + cn!;!'}.f

Therefore, the sum of the squares of the direction cosines of a vector is always unity,
Example 8.14. A force is represented by ;

F i~y - Ny

F'=(2i «3j+6k) newton,
What is the magnitude of force?

Solution. Magniiude of force, & = ﬁ"{g]z +(3+6)% =49 = TN
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i i = ' ¥ a ] =
Example 8,15, Two vectors are given as A=3 +9j -6k and B=8i —4j+8k. Find
| A+ B].

Solution, A+ B= (3 +97 - 6k) + (8 —4j +8k) = 11/ +5/+ 2k

F » i
| A+ B| =112 +5% +27 = /150
Example 8.16. The components of a vector A are A, =0: .4 = 22, The components of

¥
vector B are B, = 33.2 and B = - 33.2. Write the vectors (i) in unit vector notation and
(if) perform the addition.
Solution. (/) In unit vector notation. the vectors will be expressed as
*

& A ¥ " &
A=0i+22j - B=33.2i-33.2§

* ¥ x " - & = - - -
(i1) A+ B=(0i +22/)+(33.2i —33.2)) = (0+33.2)} +(22-332)/ = 33.2i -11.2j

E \.:lmph H.17. Determine the vector which when added to the resultant of ;l 3i - 5,;‘-|-TE
and ﬂ 2i —-1; _ 3k gives unit vector along y-direction,

Solution, Resultant vector, ;{'z 4+ ﬁ
= (3 —S7+TE)+ (2 +47-3k) = 5 - +4k

Unit vector along y-axis = g

Required vector = [ —(5t — j+4k) = —5i +2j—dk
] t ¥
Example. 8.18. The x- and y-components of 4 are 4 and 6 and those of 4+ B are 10

¥
and 9. Find the components, magnitude and direction of 5.

¥

. i A r r : a
Solution. A = 4465 A+ B=10i +9;
5, - * - -, Y - - -
= (1 +97)—A=(10 +97)—(di +6))= Gi +3]
¥
Therefore, x- and ,v-c-:rmpmu::ms of # are 6 and 3.

IHI )y +(3)° = 45

8 = 26.56° with x-axis

I""-"l'___f

Direction of /&, tan© —?=
1

¥ "~ - * = . -,
Example 8.19. Given A = {2:’ +3j+4k) and B = (3i - 5j + k). Find the angle between
» -k
A and B.

Solution, A =20+3j+4 - A= x.’zl—af*;u-zﬂ,ezu

L] = - e = = =
B =3 -5j+k =& B= [3+(=5+1>=455
* ¥

:r ) . . . R .
Resultant R = 4 + B (28 +374+4)+ 31 =57+ k)

S5i -2 +5k
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Now R =4+ B+ 248 cos 0
oA -t 547935 i
L . SO 2 = 01567 - ©=099°
2AB 2 %420 % 435

8.16. MULTIPLICATION OF VECTORS

Vectors have direction as well as magnitude, Therefore, vector multiplication cannot follow
exactly the same rules as the algebraic rules of scalar multiplication. Instcad. we must define the
operation of vector multiplication in such a way that we find it useful in physics. It is very useful
to define the following two kinds of multiplication operations for vectors :

(/) Multiplication of one vector by a second vector so as to produce a scalar. It 15 called
scalar product or dot product of two veclors.

(/i) Multiplication of one vector by a second vector so as to produce another vector. It 1s
called vecror produci or cross product of two vectors,

8.17. SCALAR PRODUCT OF TWO VECTORS
Consider two vectors ; and B with angle & between them as shown in Fig. 8,33, The scalar
product of vectors 1 and B is deflined as :

;; . h: = ABcost —])»
where A and & are the magnitudes of the vectors and ¢ 1s the angle
between them when their tails touch. Since A, B and cos ¢ arc scalars, : -
the product j .f; (read 1 dot 57) is *also scalar, The equivalent defi- n gf;j
FLA

nition of scalar product is as under - } ’

he scalar product of two vectors A and B 1s defined as the product of magnitude of one
vector (say A) and the scalar component of the other vector (B cos() ) along the direction of the
[first vector {..-'I"j.

¥

F
Thus in Fig. 8.34 (7). £ has a scalar component /# cos) along the direction of A .

Ei‘}
AcosD

(F) (i7)
Fig. 8.34

* ¥ ¥ B
A.B = (4) = scalar component of 5 along the direction ol
= (A) (5 cos0 )

¥ '
or A8 = ABcosH

*  This defimtion fits perfectly wath our defimtion of work done by a constant force e, we can winte

¥ ¥
the work done by a constant force as the scalar product of force (J7) and displacement (§)
=¥

Work done. W =F.5 =FScosh
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* b
Similarly. in Fig. 8.34 (). 8.4 = (B) (4 cosp) = AB cosp
"-rmf' that the dot or scalar product of two veciors is a scalar guantity. Each of the vector

J and fi’ has a direction but the scalar product itsell does not have a direction.

8.18. PROPERTIES OF SCALAR (OR DOT) PRODUCT
The following properties of scalar product (or dot product) are worth noting
] )

({) For given vectors A and B. the value of the scalar product depends upon the angle ©
bhetween them (See Fig, 8.35),

For ) = 0% [ Jr;; = A8 cos O0F = A8
For () = 1807 ; 1 H AB cos 180° = — AR

For g = 907 ; ;I f:'i‘ AB cos 90° =10

Thus the dot product of twoe mutually perpendicular vectors is zero.

SR ¢
¥ 3 7
=0 g = 180"
P . i
4.B =AB A B =-4B 0= 90°
1 E=0
(1) {ir) (1)
Fig. 8.35

(i) The dot product of two vecitors obeys commutative law, This directly follows from the
definition of dot product.

>
A.B=A(Bcost) = ABcosH
= kS
B.A=8(Acos))y=ABcost
L ¥ =D
A B=58.4
This simply means that the order of vectors in the dot product does not matter.
¥

(iti) The dot product obeys the distributive law. If " = A+ B . th

boob S TR
D.C=D.(4+ 8)

¥ ¥ ¥ ¥

— .Iil_.-l..:"l"' J'I_.-I...H
or DC=D.A+D.B

We can prove it by referming to Fig. 8,36, The component

3.

of vector ' along the direction of 0 is the sum of the

—

. B ® A
components of vector 4 and B along [V, Fig. 8.36

(iv) The dot product of a vector with ilself gives square of its magnilude .

¥ ] * ¥

A A=) (Deos0® (8 =0 - A.Ad=A4°
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y 3 - —¥ ¥ —
Note, If 4 is perpendicular 1o B, then 4.8 0. But if the converse 1s given ie, 4.8 = 0, then
-1 * >

there are three possibihibes wiz, A a8 Qo ALB.

Examples of dot product of two vectors. In physics, there are many physical quantities (e.g.
work, power, magnetic [Tux efc.) that can be described as the scalar or dot product of two vectors,
(i) Work done, W= IS cosp = F;-FE
Thus work done by a constant force 1s the dot product of force {!*t} and displacement ( ._‘; ).
(ii) Instantancous power, = fveostl = f*t. :
. '

Thus instantancous power 1s the dot product of force (/') and wvelocity ( v ).

8.19. UNIT VECTORS AND THE DOT PRODUCT

We have seen that if two vectors are aligned (i.e., angle (0 between them is zero). their dot

product is equal to the product of their magnitudes. However, if the two vectors are perpendicular,
their dot product 15 zero. Using these defintions of dot product. we can derive the lollowing

relationships for the unit vectors ; and k.
(/) Since ; is parallel to i (f.e., 0 =07 and each has a umt magnitude,
i =) (1) cos 0°= 1, Similarly, ;.; = 1 and k& =
ii=jj=kk =
(i) Since ; and } arc perpendicular and cach has a unit magnitude,
i} = (1) (1) cos 90° = 0. Similarly, /£ =0and jk =0,

-

ij=ik=jk=0
¥ *
Consider two three-dimensional vectors ./ and B . These can be expressed in the reclangular
form as ; » ) . 5 ; . - -
A=A +A, j+A.k ; B=Bi+B j+Bk
J H—i !.l I.sl_,r-l !lﬂf::II:-HI{'f}'j IBH
th the distributive law. it will vield.,

A.B= A B, + A B, +AB.
This is a very uscful relation.

2 AB AB +AB, +AB.
Also A.B=ABcosth .. cosh= Pz et Silals v Mt .

AB AR
*

£
Thus we can find the angle ¢ between the vectors A and B Note that 4 and B are the

* *
magnitudes of veciors A and B respectively f.e.,

A=J@2 v 2142, B=B+B+B

*

Example 8.20. If R=4- B, show that R* = 4"+ B — 24B cos0 where 8 is the angle

¥ ¥
hetween A and B
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¥ ¥ *

Solution, R=A4A-8

*
Taking dot product of ® with uself, we have,

-l b » ® W
RAR=(A=-B)d-85)
_ > > * > B * * »
— A A-AB-B A+B.B
or R* = 4% — ABcosb - BAcosd + B

R* = A% 4 B* —248cos0

¥ - - . ¥ - - -
Example .21, Find the angle between the vectors A=3i +2j+kand B =5i -2j-3k.

. *ok ___1_ j'lj
Salition, A.B=ABeosH . cosO=—rr
e |
Mow AB=AB, +AB +AB, =3 x5+2(-2+({1)(-3)=8

i '.-
A= JAT+ 42+ A7 =37 +27 417 =14

B = B + B + B? = (5% +{-2) +(-3)* =/38

3 i
cosll = — - =0.35 or 0 = cos 0.35 = 69.5°

'14?33

Example 8.22, The sum and difference of two vectors are perpendicular to each other.
Prove that the vectors are equal in magmtudc.

Sululmn Suppose the two veclors are - I and f—?. The sum and difference are (. il H‘: and
{_-!— E‘] Since these two are perpendicular o each other, their dot product is zero e,

» » * ¥ ¥ ¥ »

* ¥ ¥ —¥ ¥
(A+B).(A-B)=0 or 4. 4-A.B+B.A-B.BE=0
or A —ABcosO+BAdcosO-B*=0 or 42_pgl_po .. A=+8

P
Example 8.23. The sum and difference of two vectors are equal in magnitude i.e. | 4+ B |
» ¥ v
= | 4- B|. Prove that vectors 4 and B are perpendicular to each other.

¥ * ¥ ¥
Solution. | A+ B|=|A-B|

¥ . ¥ *
or |4+ B|" =|A-Bf ()

We know that dot product of a vector with itself is equal 1o the square of the magnitude of
the vector. Therefore, expression given in eq. (1) can be writlen as ;
5 1- » » b 5 5

(A+B).(A+B)=({A- B).({A— B}

or A.A+A . B+B.A+B.B = 1— A.B—B.A+B.B
or A% + ABcosO+ ABcosO+ B = 4% — ARcosO - ABcosO + B
or 2ABcosb = =248Bcos0

or d4ABcosO =0 or cosB=0 - B=90°
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Example 8.24. i the magnitudes of two vectors are 3 and 4 and the magnitude of their
scalar product is 6, find the angle between the vectors,

¥

r } v r "
Solution. Let ¢ be the angle between the two vectors ] and 5. Their scalar product is

b *
A.8B=ABcosh)

-

Here Al

6: A=3: B=4

6=3x4xcosh Or cosb =05 .. H =060°

3xd
¥ s Fy i ¥ & A
Example 8.25. Prove that vectors A=¢ +2j+3k and B=2; - j are perpendicular to
cach other.

Solution. F e 3_; +3k ,r; =2 -

¥ ¥
The two vectors are perpendicular if 4. B=0.

Mow AR (.'ﬁ' +- 2_; +3£}-{3; —,h

=1x2+2x(-1)=2-2=0
¥ ¥
Since the dot product of A4 and B 1s zero, the two vectors are mutually perpendicular,
» 5 >

¥
Example 8.26. The resultant vector of Pand (Jis K. On reversing the direction of @,
*
the resultant vector becomes § . Show that :

R+ 8 =2P+ 0%
Solution. Let § be the angle between p and 0 -

. ¥ ¥k ] ¥ b
Given R=P+0Q and S=P-0
» =N b B B »
Now E.R=(P+ON.(P+()
n L 13 L ¥ ] F »
ar RP=P.P+P.O+0.P+0.0
or R* = P + PO cosb + PQcosf+(°
or R* = P* 40" +2P0cosD ona !
—¥ =¥ ¥ E » *
Also S§.8=(P-O.(P-0)
y * * ¥ * F * ¥ *
or & =P . P-P.O-0 P+0.0)
or St = P* — PO cosO - POcost + O
or §* = P+ 0% —2P0cosh .. (i)

Adding eqs. (1) and (i), we have,
RY 48 =20Pr + O
Example 8.27. A particle moves from position {35 +2} —lji;} to a position {l-lf + 13} THE}

in metre units and a constant force (41 + 27+ 3k) newton acts on it. Caleulate the work done
by the force.
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» " - " » . o "
Solution, n=3+2/-6k ;. rn=14+137+9%

] ¥

Displacement of the particle, S = r,—5 = (14i +13/+9%) — (3 +2/ —6k)

= 11 + 11 +15k
The work done by a constant force is equal to the dot product of force and displacement,

o

Work done. W =/F_8= {4f+ 2}+3ﬁ}.{]1?+11}+15§]

= 4x114+2x1143x15 =44+ 22+ 45=1111J
Example 8.28. If unit vectors Aand B are inclined at an angle § ., then prove that :
i -

| A—B|=2sin
2

Solution. We know that |.-? i |‘E = {;1 - fi}.{ﬂ - B)
or |4-B[*=A4-A+B-B-2A4.B

= (1" +(1)* = 2(1) (D cosd

= 2=2cos0 =2(1-cos8)

f 0y 0
= 2[1— | —2gin® ]J = 4gin”
3 “

o
RS

- B
| A—-B|=2sin
2

Example 8.29, Find the magnitude and direction of vector i "‘.} X
Solution. Magnitude of vector i +; is

By 2 24142

i+ 7] =1+ T =2

Suppose the vector ¢ +; makes an angle  with x-axis (i.e. with umt vector ;). Then,

{;"’}}-; |-"";| |;|¢ﬂ-‘é[] (- A.8=A4BcosH)
or ii 470 =2)Doosh
| 2
or 1+0 '\Eﬁﬂsﬂ mHU:TE or 0 = 45°
L)

r ”~ LS "~
Example 8.30. Find the unit vector parallel to the resultant of vectors 4=2i -6 3k

r & "
and B=d4i +3j- k.
¥ * >

Solution. Let B be the resultant of . and 5 .

*

R=A+B=(2i —6j-3k)+(4i +3j-k) = 6i -3] - ak

_’.
R =|R| =6 +(=3)* +(-4)* =61
*
The umit vector parallel to g 1s given by :

* - - -
R=—= i = —1 - J- k
R Jil J61 el el
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PROBLEMS FOR PRACTICE

.

* - - ~ =1

1. Find the angle between the Y-axis and the vector 4 =24 i+ 4. Co§  ——

g W X v A=2+3]+4k [ J29 :|
¥ ﬂ X - * F - -

2. Find the angle between the vectors A4 =2i +47+4k and B =4 +27 — 4k, |90°]

3. The magnitudes of two vectors A and 5 are 3 and 4 units respectively and the angle
¥ :

between them is 30°, Find the value of A.5. [17.32 units]

* * ¥ = = = * * )
1. If A+ B8=C and A" = B+ (", then prove that /1 and B are perpendicular to each other.
* * *

L * * * ¥
If A, Band C are non zero vectorsand A.8 =0 and B.8 =0. find the value of A.C
[AC)

¥

a
=

N

F - o al ] Vit = o)
6. Determine the value of a so that vectors A =5i +7j -3k and B =2/ +2j —ak are perpen-
dicular. |- 8]
» - e ~ x = ~ -
Prove that vectors A4 =-2i +3j+k and B =1 +2j -4k are perpendicular to each other.

=

s i 22 3, A L L 43
8. A point of application of force /=35 —3/+2k is moved from # =21 +7j+2k (o

=

¥, =—5i +2j +3k . Find the work done. [~ 22 units]

* ¥ i - . » - .

9. Find the angle 0 between vectors A and B where 4 =-2i +2j and B=23i +2;.
[105°]

i 5 5= 3 —k
10. Show that 4 is perpendicular to B if |A+B|=|A-EB][

8.20. VECTOR PRODUCT

Consider two vectors 4 and £ as shown in Fig. 8.37 (/) where the angle ¢ 1s the smaller of

the angles between the two vectors., The vector or cross product of vectors 4 and £ 1s another
*
vector (¢ given by
* ¥

C=AxB
5

F
It is called vector product of vectors 4 and B because ¢ is itself a vector. The magnitude

¥ * »
and direction of ('i= A =« ) are defined as under

¥

(/) The magnitude of ¢ 15 given by ;. (" = 48sin0

p T=-T=F

_}

¥
A
plane of

A
Iy
Aand B

(i) (H)
Fig. 8.37
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I ¥
Here A and B are the magnitudes of vectors 4 and & while 0 is the smaller of the angles

¥ +
between vectors 1 and B |See Fig. 8.37 ().
¥

¥ ¥
(if)y The vector ¢ is perpendicular to the plane containing 4 and 5 and its direction is given
by right-hand rule |[Sce Fig. 8.37 ()], Curl the fingers of the right hand in the sense
*

B
that would rotate the first vector 4 into the second vector B through the smaller

¥ ¥ ¥
angle between them, The extended thumb gives the direction of C (= A4« B). Apply-

¥

g this mle to Fig, 8.37(i7). the direction of ' 15 vertically upward,

* & k
Note. The direction of ' {=.4 = H) can also be found by Right hand screw rule stated below

If a right handed screw placed with its axis perpendicular to the plane containing the two vectors is

¥ *
rotated from 4 to B throwgh smaller angle, then the divection of advance of the tip of the screw gives the

] ¥ ¥
dirvection of C(=Ax R).

Applyving this rule to Fig. 8.3707). the direction of {.: 15 vertically upward
8.21. PROPERTIES OF VECTOR PRODUCT

The following are the lmpnﬂam propertics of vector product or cross product :

(1) For given veclors 'i and H the value of the cross product for angle 90° between them
is equal to the product of magnitudes of the two vectors i.e.,

For=90% 4 = F =48 sin 90° = AR

(11) The cross product of two vectors does not obey commutative law ie., A= B# Bx 4.
¥ >

Thus referring 1o Fig. 838, the direction of veclor A = £ is opposite 1o that of vector
B = A . Since the magnitude in each case is AB sing . it follows, therefore, thai

¥ ¥

Ax B=—(B x A4)

_}.
Gk .
7
B

Fig. 8.38
Thus reversing the order of the vectors reverses the direction of the cross product. There-
fore, commutative law does not hold for the cross product although it does for the dot
product of two vectors.

(1) The cross product of a vector with itsell is zero i.e.,

* *
A g TU (-* 6=0°)
¥

*
{(iv) Supposc two vectors | and B are parallel or antiparallel. The angle (1 between them is

* ¥
either 0° or 180°. Then Ax B = 0. The cross product of paralle! for antiparallel vectors)

is Zevo,
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(v) The cross product obeys distributive law i.e.

¥ ¥ ¥ * ¥ ¥ *
Ax(B+C)=Ad=xB+AxC
(vi) The magnitude of the cross product of two vectors is equal to the area of parallelogram

Jformed by them.
¥ *

Suppose two vectors 4 and B are represented in magnitude and direction by the two

¥ *
adjacent sides OM and (L of the parallelogram OLKM (See Fig. 8.39). The area of the
parallelogram is given by :

= OL=MN = B(Asind)= 48 sin0

A= = »

A =R x8
/ -
/ iy
mn & / 0 ',h
/ el ’1\‘
/ Qed \
/ 74 “ R‘x
I
B \
_______ "‘L F
Fig. 8.39 Fig. 8.40
¥ »

But A4 sing 1s the magnitude of the cross product A =« 5 . Therefore, the magnitude of
the cross product of two vectors is cqual to the arca of the parallelogram formed by them.

Note. The arca ol parallelogram formed bv the two veclors 1s
Area CHLEM 2 -« Area of tnangle formed by two vectors
Hence the magnitude of the cross product of two vectors is equal to twice the area of triangle
formed by them.
(vii) There is an interesting and usclul g}cnmclrical interpretation of the cross product of two
»

displacements. The displacements £ and & in Fig. 8.40 form a parallelogram whose arca

A=RS8sinf.
* * ¥ ¥
This area 1s the magnitude of the cross product of R and § ie. A=|R = §|=RSsinp.

» 3 »

e define an oriented area element as a vector 4 = R = § whose magnitude is the area of
» ¥ *

*
the parallelogram formed by R and & and whose direction is perpendicular to plane of R and S .
In this way, we specify the orientation ol an element of surface area.

Examples of cross product of two vectors. In physics, there arc many physical quantitics
(i.e. torque. lincar velocity. centripetal acceleration efe.) that can be described as the vector or
cross product of two veclors.

) ) . * r *
() Linear velocity, v — e « p

Thus linear velocity of a particle in rotational motion is equal to the cross product of its
¥

*
angular velocity (wm) and displacement vector ().

¥ ¥ ¥
(i) Centripetal acceleration, a, =m = v

Thus the centripetal acceleration ;:JF a particle in rotational motion 1s equal to the cross
product of its angular velocity (@) and its lincar velocity (v,
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8.22. UNIT VECTORS AND THE CROSS PRODUCT
The cross product of two vectors can be evaluated in terms of the rectangular components. To
do so, we must consider the cross product of the unit vectors,

(/Y Let us evaluate iwi. The result is zero. It is because the two veclors are parallel
(sing = 0) and cach has a unit magnitude.

fei = (1D (1) sin0° =0

-

Similarly, jx;=0and kxk=0

-

r’ﬁ:-r;=}:~=r_} =kxk=0
(if) To evaluate [ » ;. refer to Fig. 8.41 which shows the unit vectors on V17 — *coordinate
system, The magnitude of each unit vector is 1 and so the magnitude of j» j is 1 ie.,
[i %] = (1) (1) sin 90° = 1, The direction of i « ; is given by the right-hand rule and
from Fig. 8.41. it is along the positive #-axis. But this is just the unit vector k . Therefore,

we have i x j =k . Sumply reversing the order of the umt vectors gives jxi = -k,

xj=-Gx=F z

Similarly.  jxk =—(kx j)=1i
and .Ex;=—{;x.£'}=_; : ; A
Consider three dimensional vectors 4 and £ . These - ;
vectors can be expressed in terms of rectangular A
vecltors as: :,‘ J

» . " - * o - -

A=Ag+Aj+Ak; B=Bi+B j+B.k Y

' Fig. 5.41

* ¥

* —h :
We form cross product ¢ = 4« . expressing 4 and B 1n terms of their components,

b » & - " . A A
Ax B =(Ag + A j+ Ak« (B +B,j+B.k)
The distnbutive property allows us to carry out the multiplication and we get.

» » b i 5
AxB=(AB. —AB)i +(AB, ~AB)j+(AB, - AB)k )

In determinant form. this can be wrilien as

E - o~

;o i ik
AxB={4, A, 4,
8. 8B, B,

Another wav 1o express the resull is

* 4

AxB=C=C,i+C,j+C.k G

*  The coordinate svstem shown n Fig. 841 18 called might-handed coordinate sysiem. The wut vectors

. J. &k associated wath the X, } and £ axes in that order are connected by the right-hand rule
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By companson with eq. (7). the componenis of " are :
C, =48, —4.8, ;C, =A,B.~AB, 5 C,=AB,~4B,

Example 8.31. Find the cross product of vectors 4 =97 and B = 28 +4}.
. ¥ F A A A
Solution. Ax B = (20)<(=2i +4))
= _4(i %i)+8(i % J)
= 0+8k = 8k

* ¥ i

Note that in this example Wwe sec again that the plane of A and 5 (the i - plane) 1s
perpendicular to the direction of 4 = B (the i direction),

Example 8.32. Determine the area of the parallelogram whose adjacent sides are

-
a

2 |-} v 3k H[lll;"j.

k]

Solution, Let 4 and 8 be the vectors representing the adjacent sides of the parallelogram,

* =

Here A=2+j+3k 1 B=i iy
. »
The area of parallelogram is equal to the magnitude of the cross product of A and B
* » A i 2 m
Now Ax B=(2i+j+3k)x<(i—))
= 2i %)= 20 x )+ G i) = (% )+ 30k x )= 30k % )
= 0-2k—k-0+3j+3
AxB =3i +3) -3k
Magnitude of the area of the parallelogram

= J[EJI +{?f}1 +|1—3'f" =27 = 315 5 units

¥

Example 8.33. Show that vectors 4 = f—ﬁ:r' and fi’ = 2i —Iﬂj are parallel to each other,
Solution. If the two vectors are parallel. then their cross product must be zero 1.¢., ,-I.a .FE = 1)
Now A B~ 57)= (21 —10)

= 21 %i)—100 x jy— 100} xi ) +50(j  J)

= 2(0) - 10k) - 10(k) + 50(0) = 0
Hence vectors ; and f; arc parallel to each other.

:I- Y A -
Example 8.34, Find a unit vector perpendicular to both the vectors 4 =37 + j+2k and
B=2i-2j+4k.
¥ *

Solution, By definition, the cross product of two vectors A and /4 15 a vector that 1s perpen-
¥ ¥
dicular to both A and B |

Now Ax B =(3i +j+2k)x(2i =2 + 4k) = 8i — 8 — 8k

|_.-f:.f f;|=\ﬁaf H(-8)" +(-8)" =843
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¥

*
. Unit vector perpendicular to f and B is

o

0Q.1.

Ans.

Ans.

0.3.
Ans.

Q.4.
Ans.

.5,
Ans.

Q.6.

- - A &

P =
p .-T_::{h’ _Hf—ﬁj
* *
A B H-"'ﬁ "‘E

PROBLEMS FOR PRACTICE

-
r
.

Find the vector product of ;+,l +hand —3i +_} -2k [3i +} — 4k |

Prove that vectors { =2; + 3j—k and B=6i+9)—3i are parallel.
* - - - ¥ - - - * ¥
If A=18i+17j-Tk and B=5 —-3j+k, find | A= B|. |32 units]
* ¥ ¥ ¥ r ¥
Show that (. 4+ B)x(A-B)y=2(Bx A).

The adjacent sides of a parallelogram are represented by 4/ — j+ & and [ — 3/ + 2k, Find

the area of the parallelogram. ﬁ‘,'ﬁ S(] units|

CONCEPTUAL QUESTIONS

Aand B are two vectors, can A+ B be zero?

a ¥ ¥ *

A+ B will be zero if A and 5 have same magnitude but are opposite in dircction.

. When are two three-dimensional vectors equal?

¥ ]
Suppose 4 and B are three dimensional vectors. These vectors will be equal if their
corresponding rectangular components are equal ie.

A, =B, and A, =B,

¥ .

> ¥
A=F8 il 4, B

X

»
What is the difference between A, and 4, ?

A_means the scalar component of vector 4 along X-axis. A, is the vector component

of F along N-axis.

What is the importance of scalar product and vector product?

The scalar product and veclor product are very useful in physics. It is because many
quantities can be described as the scalar product or vector product of two vectors,

¥ »
Distinguish between cross product and dot product of two vectors A and 5.

The following are the distingwishing features between the cross product and dot product;

(/) The cross product of two vectors is a vector ;. the dot product is a scalar.

(i1) The magnitude of the cross product is A8 sing @ the magnitude of dot product is
AB cosp .

(117) The cross product of two veclors 1s #ero when the vectors are parallel : the dot
product of two vectors 1s #ero when the vectors are perpendicular.

(iv) The cross product does not obey commutative law . the dot product docs.

A scalar may be a pure number or a physical quantity. What is the effect of mul-

tiplication of a vector by a scalar?
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¥
(1) I we multiply vector .1 by a pure number #, the new vector is » .4 . It means that

¥
the magnitude of new vector is # times the magnitude of vector A . The new vector

has the same direction as ; if » 1s positive and the opposite direction if » 1s
negative. Note that physical nature of the original vector has not changed in this
Cel®E.
(i) IFwe multiply a vector by a scalar (physical quantity), the physical nature of product
differs from the original vector. For example,
mass = acceleration = Force

or ma = F

>
Here «a is anacceleration (veclor) and a2 is mass (positive scalar). Note that physi-
* r
cal nature of / is different from the original vector 4 .

What is the necessary condition for adding vectors?

The necessary condition for adding (or subtracting) the vectors is that the vectors must
be of same kind. We cannot add displacement vector to velocity vector,

Can three vectors () Iving in a plane (i) not lving in a plane give zero resultant?

¥ * ¥
Consider three vectors /. B and O If resultant of these vectors is zero. then,

¥ » ¥ ¥

¥ »
A+B+C =0 or ' =—(A+B)

* * 4

Therefore. they will produce zero resultant if = —(A+ B) or vector sum ol any two

vectors is equal and opposite to the third vector. The vectors can give this result only if
they lie in the same plane,

The three vectors cannot give zero resultant if they do not lie in the same plane.
What are coplanar vectors?
Those vectors which act in the same plane are called coplanar vectors.
What is the importance of vectors?
The laws of physics are generally expressed in vector form due to the following reasons:
(/) By the use of vectors, many physics laws can be expressed in compact form,
(i) The analysis of many physcis laws is greatly simplified by the use of vectors,
What are the characteristics of vector addition?
(/) Only vectors of the same nature can be added.
(ii) Wector addition obevs commutative law. It 15 because

F ¥ *
A+ B=B+4
(#if) Vector addition obeys associative law. It 1s because

* ¥ ¥ ¥

¥ :
(A+B)y+C = A+ B+C)
What is the condition for zero resultant vector for more than three vectors acting
simultancously on a particle?
Il a number of vectors acting simultancously on a particle can be represented in magni-

tude and direction by the sides of a polvgon taken in the same order, their resultant vector
IS ZET0.
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Walking of a man is an example of resolution of a vector. Discuss.
When a man walks, he presses the ground with his feet R sin O
backward at an angle . The reaction /7 of the ground A R

on the feet of the man is in the opposite direction. The
reaction & is resolved into two rectangular components

viz vertical component & sin g and honizontal component @; {
&

o 3 ; > cos B
K cos@ . The vertical component i sin 0 balances the o
£

weight of the man while the horizontal component i .

e

cosf) helps the man to walk forward [See Fig, 8.42], 4 Fig 8.42

» = »

¥ _— 5 » »
If 4= 8=0C=x=#8,show that ¢ need not be equal to 4. When will A be equal to C?
3 ¥ ¥ ¥ * ¥ ~¥
A» B=C *Bo(d-C)» B=0
¥ ] ®
In other words, the cross product of { 4 — ) and B is zero. This 15 possible if any of
the following three possibilities occur :
>

» * W
N A-C=00r 4 =C
iy B =10
» ] »
(i) (A — C)and B are parallel (i.e., O = 0%)

*

From point (/if) above, we have, 4 = O +m 5 where m is a non-zero real number. The
¥ ' ¥ ¥

first statement is true il 5 is a null vector [point (i) or A isequal to (" +m £ ) [point

¥ T

(iii}]. On the other hand, the second statement is true if 4 is not a null vector and

» ¥
is not equal to (' +m i)

VERY SHORT ANSWER QUESTIONS

. Which of the following is not a vector quantity? Mass, acceleration, momentum, force.

