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Preface

This Model Textbook for Physics Grade 11 has been developed by NBF according to
the National Curriculum of Pakistan 2022-2023. The aim of this textbook is to
enhance learning abilities through inculcation of logical thinking in learners, and
to develop higher order thinking processes by systematically building the
foundation of learning from the previous grades. A key emphasis of the present
textbook is creating real life linkage of the concepts and methods introduced.
This approach was devised with the intent of enabling students to solve daily life
problems as they grow up in the learning curve and also to fully grasp the
conceptual basis that will be built in subsequent grades.

After amalgamation of the efforts of experts and experienced authors, this book
was reviewed and finalized after extensive reviews by professional educationists.
Efforts were made to make the contents student friendly and to develop the
concepts in interesting ways.

The National Book Foundation is always striving for improvement in the quality of
its textbooks. The present textbook features an improved design, better
illustration and interesting activities relating to real life to make it attractive for
young learners. However, there is always room for improvement, the suggestions
and feedback of students, teachers and the community are most welcome for
further enriching the subsequent editions of this textbook.

May Allah guide and help us (Ameen).

Dr. Kamran Jahangir
Managing Director



Practical Applications of Physics-Xl in Everyday Life.

Physics is the foundation of our understanding of the natural world, therefore learning physics
empowers students to:

« Comprehend the underlying principles governing our universe.

» Develop critical thinking and problem-solving skills.

« Foster curiosity, creativity, and innovation.

« Address real-world challenges and technological advancements.

« Prepare for innovative careers in science, technology, engineering, and mathematics (STEM).
Unit wise relevance of this book to our natural world is briefly given below:

Unit 1: Physical Quantities and Measurements

Understanding physical quantities and measurements is crucial in everyday life. Accurate
measurements are essential in medicine, engineering, and architecture. This unit lays the
foundation for problem-solving and critical thinking, skills vital in professions like science,
technology, engineering, and mathematics (STEM).

Unit 2: Vectors

Vectors play a significant role in navigation systems (GPS), video games, and weather forecasting.
Mastering vectors helps engineers design safer buildings, optimize traffic flow, and predict
natural disasters. You'll see vectors in action in fields like aviation, oceanography, and computer
graphics.

Unit 3: Translatory Motion

Translatory motion principles govern vehicle movement, projectile trajectories, and sports
performance. This unit's concepts are applied in transportation systems, aerospace engineering,
and athletic training. Understanding translatory motion enhances safety, efficiency, and

innovation.

Unit 4: Rotational and Circular Motion

Rotational motion is integral to machinery, gears, and engines. This unit's concepts are crucial in
designing amusement park rides, bicycle gears, and satellite orbits. You'll find applications in
mechanical engineering, robotics, and renewable energy systems.

Unit 5: Work and Kinetic Energy

Understanding work and kinetic energy helps optimize energy consumption in industries like
manufacturing, transportation, power generation and construction. This unit's principles are
applied in designing more efficient machines and renewable energy systems. and

Unit 6: Fluid Mechanics

Fluid mechanics governs water supply systems, ocean currents, blood circulation and
atmospheric circulation. Mastering fluid mechanics improves irrigation systems, water treatment
processes, and weather forecasting. Applications extend to aviation, chemical engineering,

naval architecture, and environmental science.



Unit 7: Physics of Solids

The physics of solids underlies material science, structural engineering, and architecture. This
Unit's concepts help develop stronger, lighter materials for construction, aerospace, and
biomedical applications.

Unit 8: Heat and Thermodynamics

Thermodynamics principles govern heating and cooling systems, refrigeration, engines.
Understanding heat transfer enhances energy efficiency in buildings, industries, and
transportation systems.

Unit 9: Waves

Wave phenomena are essential in music, telecommunications, and medical imaging. This unit's
concepts are applied in sonar technology, wireless communication, and radar sensation.

Unit 10: Electrostatics

Electrostatics principles govern lightning protection, static electricity safety, and high-voltage

transmission. Mastering electrostatics enhances electrical engineering, materials science, and
nanotechnology.

Unit 11: Electricity

Electricity powers our daily lives. This unit's concepts underlie electrical circuits, electronic
devices, and power distribution systems. Understanding electricity enables innovation in fields
like renewable energy, electronics, and telecommunications.

Unit 12: Magnetism
Magnetism is crucial in electric motors, generators, and medical imaging (MRI). This unit's

principles are applied in materials science, electromagnetism, and advanced technologies like
magnetic levitation trains.

Unit 131 Relativity

Einstein’s relativity revolutionized our understanding of space, time, and gravity. Relativity's

implications extend to GPS technology, particle physics, and cosmology, inspiring breakthroughs
in fields like astrophysics and quantum mechanics.

Unit 14: Particle Physics

Particle physics reveals the fundamental nature of matter and energy. This unit's concepts

underlie cutting-edge technologies like particle accelerators, quantum computing, medical
imaging, and radiation therapy.

By learning these fundamental physics concepts, you'll gain a deeper understanding of the world
around you and develop problem-solving skills essential for innovative careers in science,
technology, engineering, and mathematics (STEM).

Managing Author
Physics-XI
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| PHYSICAL QUANTITIES AND v

' MEASUREMENT

Student Learning Outcomes (SLOB)
The students will:

k| =  Make reasonable estimates of physical quantities [of those quantities that are discussed in the topics of this grade).
£ 1 = Express derlved units as products or quotients of the 51 base units.

| «  Analyte the homogeneity of physical equations [Through dimensional ana:y s).
=  Derive formulae in simple cases [Through using dimensional analysis|.
= Analyze and critique the accuracy and precision of data collected by measuring instruments,
«  Assess the uncertainty in a derived quantity [By simple additior ¢f susoiute, fractional or percentage uncertaintios),
e Justify why all measurements contain some uncertainty. - e Y




PHYSICAL QUANTITIES AND MEASUREMENTS

Physics is based on experimental observations. Observations may be qualitative or quantitative.
Qualitative observations have no associated numbers. This deal with facts that can be observed
with our five senses: sight, smell, taste, touch and hearing. Colors, shapes and textures of
objects are examples of qualitative observations. Observations, like ‘water keeps its level’,
is also an example of qualitative observation. A quantitative observation includes numbers, and
is also called a measurement. We can measure mass, time, distance, speed, pressure, force,
torque, momentum, and energy. Quantitative observations are useful to a scientist.

1.1 ESTIMATION OF PHYSICAL QUANTITIES

In our daily life, we may face some situations like: What will be the height of this building? Will
the piece of equipment fit in the back of our car, or do we need to rent a truck? How long will
this download take? How large a current will be there in this circuit? How many houses could a
proposed power plant actually power if it is built? Usually, we solve such problems by making
estimations. In many circumstances, scientists and engineers also need to make estimates of
some specific physical quantity with the help of little or no actual data.

An estimation is a rough educated guess of the value of a physical quantity by using prior
experience and sound physical reasoning.

An estfmation usually includes the identification of correct physical principles and a good guess
about the relevant variables. Estimation is very useful in developing a physical sense. Estimation
does not mean guessing a formula or a number at random. Some of the following strategies may

help to improve our skill of estimation:

Estimation of length: When estimating lengths, remember that anything can be a ruler. For
breaking a big thing into smaller things, first estimate the length of one of the smaller things
and then multiply this value to the number of smaller things to obtain the length of the big
thing. For example, to estimate the height of building, we first count the number of floors it
has. Then, estimate the height of a single floor by imagining how many people would have to
stand on each other's shoulders to reach the ceiling. In the last, we estimate the height of a

person. These estimates give you the height of the building.

Sometimes it also helps to do this in reverse, i.e., to estimate the length of a small thing which
in bulk making up a bigger thing. For example, to estimate the thickness of a sheet of paper,
estimate the thickness of a stack of paper and then divide it by the number of pages in the
stack. These same strategies of breaking big things into smaller things or aggregating smaller
things into a bigger thing can sometimes be used to estimate other physical quantities, such as
mass and time. In such situations, some of the length, mass and time scales, as shown in Table

1.1 may be helpful.
Estimate Areas and Volumes from Lengths: While dealing with area or volume of a complex

object, introduce a simple model of the object, such as a sphere or a box. Estimate the linear
dimensions (such as the radius of the sphere or the length, width, and height of the box) and

then use standard geometric formulas to find the area or volume. If you have an estimate of

=
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area or volume, you can also do the reverse; that is, use standard geometric formulas to get an
estimate of its linear dimensions.

Table 1.1: The estimation of some physical quantities.

| Mass (kg)
Diameter of proton = 10°15 Mass of electron = 1070 Mean lifetime of unstable nucleus=1 III‘22
Diameter of large nucleus = 107"* | Mass of proton = 102 Time for single floating-point operating in
a supercomputer = 1077
Diameter of H-tom = 107'° Mass of bacterium = 107"° Time period of visible light = 107'*
Diameter of typical virus = 10°° | Mass of mosquito = 1078 Time period of an atom in solid = 10™"?

Width of pinky fingernail = 1072 Mass of hummingbird = 1 02 Time period of nerve impulse = 10~

Height of 4-years old child = 10° | Mass of 1 liter water = 10° | Time for 1 heartbeat = 10°

Length of football ground = 107 | Mass of a Motorcycle = 107 One day = 10%

Diameter of Earth = 107 Mass of atmosphere = 10" One year = 107

Diameter of solar system = 10’ | Mass of Moon = 10% Human lifetime = 10°

1 light-year = 10'® Mass of Earth = 10%° Recorded human history = 10"
Diameter of Milky-Way = 102" Mass of Sun = 10%° Age of Earth = 107

Distance  between edges  Of | pace of known universe = 10%° Age of universe = 10'®

observable universe = 10%®

Estimate Mass from Volume and Density: To estimate the mass of an object, it is helpful first
to estimate its volume, and then to determine its mass using an estimate of its average density
(recall, that density has dimension of mass/volume, so mass = density x volume). For this
estimation, it helps to remember that the density of air is about 1 kg m?, the density of water
is 10’ kg m?, and the densest everyday solids has a maximum value around 10* kg m. Asking
yourself whether an object floats or sinks in either air or water can give you a rough estimate
of its density. You can also do the reverse: if you have an estimate of an object’s mass and
its density, you can use them to get an estimate of its volume.

Example 1.1: Estimate the energy required for an adult man to walk up through stairs from
ground floor to 1st floor?

Solution:
As, the energy required=mg h
We have to take the following estimations:
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Mass of an adult = m = 70 kg |

Distance between 2 floors = 3 m

So,_ - ; b |

Energy required = 70 kg x 10m s? x 3m
= 2100 kg m? s?
=2100J

. Assignment 1.1
Estimate that how many fluating-pointopmtlum:annsupercumputerdu in 1day? Ti Time
for single floating-point operating in a supercomputer is 10" s,

1.2 DERIVED UNITS IN TERMS OF BASE UNITS

In Grade 9, we have studied about base and derived physical quantities and their units. We
know that derived units can be expressed in terms of base units and are obtained by multiplying
or dividing base units with each other. Here, we will express some more derived units as
pmducts or quunents of the Sl base units. Let us first take force as an example:

Muw, we pul; SI units for each physlcal quantityi e., Nfor fun:e. I-:g for mass, m for displacement
and s for time, so we get:

10
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Now, we put Sl units for each physical quantity i.e., J for work, kg for mass, m for displacement

Similarly, we can express other derived units as products or quotients of the Sl base units. Some
examples are shown in the Table 1.2.

Table ome derived units as products or quotients of the S| base units.

=S E A T

coulomb

Dimension denotes the qualitative nature of a physical quantity. For example, length, width,
height, distance, displacement, radius etc. all are measured in meters because they have the
same nature and thus share the same dimensions.

Dimension of a physical quantity is often represented by capital letter enclosed in square
brackets [ ]. Dimensions for base quantities are given in the Table 1.3.

o o = s e L 1 gt
R ™
T [0
3 time 5
4 electric current T
3 temperature 6]
6 intensity of light 7
7 amount of substance : N

Dimensions of derived quantities are obtained by multiplication or division of the dimensions
of base quantities, from which these quantities are derived. For example, the dimension for
area, volume, velocity and acceleration are [L?], [L?], [LT '] and [LT?] respectively.

Thus, dimensions. give the relation of a given physical quantity with base quantities i.e. mass,
length, time etc. There are the following essential terms used in dimensional analysis:
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Dimensional Variables: Those physical quantities that have dimensions and variable in
magnitude are called dimensional variables. Some dimensional variables are length, velocity,
acceleration, force, energy and acceleration etc.

Dimensional Constants: Those physical quantities that have dimensions and a constant
magnitude are called dimensional constants. Some examples of dimensional constants are
Planck's constant (h), gravitational constant (G), speed of light in vacuum (c) and ideal gas
constant (R) etc.

Dimensionless Variables: Those physical quantities that have no dimensions and have variable
magnitudes are called dimensionless variables. Some examples of dimensionless variables are
plane angle, solid angle, strain and coefficient of friction etc.

Dimensionless Constants: Those physical quantities that have no dimensions and have constant
magnitude are called dimensionless constants. The pure numbers (1, 2, 3, ....), the exponential
constant (e = 2.718) and n are some examples of dimensionless constants.

1.3.1Advantages of Dimensions

Using the method of dimensions (called dimensional analysis), we can check the homogeneity
of an equation, derive a possible formula and determine units of physical quantities.
Dimensional analysis makes use of the fact that dimensions can be treated as algebraic
quantities. That is, quantities can be added or subtracted only if they have the same
dimensions. Furthermore, the terms on both sides of an equation must have the same
dimensions.

(i) The Homogeneity of an Equation
In order to check the correctness of an equation, we must ensure that both sides of the equation

have the same dimensions: otherwise, the equation cannot be considered as a physically correct
equation. This is called the principle of homogeneity of dimensions.

Let us check whether the equation vy = v; + at is dimensionally correct.
Dimensiorss of L.H.S. = [ LT"]
Dimensions of R.H.S. = [LT']+[LT?[T]
=[LT] + [LT]
=2[LT"]
As 2 is dimensionless constant, therefore
Dimensions of L.H.S = Dimensions of R.H.5
Hence, the equation is dimensionally correct.

{ii) To Derive a Possible Formula
Deriving a relation for a physical quantity depends on the correctly guessing various factors on

which the physical quantity depends. Let us derive the formula for wavelength of matter waves
using dimensional analysis.
As wavelength (A) of matter waves may depend upun Planck’s constant (h), velocity (v) and
mass (m) of the particle.
So, the relation for the wavelength (A) will be of the fnrm.

Ao h*m® v*

12
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A = (constant) h* m® v¢ (1)
We have to find the values of powers i.e. a, b and c.
Using dimension on both sides, we get: :
[L] = constant [M L2 T']® [M]® [LT'JF

OR [ MPL'T°] = constant [M]**® [L]2*[ T J*¢ (2)
Equating the powers of M on both sides of equation (2), we get: i
a+b=0 (3)
Equating the powers of L on both sides of equation (2), we get:
2a+c=1 (4)
Equating the powers of T on both sides of equation (2), we get:
-a-c=0 (5)

On solving equations (3), (4) and (5), we get:
a=1,b=-1andc=-1
Put the values of a, b, and c in (1), we get:
A = (constant) h' m™ v

OR A= (constant) x L
mv

1.3.2 Limitations of Dimensional Analysis

Some limitations of dimensional analysis are:

1) Dimensional analysis does not distinguish between the physical quantities having same
dimensions. For example, if the dimensional formula of a physical quantity is [ML?T™?] it
may represent work, or energy, or torque.

1) Dimensional analysis cannot be used to derive formulas containing trigonometric
functions, exponential functions, logarithmic functions, etc.

3) Dimensional analysis cannot determine the dimensionless constant when deriving a
possible formula.

4) Dimensional analysis doesn’t always prove that a relation is physically correct although
relation is dimensionally correct. However, a dimensionally wrong equation is always
wrong.

Example 1.2: Derive the formula for the time period of a simple pendulum using
dimensional analysis,

Solution: The time period of a simple pendulum is possibly depending on the mass of the bob
(m), the length of the pendulum (1), the angle which the string makes with vertical (8) and the
acceleration due to gravity (g). So, the relation for the time period T will be of the form:

Toe m* |® @< g?

T = (constant) m® |® ¢ g¢ i {1}
We have to find the values of powers i.e. a, b, c and d:
Using the dimension on both sides, we get:

[ M°L°T ] = constant [M]* [L]® [LL"']® LT

[ M°L°T ] = constant [M]* [L)**¢[ T ]2
Equating the powers of M on both sides of equation (2), we get:

a=0 (3)
Equating the powers of L on both sides of equation (2), we get:

(2)

13
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b+d=0 (4)
Equating the powers of T on both sides of equation (2), we get:
-2d=1 ’
or d=-1/2 . (5)
Putd =-1/2, in (4), we get:
b=1/2

Put the values of a, b, cand d in (1):
T = (constant) m® (/2 g"?/2

T = (constant) x \]L_
g

Where the constant, found by experiment, is 2m.

Assignment 1.2
Which of the following relationships is mensionally consistent with an expression yieiding
a value for acceleration? In these equations, x is a distance, t is time, and v is velocity.
(a) v/t? (b) v/x* (c) vt (d) v¥/x

1.4 PRECISION AND ACCURACY

Science is based on observations and experiments, which involve measurements. Precision is
measurements of the same physical quantity agree with each other. Accuracy refers to how
closely a measurement agrees with a standard or true value. Hence:

For Your Information

(a) precise and (b) precige but (¢) not precise (d) neither precise
ltnurm not aceéurate but aceurate ROF nuurate
idependent trials of shooting at a bullseye target illustrate the d
WWW&&HWH&“ . Accuracy is how close an arrc
bull’s-eye center. Pge:lslanishmvclumasemndarrm!stntl'lé L one (re
closeness to the target). o3 e Sl
To understand the concept of precision and accuracy, consider a person who weighs exactly
160.0 pounds and he weights himself three times on three different scales. Results of the scales
are:

Scale A: 170.1, 169.9 and 170.0 pounds.

Scale B: 161, 162 and 158 pounds.
Scale C: 159.9. 160.0 and 160.1 pounds.

14
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In this case, the weight measured by scale A is very precise, but not accurate. The weight
measured by scale B is fairly accurate but not precise. The weight measured by scale C is both
precise and accurate.

The precision of a measurement is associated with least count of the measuring instrument.
The smaller the least count of the measuring instrument, the greater its precision. Precision is
indicated by the absolute uncertainty in measurement. Accuracy is indicated by the fractional
or percentage uncertainty or error in measurement. The smaller the magnitude of fractional or
percentage uncertainty or error, the greater its accuracy.

1.5 UNCERTAINTIES

In Grade 9, we have studied about the sources of human error, systematic error and random
error in experiments. The difference between the true value and observed value of a
measurement is called error, i.e.,

— _— -

0 Efror = tre value - observed value T T T

= S e BN - e e

In measurement the error may occur due to:

Tip for Sc.-l!wng Numerical Problems
« Negligence or inexperience of a person. Symbolic Solutions!
= Using a faulty apparatus. When miviﬂrg problems, it is very useful In
= |nappropriate method or technique. mpulum P menhmﬂuu u"ﬂmmmlmm and

Errors can be divided into the following three types: !0 enter numerical values into the final

« Personal Error save many calculator keystrokes,
« Systematic Error Wmﬂmmqmwmz
* Random Error M'M"m In ?II“HI you will W

Here we will study about uncertainty need to round once, on the final result. -

lies.

For example, a measurement of 3.06 mm £ 0.02 mm means that the experimenter is confident
that the actual value for the quantity being measured lies between 3.04 mm and 3.08 mm.

[ Uncertainty is a quantitative measurement of variability'in the datai ]

All measurements have a degree of uncertainty. This is caused by two factors, the limitations
of the measuring instrument (systematic error) and the skills of the experimenter.

Absolute uncertainty is equal to the least count of a measuring instrument, for example the
length of a glass slab measured with a meter rod is 37.5 cm. The least count of meter rod is 1
mm = 0.1 cm, then the absolute uncertainty in the measured value will be + 0.1 cmi.e., + 0.05
cm uncertainty develops at each end. For example, if one end of the slab coincides with 20.5

cm mark and the other end with 58.0 cm mark of imeter rule, the length of the slab along with
uncertainty is given by:

(58.0 £ 0.05) cm — (20.5 + 0.05) cm = (37.5+ 0.1) cm

15
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.
It means that the length of slab is between 37.4 cm and 37.6 cm.

In the above measurement, precision is + 0.1 cm, which is equal to the magnitude of absolute

ceriny.

The accuracy in the measurement is indicated by the ¢ ixy=(2.040.1)mm, then

magnitude of fractional error. Here: Actual/Absolute uncertainty is
o i Ax=2%0.1mm
Fractional Uncertainty = e nr Fragsogal uncertainty fs;
Measured Value 4% 005
Parcmta’g‘a uncertainty is:
FractionalUncertainty = % ~ +0.003 &X o 100% = 5%
; x

Percentage uncertainty = fractional uncertainty x 100 %
The smaller the magnitude of fractional (relative) uncertainty or error, the greater will be the
accuracy of measurement.

1.5.1 Rules for Calculating Uncertainties in Final Result

There are some rules for calculating uncertainties in different cases but we need to be very
careful whether we use the absolute or percentage uncertainty in each case.

Let x and y are two different physical quantities with uncertainties Ax and Ay respectively. If z
is a physical quantity which is obtained by operating x and y, then the propagated uncertainty
Az in the result can be calculated by using the following rules.

a) Rule for Addition and Subtraction
If two or more than two measured quantities are added or subtracted, then their absolute

uncertainties are added to get uncertainty in the result.

If: Z=X+Yy or Z=X—Y
then; Az = £ (Ax + Ay)

For example, if: X+ Ax=(24.0+£0.1)cm
and y+Ay=(30.0+£0.1)cm
then; Az =4+0.2cm

b) Rule for Multiplication and Division
If two or more than two quantities are multiplied or divided, then their percentage

uncertainties are added to get uncertainty in the result.
if: Z=Xxy or z=xly,
then; % uncertainty in z = % uncertainty in x + % uncertainty in y

c) Rule for Power of a Quantity .
The total uncertainty in power of a quantity is equal to the percentage uncertainty multiplied

with that power.
If; 7= Kll
then; percentage uncertairities in z = 3 (percentage uncertainty in x)

d) Uncertainties in Average Values of Many Measurements ] _
The uncertainty in the average value is calculated by adopting the following steps:

i) Find the average of measured values.
i) Find the deviation of each value from the average.

16



F ooy
PHYSICAL QUANTITIES AND MEASUREMENTS & g £

..I‘JJ’ _| ‘l‘l.

iii) The mean deviation is the uncertainty in the average.
For example, three readings are recorded for the radius of a small cylinder as:
f; =1.50cm, f,=1.51 cm and ;= 1.52 cm
The uncertainty in the average radius is calculated as:
- hthth
3

150 ecm+1.51em+1.52 cm
= 3 =1.51 cm

Finding deviation: Af, =r - I, =1.51-1.50=0.01 cm
Al =r -0 =151-151=0cm
ﬁlra= 'r3‘1-51'1.52’u.'ﬂ1ﬂ11

Finding mean deviation: Ar = Ar + ‘5; 2 AR

0.01ecm+0cm+0.01cm
3

Finding average:

=~ ™

= 0.0067 cm = 0.007 cm

e) Uncertainty in Timing Experiment
The time period T of a vibrating body can be found by dividing time of multiple vibrations by
the number of vibrations.
T= Time of multiple vibrations

No. of vibrations bt WL Q e e

The uncertainty in time period AT is found by dividing the least count (L.C) of the time recording
device by the number of vibrations.
. . L.c " | -
" No. of vibrations Sy
For example, the time recorded for 20 vibrations of a pendulum is t = 35.2 5. Let the least count of
stop watch used is 0.1 s (1/10 s). So, the uncertainty in measured time is (35.2 s + 0.1 s).
Then the time period of the pendulum is obtained as:

T=135.2/20=1.76s
" Uncertainty in time period is AT =0.1/20 = 0.005 s
So, T+ AT =(1.76 £ 0.003) s
Example 1.3: If voltage measured across a conductor is V £ AV = (7.3 £ 0.1) volts and current
is |+ Al = (2.73 + 0.051) ampere, Find the resistance and uncertainty in it.
Given:V £ AV = (7.3 £ 0.1) volts | £ Al = (2.73 £ 0.051) ampere
To Find: RtAR=7?
Solution: According to ohm's law, R is calculated as:

R=V/N=7.3/273=2.70
Percentage uncertainty in V is:

AV 0.1

TR
Percentage uncertainty in / is:

AT

x100%=137%=1% /

17
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Al 0.05
~T TS e
Thus, the total uncertainty in R is:
=1% +2%=3%
So, R+AR=27+3%

-2.701 (ixz.?} 0

x100%=183%=2%

100

= (2.7 £0.08) 0
Example 1.4: If radius of a circular disc is measured as 2.25 cm with uncertainty £ 0.01 cm.
Find its surface area with uncertainty in it.

wiven: r=2.25cm, Ar=x0.01 cm
To Find: AxAA=7
Coo.tioiiAs, A=mr=3,14 x 2.25% = 15.90 cm®

Ar 0.01
Percentage uncertainty in r e x 100 % = 528" 100%=0.4%
Percentage uncertainty inareais=2=x04%=0.8%
So, AA =0.8% x 15.90cm®=0.13 cm?
Thus A+ AA = (15.90 £ 0.13) cm?

Assignment 1.3

The radius of a circle is measured to be (10.5 ¢ 0.2) m. Calculate (a) the area and (b) the
circumference of the circle, also give the uncertainty in each value.

SUMMAR?Y

< Estimation d_uTe_s-nut.mean guéss-i;_g_a formula o-r_i_a_humher at random. An estimation is a
rough educated guess to the value of a physical quantity by using prior experience and sound
physical reasoning.

% Derived units can be expressed in terms of base units and are obtained by multiplying or
dividing base units.

< Dimension denotes the qualitative nature of a physical quantity.

< In order to check the correctness of an equation, we have to show that both sides of an
equation have the same dimensions; otherwise, the equation cannot be physically correct.
This is called the principle of homogeneity of dimensions.

% Uncertainty is the range of possible values within which the true value of the measurement
lies. -

& Absolute uncertainty is equal to the least count of a measuring instrument.
Precision refers to the closeness of measured values to each other.
& Accuracy refers to the closeness of a measured value to a standard or true value.

@
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EXERCISE

Multiple Cl}mce Questlens '

Encircle the correct option.

1) The mean diameter of a wire is found to be (0.50 + 0.02) mm. The percentage uncertainty
in the diameter is:
A.2% B.4% C.6% D.8%

2) A reaction takes place that is expected to yield 171.9 g of product, but it only yields
154.8 g. What is the percent error for this experiment?

A17.1% B.90.1% C.111.0% D.9.9%

3) Three different people weigh a standard mass of 2.00 g on the same balance. Each person
obtains a reading of exactly 7.32 g for the mass of the standard. These results imply that the
balance is:

A. both accurate and precise B. neither accurate nor precise

C. accurate but not precise D. precise but not accurate.

4) Dimension of universal gravitational constant (G) is:

A. [M~2L3T-7) B. [M3LT"?] C. M 3T%] D. [M213T"%)

5) A measurement, which on, repetition gives same or nearly same result is called:

A. accurate B. average C. precise D. estimated
6) A student is measuring the time of an event by using stopwatch. He takes 5 measurements
as: 3.0s, 3.25, 3.4, 2.8 5, 3.1 5. What is the uncertainty in the results?

A. $0.35s B. +0.6s C.+3.1s D. £7.75s
7) Which of the following quantity has a different dimension?

A. force B. weight C. modulus of elasticity D. tension

8) If the dimensions of a physical quantity are given by [L* M® T<], then the physical quantity
will be:

A. force,ifa=-1,b=0,c=-2 B. pressure, ifa=-1,b=1,c=-2

C. velocity, ifa=1,b=0,c=1 ’ D. acceleration, ifa=1,b=1,c=-2
9) Order of magnitude of (10* + 10°) is: :

A. 10 B. 10° C. 10° ' D.10°

10) Which of the following may be used as a valid formula to calculate the speed of ocean
waves? [v = speed, g = acceleration due to gravity, A = wavelength, p=density, h= depth].
A.v=[ig C. v =pgh C. v=gh/A D. v = Agh

15
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Short Questions

Give short answers of the following questions.

1.1 Draw a table to show a reasonable estimate of some physical quantities.

1.2 Express the units of the following derived quantities in terms of base units. (a) Force (b)
Work (c) Power (d) Pressure (e) Electric charge.

1.3 Why is it important to use an instrument with the smallest resolution?

1. 'What is the importance of increasing the number of readings in an experiment?
1.5 What is the difference between precision and accuracy?

1.6 What is the principle of homogeneity of dimensions?

1.7 A ball is thrown in the air and 5 different students are individually measuring the time it
takes to fall back down using stopwatches. The times obtained by each student are the
following: 6.25s,6.0s, 6.45, 6.15, 5.8s. (i) What is the uncertainty of the results? (ii) How
should the resulting time be expressed?

1.8 The energy of a photon is given by E = hf, where f is frequency. Find the dimensions of
Planck's constant h.

1.9 Justify why all measurements contain some uncertainty.
Comprehensive Questions

Answer the following questions in detail.

1.1 Define and explain the term uncertainty.

1.2 Discuss the rules for calculating uncertainty propagation in the final results in different
cases.

1.3 What does the dimension of a physical quantity mean? What are its advantages? Explain
with examples?

1.4 What is meant by estimation of a physical quantity? Explain with examples.
Numerical Problems

1.1 Estimate number of heartbeats in a lifetime of 60-years? (Ans: 10%)
1.2 Determine the dimensions of each of the following quantities.
z 2
a) L% b) . (Ans: (a) No, (b) [L])
ax ¥
2

1.3IfA= ; 2 then find the percentage uncertainty in A. The percentage uncertainties in X,
Y and Z are 1 %, 1 % and 2 % respectively. (Ans: 6 %)

1.4 A spherical ball of radius r experiences a resistive force F due to the air as it moves through
it at speed v. The resistive force F is given by the expression
F=crv
20
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Where c is constant. By using dimensions, derive the S| base unit of the constant c.
(Ans: kg m's™)
1.5 The pressure (P) at a depth (h) in an incompressible fluid of density (p) is given by
P=pgh '

Where g is acceleration due to gravity. Check the homogeneity of this equation.
1.6 Estimate how many protons are there in a bacterium? (Take mass of bacterium as 1079 kg
and mass of proton 107 kg). Ans: 10" protons)
1.7 Estimate how many hydrogen atoms does it take to stretch across the diameter of the Sun?
(Take diameter of the Sun as 10°km and diameter of proton 10~'*km). '

' (Ans: 10" hydrogen atoms)
1.8 The current passing through a resistor R= (13 £ 0.5)Qis1=(3 £ 0.1) A.
a) Calculate the power consumed (correct to one significant figure).
b) Find the percentage uncertainty of the current passing through the resistor,
c) Find the percentage uncertainty of the resistance.

d) Find the absolute uncertainty of the electrical power.
(Ans: 117 W, 3%, 3.84%, 11.7W)
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Student Learning Outcomes (SLOs)

The students will

. Represent a vector in 2-D as two perpendicular components.