Mass.
Is a quantity which has a magnitude and direction always a vector? Give examples.

No. For example, electric current possesses both magnitude and direction but 15 a scalar quantity.
For a quanlity 1o be a veclor, it must obey the laws of vector algebra.

Pick up the only vector quantity from the following: temperature, power, area, gravitational
potential, coefficient of friction.

COmnly area 15 the veclor quanbty.

Give an example of a physical quantity (i) which has neither unit nor direction (i) has a
direction but not a vector (i) can be either a vector or scalar,

(#) Specilic gravily (i) current (i) arca.

How is a vector represented?

A vector 15 represented by a strmght line with an arrowhead, The length of the line represents the
magmtude of the vector {on swlable scale) and the arrowhead indicates s direchion.

What condition should be satisfied lor two vectors to be equal?

Ihe two vectors will be equal if they have (7) the same magniude and (1) the same direction.
Can vou add velocity vector to the displacement vector?

Mo, It 15 because only vectors of the same kind can be added or subtracted.
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The magnitude of the sum of two vectors is equal to the magnitude of difference between
them. What is the angle between the two vectors?

> ¥ ] T
A + B A B
A+ B +2dB cos© = A" + B —24B cos 0 or 44B cos B =0 or 0 = 90°.
:-

¥ ¥ =
What is the property of two vectors if A + B = A — B ?

*
It means B 15 a null vector
¥ * *

A+ B = A E:'r::n'EEir 0 . B =10
When can three vectors be added to give null vector?
When the three vectors are lving in the same plane and are represented in magmiude and direchion
by the three sides of a tniangle taken in the same order
How can a vector be tripled?
By multiplving the vector by 3 (scalar) or by adding two similar vectors (vectors of same magni-
lude and direction) 1o the given vector.
Does vector addition hold for any two vectors?
Mo, The vector addition {or subtraction) holds for two vectors of the same Kind,

What is the result of multiplving a vector by a real number n??
» *
When a vector A is multiplied by a real positive number n, the resull is m A ie., resultant vector

F
has magnitude nd and has the same direction as that of A . For negative real number. magnitude
£

18 nAd but direction opposite to that of A .
Why vectors cannot be added algebraically?

Vectors possess magnilude as well as direction. In scalar addibon, we have to add magmitudes of
scalars. But vector addition requires the use of vector algebra
> ®
Why is AxA =07
DRl 1 i 1 B ) } ?. Ls o ",
[he angle between simlar vectors 15 zero. Therefore, A4 A = A4 sinb = A sinl) 0.
What is the number of minimum forces that ean give zero resultant?
Two, provided they are egual m magnitude but act in opposite directions.
What is the minimum number of unequal forces that can give zero resaltant™
Three, provided they act in the same plane and can be represented in magmitude and direction by
the sides of a mangle taken m the same order.
¥ L * —¥

Will 1+ 8 and A - B be in the same or dilferent planes?
They will be in the same plane
Is commutative law applicable for vector subtraction?

» > > »
No, because A—- B = B A

Is associative law applicable for vector subtraction?
¥ ¥ ¥

Yes. hc::aur:n:{,d: i é} c A {é C ).
Cuan the magnitude of the resultant of two vectors be less than the magnitude of any of the
vector?

Yes, il the angle belween them s more than 90° bul less than 2707 It 15 because in thal case
cos @ 15 negative

What is the unit of a unit vector?

It has no units.
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Can the scalar product of two vector quantities be negative”
The scalar product of two vectors can be negative 1l angle between them 1s bebween 907 o 2707,
What s the maximum and minimum value of the resultant of two forces?

The resultant 15 maximum when both forces act in the same direction and 15 minimum when they

acl m oppostle directions.
¥ E * ¥

Is the magnitude and direction of (41— 8) is the same as that of (8- 1) 7

The magmiude 15 the same bul direclion 15 opposile.

Is it possible to add vectors representing force of 3 N and 200 dynes?

Yes. 1 15 because both vectors represent foree. However. they must be represented on the same
scale.

If a vector is added or subtracted from a vector, the resultant is a vector. Is this also true in
case of multiphication of two vectors?

This may or may nol be true. In case of cross product of two vectors, the result 15 a vector quantity,
But in case of dot [J];l:lnlllﬂf of luu vectors, the result s a scalar quantity, ¢
Consider a vector 7 = 3; —dj- What is a unit vector perpendicular to 77
It will be k (ie, alonz Z-axis) because J"j: lies in the X-F plane.

SHORT ANSWER QUESTIONS

Can two vectors of the same magnitude have resultant equal to either of them?

Yes when the two vectors are inchned at 120 angle.

PP=P+P +2P. PcosBoreos 8- 112 - 8=12

In the above question, what will be the magnitude of the difference of the two vectors?
In this case O will be 60°

R o= P24 P? 12 PP cos 60° =\2P7 + 2P7 x (0.5) =3P
Can any of the two rectangular components of a given vector have a magnitude greater than
the vector itself?

¥
No. The rectangular components of any vector A4 have values A cos 0 and A sind. Since the value
of cos B or sin 8 cannot be greater than 1, the values of 4 cost and 1 sm 8 cannot be greater

than A.
" >

y o
Show that P+ 0 =0+ P.

2 7 3 . > Ed . . .
K= P+ 07+ 2P ) cos O Il we interchange P and () . the magmitude and direction ol resultant
» F ¥ F
remains the same. Therefore, P + 0 = g + P
¥ ¥
Prove that the magnitude of the resultant of two vectors A and B cannot be greater than

(4 + B) and smaller than (4 — B) or (B - A).

R = A"+ B +24B cos

Rpae = A + B>+ 24B co5 0° = (A 4 B)} Ry = A~ + B+ 24B cos180° = (4 - BY or (B - A)
A boat s moving with a velocity of {3? -|-4:i] wort ground. The water in the river is moving
with a velocity (-3i —4_?] wort ground. What is the relative velocity of boat worf water?
Ve = (3 + 47 v = (=3 —4))

~. Welocity of boat wre water, v = Van — Ve (3 4 :lj]l- (-3 4";]:{:; 87

Give two examples of (1) dot product and (1) vector product of two vectors.
Refer to Art. 8.18 and Ant. 8.21
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There are two displacements, one of magnitude 3 m and another of magnitude 4 m. How the
displacement vectors should be added to get a resultant displacement of 7 m?

R~ \JA*+B*+24Bcos0. Hee A ~3m ;B-4mand R -~ Tm.

7~ 32 +4%42x3xdcos® orcos 0 -1 o 8- 0°
} - - =
A force is represented by @ F =(2i +3) +6k)N. What s the magnitude of force?
Magmiude of l[orce \."23 +32 462 =10 = TN

At what angle the two forces A + B and A — # act so that their resultant is /3.4% + g* ?

e o
Here F A+B: O=A-Band R= 31" +5°

R® =(A+BY ~(d-BF +2(4 +B)(4d-B)cos B
or 3B =2+ B 24T - By cos 0 or cos 0 =172 - 8 =60°

What is the magnitude of the resultant of two forces, one 6N due east and the other 8N due
novth?

Resultant \.ﬁ =10N (= 8 = 907)
What conclusions you draw from the following equations? (i) ;J- .é :uf;: and 4 + B =0C
(if) 1+B-A-B (iif) A+ B=C and A2+ B =
(i} In this casc, the two vectors are in the same direchon because 4 + B = (O

¥ r B I ¥ ¥

(#i) In this case. B must be #zero because 4 + B A B or B 0.

» ¥ —
(fir) In this case. A s perpendicular to B because resullant © /g2 L gt .

A lorce on a body is 100 N, 60° west of south. Find the north and N
east components of the force.

Fig. 843 shows the conditons of the problem. It 15 clear that force
F (= 100 Ny makes an angle of 120" wath north direction and 1307 W

i E
with east direction. £0°
o F = 100 cos 120° = —50 NL I, = 100 cos 150° = 86,6 N

Find the magnitude of the resultant of two forces impressed on a 100N

particle: 3 N due north-east and 4N south-east,
P Fig. 8.43
Resultant W 3 4 4 3N (o 8=90%

What is the maximum number of components into which a vector can be resolved?

A vector can be resolved mio any number of components (infinite). However, a vector can be
resolved mio only two rectangular components,
What is the magnitude and direction of (i + j) 7

. s 3 3 = T : i -
P4 fl=+()" +(1)" =+/2. Suppose the vector (7 + ;) makes an angle 8 with the direchon of 1.
Then, tan 8 = 1/1 = 1 or B = 457

L]

¥ " A . »
If 4=2i +4;5 -3k, find (1) magnitude of 4 (i) the direction cosines of .

} =] =] =
() | A|=y(2) + @ +(=5) =+/45

iy

(ir) cosa= EE cosfi= 4._-':._;":?: cos 7 =—5//4

L
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Two forces of 3 N and 10 N are inclined to each other at an angle of 1207, What is the angle
which the resultant makes with 10N7

Here =L =500 = 1207 L g =7
DEnE . SEREN e
lan o 4 - - - e S
P+{cost 10+35cos 1207 3
: 3 ¥ * ¥ * *
If the magnitudes of vectors A, Band C are 3, 4 and 5 units respectively and it 4+ 3=,
¥ ¥ * —

find (1) angle between Aand B (i) angle between A and O

™ =i

=3 =5 ¥ =} * *
(i) Since 3"+ 4" =5 (ie, 4~ + B" = (), the angle between A4 and B is 907,

» »
(ir) If O 18 the angle between A and C , then cos 8 = 4C = 3/5. Therefore. B = cos (35),

:|. ¥ e % }

Determine the vector which when added to the vesaltant of A =31 -57+7k and B-=
2 —.4}— 3k gives unit vector along yp-direction,
» 3 i . A . ) -, . i
A+B =3 -3 +T7Tk)+( +4j-3k)=5 — j+4dk

The unit vector along yw-direction .f . Therelore, required vector .n' — (5 —; +a4k)=—5i + 1_.;' — Ak,

» » ¥ ¥

. What is the angle between A and &, if 4 and B denote the adjacent sides of a parallelogram

1
drawn from a point and the area of the parallelogram is l.flﬁ ;.

. *
Area ol parallelogram A - B AR s b

But it is given that area of parallelogram = AB/2,

! AB smb = AB2 or sinB = 12 - 8 = 30°.

Can a vector be multiplied with both dimensional and non-dimensional scalars?

Yes. When a vector 1s mulfiphied wath a dimensional scalar, the resultant vector wall have different
dimensions. For example, 1if velocity vector 15 multiphed with mass (a dimensional scalar). the
resultant vector has the dimensions of momentum. When a vector 15 multiplied by a non-dimen-
sional scalar, 1t wall be a vector having dimensions as that of the given vector.

LONG ANSWER QUESTIONS

Explain (i) negabive wveclors (i) equal vectors. [Refer to Art. 8.2]

Explain () unit vector and (i) null vector, |Refer to Art. 8.2]

What do vou mean by resultant of two vectors 7 How will vou add two vectors graphicallv?
|Refer to Art. 8.4

State parallelogram law of vector addition. Find analvtically the magmitude and direction of the
resultant of two veectors when they are inclined at an angle 0. |Refer to Arts. 8.4 and 8.6

State and explain tnangle law and polvgon law of addition of veciors.

|Refer to Arts. 8.4, 8.5 and 8.6]
Explain dot product and vector product of two vectors. |Refer to Arts, 8.17 and 8.20]
Explain rectangular components of a vector in a plane. [Refer to Art. 8.13]
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COMPEIITION SUCCESS MAIERIAL
Useful Concepts/information

Vectors are quantities that have both magnitude and direction. Scalars are quantities that
have only magnitude.
Vectors arc used 1o describe motion i two or three dimensions,

Vectors can be added using cither the triangle method or parallelosram method. In the

¥ r x

triangle method [See Fig, 8.44 (1], the vector K = £+ runs from the tail of P to the

] ¥
tip of . In parallelogram method [See Fig. 844 (ii)]. R is the diagonal of the

¥ ¥
parallelogram having P and (0 as its adjacent sides, The order i which we add vectors
does not change the resultant vector i.e.,

¥ ¥ ¥ ¥

*
R=P+0=0+P
We can lind the magnitude and direction of the resultant vector analytically.

. C

Fig. 8.44

Magnitude of resultant m Fig. 844 (i) or Fig 844 (i) 15

R =P +0" +2PQcos0)

The dircction which the resultant vector & makes with P is
(}sin B

A vector in a plane can also be descnbed by giving its 4

components on a chosen set of coordinates. The x

> —
component of vector A is equivalent to 115 projection F-———————- A

lano =

along x-axis f.e., A, = cos as shown in Fig. 8.45,
E

Here 0 1s the angle (measured CCW) that veclor A,

makes with positive direction of y-axis. Similarly, the o
*

v component ol 4 15 s projection along the y-axis 0 i

-

r
L
i

T

re, A =4 sing . Fig. 8.45

The vectors in a plane can be added by using the method of components. Thus to find

] ] > *

the resultant vector # = A+ B+ + ... . we add algebraically the x components of the
vectors o find K and then add y components algebraically to find K .
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R_=nd AR sy H_]_ .f.!_]_ b, 4:“_1_ 3 i
Magnitude of resultant. R = \[R? + R}
The angle (1 (measured CCW) that resultant vector makes with positive x-axis is
R,
anb = —
’

*

If'a vector /1 1n a plane has an x component equal to 4, and y component equal to A,

the vector can be represented in unit vector form as :
+ - &
A=A d+45

In this notation. ; is unit vector in the positive x direction and ;15 a unit vector in the

positive y direction. Since ;i and ; are unit vectors, |i|=]|j| = 1.

* » :r ¥ *
A vector A 1n !.hI'EE dlI‘t‘lEI‘LElﬂl‘lR can be r-:prcs;unlud d5 4 = ]1' + _.f_l_ +.4_ .

¥ *
Dot or scalar product of two vectors. The scalar or dot product of two vectors | and B
1s delined as a scalar quantity equal 1o the product of the magnitudes of two vectors and
cosing of smaller angle between them 1.e.

A.B = ABcost)

b

where ¢ 1s the smaller angle between A and B

i *
as shown in Fig. 8.46. Note that 4 and B need A
_ i ) ) A8 Al ecos O
not have the same units. Note in Fig, 8.46, 55 cost

¥ » )
is the projectionof B onto 4 ie, 4.5 =(Mag-
Bcost

¥

¥ ¥
nitude of 4 ) (Projection of £ onto ).

The Tollowing properties of dot product are worth Fig, 8.46
noting : - -
(1) A.B = B.4

i.e. order of the dot product can be reversed.

(11) The dot product obevs the distribuiive law of multiplication so that :

* ¥ ] P —% ¥ —h
AB+O)Y=4.B+4.C
(#1/) The scalar or dot product of unit vectors arg:

il bbets iuiba)ban
¥ ¥
(iv) The two vectors 4 and B can be expressed in component form as
* - -~ - L - - -
A= "".1:-.']i +""':|_1'.-'I: +-'ff:k:“ B = .Ir.ilf +.£r.§.|__,f+.||rj k
Using the property of dot product of unit vectors, we have,
* L]
A B=AB +AB, +4_B.

* b
In special case when 4 = 3. we have,

F
A A=A+ A+ 45 = A
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i ¥
Cross or vector product. Consider two vectors 4 and £ as shown in Fig, 8 47 where

angle 0 is the smaller angle between the two vectors. The vector or cross product of

;l-

AT L ; " ] ]
vectors 4 and B 1s another vector ¢ givenby @ ¢ = 4« B

¥ ¥ *
It is called vector product of A and B because (7 1s usell a vector.

A

=¥ = =b
C=AxR Right hand rulc

Advance

—¥ ¥
Magenitude of ¢ . The magnitude of ¢ is given by ;

= |C| =.48s1n6
Mote that the guantity ABsin( is equal to the arca of the parallelogram formed by

A and 5 as shown i Fig. 847,
» » * #*
Direction and sense of 7. The directionof C (= 4 » B ) is perpendicular to the planc
) ¥
formed by 4 and £ as shown in Fig, 8.47 and its sense 15 determined by the advance

¥ *
ol a right-handed screw when turned from 4 1o £ through the smaller angle o . A more

® ¥
convenient rule to use for the dircction of A = £ is the right-hand rule illustrated in Fig.

* *
8.47. The four lingers of the right hand are pointed along 4 and then “wrapped” into B
] ¥
through the angle 0. The direction of the erect right thumb is the direction o 4 = 4 .
* »

Because of the notation. 1 = 5 is often read “ cross 57, hence the term cross product.
Some properties of the vector product which follow from its definition are ;

(i) Unlike the scalar product. the order in which the two vectors are multiplied in a
cross product is important J.e.

Ax B==8x 4
Therefore, if vou change the order of cross product. vou must change the sign. You
can eastly vernly this relation with nght-hand rule (See Fig. 8.47).
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| IT¥]

(41}

(#10)
()

(v)

(v1)

(vii)

Two equal vectors have a resultant equal to
either of them. The angle between them s
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» 3 ¥ 3
If A isparallel to 5 (ie. 0=0° or 180°), then A = 5 = 0. It follows, therefore,

¥ —F

AxA=0.

¥ » F *
If 4 is perpendicular to B, then |Ax B|=AB,
It 15 also important to note that vector product obevs the distributive faw 1e.

—¥ * ¥ ¥ ¥ ¥

B+C) = Ax B+ AxC
The derivative of cross product w.r.t. some variable such as f is given by .

¥
Ax(

" [, e Yy df. . d4 2
— (A By = Ax —+ w
eli cli cdf

» »
Here it 15 important to preserve the multiplication order of 4 and 7.

The cross products of unit vectors are given below ;
ixi=juf=kxk=0; idj==fxi=%k

Ixk=—kxj=i; kxi=—ixk=j
MNote that signs are imterchangeable. For example,
éx{—flr—?xjr—a’r , \
The cross product of any two vectors 4 and £ can be expressed in the following
determinant form :

Pk
» »
{xB=4, A, A4,
B B B

Expanding this determinant gives the result

¥ ¥ A = -~
Ax B=(A,B,—A.B)i +(A,B, - A B +(A,B, - AB, Y

MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

If p o —|pPxo]|. then th le bet (a) 60° (B} 90°
2 . then the angle between
P.O=|PxQ| £ () 100° (d)y 120°
..:'. .}
. e s wae S
Foand O is [AFMC — Pune 2001 ] 4. A force J'=3% +¢ +2k acting on a particle
. n a0
)% () B causes displacement S =—4i +27 +3k 1n 1is
{c) 3 (d) = own direction. It work done 15 6 I, then value
4 ; e
of ¢’ 15 |[Pb PMT 2001 |
..} :' - :' .}
| A+ B =| A|=| B|.then angle between r,-; (a) O ihy 1
—F¥
and B will be [CBSE PMT 2001 (e) 6 (d) 12
o o R * >
(a) Jt_:l (b) 12? 5. P.Q=pr0. then angle between PP and O 15
() 0 (dy 607

|AIINMS 1999]
{er) O° (b) 30°
[ATIMS 2001] () 45° (dy 60°
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11k,

11.

12,

* A i H
The veclors P=ar+a+3k and

{_'5:;;;—2_;—.'5 are perpendicular to each
other. The postive vaue of "o is
[AFMC-Pune 2000]
(b) 4

(ch 13

() 3
i) 9

} " - -

For a body, angular veloaty o =7 -2 +3k
:' - - -~

and radius vector » =i +j7+4k. Then linear

velocity 15 [CBSE PMT 1994

(@) =5i+2j+3k  (B) -5 +2; -3k

(€) —si-2j+3%k  (d) -5i-2j-3%

The force acting on a body of 10 kg 1s
(2i +j—k) N.If the body is initially at rest,
then velocity at the end of 20 sec will be {in

m's) |Ph. PMT 1997]
(@) 2.6 (b) 6.2
€ 32 (d) 2.3

The angle between two vectors of magmitude

12 and 18 unuts when their resultant 13 24
units 1s [ALIMS 1997
(@) 63.50° (hy 7552

(e) 82307 () 89 16°

The angle  between two  vectors
,-;=3§“+4}'+5£ and £;=35+4}'—5£ will
be [ATIMS 1996]
(a) zero (b) 45°

(e} 207 () 1807

A bus is going due north at a speed of 30
km/h. It makes 907 lell turn without changing
its speed. The change in the velocity of the
bus 18 [CBSE PMT 1990

(a) 50 Kkm'h towards west

(b1 50 km'h towards south-west
() 707 kmvh towards south-west
(e} 707 kmvh fowards north-west

n

¥
Tweo veetors A and & are such  that

|—* ¥

A+ 8

¥ :l-

A-B

. Then the angle between the

llv.'u veclors wll be
() 45°

fc) 75°

[CBSE PMT 1991
(h) 60"
id) Q0°

14.

16,

14,

14.

20,
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* - - -
MAtorce F =6 —8&j +10k) N acting on a mass

produces an acceleration of | m/s”. What will
be the mass of the body?
[CBSE PMT 1996 |

(a) 1042 kg (b) 2,10 ke
(e 10 kg () 20 kg
Two guanbtibes 4 and A have dilterent dimen-

sions. Which mathematical operation given
below 15 physically meamngfiul?

[CPMT 1997

() none

(a) A'B

ic) A -8
The sum of two forces at a point is 16 N. If
their resultant 15 normal o the smaller force

and has a magnitude of BN, then the forces
are |Pb. PMT 1995|
(a) OGN and 10N (£) 8N and BN
(c) 4N and 12N () 2N and 14N
A boat 15 sent across a river with a velocity of
& kmvh. If the resultant veloeity ol boat 15 10
km/h, then wvelocity of nver 1s
ICBSE PMT 1994]

(@)l 12.8 km'h (b)) 6 km'h
(¢) & km'h () 10 km'h

Which of the following cannot be the resultant
ol the vectors of magnitudes > and 107
IAFMCOC-Pune 1996
(5 &
(q) 2
The vector sum of two forces is perpendicular
lo therr vector dilference. In that case. the
forces [CBSE PMT 2003]

() are not equal to each other in magnitude

(a) 7

icl 3

(b) cannot be predicted

(¢) are equal to each other

() are equal to cach other in magmiude

An aeroplane llies 400 m due north and then
300 m due south and then fhes 1200 m up-

wards, the net displacement is:
[AFMC 2004]

(a) greater than 1200 m

(h) less than 1200 m

() 1400 m

() 1300 m

Minmmum number ol unequal vectors which
can give zero resultant are [AFMC 2005]
(b)) three

() more than four

()l Two

il four
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ANSWERS TO MCQ FROM MEDICAL ENTRANCE EXAMINATIONS
1. (c) 2. (h) 3. (d) 4. (o) 5. (a)
6. (a) 7. (a) 8. (a) 9. (b) 10. ()
11. (d) 12. (d) 13. (a) 14, (a) 15. (a)
16. (h) 17, () 18. () 19. (a) 20, (h)

HINTS TO MCQ FROM MEDICAL ENTRANCE EXAMINATIONS

] » ® L)
P.O=P0Ocos and |P=Q|=P0sind
As per problem., PO cost) = POsint) or tanfl=1 & O0=mu/d
¥ —¥
Let angle between 4 and B be 0.
AP+ B 424Beos =47 or AP+ A% 4247 cos = A7
. 1
or 24%(1+cosfy=4> or cosB=—> . g =120°
Solution is the same as MCQ No. 2.
3 —F & o7 ’ i ) T
Work done = . § or 6=(3 +q +2k).(—4 +2j+3k)
or 6=-124+2¢+6 .. c=6
b 3 _ PO
P.O=P0O .. given or PQcosl=pP0 or Li]ﬁﬁ}:ﬁ:l & 9 =
We know that if two vectors are perpendicular to each other, then their dot product is #ero,
¥ ¥ - . - i - -
P.O=0 or  (ai+ai+30).(ai -2j-k) =0 or @ -2a-3=0
On solving this cquation., ¢ = 3 or — 1. Therefore. positive value of "a” is 3.
-% o
We know that linear velocity v 18 the cross product of angular velocity (m) and radius
¥

vector (r).

PGk
¥ B b - = = WY omk W 3
v=axr = (i=2j+3k)x(i+j+k) or v=|1 -2 3
|
T 3 i & =" i 4, s
or v=(=2-3i+3-1)j+(1+2)k or v =-=5i+2j+3k
_ " j; 4705 _f » B »
Acceleration, 2 _ S 7J7F 2 Here w=0:f=20scc: v =7
i 10
Am sy
> = 3 M+i—k i ; A
v =utal = ﬂ+[+J*x 20 = 4 +25 -2k
s

. Magnitude of velocity, = qu | gi'“.|.[ g].?- = 2./6 m/s
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Q.

10,

II...

12.

13.

14.

=
tn
.

16.
17.

5.

R? =A% + B* +24Bcos0

or (247 = (120" +(18)° +2x12x18cosH
or cosO =025 or § = 75.52°
¥ o~ i 5 i A g L _
A.B=Gi+4j+5k).(3i +4j-5k) =9 +16 - 25 =0
o A B 0
Bul 4 B=ARe¢ - cosb = == or o= 9)°
A.B=ABcost g 1B AB 5
Change in velocity = J{:‘:Df +(50) = 70.7 km/h
The direction of this change in velocity 18 north-west.
Let © be the angle between the two vectors.
| A+ B =A%+ B +24Bcos0 and |A-B =A%+ B> —24Bcosd
As per the condition in the problem,
A + B +24Bcosb = A* + B* —-24Bcos® . 4A4Bcosf=0
or costl = 2 =0 . g=90"°
448 .

F = 6i —8] +10k

Magnitude of force, = M"I{':’}l +(-8) +(10)* =102 N

Mass = £ _ 10v2 1042 kg
e
The quantities having dilferent dimensions can only be multiphied or divided but cannot be

added or subtracted.
Let 2 and ¢ be the forces and R their resultant, 2 + O = 16 N and & = 8N,
If /7 15 the smaller force, then.

RE=0" P =(Q+P)(Q-P) or (8’ =(16)(0-P) . Q-P=4
On solving, P =6N. Q= 10N
FRaver velocity = ,f1g* —g*> = 6 km/h
The resultant must lie between (10 + 3) and (10 - 3) i.e. between 15 and 5.

¥ —*

Let 4 and B be the two forces.
) ¥ » ¥ . * *
Vector sum ;. K= A + 5 Vector difference : F, = 4 -8B

) ¥ ) -F » *

Since f is perpendicular to &, , K. &, =0

¥ ¥

(A +B).(A -B)=0

» ¥

or A*—AB+AB-B*'=0 .. |A4|=|B]|
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Fig 848 shows the conditions of the problem. - A -
(21 = 400 m (due north) E L orth 5
AR = 300 m (due south) =y 4 T
['_:f_fj {1! - A5 g = W E
=400 - 300 = 100 m & g g
- =
Al 3 = 1200 ; > = 5
S0 F | m {upward) "'E-'“H., U5 i,
It is clear from Fig. 8 48 that net displacement L I;
is (2C' In the right angled triangle (B, S 4 A J =
Fig, 8.48

OC =\JOB* + BC* = \/(100)* +(1200)* = 1204 m
Hence net displacement is greater than 1200 m.