-' ﬁ = Describe the pmduct of two vectors (dot and cross- Dcl'ul:luct! alnng with their properties,
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In our daily life, we used to deal with physical quantities, such as mass, time, length, velocity,
acceleration, force, work and torque etc, Some physical quantities, known as scalars, can be
completely understood by a number and a proper unit only. On the other hand, some physical
quantities require direction along with a number and a unit; such quantities are known as
vectors. Displacement, force, acceleration, torque and momentum etc., are the examples of
vector quantities. Vectors are very useful in our daily life, For example, a signboard provides
information about distances and directions of other places relative to the location of the
signboard. Distance is a scalar quantity. Knowing the distance alone is not enough to get to the
desired location. We must also know the direction from the signboard to the destination. The
direction along with the distance, is a vector quantity called the displacement. Therefore,
signboards give information about displacement from the signboard to the destination.

Graphically, a vector can be completely expressed by a line with an arrow head. Length of the
line represents the magnitude according to the proper scale and the arrow head represents the
direction. We have studied about the addition of vectors in grade 9; here we shall study about
the components of vectors and about the products of vectors.

2.1 VECTOR RESOLUTION

Components are the effective parts of a vector in different directions. In 2-D, we take x-
component and y-component. The component along x-axis is called the horizontal or the x-
component and the component along the y-axis is called the vertical or the y-component. Both
the x-component and y-component are perpendicular to each other and are called rectangular
components.
The components of a vector which are mutually perpendicular are called rectangular
components.
Consider a vector ‘A’ making an angle ‘@’ with the
horizontal, as shown in the Fig. 2.1. Perpendiculars are
drawn from the head of vector A on the x-axis and y-axis.
The projection 0Q of vector A along x-axis is x--component
of vector A and is represented by A.. The projection 0S of
vector A along y-axis is y-component of vector A and is
represented by A,. So, the vector A in its component form
can be written as: -

A=A+ A (2.1)
OR A=A i+ A ] (2.2) Figure 2.1: Rectangular
Here, i and j are representing directions along +x-axis and  ©°MPponents of a vector.

+y-axis, respectively, and are called unit vectors. Unit vectors specify the direction of any
vector and has magnitude equal to one.

~ 2.1.1 Finding Magnitude of Rectangular Components

In order to find the magnitude of rectangular components A, and A, of a vector A, we apply the
trigonometric ratios. For this, consider the triangle OPQ, as shown in Fig. 2.1. As:

3
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o perpendicular _ QP _ 0S

hypotenuse @ OP OP

or sin@ = &

A
or Ay=Asing@ (2.3)
and,

cosg=_ base _0Q

hypotenuse OP
or cos O = A

A
or _  Ac=AcosB (2.4) T . :
From equation (2.3) and (2.4), we can find the magnitude of perpendicular components A, and
Ay.

2.1.2 Finding a Vector from its Components

If the rectangular components A« and A, of a vector A are given, then its magnitude ‘A’ and
direction ‘0’ can be found. Again, we consider the triangle OPQ, as shown in Fig. 2.1. By
applying Pythagoras theorem, we get:

(OP)* = (0Q)* + (QP)* (2 B For Your Information

As QP = 0S, so equation (2.5) can be written as: A vector which specifies
(OP)! = (0Q)* + (0S) —(2.6) the location of a point P

Putting OP = A, 0Q = A, and OS = A,, in equation (2.6), we get: (a, b) with respect to
2 2 origin is called position

" A'=(A,) +(Ar) vector, and can be given

or ‘ An,’(,q,)’ +(Ay)’ _ @.7) and its n:a'g:i;;d:fsgiven

For finding the direction ‘6’ of a vector, we apply trigonometric > "~ Var ¥ bi.
ratio of tangent on triangle OPQ, as:
tan g = Pempendicular

base

A
or tan 8 A

X
£ - . ‘. . i .-,. II;I_' "1,_
or T ShEAaRY g tanﬂ%'- (2.8)
By using equations (2.7) and (2.8) , we can find the magnitude and direction of a vector.

wz‘l:Amﬂrhmannlmmammlrmm;fmufﬁnﬂmm
an angle 30° with the road. Find the horizontal and vertical components of the force.

Given: Magnitude of force = F =50 N
Angle of the force with horizontal = 8 = 30'
To Find: Fx=17 Fy=1

24



et ¥ )
VECTORS : [ f’gi g

-
-
JJJ', — gt

solution: To find x-component of the force F, we use the equation:

Fx = F cos®
Putting values, we get:
: Fx = 50 cos 30°
or, Fx=43.3N
To find y-component of the force F, we use the equation:

Fy = F sinB
Putting values, we get:

Fy = 50 sin 30°
or, Fy=25N

Assignment 2.1

Fatima is pulling her trolley bag while climbing up the ramp at her school gate. Find the
force with which she is pulling her bag, if the x-component and y-component of her force
are 12 N and 5 N, respectively.
2.2 PRODUCT OF VECTORS -

When two vector quantities are multiplied, then the product may be a scalar quantity or a
vector quantity. The product obtained depends upon the nature of the given vectors. Let us
discuss the two types of products in the following sections.

2.2.1 Scalar Product or Dot Product:

When the product of two vector quantities gives a scalar
guantity then the product is called scalar product.

The scalar product of two vectors is represented by putting
a dot (*) between the symbols of the two vectors; therefore,
it is also known as dot product.

Let us take two vectors A and B that are making an angle 8

with each other, as shown in the Fig. 2.2. The dot product B
3:::3 t_hese two vectors can be denoted by A.B and is Flgiare 2.2: Two vectors A and
i B that are making an angle 8 .

A-B=ABcos8 (2.9) with each other.

Here, A and B are the magnitudes of the vectors A and B. Thus, the scalar product of two
vectors is obtained by multiplying their magnitudes with the cosine of the angle between them.

Equation (2.9) can also be written as:
A-B=(Acos0)B

(2.10)

It is shown in the Fig. 2.3 that (A cos 8) is the component of vector A in the direction of vector
B. So, equation (2.10) can also be written as:

A - B = (component of vector Aalong B)B _____ (2.11)
Similarly, it can be shown that:

25
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A - B = A (component of vector B along A) (2.12) ————————— -

Hence, from equation (2.11) and (2.12), we can also define
scalar product as:

Examples of Scalar Product:

WL W W . L . W

* Work: Work (W) is an example of scalar product. Work is i >
a scalar quantity which is the scalar product of |
displacement d and force F. Mathematically, it can be |f—— Acos8® —] ‘
written as: } B :

or.  W=Fdcos® =
» Power: Power (P) is also an example of scalar product. It
is equal to the scalar product of force F and velocity v.
Mathematically; it can be written as:

© P=F.v iiine

e Electric Flux: Electric flux (®) is a scalar quantity which is the scalar product of electric
field intensity E and vector area A. Mathematically, it can be written as: :

Properties of Scalar Product:
1) Scalar product of two vectors obeys the commutative property, i.e.,
A-B=ABcosB
=BAcos6=B-A

2) Scalar product of two orthogonal (perpendicular) vectors is equal to zero, i.e.,

Similarly, for mutually perpendicular unit vectors, we can show:

Note that the dot product of a vector with the null vector is also zero.

3) Scalar product of two parallel vectors has maximum value, and is equal to the product of
their magnitudes only. Hence: '

Scalar product of a vector with itself is equal to the square of its magnitude, i.e.,




Similarly, we can show that the dot product of a unit vector with itself is unity, i.e.,

oS el A B A S T SRR |

4) Scalar product of two antiparallel vectors is negative, i.e., : Y
sl bttt Bt bolhcon :

-mlﬂ‘ 48 “" "éﬁfn‘«  A-B=ABcos180°=—AB e

5) Scalar product of two vectors in terms of their rectangular components can be given as:
L ABe(AtiATI AR GBI

Exnmplnz.z FMMWWHWMWmmvaM (3, 4}m;"
while it exerts a force (8, -2) N.

Given: Velocity =v = (3t + 4)) m 5™ Bora n F =(81 — 2j) N

To Find: Power Delivered = P =?

“olution: As we know that power is the scalar product of force and velocity hence:

P=F-¥

P = (31 +4j) - (8] — 2j)
P=24-8 =16 W
Assignment 2.2 A TR,
If vectors A= 5i + j and B = 2i + 4j, then find: 7
(i) projection of Aon B. (i) projection of B on A. h |

2.2.2 Vector Product or Cross Product: AxS
When the product of two vector quantities gives a vector
quantity then the product is called vector product. _ B

vector product of two vectors is represented by putting a
cross (x) between the symbols of the two vectors, therefore

it is also known as cross product. 9

Lel us take two vectors A and B that are making an angle 6 >
with each other, as shown in the Fig. 2.4. The cross product A
between these two vectors can be denoted by AxB and is st
defined as: vectors A and B is shown by

.7 _AxB=ABsin@A ____ @15 0 axe. .
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Here, A and B are the magnitudes of the vectors A and B. Thus, the vector product of two
vectors is obtained by multiplying their magnitudes with the sine of the angle between them.
In equation (2.15), fi represents the direction of the vector

product, which is always perpendicular to the plane E I

containing A and B. The direction of cross product ( fi ) can be

found by right hand rule of vector product, as shown in Fig.

2.5. It can be stated as:

Rotate the fingers of Qnur right hand in the direction from
first vector to the second vector through smaller angle of the
two possible angles with erect thumb. The direction of the

product will be along the direction of erect thumb. -
Examples of Vector Praduct: I:'
e« Torque ( T ) is an example of vector product. It is the "-“ i B
cross product of force (F) and position vector (r). el I e
T=rxF=rFsinB i ) Figure 2.5: Right hand rule.

« Angular momentum (L) is also an example of vector
product. It is the cross product of linear momentum P and position vectorr, i.e.,

L=rxP=rpsinBfi
Properties of Vector Product:

1) Vector product is not commutative but anti-commutative. It means

that by changing the order of vectors, the direction of vector product AT
gets reversed, as shown in Fig. 2.6. i.e., _ B
n
AxB=BxA AxB=—BxA e
Here, magnitude of A x B is same as B x A. According to right hand Bx A &

rule, the direction of A x B is pointing upward given by fi and the —_syp
direction of B x A is pointing downward given by —i.

2) Vector product of two parallel or anti-parallel vectors is null vector

{a null vector has zero magnitude and arbitrary direction). i.e., F;gm;.- hz'&:rd B¥
= = = changing the order o
A x B = ABsin0° i 0 and AxB=ABsin180°7i=0 veckous tis-trattio
Vector product of a vector with itself is equal to null vector. i.e., of vector product
- gets reversed.
AxA=AAsin0’fi=0

Similarly, we can show that the vector product of a unit vector with itself is null vector. i.e.,
ixt=fxj=kxk=0

3) Vector product of two perpendicular vectors has a maximum value, and is equal to the

product of the_ir magnitudes only. Hm_ce:
: AxB=ABsin90f=ABh
Similarly, for mutually perpendicular unit vectors, we can show:
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ixj=k, jxﬁ;-l kxi=j ks b
4} Vector pmduct of two vectors in terms of their rectangular comp-unents can be gwen as:
AXB=(Al+AJ+A k)X (Bei+Byj+B:k)
By using the determinant and solving, we get:

t etk
AxB=[A 4, - A, (2.16)
e B, B, B,
OR  AxB=(AB:-AB)I+ (ABy- Anﬂz}!ﬂ&B.- AﬁJE S ),
Physical Significance of Vector Product: :
Vector product gives us the area of a plane. For :# AxD

example, if two vectors A and B represent
adjacent sides of a plane, as shown in‘the Fig.
2.7, then the magnitude of A x B gives us the
magnitude of that area (the area may be
rectangle or parallelogram). '

Area of parallelogram = |A x B|

The unit vector 7i gives the direction of that ' - A
area, which is normal to the plane and can be  Figure 2.7: Magnitude of A x B gives area of
found by right hand rule, as shown in Fig. 2.5.  parallelogram.

Example 2.3: Find the area of the parallelogram whose adjacent sides are given by the

vectors: A=(i+6j+2k)mandB=(7i+j+5k)m.

Given:A=(f+6]f+2k)m B=(7i+j+5k)m

ToFind: AXB=?

Solution: As we know that vector product gives us the area of parallelogram. 5o,

i j ok

1 6 2
'?ﬁIIES 1 2 1

axB=t |5 -5 [; 5|+k|;

AxB=281 +9j-41k m

Assignment 2.3

Two vectors A and B having magnitudes 3.2 unit and 5.2 unit respectively, making an angle
of 60° with each other. What is the magnitude of their cross products?

SUMMARY

< Vectors are those quantities, which require direction along with their magnitude for
complete description.

3

AxBs=

< A vector with unit magnitude is called unit vector, it is required for the information of
direction of any vector.

J}j = gl

[ J:
r.rt ¢ (l‘-"
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A vector with zero magnitude and arbitrary direction is called null vector.

A vector which specifies the location of a point P (a, b) with respect to origin is called
position vector, and can be given as: r=a i+ b J and its magnitude is given as: r =

vaZ + b,

The components of a vector which are mutually perpendicular are called rectangular
components of that vgctar.

A vector can be found, if its rectangular components are given by relations:
2 ( A
A-,‘(A,)2+(Ay) for magnitude and @ =tan“-‘&-‘ifor direction.
X

If a vector is given then its components can be found by the relation, A, = A cos 0 for
horizontal component and Ay . A sin8 for vertical component. '

When the product of two vectors gives us scalar quantity, such product is called scalar
product, mathematically given as: A - B = A B cosé.

When the product of two vectors gives us vector quantity, such product is called vector
product, mathematically given as: A x B = A Bsiné .

EXERCISE

Multiple Choice Questions

Encircle the correct option.
1) The number of perpendicular components of a force (in 2-D) are:

A1 B. 2 C.3 D. 4

2)¥l= -

A- 'D ! B‘; 1 C¢ R Dt _"E

3) A force of 10 N is making an angle of 30° with the horizontal. Its x-component will be:
A. 4N B.5N C.7N  D.8.7N

4) If two forces of magnitude 3 N and 4 N are acting at right angle to each other than their
resultant force will be: '

A.7TN B.5N C.1N D. Null vector

5) Angle between two vectors A and B can be easily determined by:

A. dot product B, cross product C. head to tail rule D. right hand rule
6) For which angle the equation |A . B|= | A x B| is correct?

A. 30° B. 45° C. 60° D. 90°

Short Questions

Give short answers of the following questions.

2.1 If the cross product of two vectors vanishes, what will you say about their orientation?
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2.2 Find the dot product of unit vectors with each other at (a) 0° and (b) 90°.
2.3 Show that scalar product obeys commutative property.
2.4 Solve by using the properties of dot and cross product: (a) - (f x k) (b)) f x (f x k)?

2.5 If both the dot product and the cross product of two vectors are zero. What would you
conclude about the individual vectors?

2.6 What are rectangular components of a vector? How they can be found?
2.7 Give two examples for each of the scalar and vector prndﬁ:t.