According to triangle law of vectors, the minimum number of unequal vectors required (o
eive zero resultant is 3,

MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS

¥ a ” a
Find the torque of a force F=-3i + ;7 +5k
¥ " i o
acting at the pomt » =T +37+ 4k .
|Pb CET 1998]
(@) 14i -387 +16k (b) 4i+4j+16k

(c) —14i +38j —16k (d) —21i +3; -5k
» = »
Il vectors P, 0 and R have magmitudes 5,

L ¥
12 and 13 units and P+ = R, then angle

* ¥
between O and £ 15 [Harvana CET 1998]

(c2) Cos 1% (b) cos 1%
(c) cos ]% (d) cos 1%

The radius vector 18 2/ + 7+ & while linear

momentum is 2 - 37 + k. The angular mo-

mentum is |[BHU 1997
(@) 27 -4k (b)Y 4i —8k
(€) 27 —4)+2k (d) —4i +8k

¥ - - -~ r - - -

If A=5+77-3k and B=2i+2j—-ck
are perpendicular vectors, then value of ¢ is
|CET 1991]

¥

. The angle between two vectors 27 + 37 +4& {a) — 2 (by 8
A .
and | 42) — 4k is [EAMCET 1990] e) @ -8
. 6. Find the unit vector perpendicular to
(c2) © {h)y 9O” Fo : F i 2
743k ",
(c) 180° {'(f} ST 3 Jo 2k and 2i & f + 4k .

| Harvana CET 1996

1 s, & 3 .
@ G-j-b @ Gjrh

U "'-.'I3'
© G-j-h @ Fi-j-i
—# - = =
Two  forces  f{=35i+10j-20k and

¥

Fy =10 i —S_F — 15k actona single point. The

»

angle between 1"'3{ and [ 15

|Harvana CET 1998]
{a) 6O () 90°
(e} 45 () 307
The relative velocity of a ship moving at 'V
m's East with relerence to another ship mov-

g at ¥V m's MNorih 15 |[Harvana CET 1993]

(@) J2 VSE
(€) 2 VNW

(hy 2 V NE
(d) 2 VSW

¥ ¥
The angle between 4 and B 15 (). The value
¥ * ¥k
of triple product 4. Bx A 1s
[Haryana CET 1996]

L) .-“.IEHm:-'.U (h) A Bsinh
(c) A°B (d) zero

The sum of the magnitudes of two forces act-
mg at a point 15 18 and the magnitude of
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resultant 15 12, I the resultant 15 at 90° wath |AIEEE 2003|
the toree of smaller magmtude, then their mag- ¥ y =
nitudes are | Roorkee 1992] @) r . F=0and F.120
(@) 3, 15 by 4, 14 e i
b) r.o120 and F.1=0
(c) 5. 13 (d) 6. 12 e
11. Three K start acti ' sly ek S
[hree forces start acting mmu]?lﬂn:nm]} on a () 7w S0 ahd T or <0
particle moving with veloeity v . These forces - _—
are represented in magnitude and direction by () r v=0and F.1=0
the ﬂ”ﬂl':. sides n.l' a 1"3_"2-]'3 ABC (Sec I'._jE' 13. The coordinates of a moving particle at any
3.493.. Ihe particle will now move with fime ¢ are given by ¥ = o’ and v = B The
vulnmt};:_ [ATEEE 2003] speed of the particle al time ¢ 1s given by :
|AIEEE 2003|
I ] | b
| —— = E’b" F 2 .
il (@) 3nja”+ [ B) 37yt +
e A ——— T
(c) :"-.J'tll + (d) Jom+p°
A £ i R I »
Fig, 8.4Y9 14, If 4« B=8x/. then the angle between A
»
> _ » and B s |AIEEE 2Z004|
(@) less than v () greater than v _
2 (er) T {h)y =3
() | v in the direction of largest force BC € 12 (d) A
]
(¢) v, remaming unchanged 15. Two lorces are acting at a point. The magnitude
— of each force 15 2N and the magmtude of their

12. Let [ be the force acting on a particle having resultant 15 also 2N, Then the angle between
w »

position vector » and T be the torque of the two forees 1s |DCE 2004|
this force about the origin. Then: {a) 907 (b) 60°
(c) 120° {d) O°
ANSWERS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS
1. (&) 2. (a) 3. (o) 4. () 5. (d)
6. () 7. (o) 8 (a) 9 (d) 10. (c)
11. () 12. () 13. (h) 14, (a) 15. (c)

HINTS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS

1 cos0= 20 Now 4. B= (2 +3j+B).( +2j-4) ==2+6-4=0

0
cos=——=0 or g = HW*°
AR

i
Bk
2. Torque = rxf = |7

-

=2

i
1| = F05 -1+ J(=3-35)+k(7+9) = 14i -38]+16k
5

- e el

— —F
3. The conditions of the problem suggest (13* = 5* +12%) that the angle between P and Q is

¥ )
90° 1IF 0 is the angle between O and R . then cos =12/13.
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4. Angular momentum is given by
¥ ¥ t

L=rxp = (2 +]+k)x Qi -3]+k) = 4i -8k

5. The scalar product of perpendicular vectors is #cro.

¥ ¥
A.B=0 of 4B +AB+AR =0 o MW+]4+3c=0 5 c=-8

* 2 T, a " 5 i %
6, A=3i+j+2k : B=2i-2j+4k

R
= ; . 4 = L T Ax B
I'he unit vector perpendicular to A and B 1s n =

| A= B |
» » . - ~ A A -
A B =(4+40 +{4-12)5 +(-6-2)k = 8 -8 -8k

| AxBl=VB+&+8 =83 ~ n= Li_ji
W3
Bk (5 +107 —20k).(10i — 5] —15k)

7. cosf="1"1 ; i
fify (52 +10% +(=20)% )J10? +(=5)% +(~15)*

Ax10=10x 3+ ({=20)x(=13)

= 0.7
(7525)(:/350)
- 0 450 W
#. Fig. 8.50 shows the conditions of the problem. 3\
Relative velocity, 17 = ,u."rfl L2 — 2V SE ”
R » > W ot~
9. B is a vector which is perpendicularto A and & Its doi 52
product with ; will be zero as .sj’ and H}x I arc perpendicu- g Vi
lar to each other. )
0. Fig. 8.51 shows the conditions of the problem. Fig. 8.50

R=12:0+P=18; =P+ R o Q- PF=R =144
(@-P (O + =14

by M1
O+P 18

g+P=18and ¢ - P=8. On solving, g = 13 and P = 5§,

11. Since the three forces are represented in magnitude and direc-
tion by the three sides of a triangle in the same order. the result-

or (¢

¥
ant force is zcro. Thercfore. the particle velocity (v) will re-
main unchanged.

- > * b g ] b

12. 1 =« F means that r F and 7 are perpendicular to each other.

b * * *
t.r=land F .1 =10

13. x=af ; V= ]i-f':’
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oo Resultant velocity = E.'[vf + vf; = \{((Emjﬂ]g + {l[iiﬁf = 3 Jo® + PP

* - ¥ ¥
14. AxB =ABsin®: Bx4d=8B4 sinfh =-48 sin 0

- 3

* »
Now AxB = Bx4d or ABsind = —-48 sind

ABsin+ A8 sinf=0 or 24Bsnbt=0

mmmce . and Bare not zero. sind =0 or O=0o0rm

=
L i
L]

R =F1+ F7 + 2F\F, cos®

or 22=22+2"+2x2x2cos0
; cos =48 =-1/2 or 6=120°

NUMERICAL PROBLEMS FOR COMPETITIVE EXAMINATIONS

1. At what angle do the two forces (P + () and (P - () act so that the resultant is

JIPF Q7 9

Hint. Let X = P - Qand ¥ = P — (O, Now i = 1‘.?3}-*3 +@1 . Suppose the angle between

Xand Yis 0.

Now R = X2+ ¥ +2X¥ cosh
or 3PT+0° = (P+0) +(P-0) +2AP+0)(P-Q)cosd
or 3P? L 0% = 2P° 420% £ 2AP* —0%)c0s0
or PE 0% =2(P* =" )cosh
2 2
P . I

2Pt -0%) 2

or g = 60°

2. A ball is given simultancously two velocities, one of 10 m/s due east and the other
20 m/s due north-west, Calculate the resultant velocity of the ball.

Hint. Figure 8.52 shows the conditions of the problem.

v, =10ms ' v,=20ms’; g = 135°

The resultant velocity v 1s given by ;

2 g o -
Vo= + vﬁ + 2w, coso W

= (100 +(20)® +2x10x20c0s135° =217.2

v=u2172 = 1473 mg’

suppose o 1s the angle which the resultant makes with

velocity v, (= 20 ms™'). Then.
vsinth 10sin135°
vy +v cos8 20+ 10cos135°

oL = tan "t 0.5518 = 28.9°

lance =

=0.5518
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Angle which v makes with north = 45% - 289% = 16.1°
Hence, the resultant velocity is 14.73 ms ' and it acts 16.1° west of north.

3. A river is flowing from west to cast at a speed of 5 m/min, In what direction should
a man on the south bank of the river capable of swimming at 10 m/min in still water
should swim to cross the river (i) in shortest time (ii) along shortest path. |LLT.|
Hint. (/) Suppose the man is at point ¢ on the southern bank ol the river and # is a point
opposite to O, on the other side of the bank [Sce Fig, 8.53]. Suppose the man swims with
velocity v in a direction C24 making an angle 6 with (5 as shown in Fig, 8.53. The velocity
v can be resolved into two rectangular components, viz., v cost along OF and v sin U acting
opposite to river flow. Only the component v cost 1s helping the swimmer to cross the river.
Il d 1s the width of the river. then tme ¢ taken by the swimmer 1o cross the river is given

by »
k=

veost
The time ¢ will be mimimum when cos ¢ 1s maximum i.e.. cos 0 = 1 or ¢ = 0% Therelore.

i order to cross the river in minimum time, the man should swim perpendicular to the flow

of river,
i

'rmm T

Mote that due to the Now of water. the man will reach point " on the opposite bank where

: il
BU = 1"':-1| b 'rmm = .I'J'n' H—
5
Here v, = velocity of nver flow
{ ¥, B 5 i v, B
) vy Y =
> — A —p
1 3 I i 1 g I d
90 v 190" x
{J i)
Fig, 8.53 Fig, 8.54

(11} The shortest path between the two banks of the niver 1s (8 |See Fig. 8 54|, If the nver
water had been stull. the man could directly go from ) to /5. In arder to cross the flowing
river along OJH. the man should swim along €21 making an angle 0 such that the
horizontal component v sing of v cancels the velocity v of river flow. Note that

v sing and v act in opposite dircctions.

v, = vsini
or sinf = % = - = :
v 1 2
or 0 = 30° west of north
The time ' taken bv the man to cross the river 1s
= d = Ly

veost  cosO
Note that ime taken i thas case 15 1ol MW,
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4.

tn

0.

-]

Find the angle between X-axis and the force represented by 3
¥ - - -
F=2i+3j+4k

Hint. Magnitude of force 1s given by ;

F=y@7 +@ + @ =2

. 2 2
cosl=—-=— - 0= cos * —=

F 29 29
A force of 7i + 6k newton malkes a body move on a rough plane with a velocity 3} + 4k
ms '. Calculate the power in watt.

¥ ] & & - -
Hint. Power = F.v =(Ti +68).(3j +4k)=06x4=24 W
} ® »
The resultant of two vectors & and v is perpendicular to n and its magnitude is
» » b

equal to half of the magnitude of vector v . Find out the angle between n and v .
Hint. Figurce 8.35 shows the conditions of the problem.

B

¥ v
v |=v, |R]l==
|=vi [RI=3
. 121 s
sinfl =117 = I’ :
v 2
IR0 =0
ar g = 30° Rt
¥ * _I [] {: - _\lt -
. Angle between w and v = 180° — 30° = 1507 Tﬁ .

] b n ]

(1) For two vectors Aand Bit A+ B=(C and A4 + B = (', then prove that vectors
> b

AandB are parallel to each other.

» ¥ ¥ » *
(I A+B=Cand 4> + B = 7, prove that vectors A and B are perpendicular to
each other.

*

Hint. (1) A+B=0C
Taking the sclf-dot product of both sides. we have.

n > b » a » L a

¥ ¥ ¥ ¥ r r * F
(A+B). A+ B y=C.C or A A+AB+B A+B.B=C.C

Now .-i-ﬁr = I;f = AB cosg where o is the angle between vectors E and i§_

A% + ABcosB + ABcosd + B = F
or A%+ B* +2A4Bcos = C* e ()
Itis giventhat 4 + B = C or A*+ 5 +248=C" i i)

¥

¥
Comparing eqs. (/) and (i), cos© = 1 or § = 0%, Hence, vectors . and £ arc parallel and
acl in the same direction.

n b3 * >

* e ¥ ¥ s
(if) A+B=C or (A+B(A+B1=C.C
As found above. 4% + B2 +24Bcos0 =2 )
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It is given that A"+ 8 =7, i)
Comparing eqs. (1) and (/7). 248cos0=0. Since 4 and B are not zero, cosg = 0 or

b

0 = 90° Hence., 4 and B are perpendicular fo cach other.

A particle is moving castward with a velocity of 5 ms ', In 10 seconds, the velocity
changes to S ms™' northwards. What is the average acceleration in this time? [LLT.|
Hint. Figure 836 shows the conditions ol the problem.

¥ - -
Initial velocity, v =3 ms ~ along east =5

y ™
* F Tk
Final velocity, v, =5 ms ! along north = 5§
, ; . A il >
Change in velocity, Ay=y,—v, = 3/-31 45°| V2
W L

+ =
| AV] =452 +(=5)> =542 O

¥
The direction of Av is north-west,

! A1 S
. Av o 542 -1
Average acceleration, g =— = N T mMs - porth-west

¥ » ¥
Find the resultant of three vectors OA, OB and (X shown in Fig. 8.57. Radius of the
circle 15 R.

* ¥ r
Hint. |04 |=| OB |=|0OC |=R £
] » » _ _ : B
The resultant of C4+cX7 is along OB (biscctor) and its magnitude »
= 2Reosd45° =R 2 'Aﬁ i

* ¥

B *
The resultant of (COA+OC) and OF is along OF and its magnitude

= RJ2Z+R=R1++2)

Fig 857

* 7] -~ » - -
If A=3+4j and B=7i + 24, then find the vector having the same magnitude as B
i
and parallel to A.

Hint. Let the required vector be

E) B
G SR

> ¥ |':1.|.
It 1s given that ' 1s parallel to A . Therelore, f_ = z =i
S

It is also given thal {': =| ,u'}| {_':-:Iﬁ ‘.uu'lf‘_?]"] +(24)° = /625

or C2+C? =625 or C2+Cl=625 i )

Solving eqs. (7) and (i), we get, C =15, C =20

*

= 15i +20j
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11. A particle is moving in a circle of radius r centred at @ with constant speed v. What

is the change in velocity in moving from P to (07 Given that 2P0 = 40°,
Hint. Fig, 8.58 (1) shows the conditions of the problem. Suppose the velocity of the particle

¥ ¥
15 v at Pand v, at Q. Note that magnitudes of the velocities are the same ; only direction

¥ ¥
changes r.e., |v |=|w, | = v. Hence, the particle has acceleration.
Vv, pr
: av
¥ -
-
i
]
1
: —
] :
3 o >V
b Fa

(i) (5]
Fig. B.58

¥
Referring to Fig. .58 (i), change in velocity Av is given by

¥ |" ¥
g'_'ll-" = LIE g 1-"
— 140°

Magnitude of Av = 2vcos - 2v cos 707 = 2v sin 20°

i

12, An airplane is flying with velocity of 70 km/h in north-cast direction. The wind is
blowing 30 km/h from north to south. What is the resultant displacement of the air-
plane in 4 hours? N

Hint. Suppose v, 1s the velocity of air- y

> W E
plane and v, that of the wind. Then the

*

resultant velocity + ol the aiplane 15 given
by (Se¢ Fig. 8.59) .

* ¥ »
Vo= 'L.'I 4 1:2

X

Now v, = 70 km/h north-east

2 1 St
v, = 30 km/h north to south Fig 859

Taking V-axis along cast and F-axis along north,
we have,

: - . 0 o = . :
v =70c0843°% i +70c0843% = —=(i +) and v, =30/
V2 i '
* 2 *

?ﬂ - .~ o o, o
v =y, = —00 + 71307 =(49.5 +1957) km/h

J2

Displacement in time ¢ (= 4 hours) is

] * - - " i
S=vit=(495 +19.5/1x4=(198 +78;) km
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Magnitude of displacement is given by ;

| & | = .,'q,lr{]ggf +fj‘g}:': = 212 km
If @ is the angle made by the resultant displacement with V-axis (1.e., cast), then,
78
tan8=——=0.394 - 0 =215°
193

*
A vector A has magnitude of 6 units and is directed along positive X-axis. Another
*
vector B has magnitude of 4 units and lies in the XY-plane, making an angle of 30°

with positive X-axis and an angle of 607 with positive Y-axis. Find the vector product
¥ ¥

of Aand B.

Hint. Taking unit vector ; along positive V-axis and unit vector ; along positive F-axis,

the two vectors can be expressed as ;

¥ i ¥ - - — - -
A =6i; B=4c0s30°% +4cos60°% =231 +2

Ax B=6i x (243 +27) =12k

¥ ¥
Thus, the vector A = B has a magnitude of 12 units and is directed along positive Z-axis,



Motion in 3 Plane

INTRODUCTION

In one dimensional motion. the object moves in a straight line {e.g2., along V-axis or F-axis),
Therelore. only one number (x or v) is required o specily the position of the object. Bul in two
dimensional motion, the object moves in a plane —sav 'V plane. Consequently, we require two
numbers (x. v) to specify the position of the object in the plane. However. in three dimensional
motion, the object moves in space and we need three numbers (x. v z) 10 locate the position of
the object in space. It is becaunse the space we live in1s three dimensional. Two dimensional motion
is very important due o two principal reasons. First, many interesting phenomena are associated
with two dimensional motion. Secondly. this type of motion can be easily illustrated on a paper
or blackboard. For this reason, most of our discussion in this chapter will be confined o two
dimensional motion.

In one dimensional motion, we can handle vector quantities (e.g.. displacement. velocity,
acceleration efe.) quite casily because their directional aspect can be taken care of by +ve and
~ve signs. This 1s due 1o the Fact that 1 one dimension., only two directions are possible. However,
the situaftion 15 not that stmple m two dimensional motion (¢, motion 1 a plane) or three
dimensional motion (i.e.. motion in spacc). Here we have to use vectors to deal with vector
quantities. We shall use the properties of vectors discussed in the previous chapler (o describe the
motion of an object in a plane,

9.1. MOTION IN A PLANE

When an object moves in a plang, say A} plane. we require two rectangular coordinates (x,
V) 1o specify its position in the plane. Consider the simple case of an object moving along a straight
line A8 in the XY plane as shown in Fig, 9.1. When the object ¥
is at point /. its coordinates are (x,. v,) and when it is al point
B its coordinates are (x,, y,). Thus we can locate the posilion
of an object in a plane by rectangular coordinates (x, ). How- Y~~~ 777777~" 5=
ever. we can also locate the position of an object in a plane by ¥,
position veclor of the object. Thus in Fig. 9.1, the position

* »
veclor of the object at point A is ()] (= ) and at poinl 5, the
* ¥

e

I

|

position vector of the objectis (28 (= ). The two methods are 0 |
2 =

cquivalent and are Trequently used to describe the motion of an
object in a plane.

Uniform velocity, An object is said fo be moving with a uniform velocity in a plane if it
undergoes equal displacements i equal intervals of ime, however small these time nlervals
may be.

Fig, 9.1

275
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Note that uniform velocity means that the magnitude as well as direction ol the velocity
remains the same. This is possible only if the object moves in a straight line with constant speed
in the plane. Therefore, we arrvive af an important conclusion that the path of an object moving
with uniform velocity in a plane is a straight line,

9.2. MOTION WITH UNIFORM VELOCITY IN A PLANE

a ] L i i L] } [} - ¥ ] Ty
Consider an object moving with a uniform velocity v in the X7 plane as shown in Fig. 9.2.
Suppose at + = 0. the object is at point A(x,. y,) and the

. - . . " :.. -
position vector of the object is (4 (= %) - Let at time ¢, the

¥

object be at point £(x, vy and s position vector be O (= ).

1
i
(/) Displacement. The displacement of the object in :
the time mterval (r—0) 15 4 fj: CAccording to tmangle law of i
VECLOTS, A i » |r
04+ AB = OB e
or AB = OB - 04
Displacement, A8 = r —» A7)

*
Eq. (/) gives the displacement 475 of the object in terms of i1s position veclors.

We can also express displacement 45 in terms of rectangular components (or coordinates),
i n n =2 e A

Now Ty = Xl +)g) i F =X+
* » a

Displacement, AR = r —ry=(xi + )~ (Xyi + ¥y J)
i ] a -
or AB = (X=Xl +(V=)y)d -..{if)

Eq. (#7) gives the displacement 5 of the object in terms of rectangular components.

(if) Weloenty, The velocity of the object 15 given by

) . Dnsplacement
1"”:1':"':]1.3' - R p "
T[ime mterval
b3 :- ¥ ¥
¥ P r—n
or v o= L= s
=1 !
= ¥
Fo— M 3
L A - % LT

W

Eq. (#ii) gives the velocity v of the object in terms of ils position vectors, Since the object
w
15 moving with uniform velocity ( v ). the magnitude as well as direction of the velocity is the same

at every instant.
(#17) Equation of motion of object. From eq. (i), we have,
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¥ a ]

or o= tvl (V)

' - ¥ ' i g i y * -
Eq. (/v) gives the position (r)ol the object moving with uniform velocity (v) at any time 7,
¥
Note that », is the position vector of the object at ¢ = 0.
In terms of rectaneular components. Let us express eq. (iv) in terms of rectangular com-
ponents (or coordinates). Suppose v, and v are the magnitudes of the rectangular components of
v along N-axis and Y-axis respectively. Then,

: S " . ; S 2 2
v =  wi+v,j  where v = v +v
. . ¥ n
Since magnitude of v is constant, v, = constant and v, = constant.
£ ¥ ¥
MNow r: = Ryl
¥ " " * n " ¥ o o
Here pEXIAW =X VS Ly = v}.j
Xty = (xgi + v )+ (v v
or xi _1_:,? = (xp +v i + (), LJ_L..f}_;' (V)
The coefficients; and ; on both sides of the eq. (v) must be equal.
< = tl’i + LIJ."r [FI:]
Y= _\:[: | '|_.III.|I' {HJ}

Thus eq. (iv) can be replaced by two scalar equations (vf) and (i), Now eqs. (vi) and (vii)
represent motion along two perpendicular straight lines—motion along Y-axis with uniform veloc-
iy v and motion along F-axis with umform velocity v,

Therefore, two dimensional maotion (i.e., motion in a plane) with uniform velocity is a com-
bination of two one-dimensional uniform motions along perpendicular divections.

(iv)  Path of the object. An object moving with a uniform velocity in a plane follows a
straight line path. We have already given the physical explanation for it. Let us now turn to
mathematical explanation.

Now xo=ogedantoy =g

. X—Xx
It is clear that t = L

. Putting this value of 7 in the equation for v, we have,
¥,
5 v,
y= y+—F-x)
X

It is clear that this is the equation of a straight ling having slope = v, v,. Therefore, the path
of the object moving with wniform velocity in a plane is a straight line.

9.3. MOTION WITH UNIFORM ACCELERATION IN A PLANE

Wi now discuss the motion of an object moving with uniform acceleration a ina plane. An
obhject is said to be maving with uniform acceleration in a plane if its velocity vector changes by
egual amounts in equal intervals of fime, however small these fime infervals may be. Note that
uniform acceleration means that magnitude as well as direction of acceleration remains the
same, As we shall see, the path of the object moving with uniform acceleration in a plane is
parabolic.
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(i) Acceleration. Suppose at 1 = 0, the velocity of the object is v,:. and at ¢ = ¢, its velocity
- - - } - -
15 1,'-' . Then uniform acceleration a of the object 1s

Change n velocily

Acceleration = :
I'ime interval
bl » ¥ *
» W= o _1"I'.
i P D _ i
t =0 i
* ¥
' T 1__-“ .
a4 = —— . LF)
i

Eq. (/) gives the expression for the uniform acceleration @ of the object. Since the object is
moving with uniform (constant) acceleration. the magnitude as well as direction of acceleration
remains constant at every instant of motion,

(if) Equation of motion. From eq. (i). we have,

» ® *
v—=v, = al
¥ ¥ ¥
or v = vy +at (i)

Eq. (i) gives the velocity 15} of the object moving with uniform acceleration (o ) oal any
lime ¢ Note that vE 15 the velocity of the object at 1 = (.

In terms of rectangular components. Let us express ¢q. (i) in terms of rectangular compo-
nents (or coordinates). Suppose a, and aare the magnitudes of the rectangular components ol a
along V-axis and -axis respectively. TIicn_.

, - - T3
a = al+a,j where a= j'Il'e*;c_f 45

- Nl } .
Since magnitude of @ is constant, a_= constant and a_ = constant.

] ¥ ¥
Now v =V, +al
¥ L - b3 = o & c =
Here V= VI VLT WSVl TVl a=ad ta,j

vl FvJ o= (gl v of) +ilad + .:r_,l,_;'_]f
Qr 1"'_1-{. T 'F_,I__,l" = I:"".u'.' "'”rr}‘; . {i"'_t'i'.l I ﬁ_l.-'{}-f. )

The coefficients of ; and ; on both sides of eq. (/i) must be the same.

'P.u' o= 'I'J.vil L3 m.'.'r U"’]

Vo E Rt Al V)
Thus eq. (7i7) can be replaced by two cmmtmns (i) and (v). Now cqs. (iv) and (v) represent
motion along two perpendicular straight lines—motion along Y-axis with uniform acceleration a,

and motion along Y-axis with uniform acceleration a,
Therefore, two dimensional maotion (i.e, motion in a plane) with uniform acceleration is a
combination of two one dimensional uniformly accelerated motions along perpendicular directions.
(iit) l:xpu:mun for displacement ’ml uniform acceleration. SuppﬂSL al 1 = 0. the velocity
of the object is ‘I’l, and at ¢ = ¢, it is v . The av crage velocity 'p . duning the hme interval

0—-1ti1s
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* * * ¥ ¥ A
1-.} ilfl 'I' i e 'I-"ID I 'I-"[l. . I:vlll!I ] ¥ ¥
v S P V=v,tal
* # 1 *
Yo = vt —al
a¥ i 7

4}

* ¥ )
Il #,and » are the position vectors ol the object at ¢ = 0 and ¢ = ¢ respectively, then v, 15

given by R
» ooty Xy
Var i1 i
» » *
:}r -|I- _lr.:.| P lel |r
» H * * b » !'f * * ¥
or FEhyt Vael = Bk vy A E.{ij % Lm_—L“-I-EHIJ,
(s ) B * -
ro= r[,+vr;I+E:H (v
Eq. (vi) can be writien in terms ol rectangular components as :
- . g A e A ] SRR
Xi+ ¥ [.'rl:r + Vo J }+{vl.ua w—v}.j_g)s—r;(al.r ~—a:r_r.;]x
e
S 1 2% f T )
ar X _.}’J— - LT'i] +v.u.-‘r +E”J-'r ) J +|'x']lll.:. +1"_L-.’I'r 0 E”_L"'I J. g
| .
= Xttt oat V1Y
§ y 1 ; 2 -
and ¥ =Ygttt _al )
.

MNote that eqs. (vii) and (viid) are similar to that of the position-time relation for the motion
of the object with uniform acceleration in one dimension.

(iv) Path of the object. If we eliminate ¢ from eqs. (vif) and (wii), we get second degree
cquation in x and . Thercfore, path of the object will be parabolic. Therefore, path of an object
moving with uniform acceleration in a plane is parabolic.

*

Example 9.1. The position vector of a particle at r = 0 is r, = _3i +1} and later at
> n X » W
I=1itis =97 +2 ;. What is the displacement from » 1o ry ?
Solution. Ar=r -n=(9+2]) -(-31' + 3!)= 124

Example 9.2, A particle moves in the XY plane in such a way that its coordinates x and
¥ vary with time as:
=P34 y=57F+12
Here x and y are in metres and ¢ in seconds. Find the position, velocity and acceleration
of the particle at r = 3 5.
Solution, The position of the particle is given by |
®

S xity _..{;ﬁ—ﬁlx}f*+(ﬁfz+12)f

=3P -(2 =N H5GP+12]j =-69 i +57jm
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or ¥ (1:,, sin[]]lf— égr: v, =V, 8y, =0anda, = —g]
- ]. a
¥ {1-’,, sinfi ) w12 .. (i)

Al time £ the projectile is at P(x, ») and the vertical component of its velocity at this tme 1s
given by

LITL' = P'..'I _ll.s':l\'-lr
or V, = ¥, sin O—of L)

Trajectory of projectile. The path or trajectory of the projectile (air friction neglected) is a
parabola. To show this. we rewrite eq. (i),

|
y= (v Sllﬁﬂjlf—;gi'

Fait}

From eq. (7)., { = x/v,cosll, Putting this value of ¢ i the above equation, we have,

p

: X ] ¥
— (v, sin6) .
Y { v, cosl) lg[v”cm[]]

or y = xtant— ; X’

2v7, cos7 b
From this equation, we see that v as a function of x has the form :

y= agx-bx’ ... Equation of parabola
where a (= tan®) and h[_ ﬁ;] are constanis for any given projectile. Therefore, the
2v, cos U

path or the trajectory of the projeciile is parabolic.

9.6, PARAMETERS OF PROJECTILE MOTION
Consider the projectile motion shown in Fig. 9.4 (Refler back). The important parameters of
the projectile motion are :
I, Time of flight (1)
2. Maximum height attained (/f_ )
3. Horizontal range (/)
The first two parameters (i.e., T and /) arc determined from the vertical motion of the

JRCY

projectile while the third (i.e.. K) 15 calculated from the honzontal moton of the projectle.

1. Time of fight (1), It is the time elapsing from the launching to the time the projectile
refurns to the ground again, Obviously, 1t 15 the time lor which the projectile remains in air belore
coming to original height (ground). The position y of the projectile along Y-axis at any ime ¢ 15

. I .
Vo (v, sing ) o PEd r
When projectile returns o ground. its vertical displacement is zero (re.. v = O)

kel
ay

1
0= (v, sing ) ¢ Ege’
1 R
or 0 = ;[L',: sini]'—E;:g.fJ
2y, sm

4

i ) e
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The first solution lor ¢ (i.e.. 1 = 0) corresponds to the projecting point ). The second solution
for ¢ is the time of Night (7) of the projectile,

, 2v, sin O
Time of flight, 7' = ———

Note. The time taken by the projectile to go from the starting point (2 to the highest point /& 1s called
the time of ascent. On the other hand. the time taken by the projectile to go from the highest point B to the
level of point @ (Le, pomnt D Fig 94) 1s the tme of descent. Since the trajectory of the projectile 1s
*svmmetrical about the mud-point of its thght. the two times are equal e,

Time of ascent = Time of descent = %: Vo SI G
Er

2. Maximum height attained (W, ). 1t is the maximum height to which the projectile rises
ahove the launching point (origin). The position of the projectile along Y-axis at any time / is
given bv:

It
y=(,smp)t——g"
i
I'"  w,snb
When i z then, y = H___
5 C (wsin®) 1 [v“sm{ﬂ:
e~ (V, SIN0)) b .
‘ g &
v, sin” 0
or H . .=—"——
Y Eg

3. Horizontal Range (R). [t is the horizontal distance travelled by the projectile before
returning to the ground (i.e., original hereht). In other words, it is the honzontal distance travelled
by the projectile during time ¥ (— time of flight). The position of the projectile along Y-axis at any
time 7 1s given by :

¥ — (vcos0) ¢t

2y, sint)
When + =7 - ———— :x =R
4
2y, smB L[ 2sinBeosO’
R = (v, cos0)| ——— |=v, —J
o A

v, sin 20
£
Naote that the horizontal range r..’f,l of a projectile depends upon the projection angle () and
mitial speed (vy). Forfixed 00, X « v~ doubling the projection speed will increase the range four
mmes.
Condition for maximum horizontal range, For a given initial speed v, the horizontal range
will be maximum when sin 20 = | ori = 43",

-

Yy
g

*  This symmetry 15 due to the fact that the acceleration due to gravity {g) 15 the same for upward and

or R = (--sin 20 = 2sin) cosi )

o

Maximum range. & ..when g = 45

downward motion.
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Hence for a given mitial speed, the horizontal range of the projectile will be maxinmum when
the angle of projection is 43° (neglecting aiv friction).

v
H.f”""“m\
r .,
s LS
£ g
| 3 =T
! ,..-'--'_F 5 e
_'Il_ _,"-. % ‘H""\-\.H
il X \
! ] L don it i S
g i T ) *, —_—
/! ___"'f 4 b ™
I/ a5 [ A s
s e \ =
£ I - i -
7 —] t .
1430 T .
1 - ]
"'r_. - II -H"-\.\, Y L
f:'n-'",-"‘_‘_.;—""].:".__‘__"—-.__\_ § . l|I L
| ] | N v

Ranges of a projectile shot at the same speed at different projection angles
Fig. 9.5

Fig. 9.5 shows the paths of several projectiles. all with the same imtial speed (v,) but with
different projection angles. Note that horizontal range 15 maximum for the projectile which is
launched at a projection angle of 45°. You may see that for small projection angles (0 < 45°). the
horizontal range 1s *small. It 15 also small when the projection angles are **larege (0 = 45%),

Twao projection angles for same R, The reader may i |
note another remarkable thing in Fig. 9.5 above. For the
given initial speed v, there are two projection angles 6
and (90% — 0 ) for which the horizontal range of the pro-
jectile 1s the same. Thus referring o Fig. 9.5, the horizon-
tal range of the projectile is the same for ¢ = 30 and (90°

() =907 - 30° = 60°, In other words. il two projectiles H'-,
are launched at projection angles of 307 and 60° with same -
mmitial speed, their horizontal range will be the same. Docs Ranges of a projectile shot at
this result surprise vou? We can prove it mathematically by the same speed at diflerent
referring to Fig. 9.6. For projection angle o . the horizon- projection angles.
lal range is

visin20  v2sinbcost Fig, 9.6
= P = 7 e )

For projection angle (907 — ), the horizontal range is
'zﬁim;fmﬂ-[}}m{ﬂn*-m}
B 4

R=v;

%

"2 cosOsin )
R=v —J
\ g

=

or

* Il the projection angle 15 small. the hornzontal component of veloeity (v, cos B) 15 relatively gh
but the time ol fhght (7' = 2y, sin B/g) will be very short. As a result, R [= (v, cos )T] wll be
small.

Lk

In this case, the tme of fhight 15 long but horzontal component of veloaity 15 small. Again honzontal
range will be small.
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This is just the same cquation as cq. (/). Although projection anglesg and (90° -0 ) give the
same horizontal range (of course. for same inital speed v,). the two paths differ in tune ol [light
(1) and maximum height (77, ) attained. This 15 not surpnsing because the values of 7" and 7/
depend upon the angle of projection (0 ).

9.7. VELOCITY OF PROJECTILE AT ANY TIME
During the flight of the projectile. it 1s under the action of two velocitics viz,

[ peay

(i) a constant horizontal velocity v,
(i) uniformly changing velocity along the vertical or y-axis,

Therefore. the velocity v of the projectile changes with time. At ¢ — 0, the vertical component
of velocity is v, sin O and goes on decreasing uniformly till it becomes zero at the highest point,
From now onward. the vertical component of velocily goes on increasing till it becomes v, sin ©
when projectile hits the ground [See Fig. 9.7].

¥

Vg = V3B v

Fig. 9.7

Al anv time 4, the vertical component of velocity is

v, = W, sinf) — gt

¥

Horizontal component of velocity, v, = v, = v, cos()

ald

Since the velocities v, and v, are always at right angles to cach other. the projectile velocity
is piven by ;

v = ) 0,0 = \[(1,0050)% + (v, 5in0 - gr)?

= \["r cos 0 +visin® 0+ g% =2y, grsind

Juﬁ[uu}-;:ﬂ +sin" 0+ g t* —2v,gisin O

g (e g -
i ﬂfvr:—g: — 2y, gt sin b

Sice v 15 tangent to the path at any mstant, the angle B which it makes with the horizontal
al the considered instant is
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vV, v, sinb-—gt v sin @ of
tan f = =1 & _ Y £
Voo v, cost v,eost v, cost
2

tan § = lant —

v, costl
Mote that angle P goes on changing with tme (.

9.8. SPECIAL CASES OF PROJECTILE MOTION

So far we have considered the general case of projectile motion i.e., projectile launched from
the origin at an angle 8 above the horizontal. However, the lollowing two special cases ol projec-
tile motion will be discussed - !

. Projectile fired at an angle with the A

vertical.

Vi
2. Projectile fired horizontally, —h-——_,q\\\
1. Projectile fired at an angle with the &
vertical. Fig. 9.8 shows a projectile fired with initial
velodty v, at an angle O with the vertical, Therefore,
firing angle with the  horizontal s On°—
-\

90° — 0. In order to find the various parameters of ¢

projectile motion, change 0 to 90° — 0 in the

4 R
expressions derived in Arts, 9.5, 9.6 and 9.7, Fig, 9.8
(f) Trajectory of projectile. Changing © to 90° — 0 1n Ant, 9.5, we have,
1= x lan (90° - ) ( 3 H X’
€ , 2v, cos” (90°-0)
),
= xcotl — ‘L'—___ T
2v,5in" 0

g’

y= xecol———————
2v; sin-0

It is clear that the frajectory of the projectile is parabolic,

(i) Time of flight. Changing © to 90° — 0, time of flight is given by
2vy sin (DO°—0) 2w, cos )
g g
(i) Maximum height attained. Changing © to 90° — 0, maximum height attained 15 given by |

Time ol Might. T =

ve sin®(90°—-0) vi cos® 0
2o 2o
(i) Horizontal range. Changing 0 to 90° — 0, horizontal rangc is given by,

Max. height attained, 7/ =

iSRS v sin2(90° ~ 0) _ v sin (180° - 20) _ v sin 20

= E &
(v) Velocity of projectile at any time 7. Changing 0 to 90° — 0, the velocity (v) of the
projectile is given by

y = \fp; Fgttt = 2v, gt sin(90° - 0)
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or v = v+ g’ - 2v,gtcosd

The angle B which v makes with horizontal 15

tan |3

or tan [3

2. Projectile tired horizontally.
Suppose a projectile 1s fired horizontally
with velocity v, (= v, = v ) at a height [/
above the ground (See Fig. 9.9). The
horizontal velocity v, ( = v, = v_ ) remains
constant throughout the projectile motion.
The vertical downward velocity is #ero at
the time of firing the projectile and gocs on
increasing uniformly with time till the
projectile hits the ground. Let us choose the
firing point as the origin. In order to Tind
the various expressions [or this projecule
motion, we should take vertical displacement
and velocity *negative. & = 07 in all the
expressions derived in Arts. 9.5, 9.6 and 9.7.

() Motion along the horizontal, Sup-

pose at any time £, the projectile is
at point P (x, —y. The horizontal

cott—

lan{90° — ) —

displacement covered bv the projectile 15

x = (v, cos 0°) ¢

ol
v, sint
"
A
______ O I
{0, A
|'|.
- Y
H
.
e K
v, | A1)

gt
v, Cos(90° - 8)

(ii) Motion along the vertical. At the considered point P, the vertical displacement is .

¥ = (v, sin 0°) 1

|
or = - g
¥ 253

Mote that time of flight (7) and maximum height (/7
mined by the vertical motion of the projectile.

(iii} Trajectory of projectile
y=—g

From eq. (1), { — xiv,
s 1 r[ X Y
b2l s j
or y=iko

¥ Since motion s downward

3
— irf
Efw

i)

) attained by the projectuile are deter-

Ry
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This 1s the equation ol parabola. Therefore, the path or trajectory of the projectile is
parabolic.

(iv) Time of flight (7). At the considered point P the vertical displacement is

: g
y = (v, sin O°M —— gt

i

Attt = T = time of flight, y = H.
. S -
I = (v, sin 0°) T - Eg? 3 g™
|2H
Time of flight, ¥ \ g
(v) Horizontal range (K). Al the considered point P, the horizontal displacement is
x = (v, cos 0°) ¢

At =1 x = R = honzontal range.

_ - caa | 2H
Horizomal range. R = (v, cos 0°) T = v, T = v, \II?
||2Li'

R =v, "|~| p

(vi) Welocity of projectile at time £, At any time ¢, velocity v of the projectile is

v --,"Ilr\'lf + gt —2v, gtsin(°

The angle [F which it makes with the horizontal at the considered instant is

-V —{v sm"— or 1f

v

w9 )
i v, cosl V

[

Example 9.5, How far will a stone travel over level ground if it is thrown upward at an
angle of 30° with the horizontal and with a speed of 12 ms'? What maximum range could
he achieved with the same initial speed?

2

Solution. Horizontal range, R o sin 20
£
Here v, =12ms'; 0 =30 g =98 ms"~
3 2
R (12) sin (2x309=12.7 m

The horizontal range will be maximum when projection angle 0= 43%je..sm 20 = 1

L)

= =14,/ m
ey b8

MNote that the horizontal range is increascd by about 16%.

I
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Example 9.4. A ball is thrown with a speed of 17 ms™ at a projection angle of 58° above
the horizontal, Determine (§) the time of maximum height (77) the maximum height above the
release point. Neglect air friction.

Solution. Here v, = 17 ms ' © 0 98 ms "~

(/) The time (¢ ) taken by the ball to reach maximum height 1s

=58°: g

v,sintl 17 =510 58" B
hﬂ i, . = 7 = I.h 5
g 58

attained bv the ball 15

(i) Maximum height (H

.l‘i'll:t'l.'.:l

v sin® 8 (17)7 x (sin 58%)°
g 2% 9.8

Example 9.5, An aeroplane travelling horizontally at 78 ms ' at a height of 210 m drops
a bomb to hit the target,

(7) At what horizontal distance from the target should the bomb be dropped ?

(#f) Calculate the velocity of the bomb as it reaches the ground.

Solution, Fig. 9.10 shows the conditions of the problem. We have placed the onigin of the
coordinate system at the ground directly under the position of the planc when it drops the bomb.

=11lm

i =

ST

(7} The time ¢ taken by the bomb to reach the ground will be determined from the vertical

motion of the bomb. v
1 . A
Y=Wp=Vul+ Zaf
TR 1 3ps e = e A Voo =T8ms
Here y Y= 210 m Vg = i - # w0 i
a, £ 98 ms ™ T_ T g
1 i 210 m i
- 210=~ — = 08 X[ =
2 N
M
[210x2 . -
or t= [ ——=655 0 |a- _,; >
V 98 |
Harizontal range, R = x = *1_ = = 78 x 6.5 = 507 m Fig. 9.10

(if) The initial horizontal component (v_ ) of bomb’s velocity remains 78 ms . The initial
vertical component (v ) of bomb’s velocity changes with ime. At any time £, its value 15

1 ol ]

L 50

08 x 65 =

64 ms

-, Magnitude of bomb’s velocity (v) when it reaches the ground is

v 0+ ,) =78) +(-64)" =100 s’

Example 9.6. An object is thrown horizontally with a velocity of 10 ms ' from the top of
a 20 m high building as shown in Fig. 9.11. Where does the object strike the ground?

Solution. In order to find time f taken by the object to strike the ground, we consider the
vertical motion of the object. Taking the downward direction **positive,

Vg=0:14a,=g

B4 ' '
1tU Vo

98 ms?;y—-y,=20m

78 ms .The horizontal specd ol the bomb remains 78 ms "Ll it hits the around. Il 15

because there 15 no acceleratton in the horcontal direction.

&%

It 15 arbitrarv whether we choose v to be positive or negative in the upward or downward direction,

but we must be consistent about it throughout the problem
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(ir) The ball strikes the ground at point £ At poimt B, the ball has two wvelocitics
(@) horizontal velocity v, and (b) vertical velocity v, - v .+ gt = 0 + gt — gt. Referring
to Fig. 9.13, a= 45° =

v, g gt 98x3

- gt =] - - - T
MNow lan o = = xRy = — =294 ms
vy ¥ ' lanoe  lan4>

all
Example 2.12. A grasshopper can jump a maximum horizontal distance of 1 m. If it
spends minimum time on the ground, what is the speed of travel along the road?
p -L.I".l: =
5 . Maximum range, R, P (For 6 = 459)

vy =€ Rum =V9.8x1=3.13ms”

T

i , v sin 20
Solution, Horizontal range, R = ———

-

Velocity along road = v, cos © = 3.13 » cos 45° = 2.21 ms

Example 9.13. From the top of a building 45 m high, a stone is thrown at an angle of
30% to the horizontal with an initial velocity of 20 m/s. Find (i) the time of flight (if) the
distance from the foot of the building where it strikes the ground.

Solution, Fig. 9.14 shows the conditions of the y
problem. The x and v components ol initial velocity A
v, (= 20 m/s) are v, =20 m/s
Vg = v, cos O = 20 cos30® = 17.3 m/s (©.0 .
v, — v, sin 6 = 20 sin30° = 10 m/s A1 0
(#) Let us choose the finng point as the origin. g
The time of [light is determined by vertical B
motion onlv, For vertical motion, - mj
] a5
h= v jt+—gt m
Here h=-45m: v, = 10, 777777777777 7777777777777 77777
g=-98mis’;t=T < k
.45=107- 1 x 98 7 Fig 9.14
3

or - 45= 10T - 49 T*¢
Solving this quadratic equation, 7" = 4.22 s (The negative value of 1" has no physical
meaning since time intervals are always positive).
(i) Horizontal range. R = v, * T =173 x 422 =7} m
Example 9,14, A boy wants to throw a letter wrapped
over a stone to his Iriend across the street 40 m wide.
The boy’s window is 10m below friend’s window. How e
should he throw the ball ;4
Solution. Fig. 9.15 shows the conditions of the prob-
lem. The bov's window 1s at 7 and friend’s window 1s at A.
Let the boy throw the stone with a velocity v, making an
angle () with the horizontal so as to enter the window at /1. \,IE’
The stone will follow the parabolic path with 4 as the high- ¢ B
est point on the trajectory of stone. b —=40m —»

#
— =40 or Horizontal range, & = 2 % 40 = 80 m Fig, 9.15

£

H=10m

- =

b | s
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Maximum height attained. /7 = 10 m

vﬂj 5111 26 ¥ ® 25in 0 cosh

Now R = =— -0)
z &
2 ain® g
i i = Vv, sin . (i)
28
H_ tan® R S o i _-t_}:;ﬂ: L s = 26.56°
R 4 e 80 2

The projection velocity v, can be found by putting the value of U in eq, (i)

% sin? B
ff = Y sin (
lg
g 2x9.8x10
sin® 0 sin® 26.56°
Example 9.15. A body is projected with a velocity of 40 ms ™', After 2 s, it crosses a vertical
pole of height 20.4 m. Calculate the angle of projection and the horizontal range.

980 or v, =+/980 = 31.3 ms"’

Solution, Let © be the angle of projection, For vertical motion,

|
ho= (v, sing ) ¢ .- i

or 204 = (40 sing) x 2 - % x 9.8 x (2)°
or 204 = 80 sin) ~ 19.6
sin O = N s B o=30°
80 80 2
Horizontal range, R = F':': a2 = G }1 ; ;in i =141.4 m

PROBLEMS FOR PRACTICE

1. A gun has a muzzle velocity of 60 ms ', At what angle should it be aimed to strike a target
320 m away? Ignore air resistance, [30.3° or 59,79
2. A tiger leaps horizontally from a 16 m high rock with a speed of 7 ms . How far from
the base of the rock will he land 7 [12.65 m]|

3. What is the least velocity with which a cricket ball can be thrown through a distance of
100 m? [31.3 m s ']

4. An aeroplane travelling at 150 km/h wants to drop supplies to flood victims isolated on
a patch of land 250 m below. The supplics should be dropped how many scconds belore
the plane 1s directly overhead 7 |7.1 5]

A

A ball thrown honzontallv at 22 ms ' from the roof of a building lands 36 m from the
base of the building. How high is the building 7 [12.9 m]
6. A football is kicked at an angle of 37° with a velocity of 20 m s'. Calculate (1) the
maximum height (i) the time of flight. (iif) How far away it hits the ground ?

[(f) 7.35 m (7)) 2.45 s (i) 39.2 m]
An athlete executing a long jump leaves the ground at an angle of 307 and travels 8.9 m.
What was the take off speed? [10 m s

-
&
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9.9, NON-UNIFORM MOTION IN A PLANE

An object is said 1o have mon-uniform motion in a plane il its velocity (and hence acceleration)
changes from instant o mstant. In such a case, we have to deal with insiantaneous velocity and
instantaneous acceleration. Obviously, the path of the ob- ¥
ject will not be a straight hne (as for uniform motion) A
rather the object will follow a curved path,

Consider an object moving in the X7 plane with a non-
uniform velocity. Clearly, the object will follow a curved ¥
path as shown in Fig. 916, Suppose at time ¢, the object is
al point A{x. y) and its position vector is r . Let at time (7 :
+ Af) 1'[5}r position be B(x + Ax, v + Ay) and the position |
vector » + Ap. The displacement of the object in the 0 X X

' - . \
small time interval A7 15 A = (Ax i + Ay j). Fig. 9.16

1. Instantancous velocity vector. The average velocity of the object between pomnis 4 and
B 1s »
o
B S
\f

»

The mstantancous velocity v of the object at point 4 1s the Iimit of the average velocily as
the time interval Ar approaches zero i.e.,

) )
» . Ar dar
y = lim —=—
At —= 0 Ar il
®
4 el
1? = S ——
i
- - } - -
We can also express instantaneous velocity vector v in terms ol its rectangular components
as under : X
Coodr o d s a Eea  gyoa
V 5 —=—Ixit+¥)=—1t+—]
dt i e ot
¥ oy .|: | £ ';
or v = —I+—
et el
® A a
or pem Wl

x

The coefficients are the scalar components of v .

u —_—

* dr’ Y
The following points may be noted :

() The magnitude of the velocity 15 v = Jv; + uf_ )

(ir) The direction in which the object 1s heading at any time mav be described in terms of
angle U between velocity vector and N-axis as

v,
lan & = —
v,
i - di dj 2 _ _ . . : .
Mote that = =0 since these are unit vectors and are constant in magnitude and direction.

dt ot
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: ¥ ) * i :
2. Instantancous acceleration vector, If v and v + Ay are the velocities of the object at
fimes £ and ¢+ Af. then its average acceleration between points o and i3 1s

>
y  Av

1..-:'|"|-: a 1llr

- . ." - -
The instantancous acceleration « 15 given by ¢

- »
. X Av dvwv
g = Jm —=—
At —= 0 Ar i
; ]
g = dv
il

: : b ;
We can also express the mstantancous acceleration veclor g in terms ol its rectangular
components as under :

*.
r dv  d 5 : dv, = dv, »
a = —=—I(v.i+v,j) = =l —
dt i i dlt
a = H_1.£+f:f1j

b
The two scalar components of g are

dv, d*x av, d*y
d€, = =E— Hy=———=—=
! (it et L i

9.10. TERMS RELATING TO CIRCULAR MOTION

When an object moves in a circular path, it 1s said 10 have circular motion. The circular motion
differs from lingar motion in one very important aspect. In circular motion, the direction of motion
changes continuoushy unlike the lincar motion. Thercfore, circular motion 1s described in terms of
angular displacement.

(1) Angular displacement. The angle turned by an VA
ohject moving along a circular path in a given fime is
called the angular displacement of the object during thai
fime interval, —

Consider an object moving along a circular path with / H[;f Pyty)
centre O as shown in Fig. 9.17. Let us consider () as the ;i(\;\
L gl

i : Pk | At t :
origin of our coordinate system. Suppose initially (re., at | [k U= 00 >
t = 1), the object is at point . At time {,. the object is /
at point & and its angular position is 0 . At time .. the \ ,/
object is at point /%, and its angular position is 0,. During —
the time interval 1'1:— t, (= Af). the angular displacement Fig. 9.17
is B, — B, (= A8).

. Angular displacement, AD = 0, — 8, _during Af( = £, — 1)

The ST unit of angular displacement 15 radian (rad).

(i) Average angular velocity (@ ). The average angular velocity of an object moving along
a circular path is defined as the time rate of change of ity angular displacement,

Il the angular displacement of an object 1s AD (= 0, — 0,) during the time interval
Af (= 1, — 1), then average angular velocity of the object 15
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- Angletwumed  AD B, -0,
Average angular velocity, @ = —— = =
Time taken  AF 1, -1
The SI unit of angular velocity is rad/s and its dimensional formula is [AML"T '),
Instantancous angular velocity (w). The angular velocity of an object moving along a
circular path at any mstant of time is called its nstantaneous angular velocity. 1t is denoted by
w. It 15 given by the limit of AQ/AL as Ar approaches zero i.e.,
A db
® = A —em =
V=0 Ar di
The lincar counterpart of angular velocity () 1s the lincar velocity (v).
(iif) Average angular acceleration (). The average angular acceleration of an object
maoving along o circular path is defined as the time rate of change of its angular velocity.
. e Change i angular velocily
Average angular acceleration, & = == & g 2
[me taken
[l the change in the angular velocity ol an object 15 Am(=m, — o, ) during the time interval A
(=f, — 1), then average angular acceleration o of the object is
Am m, =0y

=

The SI unit of angular acceleration is rad/s” and its dimensional formula is [MOL'T ).

Instantaneous angular acceleration (). The angular acceleration of an object moving
along a circular paih af any instani of time is called its instantaneous angular acceleration. 11 15
denoted by o It is given by the limit of Am/Ar as Ar approaches zcro i.e.,

vio dm
lim —=

Al =0 Ar i
The lincar counterpart of angular acceleration (o) is the linear acceleration (a).

(iv) Time periodd. The time period of an object moving along a circular path is defined as
the time taken by it fo complete one revolution. 1t 1s denoted by 7" and 1ts umt 15 second.

o=

For example, il an object completes 120 mevolutions in 30 seconds. 1ts tme period 1s
7'=30/120 = 0.25 s, It means that the object will complete one cycle in 0,25 s,

(v) Frequency. The frequency of an object moving along a cirewlar path is defined as the
number of revolutions completed by it in one second. 1t is denoted by fand its SI unit is s or
Hertz (Hz).

Thus in the above case. the object completes 120 revolutions in 30 seconds. Therefore, the
frequency of the object 1s /= 120430 = 4 Hz. It means that the object will complete 4 revolutions
I one second.

(vi) Relation between 1 and f. Suppose an object executing circular motion has frequency
S It means that the object completes / revolutions i 1 second. Therefore, the time taken lo
complete one revolution is 1/ But this is the time period of the object.

1'—% or f= f or fT=1

All these three equations are equivalent.

(vii}) Relation between o, fand 7. When an object executing circular motion completes one
revolution, angular displacement € = 27 radians and time taken is 7{= time period; by definition).
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; 3 ; |
Angular velocity, @ = — 1—1 2r f (=)
I 1 i
2%
m = ?— n _.-'r

9.11. RELATION BETWEEN LINEAR AND ANGULAR OQUANTITIES

I

As an object moves 1 a circle. 1t not only sweeps oul an
angle ¢ but it also covers an arc of length s as shown in
Fig. 9.18. We know that angle in radians is related to arc
length s and radius r as

£=rB L radians

Thus there is a definite relation between linear and angu-
lar quantitics.
(£) Relation between linear and angular velocity, As an -
object moves along the circumflerence of the circle. it has Fig. 9.18
linear velocity v which is always tangent to the circular path
at every instant as shown in Fig. 9.18. The relation between the lincar velocity v and angular
velocity e of the object can be found as under :

ds _ d o il
- —= —f — G [] == o A
VT di (5) i (Fiy= i e
V= ) | oan rad/s|

Eq. (i) 1s an important relationship between the circular motion of an ebject and the lincar
motion that results from rotation.
(ii) Relation between linear and angular acceleration, The relation between linear accel-
cration « and angular acceleration oo can be found as under:
We know that : v= wr

Now = ﬁ—i[mrj—rﬂ—rtl
il T dr dt
a =pro i)

Eq. (i) is again a useful result.

¥ ¥ ¥ o=k ¥ ¥
Note. In veclor lorm @ v =wmx= r, g = = r. Nole thal these are the cross products of two veclors.

9.12. UNIFORM CIRCULAR MOTION

An important case of two dimensional motion (i.e., motion in a plane) is that ol an object
moving in a circular path at constant speed. This is called uniform circular motion,

When an ebject moves in a circular path at constant speed, the object is said to be in uniform
civetlar motion.

The word “uniform™ refers to the constant speed. It means that in
uniform circular motion. the object covers equal distances along the
circumference in equal intervals of time e, the speed is constant,
Although the magnitude of velocity (i.e., speed) remains constant, the
direction ol the velocity 1s changing continuously. Therelore. the object
1s undergoing acceleration, This is called centripeial acceleration and
is dirccted radially towards the centre of the circle as shown in Fig,
9.19. Note that centripetal means “centre-secking ™. I an object moves
in 4 circle of radius » with constant speed v, then it can be proved that
the magnitude of centripetal acceleration a, = Vi,
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9.13 CENTRIPETAL ACCELERATION

The acceleration acting on the object executing uniform circular motion is called centrip-
etal accelerafion. It 15 denoted by a.

In uniform circular motion, the magnitude of velocity (e, speed) remains constant bt
direction of velocity changes continuously. Therefore. centripetal acceleration acting on the object
describes the rate of turning 7.e., 1t represents the rate of change of the direction of the motion.
We now determine the direction and magnitude of the centripetal acceleration.

Consider an object moving with a constant speed v around a circle of radius » as shown in

is in the direction of the tangent to the path at pomnt A.
.

Aflter a short time Az, the object is at point 5 and its velocity v,

o the path at point 5. During the time interval Af. the object moves from A 10 /. covering a small

distance Al along the arc which subtends a small angle AD at the centre . Note that magnitudes

of velocity at points 1 and /3 arc the same (since speed is constant). However, directions of velocity

Fig. 9.20(7). At point A, its velocity

is in the direction of the tangent

differ at points 4 and 5. Hence the object has acceleration, The change in velocity vector { Ay ) 15
* ¥ ¥
Av = Vg —V,
¥
The change in velocity ( Av ) is shown in Fig. 9.20(i7). The acceleration of the object 1s

given by

¥ b
> . Av ey
g = lim —=—
A=) A elf
"
V4
_—r'_'_'_._'_rl;r
— —
q'““-i:_l‘ﬂ__h ! v = 1-'}-!.—1??
e
Vg
(i)
Fig. 9.20

() Direction of acceleration. In Fig. 9.20(i7). we find that when Af is very small (approach-
- # . L4 .
ing zero). Al and AD are also very small. Consequently, v, will be almost parallel to v, and  Av

will be essentially perpendicular to them. In the limit Ar — 0, v will be exactly perpendicular
i ro : : T o, : 7 ;
o v,. Thus Av is along the radius of the circle. By delinition. 4 is always in the direction of
~¥
My . Therefore, acceleration “a” must point towards the centre of the circle, Therelore, this accel-
eration 15 called centripetal acceleration (a ).

Hence when an object moves with a constant speed around a circle, the centripetal accelera-
tion is always directed radially towards the centre of the circle.
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* ¥ =

(i7) Magnitude of «_. The vectors vg, v, and Av in Fig. 9.20(i/) form a triangle that is
geometrically *similar to the triangle ABO in Fig. 9.20(7). Thus we can wrile

Av A
vy
or Av Y Al
F

This becomes an exact equality when Ar — 0 for then A/ equals the chord A8 In order
to get the magnitude of centripetal acceleration e, we use the above relation for Av and write

g = lim —= lim
¢ At—=0 A Ar—=0 A

B L% S : Al
= — litn —=—%xy lim — =
rA—=0MN  F Af— ) Ad /

£

) : W
Centripetal acceleration, a =

F —*
¥
Thus when an object moves in a circle of vadius r with a constant e
' 3 = | i --_p" | -\-‘-“'-\.

speed v, the magnitude of the centripetal acceleration is vor and il e T
is divected radially towards the centre of the circle. i J"T:- Y og

Since v and r are constant. the magnitude of centripetal r'l . i
acceleration a_(= v7/r) 15 constant. However. the direction ol a_is not | = '
constant; 1t is changing continuously as shown in Fig. 9.21. Note tha % “e ;

. : - » , N s
lincar velocily  and g are perpendicular to each other at every Fhe ot
: Fig. 9.21

instani. Further, the dircctions of 1: and g arc changing continuously.
Since centripetal acceleration always acts radially towards the centre of the circle, 1t 15 sometimes
called radial acceleration. The magnitude ol @, can be given in the following equivalent formulas

Centripetal acceleration, a_ = LA

L i
9.14. PROJECTILE MOTION VERSUS UNIFORM CIRCULAR MOTION
() Both are two dimensional motions.

(ir) In projectile motion, the acceleration is constant in both magnitude and direction but the
velocity changes in both magnitude and direction. However, in umiform circular motion,
both velocity and acceleration are constant in magnitude but both change their directions
continuously.

=@’r=(2n f¥r=4n* 7

R . » » : _ » :
(iif) In projectile motion, a (= g) makes various angles with v during the course of the

]

motion, However, in case of uniform circular motion, g:_ 1s perpendicular to v at every
mstant.

(i) For projectile motion, a (= ;,; 3 1s constant in both magnitude and direction. Therefore.
kinematic equations for constant acceleration can be used lor this tvpe of motion. How-
ever, these equations cannot be used lor uniform circular motion because the acceleration
is not constant in direction,

* 04 =08 =rand v, = v, = v, the velocity-vector triangle and A ABO are isosceles (two sides are
' ' E * c 3 ;
equal). Also since vy LO4 and vy L O, the angle between v, and vy 18 Al Hence the two inangles

arc simmular.
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: e
VIV VD

|F | B ‘||l| 1
) *
The three scalar components of v are ;
b dy dz
Y= —— Y =y = —
= 1 clf el

(iir) The instantancous acceleration « ol an object moving in space is given by .

Q.1.
Ans.

Ans,

Q.3.

Ans.

Q4.

Ans.

Q.5
Ans,

]
4 v _d .7
a = —=—(v)
dlt
d - . -
= —(vi4v f+v.k)
cll ' '
> adv - ;,ilTl'L_ -~ dvon
= Ti o+ J+—=kK
et df clt
= aj+aj+ak
¥ = = =
la| = W+ ay + a:
T
The three scalar components of o are ;
dv.  dx dv, gy dv. d'z
g= —Y=—— g, =—=—— . = —=—
Tl it R il i’ T odt df

CONCEPTUAL QUESTIONS

Cive two practical examples of two dimensional motion,
The lrst example 1s the projectile moton. Two coordinates are required to describe
projectile’s motion since 1f moves horizontally as well as vertically. The second example
is the uniform circular motion i.e.. motion in a circle at constant speed.
In projectile motion, what is the relationship between the directions of acceleration
and velocity?