2.8 Show that: A-B=AxB,+£,B,,+A,B,_ |

2.9 What units are associated with the unit vectors i, J, and k?
Comprehensive Questions

Answer the following questions in wet.ii.

2.1 Explain the resolution of a vector in 2-D as two rectangular components.
2.2 Describe the dot product of two vectors along with their properties.

2.7 Describe the cross product of two vectors along with their properties.

2.4 What geometric interpretation does the cross product have? Explain with the help of a
diagram.

Numerical Problems

2.1 If the magnitude of cross product between two vectors is V3 times the dot product, find
angle between them. (Ans: 60°)

L.2' A force is acting on a body making an angle of 30° with the horizontal. The horizontal
component of the force is 20 N. Find the force. (Ans: 23.1 N)

2.3 A vector F having magnitude 5.5 N makes 10° with x-axis and a vector r with magnitude
4.3 m makes 80° with x-axis. What is the magnitude of their dot and cross products?

(Ans: 8.1 Nmand 22.2Nm)

2.4 The magnitude of dot and cross product of two vectors are 6+3 and 6, respectively. Find
the angle between the vectors. (Ans: 6 = 30°)

2.5 A force of 200 N is making an angle of 30° with the x-axis. Find the horizontal and vertical
components of this force. (Ans: 173.2 N and 100 N)

3l
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Student Learning Outcomes (SLOs)

The students will:

=2« Derive the equations of motion [For uniform acceleration cases only. Derive from the definitions of velocity and acceleration
© aswell as graphically].

s Solve problems using the equations of motion [For the cases of uniformly accelerated motion in a straight line, including the
motion of bodies falling In a uniform gravitational field without air resistance. This also includes situations where the
equations of motion need to be resolved into vertical and horizontal components for 2-D motion).

« Evaluate and analyse projectile motion in the absence of alr resistance [This includes solving problems making use of the
below facts:

(i) Horizontal component (Vi) of velocity s constant.

{if) Acceleration is in the vertical direction and is the same as that of a vertically free falling object.

(i} The horizontal motion and vertical motion are independent of each other, Situations may require students to
determine for projectiles;

- How high does it go?

« How far would it go along the level land?

- Where would it be after a given time?

= How lang will it remain in flight?

Situations may also require students to calculate for a projectile launched from ground height the

- launch angle that results in the maximum range.
- relation between the launch angles that result in the same range.

s Predict qualitatively how air resistance affects projectile motion [This includes analysis of both the horizontal component
and vertical component of velocity and hence predicting qualitatively the range of the projectile.]

» Apply the principle of conservation of momentum to solve simple problems.
s [including elastic and inelastic interactions between objects in both one and two dimensions. Knowledge of the concept of

coefficient of restitution is not required.
s Examples of applications include:

- karate chops to break a pile of bricks
- - car crashes
) - ball & bat
m - the motion under thrust of a rocket In a stralght line éunsln:lerlng short thrusts during which the mass remains constant] el
s Predict and analyse motion for elastic collisions [This includes making use of the fact that for an elastic collision, total kinetic

_energy Is conserved and the relative speed of approach Is equal to the relative speed of separation]
* Justify why though the momentum of a closed system is always conserved, some change in kinetlc energy may take place.
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The cover photo of this chapter shows an anti-ship missile being fired by Pakistan Navy in the
North Arabian Sea. The motion of a missile through the air can be described by its range,
velocity, and acceleration. When it flies, a short patch of its path can be considered a straight
line without any change in direction. However, its motion is not straight for long; instead, it is
a 2-dimensional motion under the action of gravity, called projectile motion. Similarly, all the
objects in this universe are in motion. Thus, understanding motion is also key to understanding
other concepts in physics. For example, an understanding of velocity is crucial to the study of
momentum. There are three types of motion: translational motion, rotational motion and
vibrational motion. In this chapter, we will concern ourselves only with translational motion,
such as motion along a straight line and projectile motion.

We begin with kinematics which is the branch of mechanics that deals with the study of motion
without considering the causes of motion. This includes the terms such as displacement,
velocity and acceleration in straight line. Using these terms, we study the motion of objects
undergoing constant acceleration. We begin with derivation of the equations of motion and
then we use them to solve problems of uniformly accelerated motion in a straight line, including
the motion of bodies falling in a uniform gravitational field without air resistance. It is also
extended to objects moving along curved paths, such as projectile motion under the action of
gravity only and its applications. Next, we deal with dynamics, which is the branch of mechanics
which deals with the study of forces that cause the objects and systems to move. This includes
rnumentum and asseciated law ef :enservatien.

There are three equations of motion which shows the relation between initial velel:lty, final
velocity, acceleration, displacement and time. These equations describe and predict the
motion of objects under constant acceleration. To simplify the derivation of these equations,
the following assumptions are made:

" The object is moving along the straight line.

celeration is constant.

ﬂ=ﬂ+ﬂr*

S=w t+—at’

o --A_ig.._s__.é'_.: (REE
Let us :[erlve these equatiens of motion.

3.1.1 First Equation of Motion

Consider a body is moving with initial velocity v, in a straight line with constant acceleration a.
Its velocity becomes v; after time t. The velocity-time graph for the motion of the body is shown
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in the Fig. 3.1. As we know that the slope | velocity ]
of velocity-time graph gives the A ’
acceleration of body. From the graph:

a = slope of line AB By |
- BC
or a=—
AC 1
BD-CD | |
or as= oD {3,1] | Vi |

From the graph, it can be noted that BD |
represents the final wvelocity v, CD |
represents the initial velocity v, and OD
represents the time t. Hence, we can write
the equation (3.1) as: o

v, —V P —
or a=—"1—L Figure 3.1: Valodty-ﬂmu g-aph for a body moving
t with constant acceleration. P
or at=v,-v,
=v,+at i 2

Equation (3.2) is the first equatmnaf mnt[un Itrepresents the relatmn between initial velocity,
final velocity, acceleration and time.

3.1.2 Second Equation of Motion

Consider a body is moving with initial velocity v; in a straight line with constant acceleration a.

its velocity becomes vy after time t. The velocity-time graph for the motion of the bedy is shown
in the Fig. 3.1.

As the total distance S travelled by the body is equal to the total area under the velocity-time
graph. Hence:

Total distance S = Area of trapezium OABD

= sum of distance between )
2 \parallel s[des) (the parallel sides

As shown in the graph that OA and BD are parallel sides, and OD is the distance between these
parallel sides. Therefore, we can express the total distance in terms of the above equation as:

S =1 (OA +BD) x OD
Putting OA = v;, BD = vy and OD = t, we get:
5=i{vr+v_r}xt
Now, using first equation of motion v¢ = vi + at, the above equation may become:

S=2(u+vitat)xt
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or S=2(vi+at)xt
or '-“%I:ZVrfi-ﬂt )

Finally, we get:

Equation (3.3) is the second equation of motion, it represents the relation between initial
velocity, acceleration, distance and time.

3.1.3 Third Equation of Motion

Consider a body is moving with initial velocity v in a straight line with constant acceleration a.

Its velocity becomes vy after time t. The velocity-time graph for the motion of the body is shown

in the Fig. 3.1.

As the total distance S travelled by the body is equal to the total area under the graph. Hence:
Total distance S = Area of trapezium OABD

g=1 sum of ) (dlsnmce between)
2 \parallel sides the parallel sides

As shown in the graph that OA and BD are parallel sides, and OD is the distance between these
parallel sides. Therefore, we can express the total distance in terms of the above equation as:

S =1 (OA + BD) x OD

or 25 = (OA + BD) x OD
Multiplying both sides by % , we get:

BC BC
25x —=(0A+B —_—
: (OA + BD) x OD x

BC -
As, 5 a, 5o we get:
25 x a = (OA + BD) x BC

Putting OA = v, BD = vy and BC = vy - v;, we get:
2a5=(vi+vy) %X (v = W)

Equation (3.4) is tE-!ird equa!m of motion, it represents the relation &n initial

velocity, final velocity, acceleration and distance.
Example 3.1: A bus is travelling at 10 m s™ accelerates uniformly at 2 m s" Calculate the

velocity of the bus after 5s. _ ; g1
Time=t=5s

To Find: Final velocity of the bus = v; =7
Solution: Using 1* equation of motion:

Given: Initial velocity of thebus =v, =10 m s’ ';I'(_‘:qelelmia-st" Ll';:‘-

_“ by .L

5
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vi=vi+al
Putting values and solving, we get:

ve= 10+ 2(5)

vi=20ms’
Example 3.2: A car is travelling initially with a velocity of 4 m s then it accelerates at
1 m s* for 10 s. Find the distance travelled by the car during this time.
Given: Initial velocity of thecar=vi=4m s’ Acceleration =a =1 ms?

Time=t=10s

To Find: Distance travelled =S =7
Solution: Using 2™ equation of motion:

S=vit+zat?
Putting values and solving, we get:

S = 4(10) + 3 (1) (10)?

S =40 + 3 (100) =40 + 50 = 90 m

Assignment 3.1

1) A train slows down from 80 km h™' with a uniform retardation of 2 m 5%, How long will it
take to attain a speed of 20 km h™"? - ’
2) A car travels with a velocity of 5 m 57, It then accelerates uniformly and travels a distance

of 50 m.'If the velocity reached is 15 m 5, find the acceleration and the time to travel this
distance.

3.1.4 Free-Fall Motion

An example of 1.\|ni’r‘n:m'nlj.|r accelerated motion is the motion of a free-falling body. In the absence
of air resistance, all objects (lighter or heavier) fall freely near the surface of the Earth with
same acceleration, independent of their masses. This acceleration is called acceleration due
to gravity, denoted by g. It has a value of 9.81 m s and is directed towards centre of the Earth.

By substituting @ = g and 5 = h in equations (3.2), (3.3) and (3.4), we get the equations of
motion for free-fall as given below:

V= "r“r*yt ! ikl AR R
il Yty Al ‘_4” ;tu-

h= """*'—Hfl Pt 'lif.-m_; fu‘J"hrEf:rLr“ﬁ .
ZEhsfvrjl r“,'z "'L-d'f'\- -\._.-—_“'ﬁ"-..,_li&

'Usmg these equatiﬂns, we can solve prohlerm for the motion of bodies falllng ina unifunn

gravitational field without air resistance.

Example 3.3: A kangaroo can jump over an object 2.50 m high. (a) Considering just its
vertical motion, calculate its vertical speed when it leaves the ground. (b) How long a time
is it in the air?

Given: Height = h = 2.50 m Final velocity = v =0ms™” (At highest point)

To Find: (a) Initial velocity = v =7 (b) Total time inthe air=T = ?

Solution: (a) From 3" equation of motion;
2gh =) - (v
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2 (-9.8) (2.5) = 0 - v}
vi=49m's?
vi=7ms’

(51 Now using 1* equation of motion:
=vi+gt
Where t is the time to reach the maximum height, g will be negative for moving up, so

0=7-98t¢t
t=0.71s

So, the total timeinair=T=2 (0.715) = 1.42s

' Assignment 3.2
A 1 kg ball is dropped from top of the leaning tower of Pisa, The ball reaches the ground in
3.34 s. Find the (a) height of the tower (b) velocity of the ball when it strikes the ground.

- - — = - — —
. -

AR + AlWfadicnes & Shaba S50 s

Till now, we have studied the motion of bodies in a straight line, either horizontal or vertical.
There are many situations in which
a body moves along a curved path
in a plane having both vertical and s
horizontal  components.  For 2 \
example, when a player kicks Le &
football to another player, it moves ﬁ,’

in a curved path, as shown in Fig. @;‘};{ =

3.2.  Similarly, when a stone TN /ﬁ
thrown horizontally in air from the | pa A .
top of a building, or a long jumper | -

leaving the ground at an angle,
etc., are the examples of projectile

——— T e
Figure 3.2: Two-dimensional motion of a football. -

motion.
Projectile motion is a two-dimensional motion of an object thrown in the air under tlie*ﬁﬁﬁﬁ
Jt'.vf gravitational force only. i

In our discussion of projectile motion, the effects of other forces, such as air friction and
rotation of the Earth, are neglected. The object that is thrown is called projectile and its path

is called its trajectory. A football, a cricket ball or a baseball when thrown in air are examples
of projectiles.

Experimentally, it can be proved that the horizontal and vertical motions are completely
independent of each other.
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Consider the motion of two different
coloured balls, blue and green, as
shown in Fig. 3.3. The blue ball is
dropped vertically downward while the
green ball is thrown horizontally at the
same time from a cliff. Neglecting air ‘
resistance, both the balls hit the ground —— N .
at the same time. The key to analyse i
two-dimensional projectile motion is to '
break the motion into two components,
one along the horizontal axis and other
along vertical axis.

3.2.1 Projectile Motion for
an Object Launched
Horizontally | |

In many situations, when a projectile is Flgﬁﬁ 3.3: The two halls ane is thrown h hunzantally and

thrown horizontally from a certain ©ther is thrown vertically down, hit the ground at the
ti

height with some initial velocity, it it

travels forward as well as falls downward until it strikes the ground. Hence, negle:tmg air

resistance, the motion of the body follows projectile motion.

Consider the green ball is thrown horizontally from a cliff of certain height with velocity vi, as
shown in Fig. 3.3. There is no vertical compunent of the initial velocity, i.e., viy = 0. Hence:

{

o

nitial ontal component of velocity =vie=vi £ ‘.__,'_-__ _
nit ﬂmcozuponent of velocity = vy=0 b e i
Thus, there is no horizontal acceleration, while the vertical acceleratinn is l:he acceleratiun
due to gravity, i.e.,

Lm..-.---..—.aq.iudnﬂ_, s i il o
Acceleration due to gravity g is taken pasatwe when the’ hall is falling downward and negative
when the ball is moving upward.

The horizontal component of velocity remains constant, while the vertical component of
velocity increases. So, at any instant t, its velocity components are:

Horizontal component of velncity is:

Vertical component of velocity is:
Viy = Viy + ﬂyt

viy=0+gt



Hence, the magnitude of instantaneous velocity t is given by:

The direction @ of instantaneous velocity v, is determined as:

At instant t, the horizontal displacement X covered by the body is given by:

And the vertical displacement, as the body moves downward from the height is given by:

3.2.2 Projectile Motion for an Object Launched at Some Angle with
Horizontal

There are many situations in which a projectile (object) is thrown with velocity v, at an angle
# with the horizontal. After given an initial push, it moves under the action of force of gravity,
as shown in Fig. 3.4. Here, the air resistance is ]
neglected.

There is no horizontal acceleration, while the
vertical acceleration is the acceleration due to

gravity, i.e.,

Resolve the initial velocity into its horizontal and
vertical components:

The horizontal component of velocity remains | Initi |
constant, while the vertical component of
velocity changes. So, at any instant ¢, its velocity components are expressed as:

Horizontal component of velocity is:

Vertical component of velocity is:
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Viy = Viy + a,t

Hence, magnitude of instantaneous velocity at any instant t is given by:

The direction @ of instantaneous velocity v, is determined as:

At instant t, the horizontal displacement x covered by the body is given by:

xX=vut

And the vertical displacement, as the body moves upward, is given by:

We will describe the maximum height, the range and time of flight of a projectile in the coming
sections.

Height of the Projectile H:

The height of the projectile is the maximum
vertical distance attained during the projectile Max Height
motion, It is denoted by H, as shown in Fig. 3.5. v
To determine H, we use the third equation of \6
motion as;

Za,H = vﬁ, —vﬁ,.

{3.14.:!

It may be noted that at maximum height, vg, =  Figure 3.2 | ’
0, since the body momentarily comes to rest. Also, for a projectile moving upward, a, = —g

and equation (3.14) becomes:

2(—gH = 0 — v},
Since, vy, = v; sin@ so, we get: —2gH=0- v{sin%0
By arranging, we get:
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Using this equation, we can find the height of the projectile if the magnitude and direction of
the initial velocity is known.
Time of flight T:

The time taken by the projectile from the point of projection to the point where it hits the
ground at same level is called the time of flight. It is denoted by T. To determine T, we use
the second equation of motion:

s = vt+ —n e
For y-direction, equatinn (3.16) becumes'

H = Vigt + ?a,tz
Since, the projectile returns to ground (same height), so we take H = 0. Substituting a, =
—g vy = vy sinf and t = T in above equation, we get:

0 = {v;sin®) T~ = g T?

(3.16)

By rearranging, we get:

If magnitude and direction of the initial velocity is known, then this equation can be used to
find the time of flight of the projectile.

The time taken by the projectile to reach the highest point is called the time of summit. It is
denoted by T' and is given by:

Range of the Projectile R:

The horizontal distance travelled by a projectile is called range. It is denoted by R. To
determine R, we use the relation, S = vt. As the range is horizontal distance, so we can write:
X=wt

Substituting X =R,vy =vjcosBandt=T = 3 :mg in above equation, we get:

2v,sing?
8

R =vjcosB x

This equation can be used to find range of a projectile, if magnitude and direction of initial

velocity are known. Thus, by knowing two quantities; magnitude and direction of initial
velocity, we can find height, range and time of flight for the projectile.

Maximum Range Rn..: The greater the initial speed, the greater the range. For a given value
of initial velocity v, the range of the projectile is maximum if sin20 = 1, which occurs when
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20 = 90° or 8 = 45°. By substituting the value of 8 = 45° in equation (3.19), we get maximum
range, i.e.,

Same Range: If the initial speed of the projectile v; and acceleration due to gravity g remain
constant, then — p— — e rP—
there are always  ~ {™

two angles for

which the |'BOI vi=50ms?

projectile  has
the same range,
as shown in Fig.
3.6 (a). These
angles are
complementary
to each other
i.e.,, © and - - — —_
90° - 8. Hence, a Figure 3.6 (a): Height verses range at different angles of projectile.

projectile has the same range for pairs of angles such as (75°, 15°), (60°, 30°) and (70°, 20°),
etc. :
Effect of Air Resistance on Projectile Motion:

i
514 100 150 200 250

Air resistance affects the motion just like ‘?(Eﬁ_ .
friction. Due to air resistance, particle's
energy  decreases.  Generally, air *

resistance decreases the velocity of ; S ,H_\':w‘yut alr resistance
projectile. As a result, both the horizontal k. -

and vertical components of velocity N

decreases. \In

Air resistance affects the parabolic motion | i E:mu

of a projectile by reducing its range and |

maximum height. Hence, air resistance can | -—
significantly alter the trajectory of the X (m)
motion, as shown in Fig. 3.6 (b). Air ' gioire 3.6 (b): Trajectory ofa projectie with Sl
resistance also increases the time of flight without alr resistance.
of the projectile.

Example 3.4: If a projectile is launched horizontally with a speed of 12.0 m 5™ from the top
of a 24.6 m high building. Determine the horizontal displacement of the projectile.

Given: Vig = 12.0m s y=24.6m

To Find: X=1
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Solution: First, we need to find time t, for this we use second equation of motion in y-
direction.
Y= Viy l:+%alﬁ,l:z

For a projectile launched horizontally:
viy =0, ay = g = 9.8 m/s?, so we get:

246 = ()t + 5 (9.8) 2

t = 2245
Now using second equation of motion in x-direction, we get:

A= ?lxt"'%'ax tz
For a projectile launched horizontally a, = 0 m/s?, so we get:
X = (12) (2.24) + 5 (O)?

X= 269m.

Example 3.5: A projectile is launched with an initial speed of 200.0 m s™ at an angle of 30°
with the horizontal,

(a) Determine the time of flight of the projectile.
(b) Determine the peak height of the projectile.
(c) Determine the horizontal displacement of the projectile.
Given: vi=200ms’ 8 =30°
To Find: (a) Time of flight =T =2 (b) Maximum height = H =7
(c) Range of projectile=R =7
Solution: (a) Time of flight =T =2
T= 2v,sin@
g

. 2(200)sin30°

9.8

T =20.41s

(b) Maximum height =H =?
visin’@

2g

H= (200)* sin’ 30°
2(9.8)

(c) Range of projectile=R =7
v?sin26

g

p = (200)'sin2(30°)
9.8

H=

=510.2m

R=

=3534.7m
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Assignment 3.3
A ball is thrown with a speed of 30 m s™' at an angle of 30° with the horizontal. Determine:
(a) the height to which it rises, (b) the time of flight and (c) the horizontal range.

3 3 LAW QF CONSERVATiON OoF MOMENTUM

If a system consists of pamcles. each rncwing with different velocities, then the tutal
momentum of an isolated system is the sum of the momenta of the individual particles. A
system is said to be isolated if and only if the net external force, such as the gravitational force
or friction, acting on the system is zero. There is no ideally isolated system in the universe, but
we consider an isolated system that does not interact with its environment. The law of
conservation of momentum states as:

I The total momentum of an isolated system of interactini particles is conserved. =

If p; and p, are initial and final momenta of an isolated system, then according to law of
r:unservatim of momentum'

The law of conservation of momentum is useful in collision prnhlems When a collision occurs
in an isolated system due to internal forces, the momentum of each particle changes. Such
forces do not contribute to the net force, which remains zero. Hence, the total momentum of
the system does not change with the passage of time. It is also applicable in explosions.

3.3.1 Applications of Conservation of Momentum

In an explosion, chemical energy (stored in
the bonds of the atoms) is transformed into
the kinetic energy of the fragments. Using the |
principles of conservation of momentum, |
numerical values can be predicted for the !
fragments after the explosion. : |
|
|

All objects before an explosion are generally
considered at rest. After and during the |
explosion, the objects fly away in different |
directions with different speeds. Momentum |
is always conserved; in this case, the initial vy
momentum of everything is zero, Knowing A
this, the final momentum should be zero too. Figuu :H h} Exploainn of a bmnh into tm_*
Consider the explosion of a bomb into two | fragments Aand B Y8
fragments identified as A and B, as shown in

Fig. 3.7 (a). The initial momentum of the system before the explosion Is Zero. As the momentum
must be conserved, so sum of the final momentum of the two fragments must be zero.

44

After my
explosion




Therefore, the fragments of same masses must move in opposite directions with equal speed
for their momentum to be conserved.

An explosion in a cannon also follows conservation of momentum. For examplé, consider a
cannon on a f rictinntess grnund shooting a cannon ball, as shown in Fig. 3.7 (b).

e — = T e N R R P o R L e e R

3R =0 SR =0

The sum of initial momentum is zero, because nothing is moving.
After explosion inside the cannon, the cannon ball will be shot
forward at very high speed, while the cannon recoils at a much
slower speed due to its heavy mass. Sum of the final momentum will
be zero, this makes the initial momentum and the final momentum
equal.

1'"Irl explosions, objects move apart instead of coming together like
in collision.

A karate player can break a pile of tiles with a single blow because

he strikes the pile with his hand very fast, as shown in Fig. 3.8 (a).

In doing so, the large momentum of his hand is reduced to zero in a

very short time interval. This exerts a large force on the pile of tiles

which is sufficient to break them apart.

Conservation of momentum is also applied on ball and bat. When a
ball hits on the bat, the total momentum before and after the
collision must be equal (You have to add up the momentum of ball
and bat). So, the momentum of ball and bat before and after the
collision must be equal, as shown in Fig 3.8 (b).

Rockets and jet engines also work on the law of conservation of
momentum. In these machines, hot gases produced by buming of
fuel rush out with large momentum. As a result, the machines gain
an equal and opposite momentum. This enables them to move with |
very high velocity.

Conservation of momentum is also applied when two car hits each
other. Net momentum of cars before and after the collision must be
equal.
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Example 3.6: A 46 g tennis ball is launched from a 1.35 kg homemade cannon. If the cannon
recoils with a speed of 2.1 m 5!, determine the muzzle speed of the tennis ball.
Given: Mass of the ball = my, = 46 g = 0.046 kg
Mass of the cannon = m, = 1.35 kg
Recoil speed of the cannon = v, = =2.1m s’
To Find: Muzzle speed of the ball = v, =7 :
Solution: Initially, the ball is in the cannon and both objects are at ‘
rest. The total momentum of system is initially 0. i.e.,
p=0
After the explosion, the total momentum of system must also be 0. Thus, the cannon's
backward momentum must be equal to the ball’'s forward momentum.
pe=0
meve + mpvp =0
(1.35)(-2.1) + (0.046)v, =0
-2.8 + (0.046) vi, =0

Solving for v, we get:
vy = 2.8/0.046 = 60.87 m 5™
Assignment 3.4
A bullet of mass 20 g is fired from a gun with a muzzle velocity of 100 m s . Find the recoil
of the gun if its mass is 5 kg.

3.4 ELASTIC AND INELASTIC COLLISIONS

A collision occurs when two bodies come in physical contact with each other for a short interval
of time and then separate. For example, the collision of ball with a bat, the collision of two
cars, etc. There are two types of collisions: Elastic collision and inelastic collision. Momentum
remains conserved in all types of collisions, but kinetic energy may change.

Elastic Collision

' Elastic collision is a collision in which both the momentum and the kinetic energy of the

N

system are conserved. «-'1

For example, the collisions between atomic and subatomic particles are elastic in naturE. In
such collisions, the two objects collide and return to their original shapes with no loss of total

kinetic energy, i.e. the kinetic energy does not change into other types of energy.

Inelastic Collision

lnclnstic cnllisinn is a collision in which the momentum of system is conserved but kinetic ';
energy is not conserved. !

5 o i

Fur example. a metenrite falls on the Earth. During inelastic collisions, the klnetu: energy is
transformed into other forms of energy, such as heat energy, sound energy, and material

deformation etc.
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3.4.1 Elastic Collision

Consider an isolated system consisting of two spherical bodies such as billiard balls of masses m, and
m, initially moving towards right with velocities u, and u, along a straight line without rotation. The
speed of body having mass m;, is greater than speed of body having mass m; and is approaching to it.

So, the two bodies encounter head-on elastic collision. After collision they move with velocities v,
and v, alnng the same su-aight line, as shown in Fig. 3.9.

Figuru 3.9: Twn hall.r. (a) bernre collision [h] mmmm (c) lfh‘-'l‘m 1

We take the velocity as pomtwe if a body is mwlng towards right and negative if it is moving
towards left. Since the collision is elastic, therefore, we have two conservation laws in this
case. According to the law of conservation of momentum:

myuy + Myl = myvy + myvp (3.22)
After rewriting the above equation, we have:
myuy — l'nl"fl = mz'-"z— mluz
my(uy — vq) = my (v2 — uz) (3.23)

Similarly, according to the law uf conservation of kineti: energy, we get:
imluI + —mzuz = %mlvf - mzvz
After cancelling the factur 1/2, rewrite the above equatian
my (uf = v§) = my (vi — u3)
my(uy = vy)(uy + vqi) = my(vy — uz)(vy + uz)
Dividing equation (3.24) by (3.23), we get:
U + vy = vy + Uy
ar i Uy — Uz =V — vy

(3.24)

PR A U YIS S (T P e S L ) e R e
This equation shows that relative speed of two bodies before collision is equal but opposite to
relative speed after collision. Hence, for two bodies colliding elastically, the relative speed of
approach before collision is equal to the relative speed of separation after collision. From
equation (3.25), we get: Va=U4+ vp— Uy (3.26)
By putting the value of v, from equation (3.25) into the equation (3.22), we get:

myu; + mou; = myv; + my(u; + vy — uy)

or mpl; + Mgl = MyVy + Mzl + MaVy; — Mals
or myVy + meVy = myly + myly — Mally + mau,
ar (ml + mz)'ﬁ (m1 mz'}u1+ Em;uz

- r
Similarly, from equatinn (3. 15}
Vi= Uzt Ve — Uy

(3.28)
By putting the value of v; from equation (3.28) into the equation (3.22), we get:

a7



myuy + maup = my(uy; + v; — uy) + myv;

or myuy + mau; = myUz + mMyVvz — Myly + Myv,
ar ITII'\-"2+ mavy = m:u1+m3uz—m1uz+m1u1
or (my + my)vy = Zmyuy — (Mg — my)u,

Equations (3.27) and (3.29) give the velocities of two bodies after collision.
Case 1: When the two colliding bodies have the same mass i.e., m, = m,, then from equations
(3.27) and (3.29), we get:

Vi = Uy and Vi = Uy
This shows that velocities of bodies exchange during elastic collision of two bodies having equal
masses.
Case 2: When bodies have the same mass i.e., m; = m,, and the second body (target) is at rest
(u; = 0), then from equations (3.27) and (3.29), we get:

vi=0 and Vg = Wy
This shows that when the first body comes to rest the second body moves with the initial
velocity of the first body.
Case 3: When a lighter body (m,) collides with a massive body (m, > m,) at rest (u, = 0), then
under such condition m, can be neglected i.e., m, = 0, so from equations (3.27) and (3.29), we
get:

—O——— WTrp—
. k3 2my (= mz) =
. Wl ———— T | et :
m‘_;:,_,,_ 2 (myamy) 1.1‘ ’ .l”bJ’,"‘:]..:].z. - {3'39_

Vi = =l and v=0

Hence the first body (which is lighter) rebounds with the same initial velocity but in opposite
direction. The second body (which is heavier) remain at rest even after collision. For example,
if a ball is thrown at a fixed wall, the ball will bounce back with the same velocity, it had
initially, but in the opposite direction.
Case 4: When a massive body (m,) collides with a lighter body (m; > m,) at rest (u, = 0), then
under such condition m, can be neglected i.e., m, = 0, so from equations (3.27) and (3.29), we
get:

Vi= and Vo =21,
Hence, the first body (which is heavier) continues to move with the same initial velocity. While
the second body (which is lighter) will move with twice the initial velocity of the first body.
Example 3.7: An object of mass 5 kg moving at 10 m s™' collides with another object of mass
10 kg moving in the same direction at 5 m s, Assume that the collision is a one-dimensional
elastic collision. What will be the speed of both objects after the collision?

Given: my =5 kg u; = 10ms’ m;=10kg wu;=5ms’
To Find: vy =1 va=1 -
Solution: Using the relation:
v, = (my—mz) 2my 2
1 |:IIZI.1+ I'I'I]} 1 [I'I.'I1+ I'II:] 2
. o (5=10) 2(10)
Putting values: V1% ¥ 10 =t (5+ 10) 3

=50/15=3.3ms"
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Similarly, Vs S (my—mg)

(mytmy) 1 (mytmy) 2

) _ (5-10) ¢ _ a
V2 = E0) 10 (s+m}5 8.3ms

Hence, velocity of the lighter object will decrease to 3.3 m s and heavier object will move
with the velocity i.e., 8.33 ms™.

SUMMARY

“ Equations of motion show the relation between initial velocity, final velocity, acceleration,
displacement and time.

% Projectile motion is a two-dimensional motion of an object thrown in the air under the
action of gravitational force only. In projectile motion horizontal component of velocity
remains constant, while the vertical component of velocity changes.

% The height of the projectile is the maximum vertical distance attained by it during
projectile motion.

% The time taken by the projectile to reach the maximum height and then return to the ground
is called the time of flight.