. - . . } . - - - -
In projectile motion (non-vertical), « (= g) is constant in both magnitude and direction

*

(downward) and makes various angles with v during the course of motion.

In the uniform circular motion, what is the relationship between the directions of
acceleration and velocity?
i ]

In uniform circular motion, .:; and v are perpendicular to each other since v 1s

. . —+ , : . &

tangential to the circle and a. points toward the centre, Note that directions of both 4.
¥ * »

and v change continuously but at every instant v L a, .

Can vou cite any practical example of uniformly accelerated motion in two dimen-

sions,

The projectile motion is an example of uniformly accelerated motion in two dimensions.

In this motion, acceleration is constant in both magnitude and direction.

What assumptions are made in the treatment of projectile motion ?

To treat projectile motion, we make the following two assumptions

(1) We neglect the varation in the direction or magnitude of gravitational acceleration

(). This assumption is equivalent to neglecting the curvature of the earth and 1s
valid Tor projectiles whose horizontal and vertical motions are small compared with
earth’s radius,
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(ii) We neglect air resistance. For dense objects moving relatively slowly, it is almost
negligible, But for object whose surface area to mass 1s large (e.g., pig-pong ball)
or objects moving at high speeds. air resistance may dramatically alter the motion.

Give two practical examples of uniform circular motion.

Driving around a curve at constant speed. vou temporarily describe a circular arc and are.

therefore. temporarily in uniform circular motion. As yvou swing a hockey stick. vou pro-

duce motion that is circular and that may be approximately uniform,

In uniform circular motion, centripetal acceleration is a_, = viir where v is the

constant speed of the body and » is the radius of the circle. How do you explain this

relation physically ?

Centripetal acceleration. a, = viir. Anincrease in speed v means that the time At for a

given change in direction of the velocity becomes shorter. Not only that. but the associ-

*
ated change Ay in velocity s larger. These two effects combine to give an acceleration

that depends on the square of speed. On the other hand, an increase in radius with a fixed
speed stmply increases the time A7 associated with a given change in velocity, Therelore,
acceleration is inversely proportional 1o the radius.

Note. Although the lorm ol equation does nol look lamuibar, we can check that dimensions ol
R.H.S. are that of acceleration

VT
e L7
lal = o

In uniform circular motion, what is the relation between time period and frequency?
Consider a particle describing uniform circular motion. Let 7 be its time period and [ be
its [requency. The particle completes /- revolutions in 1 second. The particle will complete
I revolution (i.e. time period) in 1/f second.

i ]

! 7 or = ;
What is the relation between angular velocity (o), frequency (f) and time period (1)
in uniform circular motion ?
Consider a particle descnbing uniform circular motion. Let its anugular velocity, time
period and frequency be w, ¥ and / respectively, In one complete revolution, the angular
displacement is 2n and tme = T (ime period).

W = EE = Inf [ -]-=_IJ

! T

A bob of mass 100 & hung from the ceiling of a string 1.5 m long is set into oscil-
lations. The speed of the bob at mean position is 2 ms ', What is the trajectory of
the bob if string is cut when bob is (£) at one of its extreme position (i) at its mean
position?

(i) I the string is cut when the bob is at one of its extreme position. the bob will
fall vertically downward. The reason 1s simple. When the bob 1s at the extreme
position, 1t comes to rest for a moment, If the string 15 now cut. 1t will fall
vertically downward like a frecly falling body.

(/1) In the second case, the bob will follow a parabolic path. When the bob 1s at the
mean position. it has only horizontal velocity, IT the string is now cut. the bob will
become a projectile fired horizontally and. thercfore, follow a parabolic path.

™

.H'.

The magnitude and direction of the aceeleration of a body are constant. Will the
path of the body necessarily be a straight line?

If the magmiude as well as direction of the acceleration of a body 1s constant, 1t 18 not
necessary that the path of the body is a straight line. For example. in projectile motion,
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the projectile is under g which has constant magnitude (9.8 m/s”) and constant direction
(vertically downward), The path of projectile 1s parabolic and not a straight line,

A body is dropped freely from the window of a train, Will the time of the free fall
he equal, if (i) the train is stationary (i) the train moves with a constant velocity
(ifi) the train moves with an acceleration?

In all the three cases. the tme ol free [all of the body will be the same. It 15 because the
motion of train affects only the horizontal motion and not motion along the vertical. For
verticallv downward motion, the parameters (g and /&) are the same in the three cases,

. A body slides down a smooth inclined plane when released from the top, while

another body falls freely from the same point. Which one will strike the ground
earlier?

For a freely Talling body. the acceleration due 1o gravity g acts on it. But when a body
slides down a smooth inclined plane. its acceleration is g sin 0 where 0 15 the inclination
of the plang with the horizontal. Since g = g sin €, the body falling freclv will reach carlier
(v = v, + gi).

A person sitting in a moving train throws a ball vertically upwards. How does the
ball appear to move to an observer (i) inside the train (i) outside the train?

() To the observer sitting inside the train, the ball will appear to move straight verti-
callv upwards and then downwards. It is because in this case the ball has only one
velocity acting vertically,

(f1) To an obscrver outside the train (e g, standing on the ground outside the train). the
ball will appear to move along the parabolic path. It 1s because in this case. the ball
1s acted upon by vertical as well as horizontal velocities,

The velocity at the maximum height of a projectile is half its initial velocity of

projection v,. What is the horizontal range of the projectile?

It 1s given that v, cos 00 = v/2, Thercfore, 00 = 607,

2 2 NG F{;‘:

. Honzontal range, i@ = 70 gin 20 =22 5in 2x60° =
g g 2g

VERY SHORT ANSWER QUESTIONS

Give three examples of motion in a plane (two dimensional motion).
() Crawhing of a snake (i) A bag dropped from an aeroplane flving horizontally (7)) A gun shot
fired at an angle with the honzontal

. Give two examples of three dimensional motion.

{#) Flight of an insect (i) Molecular motion.
Give three examples of projectile motion.

(/) A piece of stone thrown in any direction (i) A body dropped from the window of a moving
tramn (i) A bomb released [rom a [lving acroplane.

What is the nature of projectile motion?
It 15 a case ol two dimensional motion (ie, moton m a plane) with constant acceleration.

For a given projection angle (8), what will be the effect on the horizontal range it initial
velocity is doubled?

It wall be tour bmes the mihal honzontal range (- R 1-',:: sin 20/g).

What is a projectile?

A projectile 15 an object that 1 thrown into air and then moves under the influence of gravity alone
{for simplicity, we neglect air resistance)
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A particle is projected at an angle of 43° with the horizontal with a velocity of 12 ms .
What will be its horizontal range?

Smee projechion angle © = 457, the honzontal range wall be maximum and 1-‘5.:- £ 12798
4.7 m

Is projectile motion two dimensional motion?

Yes. Since the projectile moves honzontally as well as verticallv. 1t 15 a case of two dunensional
motion fe., Pao coordinates are required fo specify the position of the projectile at any time.

Is rocket flicht an example of projectile?

No. A rocket 15 dnven by engines o space and does not move under gravity alone.

What is the characteristic of projectile motion®?

A projectile motion consists of two perpendicular motions viz. () a honzontal motion with constant
velocity (i) motion along vertical under gravity fe, with constant acceleration g (= 9.8 ms !
What is the angle of projection for a projectile thrown parallel to the horizontal?

It 15 0°,

Is there any point on the projectile path at which the acceleration & perpendicular to the
velocity?

Yes. Al the highest pomnt of the parabolic path, the projectile has only honzontal veloeity because
the vertical component of velocity 15 zero. [owever, acceleration due to gravity is acting vertically
downward.

In projectile motion, when is the kinetic energy of projectile maximum and minimum?

The K.E. of the projectile 15 maximum at the pomt of projection or pomnt of reaching the ground
and is menimum at the highest point,

Do the time of flight, horizontal range and maximum height of a projectile depend on its
mass?

Mo because there is no mass term i their equations.

For a given initial velocity v, of the projectile when s its (1) horizontal range maximum
(i) height attained maximum?

(/) The horizontal range s maximum when projection angle 8 = 457 because K ""n: sin 20/ g,
(if) The height attained 18 maximum when 6 = 90° because /= v, sin” Bilg.

What is the angular velocity of the hour hand of a watch?

For hour hand of walch, the bme taken to complete one revolutton 15 12 hours. Theretore, its
angular velocity = 2n/12 = /6 rad’hour.

What is the angular velocity of earth about its own axis?

The tme laken by earth to complele one revoluton about its own axis 13 24 hours. Therclore, 1its
angular velocity = Zn/24 = n/12 rad'hour.

In uniform circular motion, which quantities (i) are constant {#) not constant?

{f) In umilorm circular mobon, speed and magmilude ol accelerabion are constantl (i) Velocily and
acceleration are not constant n uniform circular motion

What does the word “uwniform”™ indicate in uniform circular motion?

In umilorm cireular motion, the word “umilorm™ means constant speed. Although the magmtude of
velocity (7e., speed) remains constant in this fype of motion, the direction of velocity 1s changing
conlinuously.

Is uniform circular motion two dimensional motion?

Yes, because it 15 a motion in a plane.

What is the angle between velocity vector and acceleration vector in uniform circular motion?

In umform ereular motion, veloaity vector and acceleration vector are perpendicular to each other
at every instant
What is the direction of velocity vector of a particle in uniform circular motion?

AL every point, the veloeily vector 1s tangent 1o the circular path.
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SHORT ANSWER QUESTIONS

What is the angle of projection for which horvizontal range and maximum height are equal?

- 5. a
vy 8in 26 _ Vg sIn “ g EEILJG I

or  Zsinflcos s O=tan ' (4)

g g -
How does projectile motion differ from uniform circular motion’?
In projectile motion, the acceleration (= g) 15 constant m both magnitude and direction but the

veloaity changes in both magmitude and direction. However. in umiform circular motion, both
velocity and acceleration are constant in magnitude but both change their directions continuously,

A body s projected with a speed v at an angle to the horizontal to have maximum horizontal
range. What is its veloecity at the highest point?

For maximum horzontal range, projection angle § — 457 At the lighest point, the velocity has only
horizontal component = v, cos & = v, cos 457 v, ﬁ

A bullet is dropped from a certain height and at the same time another bullet is fired hori-
rontally from the same height. Which one will hit the ground earlier and why?

Both wll t the ground at the same time. [t 15 because n both cases, the imtial vertical downward
veloeity 1s zero, vertical downward acceleration g{= 9.8 ms :} 15 the same and the vertical height
15 the same.

Prove that the maximum horizontal range is four times the maximwn height attained by the
projectile.

For maximum honzontal range, projection angle 6 = 45°

R T a
B vy sin 20 vgsin 2x43° v
AT g H E-{
Vi sin’ 0 1'[23 sin” 450y
yiic 0
N OW, i . = =

2g 2g dg
Therefore, R /H 4 o R =4 H

Hirty vl PRy

Can we apply constant acceleration Kinematic equations to uniform circular motion”?

Mo, It s because in uniform cireular motion, direction ol acceleration 15 not constanl. although
magnitude of acceleration 15 constant,

A projectile with kinetic energy of 300 J is fired for maximum horizontal range. What is the
K.E. of the projectile at the highest point’

Initial K.E., & nn-‘-f, {2=300J For maximum horizontal range, projection angle 6 = 45° We
know that at the highest point, the projectile has only horizontal veloeity = v, cos 0 = v, cos 45°

I e 1
K.E. at highest point E"’{":l: -,l'lE_J

mvr% w— =K/ 2=250]
2 2

In long jumping, what factors determine the span of jump?

i "’L:- sin 0 o "’L:: sin 20 R _2sm28 2x2sindcosb

H k! . - =
2.15:- 14 i T sin - sin =@

HITY

Therelore, B = 4 i cot B Now i o v, (velocity of jump). It follows that the length of jump
depends upon v, and B

Two particles are thrown with same velocity at an angle of 307 and 60° with the horizontal.
Which parameter (time of flight, horizontal range and maximum height) will remain same?

I'he honzontal range wall reman the same. 1t 15 because honzontal range 13 the same for projection
angles O and (907 — ) [ie, 30° and {207 — 307)].
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At which point of projectile motion (¢) K.E. is maximom (#) P.E. is maximum (i) KE. is
minimum (v} velocity is minimum (v) velocity is maximum.

(#) Place of projection (i7) At the highest point (ii7) At the lighest point (nv) At the highest pomt
{v) Place ol projection or at a pomnl where 1t hits the ground,

The greatest height to which a man can throw a stone is . What will be the greatest distance
upto which he can through the stone?

-

H v,:_:-'Eg h (for sin 6 = 1). Therefore. maximum honzontal range = v,'g = 24

man

If both speed of a body and radius of its circular path are doubled, what will happen to
centripetal acceleration?

Centripetal acceleration, «, vir. I both v and r are doubled, the new centripetal aceeleration is
a'. =) [ 2r=2xv? k=20,

Prove that the horizontal range of a projectile is the same for projection angles of (45% + ()
and (45° — ).

Horizontal range, R = v7 sin 20/g

: . ) Vi sin (90° +20) v cos 20
For projection angle (45° + 0), R, o S0 L5 _¥

, . & o ®
. . _ vy sin (90° —28) _ wj cos 260
For projection angle (45° - B). K, 5 L= >

Therelore, R, = R, ie, honzontal range 15 the same lor projection angles (453 + ) and (45° - 0).
A parficle moves with a constant angular speed of certain radius r and is acted upon by a
certain centripetal force ) IF the angular speed is doubled, keeping the radius the same, what
will be the new centripetal foree?
- 4

e ; ; mrve mmr)” 2

Centripetal force, I, M = oy
r r
I o 15 doubled, F!=m( Im}zr SR =4 o FY=4F,

A particle ol mass m s moving in a circular path of constant radius r such that its centripetal
acceleration a_ is varving with fime as a_ = k' r £ where k is a constant. What is the power
delivered to the particle by the force acting on it?

=,

-

-]
a, =k rror

o - "
=k rre C. v=krt
”

v ]
Tangential foree, £ = M L emEkr)y=mkr
z elf ot

Power,. P~ Fxv={mkrylkr —m i

LONG ANSWER QUESTIONS

Denve an expression for displacement in two dimensions with umlorm aceeleration.

[Refer to Art, 9.3]
Denve an expression for displacement i two dimensions with umform velocity.

| Refer o Art, 9.2
A projectile 15 fired with a velocity v, making an angle 0 with the horizontal. Find expressions for
(i) wme ol [hght (7)) maximum height attined and (47) honzontal range.  [Refer to Art. 9.6]
A projeciile 13 hred with velocity v, makmg an angle §! with the horizontal Show that its path is
parabolie. [Refer to Art. 9.5]
What 15 centripetal acceleration? Find ils magnmitude and direction in case of uniform circular
o lion. |Refer to Art. 9.13]
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MATERIAL

Useful Concepts/Information

Projectile motion 1s two dimensional motion with constant acceleration.

It is uscful to think of projectile motion as the superposition of two motions; (1) uniform
motion in the A direction with velocity v, which remains constant throughout the motion
(#/) motion in the vertical direction. subject 1o a constant downward acceleration of

magnitude g = 9.8 m/s",

Fig. 9.23 shows a projectile fired
[rom the origin at f = 0 with an
mitial velocity v, making an angle

Y
A

A(RH_)

& with the positive X-axis.

Time of flight, T =

Max, height, .. =

Horizontal range. g

(1)

(i)

(iif)

(iv)

(v)

(vi)

(vii)

=
“"\\_\
d
b
4 72
T

R 2

Fig. 9.23

2y, sin 0

&g
voosim©T o
pil R

)

B Y

2g

" 1.-_. stn 20 |*__
8

The highest point is A4 (R/2, ) while point 5 (K, (1) represents the condition when
projectile returns to ground.
During the entire motion of the projectile, 1t 1s subjected 1o a constanl acceleration
2 (= 9.8 ms ) acting vertically downward.
Al any time ¢ during projectile motion, the horzontal and vertical components of
velocity are ¢

v_= Vv, cos ) = constant . v
The velocity of the projectile is maximum (v,) at the starting poeint (i.e, origin) and
goes on decreasing (component v decreases but v is constant) ull it becomes
minimum (v, cos t) at the highest point 4. At point 4, v = 0 and the velocity of
the projectile is v, cos © acting horizontally. '

Al any time ¢ during projectile motion. the velocity v of the projectile 15

v, sin O — gt

2

- uJ'I‘”’E = ,\,Ir{pﬂ cosB)” + (v, sintl - gt)

= V2 + g% — 2 gtsin O
The angle 3 which v makes with horizontal is

ga’

v, cos b

V- sin B f .
07 E _tan®

V.
tanff = — =

v, v, cost

The lincar momentum of the projectile at the highest point is s, cos U and it is mov,
al the lowest poinl

The K.E. of the projectile is maximum at the stanting point {i.¢. origin) and lowest
al the highest point.

4. The horizontal range of the projectile is maximum when the angle of projection o = 45°,
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The horizontal range of the projectile 1s the same for projection angles ol © and
(907 — 0.

The projectile attains maximum height when the projection angle 0 = 90°,

When the projectile is fired for maximum horizontal range £ (0 = 45%), the maximum
height attained by the projectile is & /4.

Consider a projectile lired horizontally with velocity v at a height /7 above the ground.
Let us choose starting point as the origin, Initiallv. the vertical velocity 15 zero. If T'1s
the time of flight, then.

. |'
_,F,F;_.lé_{}'" or T = |E”
2 \ g
|21

Horizontal range, R — v *x T = v |
Vg

At any time £, v_— v and v~ gi. Therefore, velocity of projectile at time ¢ 1s

[ 2 2 [ 2 a9
V= =y 2

N

3 ' x y . Ve &l

The angle |5 which v makes with honzontal 15 tanff= — = =
V..

IT a projectile of mass m is fired with velocity v, making an angle O with the horizontal

ground. then change mn its linear momentum at the point of landing on the ground 1s

2 sin B acting vertically downward,

vy

When a body moves in a circular path. it has tangential velocity as well as angular
velocity, The magnitudes ol tangential velocity and angular velocity are related as
V=i F

When a body 1s moving in a circular path. the rate ol change ol angular velocity (m) 15

: : dw d(d0Y d°0
called angular accclerations o ie. o =—-=— —J =—
dr  dt' di dt™

where 6 15 the angular displacement.
I the body moves with constant angular velocity, then angular acceleration 1s zero.

Il a body moves in a circle of radius » with constant speed v. it has centripetal acceleration
a_that acts along the radius towards the centre of the circle,

L'E

“r.' _———

F & . - 0 . - -
If the speed of a body revolving in a circle 15 changing, then there will be tangential
acceleration a, as well as centripetal acceleration a

v 1,'1

&G =— and ag.=—
bl y P

(/) The tangential acceleration arises from the change in magnitude of the velocity
whereas the centnpetal acceleration anses from the change in direction of the velocity,

(i) The a, and «_ arc alwavs perpendicular to cach other and their directions change

: . iy . —+ »
contimuously, The total vector acceleration « 1s the vector sum of «, and 4, .

]

Ed 5
a =da, + d-

The magnitude of a is given by @ a=,/a +a’
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Clearly, second law fells us that mass of a bady iy a measure of its inertia. For given net force,
an object with a larger mass will have smaller acceleration i.e.. smaller change in the velocity of
the object. Therefore. the mass of an object is that property of the object which causes it to resist
any change in its velocity. Since inertia means resistance o change, the mass of a body is a
measure of its inertia.

() i tp 2
||'|_: i =
et
[t means that slope of lincar momentum-time graph gives the magni-
tude of force. Referring to Fig. 10.2, Iy
FRE |
dp : Pl
fr = — = {an 0= blﬂp‘: ﬂer gmph i "
! L4 1
: : _ @ w1
Note. Forces acting simultancously at the same pont on a bodv are called Fie 10.2
o 10,

concurrent forces and forces aching m the same plane are called coplanar forces.
Forces acting parallel to each other are called collinear forces

Example 1001, A constant force acts for 10 seconds on a stationary body of mass 10 ke
after which the force ceases to act. The body moves a distance of 50 m in next 5 seconds, Find
the magnitude of force.

Solution. [nitial velocity, v, = 0
When the force ceases to act. the body moves with a constant velocity. Since the body moves

a distance of 50 m in 3 seconds. constant velocity v — 50/5 = 10 m s . Note that this is the velocity
of the body at the instant the force was removed.

v—y,  0O=0 .
= = = |lms™

Acceleration. a = .r

Magnitude of force, " = ma = 10 = 1 = 10 N
Example 10,2, A ship of mass 3 x 107 kg initially at rest is pulled by a force of 5 x 10* N
through a distance of 3 m. Assuming the resistance due to water to be negligible, what is the
speed of the ship?
¢ 3 | 1
g Mm.. = j:}:{IU “ms *
m  3x10" 3

Let v be the speed of the ship. Since ship starts from rest, its initial speed v, = 0.

solution, Acceleration of ship. a =

2 > : 2 2 3 3
Wvo=vy; =2a5 or v‘—U‘—Q:{qxlﬂ %3

v= 10 or ¥= *u'llf} 2 =01 ms

Example 10035, A 100 kg man jumps into swimming pool from a height of 5 m. It takes
0.4 second for the water to reduce his velocity to zero. What is the average force exerted by
water on the man ? Take g = 10 ms 7,

Solution. Let v be the velocity of the man just before entering the water.

v AP =2gh or w= w'rlgfr =2x10%x5 = 10 ms"

coomv—=0 _mv  100x 10 > _
MNow ro= = — e = 2S00 N
f t (14

Example 1004, A girl pulls a box of mass 10.4 kg with a force of 25 N inclined to the
horizontal at an angle of 37°. As a result, the box accelerates horizontally, What is the
magnitude of aceeleration?
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Solution. Fig. 10.3 shows the conditions ol the problem. F= 25N
The horizontal component of force accelerates the box in the ﬁ
: ; i Al
horizontal dircction. ==
Horizontal component of force. /= I cos 37°
FEFFSTTEEY
= 25008 37% =20 N Fig. 10.3
_ F 20 )
Acccleration, a, = —=——=1.92 ms "
' m o 10.4

Example 10,5, A bullet of mass 0.04 kg moving with a speed of 90 ms™ enters a heavy
wooden block and is stopped after a distance of 60 cm. What is the average resistive force
exerted by the block?

Solution, The tmitial speed of the bullet 1s v, = %0 m 5 . As the bullet enters the wooden block,
its velocity decreases 1o #cro (f.e.. v — U) after covering a distance of 60 ¢cm (i.e.. 5 = 60 cm).

MNow Vv \L‘, = 2a¥
g 0y = (9 i )
or a = - ,IP'“ :{ ) —0) =—06750ms ™~
2N 2x0.6
Average retarding force, / ma = 004 = 6730 =270 N

Example 10.6. Sand drops vertically at the rate of 100 gs ' on to a horizontal belt
conveyvor moving at a steady velocity of 5 em 5. What is the force required to keep the belt
moving?

Solution, Fig, 10.4 shows the conditions of the problem,

The initial horizontal velocity of the sand is zero
(v, = 0). The final honizontal velocity of sand 1s 5em s & &

(v=5cms'=005ms". Hie— Sand
Force required to keep belt moving, /- Rate of increase Rell
of horizontal linear momentum i shg =" = s
Scms

P IV = mv,, l 0.1=0.05=0 5% 10° N Fig. 10.4

f 1
Example 10,7, The mass of an elevator (lift) is 300 kg, Calculate the tension in the cable
of the elevator when the elevator is (i) stationary (if) ascending with an acceleration of
2 ms” (i) descending with the same acceleration, Take g = 9.8 ms .

Solution, (/) When the elevator is stationary [See Fig, 10.5 (i)]. its acceleration 15 #ero, Therefore,
net force on it 18 zcro.
Net force = 1T — myg
or 0= T - mg
f'=mg=3500 =98 = 4900 N
(i1) When the elevator 15 ascending |See Fig. 1005 (1)), the net lorce on it 15 upward,
Therefore. tension T in the cable will be greater than gravity -force mg.
Net force = T — mg
or mic I — mg

T=mg +ma=m(g+ta) = 500 (9.8 + 2) = 5900 N
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Mote that when the 1ift is ascending with an acceleration, its apparent weight is increascd.
This is indicated by the increased tension in the cable.

T i T
'y A A
Elevator — m (@ = 0 m |Tu 2ms | in 2ms
v 4 ¥
g o ISy
i L) (117
Fig, 10.5

(rir) When the elevator 15 descending |See Fig. 10.5 (ii7)]. the net force 15 in the downward
direction, Therefore, tension 7" in the cable will be less than mg.
Net force = mg - T
or ma = mg —

T=mg - ma=m(g-a) =500 (9.8 - 2) = 3900 N

Note that when the lift is descending with an acceleration. 1ts apparent weight is de-
creased. This 15 indicated by the decreased tension in the cable.

Example 10.8. A hydrogen gas filled balloon having a mass of 25 g is released up in the
air. The gas starts leaking from the balloon at a uniform rate with a velocity of 5 em/s and
the balloon shrinks completely in 5 s, Find the average force acting on the balloon.

Solution. Here m=23e=0025ke : v =35 cm/s = 005 m/s
Force, ' = iLmvj =X dm .V remains constant
dt dt
- 0025 s B
= 005x 292 _ 35 x 10 N
5]

=t

Example 10,9, A car starts from rest and accelerates uniformly with 2 ms . At 7 =10 s,
a stone is dropped out of the window of the car 2 m high. What are the (i) velocity and
(i) acceleration of the stone at £ = 10.2 s? Take g = 10 ms .

Solution. (i) Tmtal velocity of car 15 v, = 0.

Velocity of car after 10sis v, =v, +ar=0+2 = 10 =20 m/s

Once the stone is dropped at 1 = 10 s, its acceleration along the horizontal direction is zero.
Therefore, horizontal velocity remains unchanged ie., v, = 20 m/s. But at 1 = 10 s, the stone also
comes under the accelerated motion due o gravity.

Atr=10.2 s : Horizomal velocity of stong = v, = 20 m/s

Also Attt =102 s : Vertical dowmward velocity of stone is
v=0+gr=0+10x02=2ms" (v 1=102-10=025s)

. Resultant velocity of stone at ¢ = 10.2 s is

- o i - . :
v WEavi=\J0) + @7 = 20.1 mis

(17) Once the stone is dropped, the horizontal acceleration ceases to act on the stone and it is
now only under acceleration duc to gravity. Therefore, at ¢+ = 10.2 s, acceleration of stone =
=10 m/s".



Force 347

PROBLEMS FOR PRACTICE

I. Find the force required to give a mass of 70 kg an acceleration of 4.5 m/s” (/) horizontally
(i) vertically. [(1) 315 N (i) 1001 NJ

2. A force acts for 1 second on a body of mass 12 kg. The force is then withdrawn and the
body moves through 2 m in the next second. Find the magnitude of force. [24 N]

3. A cricket ball of mass 100 g is moving with a speed of 25 ms ' and is brought to rest in
0.025 s. Find the average force applied. [100 N]

4. A bullet of mass 6 g travelling at 126 m s ' penetrates into a fixed target and is brought
to rest in 0.01 second. Determine () the distance of penetration in the target (/) average
retarding force exerted on the bullet. [(7) 0.6 m (i7) 72 N]

5. Sand drops vertically at the rate of 2 kg s ' onto a conveyor belt moving horizontally with
a velocity of 0.1 m s ' Find the force required to keep the belt moving. [0.2 N

6. A man of mass 50 kg is standing in a lift. Calculate the apparent weight of man when the
lift is (/) stationary (+/) moving upward with an acceleration of 2 m s (#if) moving
downward with an acceleration of 2 m s, [(7) 490 N (i7) 590 N (7ir) 390 NJ
A constant force acting on a body of mass 3 kg changes 1ts speed from 2 m s "t0 3.5

ms ' in 25 s. The direction of motion of the body remains unchanged. What is the
magnitude and direction of the force? [0.18 N in the direction of motion|

=]
=

8 Inan X-ray machine, an electron is subjected to a force of 107 N, What is its accelera-
tion? In how much time the clectron will cover a distance of 0.1 m? Take the mass of
electron as 107" ke. [107 ms ™ 5 1.4 = 1077 5]

9. A body of mass 5 kg 1s acted upon by two perpendicular forces 8 N and 6 N. Find the
magnitude and direction of the resultant force. [10 N3 36.87° with 8 N force]

10.8. BASIC FORCES IN NATURE

There are four basic forces that operate in nature. These are :

1. The gravitational force 2. The electromagnetic force 3. The strong nuclear force 4. The
weak nuclear force.

1. The gravitational force. All objects exert a force of attraction upon each other, The
gravitational force of attraction between two objects is governed by Newton's law ol gravitation.
I two objects of masses my and m., are held at a distance » then according to Newton's law of
gravitation, the force of attraction between the two objects 1s given by |

 Goxmom.
e .[?:I

IS

4

where G ( = 6.67 = 10 "' Nm" kg ) s called universal gravitational constant. The mass m, exerts
an attractive force on mass m, given by eq. (7). Similarly. the mass m, exerts an attractive force
on m, given by eq. (7).

Properties. The gravitational force has the following properties

{(r) Tt is always attractivc®.

* Unlike electrostatic force which can be altractive or repulsive. IU 15 because mass 1s ol one kind whereas

charge 15 of two Kinds (posiive and negative).
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(7r) Itis a central force i.e., gravitational force between two objects acts along the line joining
the centres of the objects.
(fir) Tt obevs inverse square law e, gravitational force between two objects is inverscly
proportional to the square of distance between them.
(i) OfF all the Tour forces aperating in nature, the gravitational force is the weakest.
(v) It 1s a long range force 7.e.. it operates over very long distances.
(vi) It is a conservative force ie., work done by the gravitational force is recoverable.
Examples. A lew examples of gravitational force in everyday life are
(1) A stong dropped from a height falls because carth exerts gravitational force on the stone.
(17} The rotation of earth around the sun is due to gravitational pull of sun on earth.
(/iify The moon revolves around the earth due to the gravitational force on 1t by the earth,
2. The electromagnetic force. The electromagnetic force includes both electric and mag-
netic forces and 15 relatvely strong.
(@) The force between two static (at rest) electric charges is given by Coulomb’s law in
clectrostatics. If two charges g and g, are at a distance » apari, then according to Coulomb’s
law. the clectrostatic force between them is given by

N
P 9. 4;

2 ... I vacumum
4mME, F

where €, (: B854x107"7 C'N'm :} is called absolute permittivity of free space.