% The horizontal distance travelled by a projectile is called range. A projectile has the same
range for complementary angles.

% The law of conservation of momentum states, the total momentum of an isolated system
of interacting particles is conserved.

% An elastic collision is a collision in which both the momentum and the kinetic energy of the
system are conserved.

% An inelastic collision is a collision in which the momentum is conserved but kinetic energy
is not conserved,

EXERCISE

Multiple Choice Questions
Encircle the correct option.

1) A projectile thrown upward moves in its parabolic path, the velocity and acceleration vectors
for the projectile are perpendicular to each other at:

A. no where B. the highest point C. the launch point  D. the landing point

2) A truck driving along a highway road has a large amount of momentum. If it moves at the
same speed but has twice as much mass, its momentum is

A. zero B. quadrupled C. doubled D. unchanged

3) A5 N force is applied to a 3 kg ball to change its velocity from 9 m s to 3 m s, This impulse
causes the momentum change of the balltobe kg ms™.

A. =25 B. =10 C.-18 D. —45
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TRANSLATORY MOTION

4) Which of the following statements is true about the projectile motion?

A. Projectile motion is the motion of an object projected vertically upward into the air and
moving under the influence of gravity.

B. Projectile motion is the motion of an object projected into the air and moving independently
of gravity.

C. Projectile motion is the motion of an object projected into the air and moving under the
influence of gravity.

D. Projectile motion is the motion of an object pfajected horizontally into the air and moving
independently of gravity.

=) The vertical component of velocity of a projectile is smallest at:

A. The instant it is thrown. B. Halfway to the top.

C. The top. D. The landing point.

6) A 4 kg object has a momentum of 12 kg m s™'. The object's speed is:

A.3ms’ B.4ms" C.12ms" D. 48 ms"

7) A bomb of mass 9 kg explodes into 2 pieces of masses 3 kg and 6 kg. The velocity of mass 3
kg is 1.6 m s, the kinetic energy of mass 6 kg is:

A. 3.84) B.92.6J C.1.92) D.2.92)

8) What is the force experienced by a projectile after the initial force that launched it into the
air, in the absence of air resistance?

A. The gravitational force B. The nuclear force
C. The contact force D. The electromagnetic force

9) If a projectile is launched on level ground, what launch angle maximizes the range of the
projectile?

A, 0° B.30° C. 45° D. 90°
Short Questions

Give short answers of the following questions.

3.1 What are the conditions for using the equations of motion?

3.2 You through a small ball vertically up in the air. How are the velocity and acceleration of the
ball oriented with respect to one another (a) when the ball is moving upward (b) when the ball is
moving downward?

3.3 For a projectile motion, is the velocity ever zero? Is the acceleration ever zero?

3.4 Draw a diagram showing the velocity and acceleration of a projectile at several points along
its path, assuming (a) the projectile is launched horizontally and (b) the projectile is launched at
an angle 8 with the horizontal.
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3.5 An aeroplane while flying horizontally drops a bomb when reaches exactly above the target,
but misses it. Explain why?

3.6 How air resistance affects projectile motion?

3.7Why do a slow-moving loaded truck and a speeding rifie bullet each have a large momentum?
3.8 What is the difference between elastic and inelastic collision?

3.9 An object that has a small mass and an object that has a large mass have the same
momentum. Which object has the largest kinetic energy?

3.10 Can objects in a system have momentum while the momentum of the system is zero?
Explain your answer.

3.11 For any specific velocity of projection, prove that the maximum range is equal to four times
of the corresponding height.

3.12 Is momentum conserved when a bat hits a ball? How?

Comprehensive Questions

Answer the following questions in detail.
3.1 Derive the equations of motion for uniformly accelerated objects.

3.2 Define the law of conservation of momentum. Explain how it applies to a handball bouncing
off a wall.

3.3 Explain elastic collision and prave that for two bodies colliding elastically, relative speed
of approach before collision is equal to relative speed of separation after collision.

3.4 Discuss the motion of a projectile in the absence of air resistance.

3.5 Derive mathematical equations for (a) Maximum height attained, (b) time of flight, (c)
range of a projectile.

3.6 Discuss that why though the momentum of a closed system is always conserved, but some
change in kinetic energy may take place.

Numerical Problems

3.1 On dry concrete, a car can decelerate at a rate of 7.00 m s, whereas on wet concrete it
can decelerate at only 5.00 m s™. Compare the distances necessary to stop the car moving at
30.0 m s™ (about 110 km h'') (a) on dry concrete and (b) on wet concrete.
(Ans: 64.3 m/ 90.0 m)

3.2 Find the angle of projection of a projectile for which the maximum height and
corresponding range are equal. (Ans: 76°)
3.3 A jet plane comes in for a landing with a speed of 100 m s, and its acceleration can have
a maximum magnitude of 5.00 m s as it comes to rest.
(2) From the instant the plane touches the runway, what is the minimum time interval needed
before it can come to rest?
(b) Can this plane land on a small tropical island airport where the runway is 0.8 km long?
Explain your answer.

(Ans: 20 s, it cannot, it would require a runway of minimum length 1 km)
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3.4 A projectile is launched with an initial speed of 21.8 m s at an angle of 35%above the
horizontal. Determine:
(a) the time of flight of the projectile.
(b) the peak height of the projectile.
(c) the horizontal displacement of the projectile. (Ans: 2,55, 7.98 m, 45.6 m)
3.5 A projectile is launched horizontally from the top of a 45.2 m high cliff and lands a distance
of 17.6 m from the base of the cliff. Determine the magnitude of the launch velocity.
(Ans: 5.79 ms™)
3.6 Two equal-mass carts roll towards each other on a level, low-friction track. One cart rolls
rightward at 2 m s and the other cart rolls leftward at 1 m s’'. After the carts collide, they
couple and roll together. Ignoring resistive forces, find their combined speed.
(Ans: 0.5 ms')

3.7 A 0.5 kg ball traveling at a speed of 4 m s to the right collides elastically with another
ball of 3.5 kg which is initially at rest. Find velocities of both the balls after collision?

' (Ans: -3.0ms™', 1.0ms™)
3.8 A 17.5 g bullet is fired at a muzzle velocity of 582 m s™' from a gun with a mass of 8.0 kg
and a barrel length of 75.0 cm.
(a) How long is the bullet travelled in the barrel?
(b) What is the force on the bullet while it is in the barrel?
(c) Find the impulse exerted on the bullet while it is in the barrel.
(d) Find the bullet’s momentum as it leaves the barrel.

(Ans: 0.00258 s, 3950 N, 10.2 kg ms™, 10.2 kg m s™)
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Student Learning Outcomes (SLOs)

e ma N Ty

-j The students will:

» Express angles in radians. ;1.
« Define and calculate angular displacement, angular velocity and angular acceleration [This involves use of

I
YT

"i S=r0, v=rw,w=2n/T, a == rw? and a = v!/r to solve problems].
i « Use equations of angular motion to solve problems involving rotational motions. .
i Analyse qualitatively motion in a curved path due to a perpendicular force. [

¢ Define and calculate centripetal force [Use F = mrw?, F = mv? /r].

=  Analyze situations involving circular motion in terms of centripetal force [e.g. situations in which centripetal
acceleration is caused by a tension force, a frictional force, a gravitational force, or a normal force].

» Define and calculate moment of inertia of a body and angular momentum.

State and apply the law of conservation of angular momentum. Illustrate the applications of conservation of

angular momentum in real life. [Such as by flywheels to store rotational energy, by gyroscopes in navigation

systems, by ice skaters to adjust their angular velocity]. :

Justify how a centrifuge is used to separate materials using centripetal force.

Derive and apply the relation between torque, moment of inertia and angular acceleration.

Explain why the objects in orbiting satellites appear to be weightless.

Describe how artificial gravity is created to counter weightlessness,
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Rotational motion is the turning or spinning motion of an object about an axis that passes
through it. For rotational motion of rigid objects, which are non-deformable and the particles
forming it stay in fixed positions relative to one ;
another as an object is rotated, we consider an Rotation Axis
axis of rotation. Axis of rotation is a line about :
which rotation takes place. This line remains
fixed during rotational motion, while the other
points of the body move in circles about it.

The axis of rotation may be a pivot, hinge or any
other support. Every point in a rotating rigid _ Figure 4_ 1: Axis of rotation.
object moves in a circle (shown dashed in Fig.

4.1 for points Py, Pz and P;) with the center on the axis of rotation. A straight line drawn from
the axis to any point in the object sweeps out the same angle in the same time interval.

4.1 ROTATIONAL KINEMATICS

Rotational kinematics deals with motion of objects | y
along a circular path without any reference to forces or G P
turques e’ 5 Positlon e "

4.1.1 Angular Position ()

————

angle through which position vector

T

o ' |

object is displaced with respect to some ¢ . : .

ence direction is called angular position ‘8'. ,,_.1 . _ K ;

Let an object ‘A’ is rotated through arc length ‘S’ from ",* E ',' i
a certain reference axis, along a circle of radius r’ as | Wi B gt

shown in Fig. 4.2. The angular position of the rigid | !

object is the angle ‘O’ between this radial line | H‘ ure 4.2 Angular Pnsitinn. |

(represented by position vector ‘r’) and the fixed reference hne in space (often chusen as the
+ X axis). Mathematically, — -

Q:E '
T P S STy .| S S, oy

This resembles the way we identify the pos1tinn of an |
object in translational motion as the distance x
between the object and the reference position, which
is the origin (x = 0).

4.1.2 Angular Displacement (A8)
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As a particle on a rigid object travels from position A to position B in a time interval t, as in

Fig. 4.3, the reference line fixed to the object sweeps out an angle, given by:

BT A6 =¢-4 (4.2) w ;
and negative

Cenveﬁtieﬁeﬁy, positive angular displacements represent anti-clockwise motion
represents clockwise motion.

-
-- ﬁ--

Units of Angular Displacement: The Sl unit of angular " ‘Posltion
displacement is radian. Other units are degrees and #lg vector
revolutions. - g

Relation between radian and degree: 3
In one complete rotation, there are 360°. bepeasssassse

To find the number of radians in one revelutiun we | % i
put S as circumference of circle, which is 2rr, in s !
equation 4.1, we get: ‘s a®

e

- num : 1s in one rev LMTA0 | Owes radiow (L rid) bs die sl solbtendied &
As for nne :umplete revolutien the number ef racHans W contr of i avele by iw wwe with o lowgel
must be equal to the m.rmber of degrees therefere ! ol 0o stk wsicluw o e eively:

Direction of Angular Dls;llm:ement Angular dispiacement is a vector pinecionof

quantity, having both magnitude and direction. The right hand rule is
used to specify the direction.

[Holding the axis of rotation in right hand with fingers Giing’

‘direction of rotation; the thumb gives the " Initial
kdisplatment B AN position
4.1.3. Angular Velocity (w) T
r'I'he time rate of change of angular displacement of  points in the w points in the
;2 body s called angular velocity. i positive z- direction negative z-direction

lf ‘46" is the small angular displacement in time
‘dt then anguler velucity m is:

i ﬁrp" S L —— "__l |
Riousonats m"m' : (4.3) s |

}'
Units of Angular Velocity: The SI unit of angular |
velocity is radian per second (rad s™).

Other units are deg/s or rev/s or rev /min (rpm).

The direction of angular velocity is same as that of g mmm
angular displacement.
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Average Angular Velocity (way):
The total angular displacement ‘0" of a body during time ‘t’ is called average angular velocity.

Instantaneaus Avaraga Valumty {lﬂlmt)

The limiting value of the ratio between small angular displacement ‘46’ and small time interval
‘at’, such that the time approaches to zero, is called instantaneous angular valnmty

If ‘w’ is the angular velocity in time ‘t’, then
angular acceleration ‘a’ is:

y

f
|
|
Ls
P'

. Rotatfon
TR etyele SO R =l e g 1 i ; ﬂﬂm‘*ﬂl’m
Units uf Anguiar Acceleration: ThE Sl '-ll'lﬂi of Witk e

angular acceleration is rad/s’. Other units are
deg/s® or rev/s?.

The direction of angular acceleration is determined . ‘
by right hand rule. _ Figure 4.6: Angular acceleration.

« It is taken as positive when angular velocity of a body increases. In such case angular
velocity and angular acceleration have same direction.

» It is taken as negative when angular velocity of a body decreases. In such case angular
velocity and angular acceleration are anti-parallel.
Average Angular Acceleration (a,,)

The total angular velu-r:lty w’ of a body in time ‘t’ is called average angular acceleration.

lnstanta neaus Ave rage J\c celeratinn ' (@inst)

The limiting value of the ratio between small change in angular velocity ‘w’ and small time
interval ‘t’, such that the time approaches to zero, is called instantaneous angular acceleration.
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4.1.5 Relationship between Linear and Angular Kinematic Quantities

Linear kinematic quantities like displacement, velocity and acceleration can be related with
their rotational analogue.

A. Relation between Linear and Angular Displacement: Consider the Fig. 4.7, in which a
particle that moves in circle of radius ‘r’ with center at ‘O’. Let the particle moves from point

A to B, and there is another point C such that £AOC = 1 radian, therefore Arc AC must be equal
to radius ‘r’. By using simple geometry, we can write:

ArcAB _ ZAOB
ArcAC  ZAOC

Here, Arc AB is linear displacement ‘S’ and £AOC is the
angular displacement ‘0'. As Arc AC =r and £AOC = 1
radian, so the above equation becomes:

-
. TS

Figure 4.7: Linear and angular
acceleration.

B. Relation between Linear and Angular 'Jeleclty
Multiplying both sides of equation (4.9) by 4/At and taking limit At approaches to zero, we get:

Iirn —S = ﬂm ——(n?}

-0 At
Since there is no change in radius ‘r' with respect to time, therefore:
nm‘“—s—rxnm% (4.10)
Now by definitions of linear and angular velocities:
AS Af
= Ilrn — (411 and = Iim — 4.12
L5 (4.11) o (4.12)

Putting values frern equatinn (4. 11} and equatlm [4 12} in equatlen {4 10], we get:

The po{nl:s A am:l B move clnser tegether as At appreachea te zero. And the directien uf Ifnear
velocity is along the tangent to the circle. Therefore, this velocity is also called as tangential
velocity.

C. Relation between Linear and Angular Acceleration: In angular motion, the linear
acceleration has two components, tangentlal component and the radial component, as shown
in the Fig. 4.8. .

o7
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Invector form:a=ac+an |

Inmagnitude a=\a?+a2 ~  Pathofmotion

o TN ar
Tangential Component: o Ay,
The component of angular * ° . i
acceleration which is parallel to ¢ z - Ay N3

linear instantaneous velocity is

tangential component of

acceleration. Thus, tangential

acceleration occurs due to change

in magnitude of linear velocity. {7

Multiplying both sides of equation Figure 4.8: Acceleration components.
(4.10) by 4/4t and taking limit as ' '

4t approaches to zero, we get

lim E'v..«' = Ilm —{rm]

Al—D ﬂf
Since there is no change in radlus r' with respect to time, therefore:

limﬁ_rxlimb‘—“’ L (4.14)

0 At oAt T
Now by definitions of linear and angular accelerations:
Av
and e = lim &2 4.16
At ar @10

fy}tqug‘_yﬂyes from equations (4. 15} and (4 1&]_111 equatinn {4 14), we get:
rg{:-_.',_:'-.:!‘ﬁv—.::.. .arﬁ?.'r .'t;'l'\-:r'F'.:{-; J" 4. ) ‘E’“fu i ,_d' = =& =PIk = _.T_‘ ':‘.""-“'- _‘_..- .;-- :-T-+..