(#) A static charge does not produce magnetic ficld. However, a moving charge produces a
magnetic Neld. When two charges are in motion, each charge experiences a lorce called
electromagnetic force.

Properties. The electromagnetic force has the following properties :

(1) 1t may be attractive or repulsive. 1t is because eleciric charges are of two kinds (positive
and negative),

(i1} Itis a central force.

(fir) 1t obevs inverse square law.

(i) It is also a long range force.

(v) 1t is also a conservative force.

(vi) It 15 about 10 times stronger than the gravitational force.

Examples. A [ew examples of electromagnetic force in evervday life are :

(i) If two current carrving parallel conductors are placed near each other, then force (repul-
sive or attractive) acts on them. This is the electromagnetic force. If the conductors carry
currents in the same direction. then they attract each other i.e., electromagnetic force is
attractive, If the conductors carry currents in the opposite direction, then they repel each
other,

(17} In atoms. the electrons are bound by the electromagnetic forces acting on them due to
profons.

(7). Atoms combing to form molecules duge o clectromagnetic forces.

3. The strong nuclear force. The strong nuclear force is the attractive force that holds the

constituents of the atomic nucleus viz., protons and neutrons, The stability of the nucleus suggests
that attractive nuclear lorces must be very strong. For example. consider the helium nucleus (.JH::J'j

consisting of two protons and two neutrons and contained in a volume with a radius of about
. ; 5 : ;
107" m. The protons are so close together that repulsive electric force is very large. The gravita-
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tional lorce between them is negligible. Yet :Hec”' is very stable. It 1s because the strong attractive
nuclear force acting between all the constituents of the nucleus overpowers the repulsive electric
force between protons.
Properties. The strong nuclear force has the following propertics :
(1) It is basically an attractive force.
(if} 1t is a short-range force and operates only upto distances of the order of 10"'m,
(firy 1t does not depend upon the charge on the nucleons.
(1v) It is a non-central force,
(v} It does not obev inverse square law,
(vi) It is a non-conscrvative lorce.
Examples. A few examples of the strong nuclear force in evervday hfe are |
(1) It is the strong nuclear force that binds the neutrons and protons together in a nucleus.
(i} The nuclear energy available from the processes of nuclear fission and [usion uses the
concept of strong nuclear force.
4. The weak nuclear force. The weak nuclear force appears only in certain nuclear pro-
cesses such as [-decay of a nucleus. In [ -decay, electrons are emitted [rom a radioactive
nucleus. The weak nuclear force is much stronger than the gravitatonal force.

10.,9. IMPULSIVE FORCE AND IMPULSE
1. Impulsive forces. The forces which act on bodies for a short fime are called impulsive
Jorces. The examples of impulsive forces arc .
(i) A bat hitting the ball.
(11} The collision of two billiard balls, A
(f/ir) The Niring of a gun.

The mmpulsive force is not constant but vares with ™
time. For example, when a bat hits the ball, the impulsive \

[orce jumps [rom zero at the moment of contact o a very  _,

o
large value within a very short time and then abruptly re- ¥, — —— - | I'
turns to zero again as shown in Fig. 10.6. Note that during
the short time interval Ar (= £, - {,). the impulsive force is
varving continuously. Therefore, it 15 not easy to measure 7 ;“' .y
i

: : ',
the impulsive force. In such cases. we measure the total I
elfect of the impulsive force, called impulse, Fig. 10.6

®
2. Impulse. IT' ¥, 1s the average force |See Fig. 10.6] exerted by the bat on the ball during

the time interval A and the change in linear momentum during this time interval is Ap - then

according to Newton's second law of motion.

o
} Ap
J‘-.E'n' = 1'|.Ir
) * i )
or Fooar = Ap = Change in lincar momentum

a e

¥
The product A 15 called impulse of the force.
Hence impulse of a force is the product of average jorce during the impact and the time jor
which the impact lasis i.e.,
Impulse = = Af ..An magnitude
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*
Mathematical analysis. If F/° is the force al any time ¢ during the collision. then according

1o Newton's second law of motion, g
* dp
o=
el
» »
or dp = Fdi

If we integrate it over the time nterval A= ¢, — {,). we get the total change in linear

- . , .
momentuim  Ap during that time lnllr:n'ul.r

3

¥ * ;
Ap = J‘Fn'f i)
* 'rl
I ¥, is the average force during the collision. then.
¥ . ¥ 0
hp = F_ A L)

iy
*

¥
From eqs. (/) and (i), j Fdr= F_ At = Change in linear momentum.
s iy
» *
The quantity jff' dr 15 known as impulsc of the force /© during the time interval ¢, to ¢, and
III
15 equal to the change in the linear momentum of the bodv on which it acts (= arca under the &
¢ graph during the time nterval 7, 1o 1),
Units of Impulse, The impulse has the same S1 units as that of lincar momentum i.e., kg m/
s or N, Therefore, the dimensional formula of impulse is also the same as that of linear momentum

ie, [MLT™] Impuise is a vector quantity and its direciion is the same as the direction of change
i finear momenium,

10,10, IMPULSE-LINEAR MOMENTUM THEOREM
Impulse = £ = ¢ = Change in lincar momentum

Thus a given change m linear momentum can be produced by applving a larger force for a
smaller time or by applving a smaller force for a larger time. This is called impuise-linear
monmentum heoren.

10.11. EXAMPLES OF IMPULSE-LINEAR MOMENTUM RELATIONSHIP

: : A Change 1n linear momentum
Average mmpulsive foree, p, = £

Time
Therefore, whenever vou wish the force of impact to be small. extend the time of impact. On
the other hand, if the time of 1mpact 1s small, the impact of force will be large. There are a large
number of practical examples where impulse-lincar momentum relationship plays an important
role. A few cases are being discussed below by wav of illustration

(£) While catching a ball, a cricket player extends his hands forward so that he has plenty
of room to let his hands move backward after making contact with the ball. This extends
the tme of impact and thus reduces the force of unpact.

(i) A person is better off falling on a wooden floor than a concrete floor. The
wooden floor allows for a longer time of impact and, thercfore. a lesser force of
impact than a concretle floor.

(iitf) A person jumping from an elevated position on a floor below bends his knees upon
making contact. This extends the time of impact. Therefore. the force of impact 1s
reduced.
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(iv) China wares are wrapped in a paper or straw before packing to avoid breakage. This
increases the time of impact between various articles during jerks. thereby decreas-
ing the force of impact on the articles.
(v) While catching a cricket ball, if you do not move vour hands away upon con-
tact, vou may be hurt, It 15 because the time of impact will be small so that the
impact force will be large.
{(vi) When the car goes out of control while driving, you would prefer to hit something
soft (say haystack) than something hard (sav concrcte wall). It is because by hitting
havstack vou extend vour time of impact. thercby reducing the impact force.
Example 10,10, A 3 kg hammer is used to drive a nail into a block of hard wood, It at
the time of impact, hammer’s speed is 5 ms T and it drives the nail 1 ¢cm into the block, find
(i) the acceleration (i) the force exerted (i) the time of impact (iv) impulse.

Solution. The initial velocity of nail 15 v, = 5 ms "and its final velocity is v — 0. The
distance covered by the nail is 8§ = 1 em = 10" m.

-
L

(i) Vv =2aS8

vi-y,  (0) =(5)°
285 2x10°

(ii) Force exerted. F=ma=3 = 125 x 10° = 3.75 = 10° N

= —1.25 x 107 ms™*

o=

T 1ne 1T : ’: = = = |
e S I "

(iv) Impulse = /" 1 = (3,75 = 10°) x 4 x 107 = 15 Ns

Alternatively ; Impulse = m (v — v, =3 (0 —5) = 15 Ns ____ in magnitude

Example 10.11. A body of mass 0.25 kg moving with a velocity of 12 ms™' is stopped by
applving a force of 0.6 N, Calculate the time taken to stop the body. Also calculate the
impulse of this force,

Solution. Mass of bodv, m = 0.25 kg ; Retarding force. /' = -06 N
: F_-0C 4
Retardation, a = —= ® =24 ms?
m o 025
Now v=v,+tat or O0=12+(2a)=x¢ . t=38§

Impulse = F x t = -0.6 x 5 = =300 Ns

Example 10,12, A ball of mass 10 ¢ hits a hard surface vertically with a speed of
5 m/s and rebounds with the same speed. The ball remains in contact with the surface for
0,01 second, Find the average force exerted by the surface on the ball,

Solution. Foxo = Change i lincar momentum
Now change in lincar momentum = mv — (—mv) = 2 mv
Fxft=2mv or F=001=2x 10 x5 .~ F=10 N
1000

Example 10,13, A 1200 ke car initially moving at 20 ms™ strikes a tree and comes to rest
in a distance of 1.5 m. Find the average stopping force the tree exerts on the car

Solution. m = 1200kg: v,=20ms': v=0: §=15m

Change in car’s linear momentum, Ap= m (v —v,) = 1200 = (0 — 20) = — 24000 kg ms !
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Average speed during impact. v - ke —‘"-{-"]—j—[]- 10 ms

Time of impact. p=

A
If g is the average force. then,
F_ =t = Change in linear momentum

_ Changen linear momentum _ 24000
t 0.15

I =1.6 x 10° N

v

Example 10.14. A ball moving with a momentum of 5 kg m s strikes against a wall at

an angle of 45° and is reflected at the same angle. Find the magnitude of change in
momentum.,

Solution, Fig. 10.7 shows the conditions of the problem. Supposc
» ¥

18 the initial lincar momentum and 2 is the final lincar momentum.
y ; —* » * ¥
- Change in linear momentum = Pa— Py = Py +i= p)

Therelore, in order to find the change i lincar momentum. we

¥ *
should add 7, to — P as shown in Fig, 10.7. The change in linear

: 3
momentum is A5 .

n AB = pt e pl =5 45 =50 =7.07kg ms™
MNote that linear momentum 1s a vector quantity 1.e. 1t has magnitude as well as direction,

PROBLEMS FOR PRACTICE

I. A cricket ball of mass 100 g is moving with a speed of 25 ms ' and  is brought to rest
in 0.025 s. Find the average force applied and the impulse. [1000 N ; 2.5 Ns

A force of 10 N acts on a body for 3 microsecond. Calculate the impulse. If the mass of
the body is 5 g. what is the change in velocity? [3 % 10" Ns; 6 x10% ms']
3. Determine the average force needed to change the velocity of 22.000 kg bus [rom rest to

136 ms 1n 1035 s [28500 N]

4. A batsman deflects a ball by an angle of 45° without changing its imitial speed wlich 1s
equal to 34 km/h, What 15 the impulse imparted to the ball 7 Mass of the ball 1s 0,15 kg,
[4.16 Nsj

5. A 125 g bullet moving al 235 ms " passes through a sheet of plastic 3.4 cm thick and
emerges with a speed of 125 ms . The time taken by the bullet to pass through the sheet

is 1.9 = 107 s. Find the average stopping force excrted on the bullet. [ 7240 N

|

(]

10,12, NEWTON’S THIRD LAW OF MOTION

According to Newton's third law of motion: To every action, there is an egual and opposite
reaction, Tt simply means that if one body exerts a [orce (action) on the second body. then second
body exerts an equal and opposite force (reaction) on the first body, We can restate Newton's thard
law of motion in more quantitative terms as under ;

* ¥
I body A exerts a force Fyy on body B jaction) and body B exerls a force Fy on body A

freaction), then according fo Newton s ihird law of mofion,
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¥ ¥
.‘I'__”:i- — .Iil‘ H.4

LA

¥ >
Nole that F o, (action) and — Py, (reaction) are equal in magnitude but opposite in direction.
Two things are worth noting about Newton's third law of motion, First, action and reaction act
on different bodies and, therefore, they cannot cancel each other. Thus in the above case, action

* i

({5 ) is on body B and reaction ( —F, ) is on body A. Secondly, action and reaction involve a
pair of bodies. 1t does not matter which force in such a pair 1s called the action and which the
reaction. .

Proof. We now prove Newton's third law of motion, If F,; is the force exerted bv body

*
on body B (action) and [7,  1s the force exerted by body 5 on bedy A (reaction). then according
o Newlon's third law of motion.

_F *
Fag Fia
Consider an 1solated syvstem (7.e., no net external force acts on the system) consisting of bodics
A and B moving along the same straight line. Suppose the two bodies collide. As a resull of
colhision, their velocities will change and hence their linear momenta will also change, Suppose the
two bodies interact for time 1.
Change in linear momentum of body A 1s

» ¥

Apy=Fpy =t
Change in linear momentum of body /4 1s

¥ *
App = Fyp 1

Total change in linear momentum of bodies A and /4 is
» ¥ ¥ * ¥
IIH;.} = II'IF;I + .'lllllr.:r'..i = f!.llil X I|I + .ﬂr'-_-l” = !
Since no net external force is acting on the system, according to Newton's second law of
motion, the change in linear momentum is zero.

¥

Ap =0
* *
or Fepxt+Fg, xt =0
; »
or Fip = —lpy

Thus action and reaction are equal and opposite. This proves Newton's third law of motion,

10.13. EXAMPLES OF NEWTON'S THIRD LAW OF MOTION
In evervday life, there are a large number of practical examples ol the applications of Newtons's
third law of motion. However, we shall discuss only a few by way of illustration,
({) Block resting on a table. Fig. 10.8 shows a block resting on a table. The force acting
downward on the block is its weight 17 (= me) duc to the attraction of the carth 7.e..
carth 1s exerting a force W (— mg) on the block. An equal and opposite force B
(= mg) is exerled by the block on the earth. Here W and p " are the action and
reaclion forces. Note that action and reaction act on dilferent bodies. Therelore. they
cannot cancel each other. Let us now turn to another action-reaction pair. The table 15
in contact with the block and exents an upward force N on it. The block also exerts a
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force N' (— N) downward on the table. The lorces N and A’are also action-reaction pair.
Note that & and V' act on different bodies and therefore cannot cancel each other.

N &
m
' |
R M
Aw Force Force
exerted exerted
e by person by ground
// Larth \ on the on the
ground person
- —
Fig, 10.8 Fig. 10.9

Walking. When a person walks on the ground, he or she exerts a force on the ground and
in turn ground cxerts an equal force on the person. It is this force on the person which
moves him or her forward. Thus 1s illustrated in Fig. 109, Similarly, when a man jumps,
he exerts downward force on the ground. The ground exerts an equal upward force on the
man.

When a person throws a package out of the boat, the boat moves (atleast a little) in
the opposite direction, The person exerts a force on the package: the package exerts an
equal and opposite force back on the person.

The working of rockets is based on Newton's third law. The rocket exerts a strong
force on the gases, expelling them. The gases exert an equal and opposite lorce on ihe
rocket and it is this force which moves the rocket forward.

A falling object exerts upward force on the earth as much as the earth exerts
downward foree on it. This fact may seem puzzling, The downward force on the
object 15 less puzzling because the accelerationof 9.8 m s 2 is quite noticeable, The
same amount of force acting upward on the huge mass of the carth, however. produces
an acceleration (F = m a) so small that 1t cannot be measured. But 1t 15 there.

When a small car collides head-on with a huge truck, which is hit with a greater
force? Most people will conclude that the car is certainly hit with a greater force. Yet
Newton's third law states that force exerted by the car on the truck 1s exactly equal in
magnitude (and in the opposite direction) to the force excried by the truck on the car. This
fact seems puzzhing because the car is damaged more. Note that & — m a ; for the same
force, larger mass will undergo less acceleration than the smaller mass. Thus the truck's
velocity undergoes a relatively small change during collision, slowing down but continu-
ing in the same direction. The much less massive car, siruck with the same force, has a
much larger change in its velocity. Thus the car 15 not only stopped but 1s compelled (o
move in the reverse direction. The larger acceleration puts a much greater stress on the
structural frame of the car, This causes more damage to the car than the truck.

If a car is accelerating forward, it is because its tyres are pushing backward on
the road and the road is pushing forward on the tyres. But if the car is moving
forward and slowing down, the tvres push forward and the road pushes backward.

A bird flies forward by exerting a force on the air but it 1s the air pushing back
on the bird's wings that moves bird forward,
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(ix) When a gun is fired, the force exerted on the bullet is equal to the reaction force
exerted on the gun, Since the forces are equal in magnitude, why does not gun
recoil with the same speed as that of bullet. Recall that @ = Fom. Since the gun is much
more massive than the bullet. the change in 1ts acceleration is very small as compared
fo that of the bullet.

(x) Using Newton’s third law, we can explain how a helicopter gets its lifting force.
The whirling blades of helicopter are so shaped that they exert a downward lorce on
air, The air exerts an equal upward force on the helicopter. This upward reaction
force is called /Zifi. When lift equals the weight of the helicopter. it hovers in mid-
air. When the lilt s greater. the helicopter climbs upward.

Third law is contained in First law. Newton's third law is contained in first law of motion.
As the svstem in Fig. 108 15 at rest, according o Newton's first law of motion. the net force on
the svstem must be zero, The resultant of two forces of action will be #ero only when they are equal
and opposite. This is third law of motion. Therefore, Newton's third law is contained in first law
ol motion.

10.14. NEWTON'S SECOND LAW IS THE REAL LAW OF MOTION
Newton's sccond law of motion 1s the real law of motion because Newton's first law and tlurd
law are comtained in it
(1) Newton'®s first law is contained in second law
According to Newton's second law of motion, the net external force / applhied on a body
of mass m produces an acceleration @ given by
F
ﬂ PEPE
i
If the net external force 1s zero (i.e. /7 = 0), then, & = Om = 0, The zero acceleration means
cither the body is at rest or it is moving with constant velocity, Thus when the net external
force on a bodv is zero. the body is either at rest or it is moving with a constant velocity.
This 15 MNewton's first law of motion, Thus Newton's first law of motion 1s contained in Newton's
second law of motion.
(i) Newton's third law s contuined m the second law

¥

If 5 is the force exerted by body 4 onbody 5 (action) and 5, is the force exeried by

body £ on body A (reaction), then according to Newton’s third law of motion,
¥ e
Fap = = Fyy

We shall now prove it by using Newton's second law of motion. Consider an isolated
system ( e, no net external force acts on the system) consisting of bodies /1 and B moving
along the same straight line. Suppose the two bodies collide. As a result of collision, their
velocities will change and hence their linear momenta will also change, Suppose the two bodics
interact for time 1.

Change in linear momentum of body A is

* *
Apy = Fpyxt
Change in linear momentum of body 5 is
¥

¥
App = gy %1
Total change in lincar momentum of bodies A and B is

¥ " . }
Ap=Ap, + -"1"-}3'}5 = Fpg xt+ Fyp xt
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Solution. Mass of gun, M = 5 kg : Mass of bullet. m = 10 g = 0.01 kg
Velocity of gun, 17— 7 ; Velocity of bullet, v — 400 ms '

The gun and bullet form an isolated system. Therefore, the linear momentum of the svstem
remains constant. Before firing. the lincar momentum of the svstem is #cro because both gun and
bullet are at rest. Therefore, after firing, the near momentum of the system should also be zero.

v (L0 1= 400
M 3
The negative sign shows that velocity of the gun will be in a direction opposite to that of the

bullet.
since the hunter is standing on ice, on firing the bullet, he himself along with the gun will

ME +me=0 or = = 0.8 ms

move backward with a velocity [ (say).
Linear momentum of gun plus man =M + 75 p'=(5 + 75) I = 801"

Lincar momentum of bullet = m v = 0.01 = 400 = 4
The whole system consists of man + gun + bullet.
" 4 o |
sl 174 =0 or [''= = — (05 ms
a0
Example 10.19. A 30 kg shell is flying at 48 ms . When it explodes, its one part of
18 kg stops while the remaining part flies on. What is the velocity of the latter?

Solution. Mass of shell. A — 30 kg Mass of first part. m; = 18 kg
Velocity of shell. 17— 48 ms ' ©  Mass of second part. m, = 12 kg
Velocity of first part, v, = 0 ; Velocity of second part. v, = 7
Initial lincar momentum = A/ 172 Final lincar momentum = m, v, + e, v,

According to principle of conservation of lincar momentum,
MEI'=m v, +m,v,

3048
o 0x48=18%x0+12xv, - w= ]}:

Example 10.20. A hunter has a machine gun that can fire 50 ¢ bullets with a velocity of

150 m/s. A 60 kg tiger springs at him with a velocity of 10 ms™'. How many bullets must the

hunter fire per second into the tiger in order to stop him in his track?

1
=120 ms

Solution. Let 7 bullets be hired per second at the tiger to stop him in has track. Then,
Linear momentum of bullets = Linear momentum of tiger
or n % (50 % 107%) = 150 = 60 = 10

G0 =10

(GOx10 %150 ~ o0

H =

Example 10021, A cart of mass 500 kg is standing at rest on the rails. A man weighing
70 kg and running parallel to rail track with a velocity of 10 ms™ jumps onto the cart on
approaching it. Find the velocity with which the cart will start moving.

Solution. m, = 500 kg : v, =0 :m, =70 kg ; v, = 10 ms |

Let v be the velocity with which the cart and man move when the man jumps onto the cart.

According 1o principle of conservation of lincar momentum,

(1, + v = myv, + mov,
or (500 + 70w =500 =0+ 70 = 10 - v=123 ms"
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PROBLEMS FOR PRACTICE

I. What is the thrust of a rocket that burns fuel at a rate of 1.3 = 107 kgs ™' if the exhaust

gases have a velocity of 2.5 * 10° m s wrt. the rocket ? [3.3 = 107 N]
2. For a certain rocket, the velocity of the exhaust gas is 50,000 ms ' and gas is expelled
at the rate of 1300 kg s '. Find rocket’s thrust. [6.5 % 107 N]

3. Sand drops vertically at the rate of 2 kg s ' onto a convevor belt moving horizontally with
a velocity of 0.1 m s ' Calculate the force required to keep the belt moving, [0.2 N]

10,20, EQUILIBRIUM OF CONCURRENT FORCES

When forces act at the same point, they are called concurrent forces.
A number of concurrent forces are said to be in eguilibrium if their vector sum is zevo.

When the vector sum of the concurrent forces acting on a bodyv is zero. 1t means that the net
force on the body is zero. According (o Newton's second law. the body will have #ero acceleration.
As a result, either the body is at rest (7.e., zero velocity) or it is moving with a constant velocity
(i.e., with constant speed in a straight ling). If the body is at rest, it is said to be in static
eguilibrium. Il the body 1s in motion, it 18 said o be in dvnamic equilibriom. Note that in either
case, the acceleration of the body is zero.

] i

Suppose three concurrent forces o, 5 and O acting at point ) are in equilibrium as shown in
Fig. 10.20. Then,

A+ B8+ =1
¥ ¥ *
or A+8 = ~-C
xfﬁiﬁ“‘
- e
- i ~
I
g —
i I
i
—=
Yo
Fig. 10,20 Fiz. 10.21

- [
It means that the vector sum of 4 and £ is equal in magnitude and opposite in direction (o

force ¢ : . Thus in Fig. 10.20, IE 1s cqual in magnitude and opposite in direction 1o e’? . Therelore.
point 7 is in equilibrium. Indeed when three concurrent forces are in equilibrium, the resultant of
any two forces is equal in magnitude and opposite in direction to the third force. Lami gave his
theorem regarding the three concurremt forces in equilibrium and 15 called Lami’s theorem.

Lami’s theorem. [t states that if three forces acting at a point are in equilibrium, then each

Jorce is proportional to the sine of the angle between the other two forces. Thus referring to
¥ — *

Fig. 10.21. suppose the three forces P00 and & acting at point J are in equilibrinm. Let oo, [f and

» » » ¥ p »
 be the angles between forces ¢ and g, & and 7 and p and ¢ respectively, Then according
to Lami’s theorem ;
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P _ O _ R
sin ol sin i siny o E’
Proof. The three forces P, () and & acting al point (7 in Fig. 10,21
) = . . P f5}
are in equilibrium and can be represented by the three sides of a triangle
(144 taken in the same order as shown in Fig. 10,22, il
i 0 _ R | Z
= RS ) Fig. 10.22

04 AB  BO
From triangle OAE8. by sine formula. we have,

oA _ 4B BO -
sin ~ABO sin < BOA  sin < OAB
P () R

From eqgs. (1) and (i), — = = = :
%..(7) (1), sin £ ABO s B s S0l

. F = 0 R
of - = = x
sI(IB0% —at)  gin (180°— ) sin (180° —7)
£ e o R
or , = = —
S10 0o sin 2 sin vy

Thus Lami’'s theorem stands proved,

10,21, CONNECTED MOTION

Consider two masses m, and m, tied at the ends of massless rope passing over a frictionless
and massless pulley [See Fig 1023 (i)]. Suppose m, = m,. The heavier body (m,) will move
downward and the lighter body (m,) will move upward. Let a be the common acceleration and 7
be the *tension in the rope. We shall find the values of @ and 7 by applying Newton's sccond law

ol motion.
T g
& &
-l'fhlkh
-,
‘ 3 ”.'I "ia:
nT T
i " v v
I ) ul e fia g
Ll 11 { R

Fig. 10.23

Mass m,. Fig. 1023 (i) shows the free-body diagram of m,. The forces acting on m, are
(i) a downward force m.g due to gravity and (i/) upward force 7' provided by the rope,

Net force onm, = mg — T
or m,a=mg-—7T L)

#  Notfe that we assume that rope and pullev are massless so that we can neglect thewr inertias. Because
the pulley 15 both massless and lnctionless, the tension in the rope 15 the same on both sides of the

pulley
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Mass m,. Fig. 10.23 (i) shows the [ree-body diagram of m .
Net forceonm, =7 - mg
or m,oa=1T ny g i (21)
Adding eqs. (/) and (if), we get,
(m+m,)a=mg—mg
(m, —my)g i
i, +n,

MNote that a < gie acceleration a of a svstem of two connected masses is alwavs less than
acceleration due to gravity g

Dividing eq. (/) by eq.(if), we gel,

(mg=T)  ma m,
I —mg ma om
or iyt g —my 1 mal" — g
or (o )T 2mim. g2
2imm,g
e - iv)
m, +m,

Note that when my =n1, = (=m), then tension 7 equals the weight mg and there is no acceleration.
10.22. SOLVING PROBLEMS IN MECHANICS

We now have the necessary background for applving Newton's laws of motion to a variety of
situations. Before giving a number of examples, we will list a scries of helplul steps for problem
solving

(1) Sketch the picture of the problem.,

(1) lselate the body whose motion 1s to be analvsed. Show the various forces that act on the

bodv. Do nof include forces that do not act directly on the body vou have 1solated. Such
a diagram is called a free-body diaqgram or force diagram.

A diagram showing all the forces acting on a given body fand only at that bodv) is called
a free-body diagram,
(/i) If necessary. resolve the forces in the free-body diagram into rectangular components.
(") Write /7 = m a equations in the component form for the forces in the free body diagram,
(v) Solve the component equations for the unknown,
(vi) Check the reasonableness of the resull you obtain.
Example 10.26. Two blocks having masses m; = 1 kg and m, = 2 kg are in contact with
¥
each other on a horizontal table as shown in Fig. 10.24 (i). A horizontal force F is applied
to m, causing the blocks to accelerate to the right with an acceleration of 3 ms . Calculate
(£) the magnitude of F and (i) the forces of compression between the blocks. Neglect friction,
Solution. *Fig. 10.24 (i7) shows the [ree-body diagram for m., whereas Fig. 10.24 (7i7) shows
the free-body diagram for m. Note that m, exerts a force f, on m, and according to Newton's

¥
third law, m, exerts a force [, onm, in the opposite direction. Since  is not applied to n,,

¥ m, g s the force with which m 15 attracted downward due to gravity. K 15 the upward force which the
table exerls on m,. Since there is no vertical motion, R = m, g Similarly, m, g = R’
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5. Consider three blocks of masses m| m., and m, in contact with one another on a smooth
horizontal surface as shown in Fig gp 10.35 (). thn force /15 applied on m , the three
blocks move with a common acceleration “a’ given by ¢

Frla
5 Fia :
- ”"-'|_ -

LI

(1)

Common acceleration, a

m, +m, +m,

Fig. 10,35 (1) shows the action-reaction forces on the three blocks. We can easily
find the equation of motion for each block,
For block 1, #~71, =ma ., Forblock 2, 1, -7, =m,a ; For block 3, 7, =m,a

6. Fig. 10.36 shows mass m, on a smooth horizontal table and connecled 1o mass m., by a
light string passing over a frictionless pulley of negligible mass, If "a’is the acceleration
of the svstem in the direction shown, then equations of motion for the two masses arc

F=ma: mg-1=ma

1. T ", i,
nsolvine, 9=————=x£ . I = g
D S0 'F'_" JJ'i'-I - .?i'.?: "”I -+ I.F!n

Mote that 715 always less than m.g and conmunon acceleration “a ™ of the svstem 1s always
less than g

?L /’"\
o
] - \_/
iﬁ “T ¢r.r
T & T
AT
”El FJTE

| |;H']|
Fig, 10.36 Fig. 10,37

7. Consider two masses mi, and m. connecled to the opposile ends of a light siring passing
over a frictionless and massless pulley as shown in Fig. 10.37. Suppose m, =~ m.. As a
resull, mass m, moves downward while mass m., moves upward. Let the common accel-
cration of the system be “a’. Then equations of motion for the two masses are ;

mg -1 =ma and T - mg = mua

, m, -, e 2mym,
On solving. ¢ = ——— =g . I'=———=xg
my +im, m, +m,

Note that when m, = m,, then, @ = 00 and I - m,g.
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L)

the man jumps outside the platform. then read-
ing of the spring balance will  [ALIMS 2001
(h) remmn same

(d) first (@) then ()

{a) nerease

() become zero

. A body 15 moving with a constant speed 1n a

straight line path. A force 15 not required to
[AFMC 2001]

(a) mncrease s speed

(h) decrease the momentum

(¢} change the direchion

{ef} keep 1t moving with umform velocity

If a bodv is in equilibriom under a set of non-
lincar lorees. then the minmmmum number of
forces has to be |[Ph PMT 2001]
(h) three
(d) five

{a) lour
() two
A torce vector applied on a mass 15 repre-

§ o= 3
senfed as F=0r =87 +10& and accelerates

with Im/s”. What will be the mass of the body?
|[CBSE PMT 1996]

(@) 1042 ke 5y 2J10 kg

{e) 10 kg (o) 20 kg

The rockel engines il a rocket [rom the carth

hecause hot gases with high velocity
[ATIMS 1998]

{a) push 1t aganst the carth

(k) push 1t against the air

{c) meacl against rockel and push il up

() heat up the air which lifts the rocke

The motion of rocket 15 based on the principle

of conservation of [AFMC-Pune 2001)]

{a) mass (h) kinctic energy

{¢) linear momentum

{d) angular momentum

If the force on a rocket moving with a veloaity

of 300 m's is 210 N, then rale of combustion

ol luel 1s [ALIIMS 1997]

(a) 0.7 kg's th) 1.4 ka's

{c) 7 ka's () 10 7kg's

A 5000 kg rocket is set for vertical firing. The

exhaust speed 15 80 m's and acceleration {a)

of the rocket 15 20 m's™. The acceleration due

to gravity 1s 10 m's™. The amount ol gas gjected

per second 15 |Ph PMT 2001

(a) 127.5 ka's (hy 1375 ka's

{c) 1855 kg's (d) 187.5 kg's

1.