This enables us to write all the kinematic equatluns in rotatm al fﬂnn,asshuwn in the Table
4.1, Kmematics for rotational motion is similar to translational kinematics.

Table 4,1: Kinematic Equations for Rotational Motion
Equations for Linear Motion Equations for Angular Motion
S=vt B=wt
vi= Vv, + at W=, +at
2aS=ve- V¢ 2a8=wi-wf
S=vit+%ats 0=wit+l%at

Radial Component: The component of acceleration i1 angulzar motion which is along radius of
the circular path is radial component of acceleration. This acceleration arises due to change in
direction of linear instantaneous velocity. For an ocbject moving in a circular path with constant
speed, there is only the radial acceleration, also called centripetal acceleration.

Example 4.1: In a workshop, a bicycle tyre of radius 33.1 cm is rolled across the level floor
with an initial velocity of 6.80 m s™'. Assuming constant angular acceleration, the tyre comes
to rest at a distance of 74.8 m. Determine (a) initial angular velocity of the tyre; (b) the

total number of revolutions it made before coming to rest; (c) the angular acceleration of
the tyre; and (d) the time it took before coming to rest.
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3t
Given: Initial velocity ‘vi’ = 6.80 m s Final angular velocity ‘wy’ = 0.00 rad 5™
Radius ‘r' =33.1ecm=0.331m Distance ‘'S’ =74.8B m
To Find: (a) Angular velocity ‘wi’ =? (b) Number of revolutions ‘N’ = ?
' (c) Angular acceleration ‘a’ =7 (d) Time ‘t"' =7

: ' v
Solution: (a) The relation between linear and angular velocityis v=re or o= T

Putting values: ©= Ui:'%?:l- therefore, w=20.54rads™

(b) When the tyre completes one revolution, it moves a distance equal to the circumference of
the tyre (2nr), as long as there is no slipping or sliding. The number of revolutions will be the

total distance divided by distance covered during each revolution (2rr). " Ei_r
Putting values: = {29 therefore, N =35.9rev
g i T 2x3.14x0.331 Ji et

(c) In one revolution there are 2Zm radians, the total angular displacement © will be 35.9 x Zn
radians = 225.6 radians (8 = 225.6 radians). To find angular acceleration we would use the
equation independent of time (3™ equation) i.e.

24-.-
200 = o} -} or H=M2L

26
_ (0) —(20.54)° = _0.94rads™
o= %2256 or a=-0.94ra

(d) To find ‘t’, we can use any of the equation involving time, however the simpler equation
o, =, +at, by rearranging this equation for time, we get:

Putting values:

¥ W, — aj
o
0-20.54
utting values: t=——— therefore, t=219s
Sz 20.94
So, the tyre will take about 22 seconds before coming to rest.

Assignment 4.1
The front wheel of a tractor travels 700 revolutions while the rear wheel 280 in a time
interval of 40 seconds. Find their angular velocities.

4.2 CENTRIPETAL ACCELERATION AND CENTRIPETAL FORCE

Consider a particle is moving in a circular path of radius r with constant speed, this means that
direction of velocity is changing. This change in velocity of the particle produces acceleration

which is directed towards the center of the circle, this type of acceleration is called centripetal
acceleration.

Consider the Fig. 4.9 (a) in which a particle follows a circular path. The particle is at point A
at time t; with velocity v;. It reaches at point B at a later time t; with velocity v¢. For uniform

circular motion v; and v; differ only in direction; their magnitudes are same, i.e. [V,[ = |V,' = |V|
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In Fig. 4.9 (b) velocity vectors have been redrawn tail to tail. The vector 4v joins the heads of
two vectors, representing vector addition,

V, =V, +Av .

The angle ‘A8’ between the two position
vector ‘'ri’ and ‘ry’ is the same as the angle
‘A8’ between the two velocity vectors ‘v,
and ‘v¢'. This is because the velocity vector
is perpendicular to the position vector, thus ;
the two angles must be same. This allows us |
to write a relation for the lengths of the |

sides of the two triangles. |

sv_ar -

v r ) /
where 5| =|r,|=|r| and |v,|=|v,|=|v| | Y /
* e V-'i—r “\""%.. '_.-"":
Dividing both sides by At, we get: e -
var As the particle moves from paint A to B its velocity
Bov = r At vector changes from v, to v,,

Now imagine the points ‘A’ and ‘B’ in the
figure are extremely close together. As ‘A’
and ‘B’ approach each other, ‘4t’
approaches to zero. The acceleration at
this stage will now be instantaneous
acceleration.,

Ar

it Fﬂﬂf{ Figure 4.9: Centripetal Acceleration.
Since, v = lim ar . Therefore, a= Yuv
at-0 At r
This acceleration is referred to as centripetal acceleration ac.

v2 vZ)a
a,=— or ac=|—|r
r r

As centripetal acceleration a. is directed towards the center of the circle, the radial vector r
is directed outwards from the center of the circle, thus a negative sign can be added to the

equation.
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According to Newton’s second law, an object that is accelerating must have a net force acting
on it. for example, to open a door, force must be applied to produce tangential acceleration
thereby creating torque. Similarly, for an object to move in a circle, a force must be applied
to it to keep it moving in that circle Thereby giving it necessary radial (centripetal)
acceleration.

4.2.1 Centripetal Force

The net force that causes the particle to undergo centripetal acceleration is called centnpetah
force Fe. :
When Newton's second law is applied toa pan:lcle mnving in a uniform circular mntinn we can
write: Fc=m ac (4.20)

Putting equation (4.18) or equation (4.19) in equation (4.20), we can write centripetal force F,

2 L]
as: Fe =_(mv ]r
’

and s it =—mrmr o U1 5 i ) W RO WP SRS P I USROS
The direction of the centripetal force is always directed towards the center of the circle.
Centripetal force is not a new force, but any net force that makes an object move towards the
center of the circle can be termed as centripetal force. For example, to swing a ball in a circle
at the end of a string, the tension in the string act as centripetal force. For a moon revolving
around the Earth, or planets revolving around the Sun, gravity act as centripetal force. In other
situation, it cun be a normal force, or even an electric force (as in CD players and computer
hard disks).

Frictional force and normal force as centripetal force:

When a car travels without skidding around an un-banked curve, the static frict*onal force
between the tyres and the road provides the necessary centripetal force. The reliance on
friction can be eliminated completely for a given speed, if the roads are banked at an angle
relative to the horizontal while making a turn (Fig. 4.10).

F.sin@

. mg
(a) (b)
Figure 4.10: Friction and normal force as centripetal force.
Because the roadbed makes an angle with respect to the horizontal, the normal force has a
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component ‘Fy sin@’ that points toward the center ‘C’ of the circle and provides the centripetal
force.

In the Fig. 4.10 (a) part shows a car going around a friction-free banked curve. The radius of
the curve is ‘r’, where ‘r’ is measured parallel to the horizontal. Part (b) of the figure shows
the normal furce ‘Fn’ that the road applies on the car, the normal force is perpendicular to the
road. Because the roadbed makes an angle ‘0’ with respect to the horizontal, the normal force
has a component ‘Fu sin 8’ that points toward the center C of the circle and provides the

centripetal force.

mv?

(4.22)

F.=F,sind =

Since the car does not accelerate along the component of normal force ‘Fy cos 8’, this
component only balances the weight ‘mg’ of the car. Therefore, ‘Fn cos 8 = mg’.

F,siné@ mv?ir
F cosc? mg

‘.pa-..-.,_ - - BT el

Vz {423]'.,pr

Dividing equation (4.22) by this equation, we get:

Th1s equatiun indicates that for a given speed Vv, the centripetal fnrce needed for a turn of
radius ‘r’ at an angle '@’ is independent of the mass of the vehicle. higher speeds and smaller
radii require more steeply banked curves—that is, larger values of ‘6’. At a speed that is too
low for a given ‘6’, a car would slide down a frictionless banked curve; at a speed that is too
higher, a car would slide off the curve.

Tension force as centripetal force:
When objects are connected by a string or
rope and moving in a circle, the tension in
the string acts as the centripetal force.
The tension in the string is responsible to
provide the necessary centripetal force,
as it pulls the objects towards the center
of the circle, preventing them from
maving in a straight line and causing them

to follow a curved path instead. For
example, to swing a ball in a circle on the
end of a string, the tension in the 5tr1ng
act as centripetal force, as shown in Fig. Side view Top view |

4.10 (c). In this case centripetal force *F¢’ ure 4.10 (¢): T e e i
is provided by tension ‘T’ in the string | . ) a"'h'ﬁ' string m

such that:
1 W g
3

The magmtude of the tension in the string is dlrectly related tu the speed of the objects and
the radius of the circle. As the speed of the objects or the radius of the circle increases, the
tension in the string must also increase in order to provide the necessary centripetal force to
keep the objects moving in a circular path.

Gravitational force as centripetal force: The force of gravity keeps planets in orbit around
the sun and satellites in orbit around Earth, serving as the centripetal force. Without the force

62



¥ s
ROTATIONAL AND CIRCULAR MOTION “% ,

"J,, “‘l.!'

of gravity acting as the centripetal force, planets and satellites would not be able to maintain
their orbits and would instead drift off into space. This force is essential for maintaining the
balance between the
inward force of gravity
and the outward force of
the object's inertia. This
is why the sun's
gravitational pull keep
planets in orbit around it,
and Earth's gravitational
pull is able to keep Figure 4.10 (d): Examples of nunh-lpatalfnma

satellites in orbit around

it, as shown in Fig. 4.10 (d). In this case, the gravitational force 'F;’ is responsible for providing
the centripetal acceleration required for the circular motion. Mathematically:

2 mv? : .;-', Lt n
i . F = — _ r’..i
IH:"-:II—. i LN e, B € ..—...-...._......_r. _______ R = T

Centrifuge: A centrifuge is a device that sepa.rates substances suspended ina qud mixture by
spinning a sample of liquid mixture very quickly around an axle. Any small denser particles
found in the liquid travel in a straight line inside the test tube, obeying Newton's first law. The
liquid in the test tube
applies a centripetal force
on these particles to keep
them moving in a circle.
After running the centrifuge
at high speed for a period of
time, the particles become
clumped together at the
bottom of the test tube,
which can be collected and
the sample is analyzed, as
shown in Fig. 4.11.

The same centrifugation principle can be applied in the following commonly used devices.
Cream Separator is a centrifugal device that separates milk into cream and skimmed milk.
Washing Machine Dryer consists of a long cylinder with small holes on its walls. Wet clothes
are placed in this cylinder, and then rotated rapidly to dry it.

Example 4.2: The centripetal force on a car of mass 856 kg moving along a curve is 7250 N.
If its speed is 12.0 m s™', what is the radius of the curve?

Given: Mass ‘m’ =856 kg Centripetal force ‘F.’ = — 7250 N, Speed ‘v’ = 12.0m s,
Solution: Radius ‘r’ =7

Solution: The centripetal force is given as:

2 2
mv mv

F. = or r=-—
r F
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A car, with its centre nfgravity 4 m ab
whose speed limit is 15 m 5. Find radius

4.3 MOMENT OF INERTIA

The property of a body by which it maintains Rotation axis
its state of rest or uniform rotational motion
~ about a fixed axis is called moment of inertia 0 .
(or rotational inertia).
The moment of inertia (or rotational inertia)
is the rotational equivalent of mass. Objects
with larger mass have a larger inertia,
meaning that they are harder to accelerate
linearly. Similarly, an object with a larger
moment of inertia is harder to angularly
- accelerate. The moment of inertia is given
bY . . Figure 4.12: Moment of inertia.

s I=mr’____(4.24)
If the bndy is rig|d we divide the whnle bndy into large number of small portions having masses
Mi, Mz, M3, ...., M ha\nng radii ry, ra, rs, ...., r'n from its axis of rotation, as shown in Fig. 4.12,

B
2

Sy

1]
g“

Rl:tll'l[lllll‘ pl.ltl Rectangular plate

Cylinder rod
=M e 2 =1 8 o bt
1 uML 1 uﬂ[ﬂ +b%) / 1”[0 +b*)
Rotation Rotation

axis axis

Solid cylinder or disc Hnllow qulndnr solid lPl'IlI'I Hollow sphere

I-%MR’ :--mn* r--un’ :-531@*
Rutntlu;:- Oﬂuta tion @ . .
—— s Hul.a tion Rotalmn Hnmtmn
axis axis ©axis

Figure 4.13: M;m-ent of inertia for uniform objects.
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Fig. 4.13 shows the calculated moments of inertia for various ub]ects of uniform composition,
each with mass ‘M’.

P .. . il_.,.:- i - s L Tl 1A
"!'..‘ia' .'I"..I AR VAN T RL Y I.' i

The angular momentum ‘L’ of an object is defined as:

The cross product of position vector ‘r* with respect io'ﬁdﬁlf rotatim and' I!near, e
1P of an object. L=rxp FER *_i :':5}

b il -..-.-—ﬂjlq--pM-L 4.1;\_- .-.: = &3 dl-.._...,a._‘l' e o
The SI unit of angular momentum is kg m*s™, and dimensions are [ML*T"].

4.4.1. For a Point Mass

Consider a mass ‘m’ rotating at distance ‘r’ from the axis of rotation, as shuwn in Fig. 4. 14 By

definition of angular momentum: '. e e
L=rxp or L=rpsin@ 7 | R e\ 0290% |
Since 8 = 90° and sin90°= 1, therefore, magnitude of |
angular momentum is given by: ' 1
L=rp (4.26) - & %
From the definition of linear momentum: _.. ....... Eraey eI Py G
= Y Asds of
p=mv (4.27) 1 oo ;

,
'-

The relation between linear and angular velocity is: 1
v=ro (4.28) |

-

'r

-
L Tp— LA

1
|

Putting equation (4.28) in equation (4.27), we get:
p=mro (4.29)

'Figure 4.14: Mass ‘m’ rotating at
distance ‘r’ from axis of rotation.

Now putting equation (4.29) in equation (4.26), we get: p=r(mrw)

p—— e . — = R

m‘ L mr ﬂ.i l4 m;ﬁ . . N — S —
From Eq. {4 3{]], the angular mumentum of an
object can also be defined as the product of
moment of inertia and its angular velocity, just
like linear momentum is defined as product of
mass and velocity.