14.

16.

1/

1.
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A body ol mass 2 kg 15 moving with a veloaly
of 8 m's on a smooth surface. If it is to be
brought to rest in 4 seconds, then foree 1o be
applied is [Ph PMT 2000]
(a) 8N (b) 4 N
{¢) 2N (d) 1 N
The torces which meet at one point but ther
lines of action do not lie in one plane are
called [ATIMS 1996]
{a) coplanar concurrent forces
{h) coplanar non-concurrent lorces
{¢) non-planar concurrent forces
{d) non-planar non-concurrent forces
A bov of mass 30 kg 15 standing i a hit mov-
ing down with an acceleration 9.8 m's”. The
apparent weight of the boy 15

IPh PMT 1999]
(a) #ero (&) S0 N
(e) (30 = 9.8 N (e 50098 N
A monkey 18 descending rom the branch of a
ree with a constant acceleraton. II the break-
ing strength of the branch 1s 75% ol the weight
ol the monkey, the mummum acceleration with
which the monkev can shlide down without
breaking the branch 15 [CBSE PMT 1993]
(a) g (b) 3 g4
(c) g2 id) gd

. The force aching on a body of mass 10 kg 15

(20 + j— k)N 11 the body is initially al rest,
the velocity at the end of 20 sec will be (m/'s)
[Pb PMT 1997]

(a) 26 (B) 62
(©) 32 () 23

A cricket ball of mass 230 g collides with a
bat with velocity of 10 m's and returns waith
same velocity within 0.01 sec. The force acted
on the bat s [CPMT-1997]
(a) 25 N (b) 50 N

{c) 250 N () 500 N

A mass of 1 kg is thrown up with a veloaity
ol 100 ms. Aller 5 scconds, 11 explodes into
two parts, One part of mass 400 g comes down
with a velocity of 25 m/'s. Caleulate the veloe-

ity of other part [CBSE PMT 2000
() 40m/sT (h) 40m/s +
(c) 100m/sT (d) 60m/sT

Pwo bodies having same mass 40 kg are mov-
ing m opposite directions, one with a velocity
of 10 m's and other with a velooty of
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L

.

A ship of mass 2 < 10 kg 15 at rest. On oap-
plving a force of 25 = 15 N, 1t 15 displaced
through 25 m. The speed of the ship after this
displacement 15 [CET Karnataka 1998]

(a) 3.5 m's (h) 5 m's

(¢) 12.5 m's (d) 2.5 m's

A ball of mass 10 g hits a hard surface verti-
callv with a speed of 5 m's and rebounds with
the same speed. The ball remains in contact
with the surface for 0.01 sec. The average lorce
exerted by the surface on the ball 13
[Roorkee 1993]

(@) WOON (MHION (o) IN {d) 01N

A block of mass M s pulled along a honzon-
tal surface bv a rope of mass m by applying a
force £ at one end of the rope. The foree which
the rope exerts on the block 1s

ICET Harvana 2000

il paf
i Ly k
(@) ni+ A L M-—m

MK FAf
el M —m () m + M

. A Clight string passes over a Inchonless pulley.

To one of 115 ends, a mass of 6 kg 1s attached
To its other end, a mass of 10 kg 15 attached

10 ke

Fig, 10.44

{(See Fig. (10.44). The tension in the string

will be |Rajasthan PET 1994]
{a) 245 N by 245 N
() T9 N () T3.5 N

Ao omass M of 100 kg s suspended by sinngs

A B and C as shown in Fig 1045 where W

15 the vertical wall and R 15 a2 nagid honzontal
rod. The tension 1n stnng A 15 [BHU 1994)
{a) 100g N (by 0

100

() 10042 g N @ —=gN
v

9.

11.

14.
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[ B
==
i
1. 90" 1.
j_’;_' <
] B
Lo ¥
fﬁ
[ o M = 100 ke
Fig. 10.45

A person 15 sitting in a travelling train and
facing engine. He fosses up a comn and comn
falls belind him. Tt can be concluded that train
15 ISCRA 1994
() moving lorward and gainmg speed

(b) moving forward and losing speed

(e} moving forward with umform speed

{ef) moving backward with umform speed
The engine of a car produces acceleration of
4 m/s” in car. If this car pulls another car of
same mass, what wall be the acceleration pro-

duced? |IRajasthan PET 1996|
(a) & m's (b)Y 4 m's”
(c) 2 m's” ey 0.3 m's

A 100 kg man jumps into swimming pool from
a height of 5 m. It takes 0.4 sec for the water
to reduce his velocity to zero. The average
force exerted by water on the man is

[CET 1998]
{a) 25 N (b) 250 N
(c) 2500 N () 5000 N

A ship of mass 3 - 107 kg mitially al rest is
pulled by a foree of 5 - 10" N through a dis-
lance ol 3m. Assuming the resislance due Lo
water 1o be negligible, the speed of the ship 13
[LLT. 1990]
{a) 0.1 m's (h) 60 ms
() 1.5 m's (d) 5 m's
A man of mass 73 kg 15 standing on spring
balance mside a Lt It the hit falls freely doam-
ward. the reading of the spring balance will be
[CET Karnataka 1993]
(b) =75 kaf

(el 7ero

(a) 75 kal
(¢) <I15kgf
A particle of mass 0.3 kg 15 subjected 1o a
force I = —kx where k= 15 N/m, What will be
its mutial aceeleration. il 1t 15 released [rom a
point 20 cm away from the ongin?

[AIEEE 2005]
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th

16.

18,

(@) 3 ms- (h) 13 ms -
{c) 3 ms - (a1 10 ms -
A machine gun fires a bullet of mass 40 g with A
a velocity 1200 ms ' The man holding 1t can ety
exert a maximum force of 144 N on the gun. i
How many bullets can he hre per second at Fio. 10.46
the most? [AIEEE 2004 e
{(a) One (h) Four (a) g. g2 (b) g2, g
{¢) Two () Three (¢) & 2 (d) g2, gi2
ﬂL nuc_lcl]g dlqlntagrﬂh:“ |ntn l1"1l.n nuc_leﬂr pﬂﬂg I‘-}q J""a. h]ﬂuk ﬂf [nass m ]5 QUI]T!I.'-HGEJ- o :‘Htﬂih‘ﬂ'r
which have their velocities in the ratio 2:1. block of mass M by a massless spnng of spring
The ratio of their nuclear sizes will be constant k. The h]clu.z.l-'.s are kept on a smooth
[AIEEE 2004] horizontal ]?tanr_:. Initially the i'.ﬂ.ﬁi:]{ﬁ are al rest
V3. s g and the spnng 15 unstreiched. Then. a constant
(a) i (5} 1:. - foree I ostarts acting on the block of mass M
(e} 37 : 1 (d)y 1:2 to pull it Find the force on block of mass nr
. A light spnng balance hangs from the hook of [AIEEE 2007]
the other hght spnng balance and a h]m.:llc: ol _— (M + ) F
mass Af kg hangs from the former one. Then () Y, (b v
the truc statement about the scale reading 13 ' ’
[AIEEE 2003] ) Mk wy
(A +m) (M + )

{a) both the scales read M kg each

(&) the scale of the lower one reads A kg and
ol the upper one zero

20. A block 15 kept on a Inctionless inclined sur-
face with angle of mmehnation . The inchine 15
{c) the reading of the two scales can be any- ﬁ];::} mEqT:JLLEtTjMJI?;J ;,:,}m_l.tﬁf [hﬁgbimif?;
thing but the sum of the readings will be ¥ L = » % 13 00 -
M ke [AIEEE 2005
{¢) both the scales read A2 kg

Two blocks 1 and B ol masses 2m and m.
respectively are connected by a massless and

mnextensible stnng. The whole system s sus- 4
pended by a massless spring as shown in Fig. O
10.46. The magmiudes of acceleration of - . e
and B, immediately after the siring 15 cul. are Fig. 10.47
respechively. [IIT 2006] (a) g'tan o (h) g cosec o
(c) g () & tan o
ANSWERS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS
1. (a) 2. (a) 3. (b) 4. (d) 3. (D)
6. () 7. (d) 8. (a) 9. (a) 10. ()
11. () 12. (a) 13. (d) 14. (d) 15, (d)
16. () 17. (a) 18. (h) 19. (o) 20, ()
HINTS TO MCQ FROM ENGINEERING ENTRANCE EXAMINATIONS
1. Retardation. a=— 2 = U{;llﬂ — 100 m's’
! .

Force exerted by the plaver is &' = ma = 0.1 * 100 = 10 N
Megative sign i1s omitted because only magnitude is required.
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£n

0.

1.

. Acceleration of the ship, a=—=
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. Impulse and change in lincar momentum are in the same direction. Therefore. angle

between the two 18 zero degree,
The two blocks will move with commaon acceleration "o given by .

il
=
my +m,
m, I
Force cxerted by 4 on B = m.a- :
L m, +m,
Foo25x0°

—=12.3x10 “misT
] 2x10°
Initial velocity. v, = 0 . Final velocity, v = ? . Displacement, § = 25 m

a T 5
vi=vy; =2 ad

or v =0" =2x(125x107)x25=625 or v=4625= 25m/s

I« = Change in linear momentum

)
or Fxi=miv+v) or I*'HU.EH:I—I_’:': a j}=L
1000 10
|
f.-' = = |”\|
10 = 0.01
Accelarafion, am— F bl i
v — _'r i T =
cogleranon, Y Orce On olog L m+ M

. Let ‘a’ be the acceleration of the system (The mass 10 kg will move downward while

6 kg will move upward).

_ Resultantunbalanced force (10-6)9.8 I
= = =245m/s

Total mass of svstem 10 +6
The equation of motion of 10 kg mass 1s
098 —-T=10a or 98 -T=10x245 . T=T735N

. Since the system is stationary,

I'sin 45% = 100 g and 7 cos 45° = 17
100 g

-

sin 43°
Since the coin falls behind the person, the train must be moving forward and gaining
speed.

Tensionin B, T’ T cosd5° =

X eos45" = 10be N

) Force
Acceleration = :
Mass
- New acceleration = 4/2 = 2 m/s”

For the same force. if mass 1s doubled. the acceleration is halved.

Velocity v of the man just before entering water is

V- (0 =2gh or ve=f2gh =2x10x5 = 10ms

MNow Fxt=m-—-0 or F= MY = 100x10 = 2500 N

f 0.4
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Let /7 be the average force exerted by the muddy ground. Then,
mg — F=ma or F=mg— ma= 10 [10 - (-666.7)] = 6767 N
6. Masses of 50 g and 40 g are connected by a string passing over a smooth pulley. If
the system travels 2,18 m in the first two seconds, find the value of g.

Hint. Fig 1049 shows the conditions of the problem. The acceleration
a of the masses 1s given by |

P A A A A

E ] :
& "’;:f'i‘Eﬂf_ ar E.ll"l=[.]-l-::<e::x[2}'

a 1.09 ms™” ) \;/
Net force = (m, g — mg) = glm, = m,) “T

2 (0.05 - 0.04) = 0.01 g newion el
Netforce = 001lg 0.0l

la

Acceleration. a = = A1)
0+ 1l 0044005 009
m, 4{1;

- : : 00le AT
From eqs. (7) and (i), 1.0 = :

AN b4 0.09

- 0.09
g= 109x _— =9.81ms " 50g | m,
7. Alift is going up. The total mass of the lift and the passengers Fig, 10,49

is 1500 kg, The variation of the speed of the lift is given by
eraph shown in Fig. 10.50,
() What will be the tension in the rope at £ = 1 sec; at £ = 6 sec and at ¢ = 11 sec?
(ii) What is the height to which the lift takes the passengers?
(#17) What will be the average veloeity and average acceleration during the course
of entire motion ?

F

I 3¢ A I3

R N e R

E : i\

= 1 |lll",

e~ 1 :

3 [ ' \

= i |

o [ | L

IIJr-} 1 1 :Jr 'llll1{'1

0 2 4 ¥ 2 10 12

Time 1 {sec) —»
Fig. 10.50
Hint., From 0 — 2 sec. the lift has uniform acceleration given by :
Av  3.6-0
A2
From = 2 sec to ¢ = 1) sec. the speed of the lift 1s constant so that during this penod.
a = (. From ¢ = 10 sec o + = 12 sec. the lift has uniform retardation given by
0=-3.6
12-10
(1) Supposc m 15 the mass of 1ift and passengers. I & is the upward acceleration and 7
i the tension in the rope. then.

= 1.8 mg™

=] 8ms"™

I'.T:



394 Principles of Physics—XI

I'—-mg =maorT = mig ~ al

Att=1sc,a=18 msg" s = 150098 + 1.8)=17400 N
Alt=6zsec.a=10 s D= 1500098 +0) = 14700 N
At¢ = 11sec,a =-18 ms? S = 1500098 — 1.8) = 12000 N

(i1} Height reached by the lift is
h — Area under speed-time graph
Arca of trapezium (MBC

{.-Hf+|i’.i'{"} {H—'riE}
=2 @ twx Al =2 w3 6=30m
Total displacement 36
(ii1) Average velocity = 2 E__ i d_Lme =27 = 3 my™!
l'otal ime 12

, Total changem velocity O
Average acceleration = - : =—=)
Fotal ime 12
8. Atrain is moving along a straight horizontal track. A pendulum suspended from the

roof makes an angle of 5% with the vertical. Find the acceleration of the train. Take

g =10 ms — d
Hint. Fig. 10.51 shows the conditions of the Teoss' b 7L
problem. The forces acting on the bob 5 5!
dare . [
() Weight mg of the bob. C ' .
(ii} Tension T developed in the string. _/J |
Resolving 1 along wvertical and
horizontal directions, we have, ¥
T cos 5° and T sin 5°. e
T cos 5°= my (D) () ()
Now 7 sin 57 15 the unbalanced force Fig. 10.51
and causes the acceleration @ in the pendulum,
!sin 5% — ma .. (i)
. ) Tsin3”  ma
From cgs. {7) and (i7), we have. Tooss® | mg
d ¥
or tan 3¢ E - | g tan 3% = 10 tan 5° = 0.87 ms

Y. The masses m, m, and m, of the three bodies shown in Fig. 10.52 are 5 kg, 2 kg and
3 kg respectively. Calculate the values of tensions T, T, and T, when (§) the whole
system is going upward with an acceleration of 2 ms™ (i) the whole system is
stationary.
Hint. (/) In this casc. all the bodics are moving upward together. The upward force on the
system is I, and the downward force is (m, + m, + m;) g
Net upward force = 7, — (m, = m, — my) g
Il @ 15 the upward acceleration in the system, then,

(m, +m, +tmja =T —(mtrm-+tm)hg i lf)

or Ty =(m +m,+m){a+g)={(53+2+3)(2+98)=118N

The force pulling m, and m, in the upward direction 15 T, and the downward force on
them is (m,— me,jg. Hence, the net upward force = 77, (m., + my) g,
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i+ myia 1"2 m, +my)e )
2 TS 2 . : ]"
or fo=(m, tm)la+g=(2+3)(2+98)=59N '
The net upward force onm, = 7., — mig
o “ m,=5kg
mya=1i,—myg i)
or I=my(at+g)=32+98)=354N AT
(71} When the whole system 15 stationary or moving with a constant
velocity, @ = 0. Putting a = 0 in ¢qs. (i). (i) and (iii), we get. m, =2 kg
Fi=(m ~m+m)g=53+2+3)98=98 N
T,={my, +m)g=Q2+3)98=49N 2 T,
Fi=mpg=3308=24 N
! ' - 3 ke
Four blocks of the same mass m connected by cords are pulled by my =3 kg
a force F on a smooth horizontal surface as shown in Fig. 10.53.
Determine the tensions T, T, and T in the cords. Fig. 10.52
T, T T, 1§ T T
Mo oy mo—e F
A G T S g B B A R Y 7 7 5 B G L S B v i B v g
Fig. 10.53
. I
Acceleration of the system. a I
Considering cach block separately, net force = mass * acceleration.
E—i maorl - T,=m*x 'l‘ PP EF
end 4
5 A F 1
T, — T, ma or —F-I,=msx—y> . T ==F
' % 4 i i 0
I . F -
I.-T, = ma oo —f-Iy=mx— - T - 2 F
B 2 A S |

Two masses 10 kg and 20 kg are connected by a massless spring as shown in
Fig. 10.54. A force of 200 N acts on the 20 kg mass. At the instant shown, the 10 kg
mass has an acceleration of 12 ms™ %, What is the acceleration of 20 ke mass ?

10 kg P P 20 kg
m GO0 00 0000 m — 200N
Fig. 10.54

For mass m,. F=m,a = 10 = 12 = 120 N

For mass m,. 200 - F= m, a,

or 200 - 120 =20 % a, : a,=80/20 =4 ms"

Three blocks are connected by strings as shown in Fig. 10.55. They are pulled by a
force F on a frictionless horizontal surface. The tension Pin the first string is 16 N.

Find (i) acceleration of blocks (i) Force F (i) tension (2 in the second string,
P 2,

Foa—  m S im » -+ Im

P A S A S A A T S R R A R A A A

Fig. 10.55
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Hint. The blocks will have the same acceleration a. The lorce £ 18 pulling all the three blocks:
force /7 pulling blocks 3 m and 5 m; force ¢J pulling only block 5 m.

(- P=O3m+ima=8ma
P 16 2 o
or i1 =—= .— melre/sec”
R Bm i
.‘.]
(1) F=m+3Im+3ma=9ma= 9mx—=18 N
2 i
(i) () =Sma=3mx—=10 N
= i

13. A massless string passes over a frictionless pulley and carries a
mass m, hanging at one end and mass #2, connected by another  2r770 07004
massless string to mass m, at the other end as shown in Fig,
10.56. Calculate the tension in the string joining masses m, and
m

3.
Hint. Let @ be the acceleration of the masses. The net force causing this ‘\\_//
acceleration = (m, +m; - m,) g p
2 ; i
_ Netforce  (m, +m, —m,)g i
r ]
Acceleration, ¢ lotal mass w4+, m [ ]4
Applving Newton's second law 1o mass mi.,. we have, B n,
m. g — 1, =m.a m‘ " I,y &
- : -~
4
mi{m.ﬁ +m, =) g :
or Mg — "IE . m, +m, + c Tty
J‘H!_ |:|".|'|': 1 |'."|'_! H‘l'i_ };.{
T, = &~ . " g
~ .i'i'.fI -— M, +fi'.f,_
5 ' Fig. 10.56
- Hi, mi
or illn. 1773 g

m, +m, +m,

14, A metal plate of mass 200 ¢ is balanced in mid-air by throwing 40 balls per second,
cach of mass 2g vertically upwards from below. The balls get rebounded with the
same specd with which they strike the plate. Find the speed with which the balls
strike the plate.

Hint. Mass ol plate, A — 200 g — 200 = 10~ kg

Mass of ball, m = 2 g =2 x 107 kg
In order that the plate remains balanced in air, the weight g of the plate must be
balanced by the upward impulsive force imparted by the balls to the plate. Let the
required striking speed of the balls be v metres/sec. It is given that the ball rebounds with
the same speed after striking the plate.

Change of lincar momentum of ball in one collision

=—mv - (mv) 2my

Change ol linear momentum ol plate per collision of each ball is

Ap =2 mv
Time for onc collision, Ay = 1/40 sec
. Rate of change of linear momentum of plate is
2mv
e ﬂ = 8l mv
Ad 1/40
This 1s the force imparted to the plate by the balls.
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For the equilibrium ol the plate. we have.
Mg — 80 mv
Mg (200x107)x9.8

o P = e .=12.25 ms™
W) B x 2= 10

. A rifle man, who together with his rifle has a mass of 100 kg, stands on a smooth

surface and fires 10 shots horizontally. Each bullet has a mass of 10 g with a muzzle
velocity of 800 ms™.

(i) What velocity does the rifle man acquire at the end of 10 shots ?
(if) If the shots were fired in 5 5, what was the average force exerted on him ?

Mass of bullet. m — 10 = 10 kg ; Mass of rifle and man, M~ 100 kg
Velocity of bullet. v = 800 ms ' Velocity of rifle and man, 1™~ ?
(#) Initially the lincar momentum of the system is zero because the bullet and the rifle

mian are at rest. Therelore, the lingar momentwm of the system remains constant after

firing the bullet i.e.,
mv + M =0
mv (10107 )x800

o =~ =—0.08ms"
A 1000

-, Velocity acquired after 10 shots = 10 = (- 0.08) = — 0.8 ms
Note that negative sign shows that velocity of rifle man 1s 1n a direction opposite to
that of bullet.

(i) The linear momentum acquired by the rifle manis Ap — M7 — 100 = 0.8= 80 kg
|
ms .

This change in linear momentum occurs in 5 sec. Therefore, average force exerted
on riflc man is
F= W 16 N
At 5

An 8000 kg rocket is set for a vertical firing. If the exhaust speed is 800 ms”,
how much gas must be ¢jected per second to supply thrust needed (4) to overcome
the weight of the rocket (i) to give the rocket an initial upward acceleration of
19.6 ms =7
The upward thrust / of the rocket is given by ;

or "=

|

i

L— 'I_.l_

elt
where v = velocity of exhaust = 800 ms

dm/di = time rate of mass of gas cjected
(i) The weight of the rocket acting downward = me.
The upthrost needed to overcome the weight of rocket (i.e., acceleration of

rocket = 0,
r W0 = 9 .
uffi mg - clim _mg Al f}“:{ s — 98 Lo/sec
i ] v |00
(i) Net force on rocket = Upthrust — Weight of rocket
cdm
VW——N &
; clt
Il @ is the upward acceleration of the rocket. then.
i el { . J [ +g)
V — Mg fiTe, or V—=\aTmg|=m{at+ g
i it

dmn mfa+g) S000(19.6+98) Y
iTE - = AL
el v 800
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Friction and Dynamics of
Circular Motion

INTRODUCTION

When an object (e.g., wooden block) moves over the surface of another object (e.g., foor),
its motion is always opposed by a retarding lorce that resists motion. This retarding lorce is called
Sriction and alwavs acts in a direction opposite to motion, For example, an object sliding down
an inclined plane experiences a frictional force directed up the inclined plane, Similarly, an object
that moves to the right on a level Ooor experiences the [rictonal force o the left. Friction can
operate between two solids, between a solid and a {Tuid or between two lavers of a [Tuid. However,
in this chapter. we shall discuss only the friction between solid surfaces and its role in motion of
vehicles on circular roads.

11.1. FRICTION

When a solid object moves over the surface of another solid object, its motion is always
opposed by a retarding force. called friction.

Hence friction s an opposing force thal comes into play when one body moves or attempls
to move over the surface of another bodv, The Jrictional force is alwavs parallel 1o the surfaces

in contact.
R

Let us discuss how frictional force befiaves. Con-
sider a wooden block of mass m placed on a horizon-
tal surface as shown in Fig. 11.1. The block pushes
down on the horizontal surface with a force equal to  Friction (Fy) A > F
block’s weight (= mgz). The supporting horizontal sur- BT 7 T FTITTiiTiTy
face pushes back with an equal and opposite force i
s0 that £ = mg. The force K is perpendicular to the
surface and is called normal reaction (normal means
perpendicular).

Suppose a small harizontal force /' is applied on the block to the right but the block does not
move. It means that a force has come into play to oppose the motion of the block. This is the force
of Inction and 1s called static triction /' because the block remains at rest or static even though
we have applied force. As we increase the applied force, the static friction £ also increases ull
a stage is reached when the block i1s about to move. The value of static friction F 15 now maximum
and is called limiting friction or critical friction /.. Once the limiting [miction (J.e., maximum

JUR

My
Fig. 11.1
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static friction) is overcome, the block begins to move and frictional force decreases. The friction
is now called kinetic friction /. Note that the word Kinetic means that the block 1s moving. Thus
the behaviour of friction can be summed up as under :

(/) Before the bodv begins to move, the static friction playvs the role ;. the static friction
increases as the applied force increasces upto the value of limiting friction (2.e., maximum
static friction).

(i) Once limiting friction 1s overcome by the apphed force, the role of static friction 1s over.
Now smaller frictional force /) (= kimetic friction) opposes the motion.

(i17) Both lIimiting Triction (/) and Kingtic frictien (/) arc important. The limiting [riction
must be overcome (o start the body moving and then smaller frictional force /, to oppose
the motion.

11.2. CAUSE OF FRICTION
Friction is a complicated phenomenon. Many aspects of [riction even today are not com-
pletely understood. We now give the old view and modern view aboul the cause of Imiction.
Old view. According to the old view. friction comes into play due to the irrcgularitics in the

surfaces in comtact. These irregularities are in the form of

projections and depressions in the surfaces as shown in Fig, /////’; _
11.2, When two surfaces come in contact, these irregularitics Depressions —.”ﬂ;'r }:1:"]
get interlocked. This interlocking opposes the shiding of one
surface over the other, Once shiding has begun, the surfaces do
not have nme to “settle down™ onto ecach other completely.

Therefore. the friction decreases. This explains why Kinetic / A bl
friction is less than limiting friction (maximum static fric- ////7/ %
omn). Fig, 11.2

Drawbacks, The old view has the following drawbacks :

(/) According to old view, the greater the area of contact between the surfaces, the greater
should be the force of friction between them. However, experiments show that force of
friction 1s independent of arca of contact of the two surfaces.

(i) According to the old view. when the surfaces are made smooth. the friction decreases
because the size of projections and depressions in the surfaces is decrcased. However,
experiments show that when surfaces are lnghly polished. the force of Inction becomes
very large.

Modern view. According to modern view. the friction is due to the atomic and molecular

Jorces of attraction befween the two surfaces at the point of their actual contact.

On a microscopic level, even the most polished surface is far from plain e, every surface
has roughness. Therefore, when two surfaces are put together, the actual arca of contact is very
much less than the apparent area of contact (See Fig. 11.3).

For example. 1t has been fn:nul_ld that for steel on steel, the T g
actual contact arca can be as little as ong ten-thousandth of - Fig, 113

the apparent arca. The pressures al the contacl points are

very high and the molecules are pushed into such close proximity that the autractive forces
between them weld the surfaces together at contact points. In other words. the contact points are
cold-welded together. When we try 1o move one body over another body. these tiny welds opposc
motion. This gives rise to the opposing force of friction,

Explanation of friction on modern view. We now explain many experimentally observed
facts about friction on the basis of modern view.

(/Y The tiny welds formed have 1o be broken before one surface can move over the other.

Therefore, no matter in which direction the motion occurs, there is a force which opposes
il This explainsg why force of friction alwavs acts in a direction opposite o motion,
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(i) When the apparent arca of contact of the body is *decreased. the number of contact
points is decreased. Since the weight of the body is not changed. there is increased
pressure at the contact points. As a result, contact points flatien so that total contact arca
and pressure return o their original values. This explains why force of friction is inde-
pendent of the arca of contact of ihe surfaces.

(iif) The actual arca of contact between two surfaces depends upon the force with which the
surfaces are pressed together. In other words, actual arca of contact will depend upon the
normal force exerted by the supporting surface on the body. This explains why force of
Jriction (static or kineticl is divectly propoviional to the normal reaction,

11.3. TYPES OF FRICTION

There are two common tvpes of friction viz. 1. Statc fnction 2. Kinetic friction.

1. Static friction. The opposing force that comes into play when an object does not move over
the surface of another even though jovee is applied o make it move is called static friction.

Consider a wooden block Iving on a horizontal surface. If we apply a small horizontal force
(sav | N)on the block and the block does not move, it means that a force (= 1 N) has come into
play to oppose the motion. This 1s the force of friction and is called static friction I As the
applied force is increased, the static friction alse increases (being always equal and opposite to
the applied force) till a stage is reached when the block 1s about to move. The value of static
[rcton 1s now maximum and is called hmiting friction or critical friction F.. Note that static
friction alwayvs adjusts itself equal 1o the applied force upto the value of limiting friction,

Hhus limiting friction /s the maximum static friction that comes o plav when one body is
just ar the verge of moving over the surface of another body.

Once the limiting friction is overcome by the applied force. the block begins to move and
limiting friction £, is comverted into kinetic fnction &, The subsequent motion of the block is
determined by the applied force (/) and kinetic friction /7. It is reminded that I, = J7.

Discussion. The following points may be noted

(/) Static friction comes into play onfy when the applied force tends to move a body on the

surface of another body. I the applied force 1s zero, static fnction 1s also zero.

(1) Static friction is a self-adiusting foree. As the applied force increases. static friction also

increases (being always equal and opposite to the applied force) upto limiting [riction.

2. Kinetic Friction. Kinetic friction is the opposing force that comes into play when one body
moves over the surface of another body. 1t 1s sometumes called dvnamic friction.

Once the limiting friction is overcome by the
applied force, the body begins to move and the
limiting friction is converted into kinetic friction, Fig, T B
11.4 shows the graph between the applied force and = A
force of fricnon. The part O of the graph is astraight S
line showing that static friction increases as the =
applied force increases upto limiting friction /.. The E Fy
body will remain at rest till the applied force does =
not exceed OC. Once the applied Torce exceeds O, =
the body starts moving and [riction decreases to /) .rT;r

(kinetic friction). Thus the limiting friction must be
overcome 1o start the bodv moving and then a smaller
kinetic [rictional force £, acts on the body Lo oppose Fig. 11.4
the motion of the body.

Applied force —»

¥ This can be done by turmng the body so that of rests on one ol s smaller faces.
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Types of kinetie Iriction. Kinetic [riction 1s of two types viz. (a) Sliding friction (#) Rolling
friction.

When one bodv slides over the surface of another body, then opposing force that comes into
play is called the sliding fricion. For example, when a rectangular wooden block 1s moved on a
level floor, the opposing force is the sliding friction,

When one bodyv rolls over the surlace ol another body. then opposing [orce that comes mnto
play is called the molling firiction. Thus when a ball rolls over a surface, the opposing force is the
rolling friction. We shall discuss the cause of rolling friction in Art. 11,10,

11.4. LAWS OF FRICTION
Static friction as well as kinetic friction is a complicated phenomenon. Many aspects of
friction even today arc not completely understood. However, experiments show that to a good
approximation. the force of [riction obeys the lollowing laws :
(fy The frictional jorce (static as well as kinetic) depends upon the nainre of the iwo surfaces
in comfact and their stale of roughness,
(it} The frictional force (siatic as well as kinetic) always acis paralle!l to the surfaces in
contact and ity divection s oppasite fo motion o altempled motion.
(1) The fiictional force (static as well as kinetic) is independent of the area of contact af the
hwer surfaces.
(rv) The magnitude of frictional force (kinetic and static) is directly proportional to the
perpendicular force (mormal reaction R) between the two surfaces in contact.

(v} The frictional force 1s independent of the speed (applicable lo kinefic friction only) of one
surface relative 1o the other surfoce.

11.5. MAGNITUDE OF LIMITING FRICTION

Consider a block of mass m lving on a horizontal R
surface as shown in Fig. 11.5. The normal reaction K is I
the perpendicular force exenied by the surface on the
block. Clearly, # = mg, If [, is the limiting friction m  ——m Applied force

(i.e., maximum static friction), then according to laws  F. AT
of [mction. F. is directly proportional to the normal I

reaction R i.e., R
e xR Fig. 11.5

or Fn= e R
where . is a constant of proportionality and 15 called coefficient of static friciion. Its value
depends upon the nature and condition of the surfaces in contact.

b Limiting iriction

s = i - Normal reaction

Therefore, co-efficient of static friction between two surfaces in contact is equal io the ratio

of limiting friction and the normal reaction, Since pg 18 a ratio of two forces. it has no units i.e.
il 15 a pure number.

Hlustration, Let us find the magnitude of limiting friction in the three cases shown in
Fig. 11.6, Suppose that co-efficient of static friction between the block and the surface 15 pg in
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cach case. The normal reaction R is the perpendicular [orce that the surface exerts on the block.
Its value is different in the three cases shown in Fig. 11.6,

R R L
! | P
r 2m f
. s
S AT m g 5in G 0% M & cos B
I ,-*:'! zlﬂ me’
Mg 2m [ o
(i) (i) {iif)
Fig. 11.6

(r} For the first case, R = m g [See Fig. 11.6 (i)]. Thercfore, £. = p = i, mg . This is the
value of maximum siatic rction that the surface can exert on the block.

(i7) For the sccond case [See Fig. 11.6 (i)]. R = 2 m g so that F. =p R =2, mg. Note

that now normal force 15 double 1ts previous value. Therelore, the magmiude of limiting
friction becomes two times the previous value.

(ifi) For the third case |See Fig. 11.6 (ii1)]. R — m g cos0 so that . —u R = p mg cosd.
11.6. MAGNITUDE OF KINETIC FRICTION

Like static fiction, the magnitude of kinetic friction is divectly proportional to the perpendicular
force hetween the surfaces in contact (i.e. normal reaction hetween

the surfaces). Consider a block of mass m moving with a constant A
velogity  on a horizontal surface as shown in Fig. 11,7, The normal o
reaction K i1s the perpendicular force exerted by the surface on the m |—»F
block. Clearly, R — m g. If I, is the kinetic friction exerled by the i 7 A
surface on the block. then. v
F.xR mg
or F, = K Fig. 11.7

where p,is a constant of proportionality and is called co-efficient of kinetic friction. Its value
depends upon the nature and condition of the surfaces in contact. To a good approximation. value
of F, (or py ) is independent of relative speed between the surfaces and their area of contact.

Fp  Kinetic friction

e~ 'R Normal reaction

Therefore, co-efficient of kinetic friction between two surfaces in conltact is equal lo the ratio
of kinetic friction and the normal reaction. Since p, 15 a ratio of two lorces, 1t has no units: it 1s
a pure number. Noie that for a given pair of surfaces, u, < u. . Therefore, we require a larger force
to set an object i motion than to keep it i motion with constant velocity,

[Hustration. Suppose a box of mass 3 kg is being pulled
horizontally on a level surface by a force of 20 N |[See Fig. 11.8]. T
If the co-efficient of kinetic friction between the box and surface m |—» F=20N
15 p, =035 and g = 10 ms * _we are o find the acceleration of Py Smmmzmzzz
the box. The normal reaction R is the perpendicular force exerted "ll'
by the surface on the box. Clearly, R = myg. "o

Fig. 11.8
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Kinetic friction, F, =p R=p mg=05=3 x 10=15N
Net force= F— F 2W~15=5N

k
According to Newion's second law, the acceleration a of the box 15 given by |

- _Hctlm'{:{:_ _2 y 6Tme
Mass 3

Note that role of limiting friction s only confined to set the body moving. Once the body is
momotion, s aeceleration is deternined by the applied force and kinetic friction between the
surfaces i contact,

Example 11.1. A block of 10 kg is pulled at a constant speed on a rough horizontal
surface by a force of 20 N. Find the co-efficient of Kinetic friction. Given that g = 10 ms .

Solution. Since the block is moving with a constant speed on the horizontal surface. Kinetic
friction exerted by the surface on the block is cqual and opposite to the applied force.

Fo=20N, R=mg=10=x10=100N; p.="7

F, 20
R 100

Example 11.2. A box is lying on the floor of a moving train and the coefficient of friction
between the floor and the box is 0.15, Find the maximum acceleration of the train for which
the box will lie stationary on the floor. Given that g = 10 ms °,

Solution. Suppose m is the mass of the box. Let @ _be the maximum acceleration of the train
at which the box can remain stationary on the floor,

The limiting Iriction between Moor and box is

I S R

= (L2

W, =

ALL’.' - H Ly e i o e

i e e
= pg=015%x10=15ms"

Now He =

ﬂ.l‘i'll:.'.'l.'
Example 11.5. Find the distance travelled by a body before coming to rest if it is moving
with a velocity of 15 ms " and the cocfficient of friction between the erounid and the body
is 0,45, Take g = 10 ms .
Solution. Lel a be the retardation of the body.

Now s = J:r—:a = ::: = 3

Retardation, a@ = p, x g = 045 % 10 = 4.5 ms *
Now e —115.. =2 aS
or F-15=2x(45*S .~ 5=25m

Example 11.4. A 3 kg box rests on a horizontal table.
The coefficients of static and kinetic friction between
the box and table are p, = 0.6 and p, = 0.5, The box is
pulled by a string at an angle of 30° as shown in Fig.
11.9. Find the frictional force and the acceleration of the
bhox it the tension in the string is 10 N,

Solution. Fig. 11.9 shows the conditions of the prob-
lem. The hormzontal and vertical components of tension 7 mg

are ; Fig. 11.9
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T =Tcos@ =10co530°=8060 N

I =Tsing =10sin30°=35N
Since there is no acceleration in the vertical direction. the net force in the vertical direction
1S 7CT0 i.€.
R + Tsin 30° - mg =0
or R = mg Isin30°=3 =98 —-5=244 N

Limiting friction, F,.= Hgll =06 = 244 = 147 N

Since the applied horizontal force 7 (= 8.66 N) 1s less than the limiting [riction
{f.e. maximum static friction). the box will not accelerate horizontally. The frictional force exerted
by the surface on the box is .66 N to the left to balance the applied horizontal force 7). Note
that box can only move il limiting friction is overcome.

. Frictional force = B.66 N

Example 11.5. A woman pushes a box of mass 20 kg on a horizontal surface with a
horizontal force of K The co-efficients of static and kinetic friction are pg= 0.6 and p, = 0.5,

(7)) What must F be in order that she can make the box start to slide?

(if) If she maintains the same force once the block starts to slide, what will be its

acceleration?
Solution. (VR —mg =20 =98 =196 N p, =06; 1, =05

Limiting friction, /7, = Kgf{=06 = 196 = 1176 N
Therefore, the applied force must be 117.6 N if she wants to make the box start to slide.
Applied force, F = 117.6 N
(17) Once the box starts moving, the frictional force decreases to /) (kinetic friction).
F,=KR=05x%x19%=98N
Net forceonbox=F - F, = 1176 - 98 = 196 N
According o Newton's second law, acceleration a of the box 1s given by |
e Net foree 196 08 me?
hass 20
Example 11.6. A bullet of mass (.01 kg is fired horizontally into a 4 kg wooden block
at rest on a horizontal surface. The co-efficient of kinetic friction between the block and the
surface is 0.25. The bullet gets embedded in the block and the combination moves 20 m
before coming to rest. With what speed did the bullet strike the block?

Solution, Mass of bullet, m — 0.01 kg ; Mass of block, M — 4 kg ; p, -~ 0.23
When the bullet hits the block, the block-bullet system gets retarded due to Inction between
this system and the surface. If @ is the retardation produced in block-bullet system. then.

F 1, R W, (M +m)e .
. : R ) g =0.25x9.8=245ms™
M+m M+m M+m

Suppose 1718 the velocity of block-bullet syvstem after the bullet hits the block. The svstem
comes 1o rest alter covering a distance 5 — 20 m,

. 0’~ 1 =2a8

Here a S4s m A8 =0 =7

2 =2 % (245) %20 or V= 98 =9.9 ms"

Suppose v 1s the velocity of the bullet before 1t gets embedded into the block, Therefore, by
law of conscrvation of lincar momentum
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mv =M +mV
(M =m)l” 44001

m (.01

Example 11.7. Referring to Fig. 11.10, what is the least amount of force F vou must exert
on the block to keep it in place ? The block has a mass of 2.2 kg and the co-efficient of static
friction between the wall and the block is pg = 0L65. Take g = 10 ms .

Solution, The block is being pressed aganst the wall by the honizontal force /' [See Fig.
11.10]. The wall exeris a normal force /X on the block so that & = F You can hold the block in
place il you push hard enough honzontally, It 15 becanse fmction between the block and wall
depends upon /2 and the value of & depends upon the value of /< If the block is to remain
stationary. there must be enough static friction upward to balance the down-
ward force m g

& v = x9.9=3969.9 ms"

Fe
A
Weight of block =m g = 22 =10 =22 N |

The static friction must be equal 10 22 N.

Limiting friction. F. = p R

F. 22
or R=—*% t':' = 34N mg
e Fig. 11.10
F=R=3N

Therefore, the least force & that will keep the block in place is 34 N,

Example 11.5. A 4 kg block A is placed at the top of 8 kg block B, which rests on smooth
table. The block A just slips on B when a force of 12 N is applied on block B. What is the
maximum horizontal force F required to make both 4 and B move together?

Solution, Fig, 11,11 shows the conditions of the problem. The maximum force of static
[riction is £, = 12 N. For A4 to move together with 55, the force on A should not exceed 12 N. IT
a 15 the corresponding acceleration, then.

12=M,6 =% a ,
: s =— 4
or a= 2 =12 _3pmg?
M, 4 = B —*F
i 3 w LT
The equation of motion for body 5 is 4
Fig. 11.11
F—Fy=M;%a
or F=F,+M,*a=12+8x3=36N
PROBLEMS FOR PRACTICE
. In Fig. 11.12. find the normal reaction. [19.4 N
A P=28N
A
kg a7 530
| ~30° _ I
IFFIFIFIFI$H‘ CEErrrry e
g
Fig. 11.12 Fig. 11.13

2. In Fig. 11.13, the weight of the block is 47 N. Find the normal reaction. [69.4 NJ
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3. If the co-efficient of friction between a car’s tvres and a roadway 15 0.62, what 15 the least
: : . : 14
distance in which the car can accelerate from rest to 20,7 ms = 7 [35.3 m]

4. A 30 kg block rests on a horizontal surface. IF this block is pulled as shown in Fig. 11.14,
it will not move unless the tension exceeds 350 M. What is the co-efficient of static

friction between the block and the surface 7 [0.714]

1 360 N
‘ S0k —p—

Fig. 11.14 Fig. 11.15

5. Will the block shown in Fig. 11.15 move 7 [ Yes]

6. A 50 kg stone [alls into a mud pot from a height of 6 m. It sinks 0.5 m below the mud
surface before coming to rest. Assuming that a constant frictional force between the mud
and stone brought the stone to rest, determine the magnitude ol that force.
[7.84 % 10° N]
The coellicient of static friction between the fleor of a truck and a box resting on it 1s
(1.3, The truck is travelling at 80 km/h. What is the least distance in which the truck can
stop if the box is not to slide? [83.9 m]
8. How long will 1t take for a wooden block of mass 2 kg to shide Irom rest a distance of
3 m down a rough plane inclined at 30 to the horizontal 7 Given p= 0200 [1.37 s

9. The co-efficient of friction between a mbber tvre and a wel concrete road is 0.5, Find
the minimum time in which a car whose initial velocity is 15 ms ' can come to a stop
on such a road. |3 s]
11.7. ANGLE OF FRICTION

The angle which the vesultant of the limiting friction and the normal reaction makes with ihe
normal reaction iy called the angle of friction.

=

Consider a block of mass m resting on a horizontal R
surface as shown in Fig. 11.16. The weight me of the . A
block is balanced by the normal reaction R (i.e. K — m gl I\.E N
The magnitude of applied force is equal to the limiting }
friction F. between the surfaces. Under such condition, Fple—t— "% -
the block is at the point of sliding. The resultant of R and  rrrrrrrrrrrrry :f#frnf.f.-'.l'n.f.fHH
P makes an angle o« with K. This angle is the angle of

friction. Referring to Fig, 11.16, Y
F. uR s
tanox R = R = K Fig 11.16
L tan o

Thus the coefficient of static friction is equal to the tangent of the angle of friction.
11.8. MEASUREMENT OF p. AND p,
We can measure w, and p, for the two surfaces simply by placing a block on a plane surface

and incline the plane until the block begins to slide.

(/) Measurement of g Consider a block of mass m placed on a plane surface. If the plane
surface is raised gradually above the horizontal, eventually a point is reached when the block just
begins Lo slide. Let 0. be the critical angle at which sliding starts. In this condition. the block
is under the action of the following forces (See Fig. 11.17) :
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(@) The weight mg of the block acting vertically downward.

(h) The limiting friction /. acting parallel to the surfaces in contact but opposite to the
attempted motion. In this case. limiting friction is directed upward along the inclined
plane.

We choose V-axis parallel o the plane and Y-axis perpendicular to the plane. The weight

myg of the block is resolved into an x-component mg sint, down the inclined plane and a
v-component mg cos O, perpendicular to the inclined plane. The incline exerts a nonnal force
f on the block. Since the block 15 just at the point of shiding. the x and v components of the net
force are zero fe.,

R —mgcosp, =0 or R — mg costl. ..(7)

and mg sinf.— F.=0 or F.- mg sinf, i)

Dividing eq. (i) by (1), we have,

mg sintl,
F .- S, S tan b, (v F, =pR)
I mg cost '
Lt o ft _
or R lant,.,
ke = tan0,

Thus the coefficient of static friction (W) is equal to the tangent of the angle of inclination
(€0.) at which the block just begins to slide.

N\ N\

H 1Y
N

/ ﬁ:—’ W
Palle i

m g

Fig. 11.17 Fig. 11.18

The angle 0. 1s called the angle of repose, Thus if the angle of repose for a block on a plank
15 38%, then co-clficient of static fniction between the block and plank 15 p, = tan 0. = tan 387
= .78,

Angle ol repose. The angle of the inclined plane at which a body placed on it just begins
to slide is called the angle of repose. 1t 1s also called angle of sliding.

Now Mg = tan O .0, 15 angle of repose
Also Mo = fan o ... @ is angle of friction
: a.= 8,

Henee angle of friction (w) is equal to the angle of repose (6,.).

(i) Measurement of . At an angle greater than 0. (See Fig. 11.18), the block begins 1o
shide down the inclined plane with an acceleration a. Note that static [riction changes (o kinetic
friction F,{ — p, K). The net force down the inclined plane is

Met force = mg sin §— F, = mg sin() — R = mg sinf— W, m2 cosf

. Net force  mgsmmb—p, me cost
Acceleration of block, a i He P12
Mass m

or a =g (sing —p, cost))

We can measure the acceleration a of the block. Thus we can determine p, for the two
surfaces. Note that mass of the block does not enter into the expression. This means that all
masses will have the same acceleration as long as the co-efficients of Iriction are the same.
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11.9. ACCELERATION OF A BODY DOWN ROUGH INCLINED PLANE

An important type of one dimensional motion is the motion of
an object on an inclined plane. Fig. 11.19 shows a block placed on @
a rough inclined plane: the angle of inclination being 0. If O 1s R L5
areater than the angle of repose. the static friction changes 1o kinetic
Iriction and the block shdes down with an acceleration a. Relermring
to Fig, 11,19,

R =mgcosp

MNet force on block down the plane = mg sinp — I,

B = 30°
Fig. 11.19

or ma = mgsing — W mgcosd (- F, =W, megcosp)
or a = g (sing - p, cosp )
[t is clear that a < g. We arvive ai a very important conclusion thal acceleration of a body

down the inclined plane is always less than the acceleration due to gravity.

Note. II' & = 0. (angle of repose). the body will not shide down and foree 15 required to move the body
down the plane,
Minimum force required to move the body down the inclined plane

b — mg sinb
mig W, costl — mg sind

mg (u, cost — sintl)
Minimum force required to move the body up the inclined plane
mg sinf + F,
mg sintl + mg p, cost
mg (sint + w, cost)

Example 11.9. A box of mass 4 kg is placed on a wooden plank of length 1.5 m which
is lying on the ground. The plank is lifted from one end along its length so that it becomes
inclined. It is noted that when the vertical height of the top end of the plank from the ground
hecomes (L5 m, the box begins to slide. Find the coetficient of friction between the box and
the plank,

Solution, Fig. 11.20 shows the conditions of the prob- %
lem. The angle of the inclined plane at which the box placed
on it just begins to slide is called the angle of repose. There-
fore, ZACUB = 8. = Angle of repose.

Here BA=05m : OB = 1.5 m

I

c 04= JOB? - BA® = J(1.5)7 - (0.5) =2

Therefore, co-efficient of friction p is given by .

-A
BA 0.5 ’ Fig. 11.20
K= tant, O *ﬁ* (.35
Example 11.10. A book that weighs 12 N is supported by an inclined plane. The coef-
ficient of static friction between the book and the inclined plane is po = 0.7. What is the
frictional force that acts on the book it the angle of inclination of the plane is 30° with the
horizontal”?
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Solution. Fig. 11.21 shows the conditions of the problem. The
weight mg (= 12 N) of the book acts vertically downward, The o
normal force /& is exerted by the surface on the book. R 5

R=mgcosg= 12 cos 30° = 104 N

The component of weight down the plane

mg sing = 12 sin 30° = 6 N B B
The force of static friction can be as great as R, . W ’, Y
ot
Limiting friction, I, = p. R W ng Cos() ,/é=3u“ mg
= 0.7 x 104 =728 N Fig. 11.21

However, the force along incline due to book’s weight 15 only 6 N. Therefore, the force of
static Iriction that acts on the book is also 6 N and acts upward along the incline,
Frictional force on book = 6 N

Example 11.11. A block of wood is supported on an inclined plane that makes an angle of
37 with the horizontal. The block is given a push so that it slides up with an initial speed of
5 ms . The coefficients of static and kinetic friction between the block and inclined plane are
o= 0.8 and p = 0.5,

(i) How far along the inclined plane will the block move before it comes to rest ?

(ii) Will the block slide back down the plane ?

Solution. Fig. 11.22 (#) shows the conditions of the problem.

(i} Fig. 11.22 (ii) shows the conditions of the problem while the block 15 sliding upward
along the plane. Let us take the positive x dircction upward along the plane. When the
block is moving up along the plane. the component mg sing as well as Kinetic [riction
I, act down along the plane. Therefore. net force on the block is

Net force on block = (- mg sin 0 ) + (= F))

mg sing + (—p, mg cosg) e Fy= o R)
= — mg (sin 37° + 0.5 cos 37%)

— me (sin 37° + 0.3 cos 37°)

Acceleration of block. a - -8
Y,
A
&
LN A
i ,/\/
__,.-"
Hff e = 0.8
= 0.5
A =370
Fig. 11.22
Now v —l'r; =2al
Here V, = 3 ms v = 0:a 14
0" —5°

A -1.28 m

3?{ HH}



410 Principles of Physics—XI

(//y When the block has reached the highest point. it is momentarily at rest and it is then
the static friction that determines whether the block will remain at rest or slide down
the plane. We know that maximum angle (U.) that an inclined plane can have without
causing motion of an object resting on the plane 1s given by ;

He = tand .
or B.=tan" u, =tan 0.8 = 38.7°
Since the angle of inclined plane is 37° (ie., less than 00.), the block will not slide
down the plang but will remain at the point where it comes 10 rest.

Example 11,12, An object of weight B is resting on an inclined plane at an angle O to
the horizontal. The coefficient of static friction is p. Find the )
horizontal force needed to just push the object up the plane. I

Solution. Figure 11.23 shows the conditions of the problem,

Let # be the horizontal force needed to just push the object up the
mchned plane. The force & and weight B are resolved into rect- 4 Fsin 0
angular components along the plane and perpendicular to the plane. 9.
Frictional force, £ = p K=l cost + F sin 0] sl
Now F cosB = W sinO + F, I:*'
or Foeosth = W osint + (i cos 0 + F sin 8) Fig. 11.23
or FeosB—uw Fsind = Wsinb+p W cost
or F(cosB—usinf) = W(sind+ u cos )

Wisin 0+ peos )
(cosl — p sin 0)

lIr'.=

Example 11,13, Find the force required to move a train of 2000 guintals up an incline
of 1 in 50 with an acceleration of 2 ms™, the force of friction being 0.5 N/quintal.
Solution. Here m = 2000 quintals = 2000 = 100 kg : sin 6 = 1/50
Force of friction, £ = 0.5 = 2000 = 1000 N
In moving up the inclined plane. the force required against gravily 1s
I = mg sin 0 = (2000 = 100) < 9.8 = 1/50 = 39200 N
Force required to produce acceleration a (= 2 ms 7) is
o= ma = (2000 = 100) = 2 = 400,000 N
Total force required = F.+ F; + £ = 1000 + 39200 + 400,000 = 440,200 N
Example 11.14. A block of mass 50 kg is placed on a rough inclined plane of angle 30°,
If the coefticient of friction between the surface of the plane and the block is 1/ xfﬁ , find the
values of maximum and minimum force along the plane to keep the mass in equilibrium,
Solution, Here m = 50 kg ; 0 = 30° ; u= 173
Force of {riction, /' = uwR = w me cost) (- R = me costl)
= (1/4f3) * 50 x 9.8 x cos 30° =245 N
The component of weight acting down the plang 1s
F=mgsint = 30 = 98 = sin 30° = 245 N

To keep the block in equilibrium, the force required will be maximm when the block is
moved up the plane and meisimum when it is moved down the plane.

Maximum force = P + F= 245+ 245 = 490 N
Minnmmmforce =P - F=245-245=0 N
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11.140.

PROBLEMS FOR PRACTICE

A block rests on a rough incline whose angle © with the horizontal can be vaned. A trial
shows that the block does not begin sliding down the incline until ¢ = 30°. What is the

co-clTicient of static meton between the block and the surface of the icline 7 [0.58)

Show that if a block slides at constant velocity down a plank that makes an angle 0,

with the horizontal, then the coefficient of friction between the block and the plank 1s
L, = tant,

When an automobile moving with a speed of 36 knv'h reaches an upward inclined road

of angle 307, 115 engine 15 swilched off. I the co-efficient of Iniction ivolved 15 0.1, how

much distance will the automaobile move before coming to rest? Take g = 10 ms %

[8.52 m]
A body placed on a rough inclined planc just begins to slide when the slope ol the planc
15 1 in 4. What is the value of coefficient of static friction? [0.26]

What is the coelficient of friction between a block and a plane inclined at 30° from the
horizontal if the block just slides without accelerating when given an initial push? [(0.58]

ROLLING FRICTION

When ane body rolls over another, the resistance offered to motion is called rolling friction.
It is generally much less than the sliding friction. Rolling friction results from the deformation
produced where a wheel pushes against the surface on which it rolls. The deformation of an
automobile tyre in contact with the pavement is readily visible. Even in case ol a steel wheel
rolling on a steel rail, there is some deformation of the surfaces. The deformation of the two
surfaces produces rolling friction. The force of rolling friction varies inversely as the radius of
the roller and 1t 1s less. the more rigid the surface,

Cause. When a wheel rolls on a level surface, the arca of —k
contact is very small and the pressure (weight/area) becomes very
large. As a result, there is depression in the surface below as
shown in Fig. 11.24. In climbing up the depression 5C, the wheel
encounters some opposition to motion, Further, the wheel also
cxpericnces opposition to motion in detaching itself from portion -

AR against the forces of adhesion. This causes the rolling friction.

: : G Ry : A
Experiments show that rolling friction is directly proportional to
the normal reaction (/) and inversely proportional to the radius (#)
of the rolling wheel, B
R Fig, 11.24

r

Rolling friction. /= z

where p = cocfMicient of rolling friction

11.11.

ADVANTAGES AND DISADVANTAGES OF FRICTION

Friction always opposes motion. It has advantages as well as disadvantages.

Advantages. Althongh we often view friction as an undesirable evil and go to great pains
to reduce it. we would really be in decp trouble without it. The following examples illustrate this

point.

(1Y We would not be able to walk if there had been no [riction between the soles of our shoes

and the ground. While walking. we push on the ground and the force of friction acts in
the opposite dircction. In the absence of friction. for example. on icy surface, the person’s
shoes would slip when placed on the ground. The [mctional force alwavs opposes the
motion of the shoes.
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Impulse, 349
Inertia,
law ol 340




Index

Inertial mass. 35
Infrasonic waves. 1218
Intensity of sound, 12635
Intensity level. 1265
Interference

of sound waves, 1234

of waves on a string, 1240

J

Joule, 468
relation to calorie, 918

K

Kelvin {umt), 920
Kilocalone (umt), 918
Kinematics, 119
Kinetic energy, 479
in collisions, 495
molecular. relation
Kinetic friction, 400

Laminar low, 877
Latent heat, 933
Lever arm, 563

Lincar expansion coelficient, 923

Lingcar momentum, 342
Longitudinal wave, 1209
Loudness, 1264

v

Manometer, 812
Mass ;
gravitational, 35
inertial, 35
Measuremenit, 25—42
Mechanical energy, 479
Mechanics (def.). 119
Metre (umt), 17
Metric system, 17
Modern physics (defl), 4
Molar heat capacity, 932
Moment of inertia 588644

Momentum:
angular, 567
in collision, 359

conservation ol angular, 574

conservation of linear, 3539
Motion.
circular, 297
damped harmonic. 1177
of fuids. 876
general, 339
lincar. 123
Newton's laws of
oscillatory, 1143
periodic (def), 1143
projectile, 280
relative,
rotational, 339
simple harmonic, 1144
uniform circular, 297
uniformly accelerated, 162
umform rotational. 297

N

Natural frequency, 1178
MNewton (umt), 343
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Newton's law of umversal gravitation, 660

MNewton's laws of motion, 339-365

ol rotational motion, 619
Modes, 1235
MNormal force, 7o9

0

Order of magnitude. 25
Oscillations, 1143

P

Parallel axis theorem, 603
Particle (def.). 120
Pendulum. simple, 1170
Period:
of simple pendulum, 1171
of vibration, 1210
Periodic motion, 1143
Perpendicular axis theorem. 606
Phase diagram, 942
Pipe, vibrating air column, 12435
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Pitch of a sound. 1264

Potential energy, 479
clastic. 480
gravitational, 482

Power, 477

Projectile motion, 280

PT diagram, 942

PV diagram, 941

Q

Quality of sound, 1265
Cuantities. base and denved. 15

IR

Radian measure of angle, 18
Radius of gyration, 591
Reference frames, 121
Resonance, 1179

Resonant frequency, 1179
Resultant vector, 222

Rigid body (def.). 555
Rotational incrtia,

Rotational motion, 376

S

Scalar product, 241

Second (unit), 18

Second law of thermodynamics, 1048

shear modulus, 778

SHM. 1143-12006

Significant ligures, 78

simple harmonic motion, 1144

Simple pendulum, 574

SI units, 17

sound waves
adiabatic character. 1219
Doppler effect, 1257
infrasonic, 1218
intensity of, 1263
ultrasomic. 1218

Specific heat, 930

speed of sound. 1218

sSpring constant, 484

Spring, PE., 484

Principles of Physics—XI

Static friction, 400
Streamline, 877
Streambine flow, 877
Stress, 768

compressive, 769

shear, 778

tensile, 769
Strings, vibrating, 1240
Sublimation, 943
Superpoesition principle, 1234
Systeme International (S1), 17

Temperature, 918
scales, 919
Thermal energy, 917
second law of, 1048
Thermometry, 918
Thermometers :
mercury, Y18
Torncelh's theorem, 890
Transverse waves, 1209
Triple point. 922
lube of Mow, 877
Turbulent Mow, 877

U

Uniform circular motion, 297
related to SHM, 1146

Uniformly accelerated motion, 162

Units of measurements, 14-24

Unit vectors, 220

Universal law of gravitation. 660

Vapour, 943

Vaporisation, latent heat, 933

Vectors, 219-274
addition, 222
components of, 2335
multiplication, 241
resolution, 235
scalar product, 241
vector product 247



Index

Velocity
angular, 295
average. 126
instantancous, 127
Ventun meter. 891
Vibrations :
of air columns, 1245
forced, 1178
of strings. 1240

W

Watcr cquivalent, 932
Waltt (unit), 477
Wave,
longitudinal, 1209
mechanical, 1207
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on a rope, 1208

sound, 1216

standing, 1235

lransverse, 1209

ultrasomcs, 1218

water, 1208
Wing of airplane, lift of, 888
Work :

rom heat engines, 03]
Work-cnergy thecorem, 481

Y

Young s modulus, 771

4

Zero, absolule, 921