4.4.2. For a Rigid Body

Consider a rigid body and divide it into large
number of small masses ‘my, mz, m3, ..., My’

having distances ‘ry, rz, 3, ........ fn' from the | _ i |
avis 5f ,uwaiiun, as shown in the Fig. 4.15. The | Figure 4.13: ngfdmtaﬂng about axis
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net angular momentum will be sum of all the individual angular momenta:

L.=L tL+L+ L +-——+L, __ (4.31)

The angular momentum about point 1 will be:

L, =mriew, (4.32)

Similarly, the angular momentum about point 2 will be:
L, =m,rf o, (4.33)

and L, = myriw, (4.34)

Similarly, L,=m,r’w, (4.35)

Putting equations (4.32), (4.33), (4.34) and (4.35) in equation (4.31), we get:
(4.36)

L = Mo +myr}o, + mre, +---—+m rio,

Since for same rigid body, all puints on the body rotate with the same angular velocity ‘w’,
therefore,

a_)1 :0]2 :a}a R mﬂ = (0
Therefore, equation (4.36) can be written as:

Lo = M@+ myrlo+myrio+—-—-——+m rie
or Log = (M2 +myrf + myrd +————+m r?) o

The term in parenthesis in above equation is moment of inertia of a rigid body, so

f=n
L= [Zm,rf}m =l (4.37)

i=1

4.4.3. Relation between Torque and Angular Momentum

The angular momentum L of an object is defined as:
The cross product of position vector r with respect to axis of rotation and linear mnn'ientum P!

of an object. _1:-:_
L=rxp
Multiplying both sides by =, weget: > L=2 (rxp)
e Y ppt e At At
AL Ap
or —=rx— 4.18
At At .58)
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According to Newton's second law of motion in terms of momentum:

Ap
- — .39
¥ Af — 1439}

Putting equation (4.39) in equation (4.38), we get:

I
4.4.4,
i.e., - - &ﬂ 0

At

Therefore, AL=0
Or L-Li=0
Hence, Le=L
- b e Ir o = Iy &y

Equation (4.43) implies that
The final angular momentum should be equal to initial angular momentum.
.A spinning ice skater is an interesting
example of conservation of angular
‘momentum. When the skater’s arms
are extended, the rotational inertia
‘I’ is relatively large and the angular
velocity ‘w’ is relatively small, as |
shown in Fig. 4.16. Often at the end
of the spin, the skater pulls his arms -
close to hi$ body resulting in a much |
faster spin (larger angular velocity) |
because of a much smaller rotational
inertia. When a rotating body
contracts, its angular velocity
increases; and when a rotating body |
expands, its angular velocity |
decreases. This phenomenon is the

I-ilrp
w - small

Figure 4.16: Spinning ice skater.
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result of the conservation of angular momentum. As:

BEEGT T L= G on o hyithym b ooy <t

n— TR T e

FEREEET kB g

And moment of inertia is given by: | =mr?

Therefore,  m,rf wr = mr?w
As r, <r, and m, = m, therefore his rotational speed

will increase to compensate for the decrease in
rotational inertia.

Similarly, gymnasts and divers generate their spins |
(torque) from a solid base or a diving board after which |
the angular momentum remains unchanged, as shown
in Fig. 4.17. The usual somersaults and twists result by |
making variations in their rotational inertia.

A gyroscope is a device that utilizes the principle of
angular momentum to maintain its orientation relative
to the Earth's axis or resist changes in its orientation.
A very unusual and fascinating type of motion you
probably have observed is that of a gyroscope, which
utilize the principle of angular momentum.

Gyroscope usually consists of a wheel mounted on an
axle which can rotate freely and is secured in a metal
frame, as shown in Fig. 4.18 (a). When the wheel is
made to spin the gyroscope can be balanced mounted
on a flat surface, however as the wheel stops spinning
the gyroscope will fall. If the gyroscope is tilted it also

(a) (®) ()

" Figure 4.18: Spinning Gyroscope.
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keep levitated without falling, but will start precession about gravitational force axis. This is
the gravity-defying part of a gyroscope, as shown in the Fig. 4.18 (b).

This unusual behaviour can be explained by the vector nature of angular momentum, the change
in direction of gyroscope will require a torque. The torque is provided by gravitational force as
its weight towards the ground. The angular momentum will start to follow the torque, as shown
in the Fig. 4.18 (c), the change in angular momentum ‘AL’ is:

ﬂL =rx M
Where the torque has the same direction as ‘AL’ and ‘At” is the duration of time. The same
effects can also be observed even if it is lifted by string looped around its lower end.

A flywheel (as shown in Fig 4.19) is a mechanical
component that stores energy by spinning a heavy disc
or wheel about an axle. When torque is applied, the
rotational speed increases, storing kinetic energy that
can be used for different tasks. The concept of a
flywheel is based on the principle of conservation of
energy, where the energy input is stored in the form of |
rotational motion. This stored energy can then be
released when needed, such as during power outages or
to provide additional power for machinery.

Flywheels are commonly used in various applications, -
such as in engines, industrial machinery, and energy Geared Teeth
storage systems. In vehicles, flywheels can help smooth Figure 4,19: Flywheel.

out the power delivery and improve fuel efficiency. In

industrial settings, they can provide backup power and help regulate the speed of machinery.

The design of a flywheel involves careful consideration of the material, size, and shape of the
disc or wheel, as well as the bearings and axle to minimize friction and maximize energy
storage. Additionally, the speed and torque at which the flywheel operates must be carefully
controlled to ensure safe and efficient operation.

at full speed by holding dumbbells close to your body. As soon as
you extend your arms your rotation speed (angular velocity) will |
decrease. Again, upon drawing your hands nearer towards your «ﬁ & )

chest the angular velocity will increase.
Can you explain why does this happens? g

In recent years, there has been growing interest in using flywheels as a form of energy storage
for renewable energy sources, such as wind and solar power. By storing excess energy generated

during peak production times, flywheels can help balance the supply and demand of electricity
on the grid.

Hold pair of dumbbells in your hand and find a turntable to rotate i o
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Example 4.3: What is the angular momentum of a 3.6 kg uniform cylindrical grinding wheel
of radius 31 cm rotating at 1150 rpm? (b) How much torque is required to stop it in 7.8 s?

Given: Mass 'm’ = 3.6 kg Radius'R' =31cm=0.31m
Initial angular velocity ‘wi' = 1150 rpm = 120.4 rad s™ Time duration '‘At' =7.8s
To Find: (a) Angular momentum L=7? (b) Torque r =7

Solution: (a) The angular momentum is givenas: L=/w

Since, moment of inertia for disk is / = %mﬁ'z, therefore = %mﬁ”m

Putting values, weget: L =%x3.sx{o.a1)= %120.4 =20.83 J 5

(b) From the relation between torque and angular momentum: r= L';:“’
Putting values, where initial angular momentum L; is 20.83 kg m? s' and final angular
momentum Ly is zero (0 kg m?s™).
3 0-20.83
7.8

Therefore, 7=-267kgm’s?=-267Nm

Assignment 4.3
Earth rotates about its own axis. What will be its angular momentum when its average
angular speed around its axis is 7.29 x 10® rad 5’7

4.5 TORQUE AND ANGULAR ACCELERATION

Relationship exists between torque and angular
acceleration, just like force and acceleration as in
Newton's second law of motion.

4.5.1 For a Point Mass

Consider a mass ‘m’ rotating at a distance ‘r’ from the : ’
axis of rotation, as shown in Fig. 4.20. The force ‘F" ... ... .._.. = S :
acting on the mass to rotate it is a tangential force. By * :
definition of torque, we have:

t=rFsin® N (4.44)

Since 8 = 90° and sin90°=1, magnitude of cquation 1 will it

become: T=rF (4.45) Figure 4.20: Mass 'm'’ rotating at
distance 'r’ from axis of rotation.

According to Newton's second Law, F =ma

(4.46) _

The relation between tangential and angular acceleration is given by:

a=ra  (4.47)
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Putting equation (4.47) in equation (4.46), we get:

F=mra (4.48)

Putting equation (4.48) in equation (4.45), we get:

r=r(mra) or tT=mrla (4.49)

Since, the term mr? is moment of inertia, therefore,
B (4.50)

A r=la

Equations (4.50) states that torque is moment of inertia times angular acceleration. This
statement is similar to Newton’s second law of motion F = ma, which gives force as equal to
inertia (mass) times acceleration.

4.6 WEIGHTLESSNESS IN SATELLITES

Weightlessness occurs when the feeling of weight is completely or almost completely absent,
meaning there is zero apparent weight. This occurs during free-fall, when the force of gravity
is balanced out by the inertial force from orbital flight, like centrifugal force.

In a weightless environment, objects and individuals float freely, as there is no force pulling
them towards the ground. This phenomenon is commonly experienced by astronauts in space,
where they appear to be float inside their spacecraft with objects around them.

The term zero gravity is often used incorrectly to describe weightlessness, as astronauts in
space stations are not in gravity free environment high above the Earth, 250 miles out in space,
where most space stations orbit, the gravitational field is still quite 5trong there roughly 95%
of its at on surface of the Earth. Weightlessness T e

can be achieved in two ways. One that to travel
millions of miles from gravitational force of large
object, where the gravitational force reduces to
nearly zero. Or the second and much more
practical is to create weightless environment
through act of free fall. The space stations are in
constant free fall, having the right speed and at
right altitude. Inside the space station the
astronaut is also falling free, so they appear to
float, as shown in Fig. 4.21, and physicists call it
weightlessness.

Figure 4.21: Weightlessness in sate!lites.

Weightlessness can be enjoyed in amusement parks momentarily; it can also be simulated on
Earth through techniques such as parabolic flights or neutral buoyancy tanks, allowing
researchers to study the effects of microgravity on the human body and various matenals. Living
in a space station is not easy, besides the dangers of space travel and time spen: away from
family in isolation, astronauts feel many health issues related to microgravity. Their benes and
muscles get weakened, cardiovascular system is affected and immune system is compromised.
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Apart from all these health challanges some everyday activities become near-impossible. Their
basic necessities like eating, sleeping, and showering habits are modified. They even can’t cry;
they face difficulty in digesting food and even in urination and excretion. Rotational simulated
gravity has been proposed as a solution in human spaceflight to the adverse health effects
caused by prolonged weightlessness.

Even though things and people may feel weightless in a weightless setting, they still possess
mass and inertia, causing them to maintain their straight-line motion unless an outside force
intervenes.

'\-..“'l
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The gravity produced artificially in the satellites to counteract the effect of weightlssnm is
called artificial gravity., ol

It can be generated by rotating a space-station aruund its own axis, as shown in Fig. 4.22. The
surface of the rotating space station exerts a force on objects
with in contact with it and thereby provides the centripetal
force that keeps the object moving on a circular path. In space
stations, the astronauts feel weightless and cannot work
effectively. In order to overcome this difficulty artificial
gravity can be provided by rotating it about its own axis.

To describe artificial gravity, consider a circular tube shaped
part of the space station in which artificial gravity will be
provided to the occupant_s of the space station. Let .it have t!‘l-E Figure 4.22: Artificial gravity.
radius ‘R’ and rotate with velocity ‘v’ as shown in the Fig.

4.21. The centripetal acceleration experienced at any point on the outer rim is:

v
a =— 4,52
c R [ }
Linear Velocity: From equation (4.52): vi=aR
Therefore, v=,aR

To provide the same force as the force of gravity this centripetal acceleration, and hence
centripetal force, must be equal to the acceleration due to gravity i.e. ac = g

?‘*E“CE , e o] ‘QQR o [4.33) . ':_.w--'
ﬁmgular "-.«‘elrcrmty of Satellites: The relation between linear and angular velocity is
v=oR __ (4.54)

By comparing equations (4.53) and (4.54), we get:

mR=Jg_R or m:JiﬁzJ%S
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Time Period of Satellites: Time period is the time required for the satellite to complete one

rotation, i.e., T= @
Since v=wR, therefore: T = 2—”'3
wR
2
or T=— (4.56)
@

Putting the values from equation (4.55) in equation (4.56), we get:

: 1
Frequency of Satellites: Since frequency is the reciprocal of time period, i.e., f= T so, from
equation (4.57) we get:

EXAMPLE 4.4: An 80.0 kg astronaut stands on the rim of rotating ring-shaped space station
Mhﬁnmmm;=ﬂ.smr’. If the radius of the space station is
1.5 km. Calculate his (a) angular velocity, (b) time period and (c) frequency of rotation.

Given: Mass of astronaut = m = 80.0 kg Radius of space ship = R = 1.50 km = 1500 m
To Find: (a) Angular velocity ‘w’ =? (b) Time period ‘T’ =2  (c) Frequency 'f’ =1
SOLUTION: (2) The angular velocity for artificial satellite is:
- 9.
)
9.8 ; 4
Putting values, we get: = 1500 or w=0.08rads
(b) The time period for artificial satellite is:
T =2£JE
g
Putting values, weget:  T-=2x3.14/12%0 o  T-77.73s
(c) Since frequency is the reciprocal of time period . f= %
1
: - o f=0.
Putting values, we get f 7773 or 0 ?13Hz
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Assignment 4.4

A space ship, having cylindrical shape, is rotated at a speed of 20 rpm about its axis in order
to provide artificial gravity to its inhabitants. If the spaceship has a diameter of 8 m, find

the artificial gravity it provides.

SUMMARY

< Angular velocity: The rate at which an object changes the angle while moving on a circular
path.

< Tangential acceleration: The acceleration in a direction tangent to the circle at the point
of interest in circular motion.

< Angular acceleration: The rate of change of angular velocity with respect to time.

< Centripetal acceleration: The acceleration of an object moving in a circle, directed toward
the center. :

< Centripetal force: Any net force causing uniform circular motion.

< Moment of inertia: Mass times the square of perpendicular distance from the rotation axis;
for a point mass, it is | = mr? and, because any object can be built up from a collection of
point masses, this relationship is the basis for all other moments of inertia.

% Torque: The turning effectiveness of a force and is defined as product of moment of inertia
and angular acceleration (t = la).

< Angular momentum: The product of moment of inertia and angular velocity (L = lw).

< Angular momentum is conserved, i.e., the initial angular momentum is equal to the final
angular momentum when no external torque is applied to the system.

EXERCISE
Multiple Choice Questions

Encircle the correct option.

1) The term “centrifugation” means separation

A. through spinning B. of components at higher temperature

C. through evaporation D. of components at lower temperature

2) A car turns around a curve at 30 km h™. If it turns at double the speed, the tendency to
overturn is:

A. doubled B. quadrupled C. halved D. unchanged

3) The moment of inertia of a spinning body about a certain axis, doesn’t depend on:
A. distribution of mass around the axis B. orientation of the axis

C. mass of the body D. angular velocity of the body

4) The change in angular momentum of a rod, when a torque of 2.5 N m is acted upon it for

2s, is:
A.1.25)s B.2.5Js C.hls D.0Js

5) If size (length) of the wings of a fan is increased, its rotational speed, for the same voltage
and current, will:
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A. increase B. decrease C. remain constant D. may increase or decrease
6) In a body, angular acceleration is produced by:
A. net force B. power C. pressure D. net torque

7) An astronaut feels weightless inside the International Space Station. It is because the
International Space Station is:

A. outside the gravitational field of Earth B. freely falling

C. at rest D. in motion

8) How many radians account for circumference of a circle?

A. 1 rad B. 2 rad C. mrad D. 2n rad
Short Questions

Give short answers of the following questions.

4.1 What is the value of angular acceleration of the minute hand of your wrist watch?

4.2 Is there a real force that removes water from wet clothes in a washing machine? Explain
how the water is removed. '

4.3 Determine the relation between (a) linear and angular displacement. (b) linear and angular
velocity. (c) linear and angular acceleration.

4.4 Is centripetal force a fundamental force or a force provided by any of the fundamental
. forces? Can any combination of the fundamental forces provide centripetal force?

4.5 There are generally double tyres in heavy vehicles on one side of an axle. Will its moment
of inertia be different from that of a single tyre?

4.6 Why is it best to have the blades rotate in opposite directions for a helicopter having two
sets of lifting blades?

4.7 'f diameter of Earth becomes half and there is no change in its mass, what affect will be
there on the rotational speed of Earth around its own axis?

4.8 Why does in circular motion, a tangential acceleration can change the magnitude of the
velocity but not its direction?

4.9 Why does usually the value of artificial gravity is smaller than 9.8 m s o

4.10 Why is a gyroscope used in aeroplanes?

4.11 How does the rotation of a flywheel helps to even out the power delivery from the engine?
4.12 A wall clock's arms show time as 09:15. Express the angle between the arms in radians.

Comprehensive Questions

Answer the following questions in detail.

4.1 What is centripetal force? Explain. Write down at least two applications where centripetal
force plays its role.

4.2 What is moment of inertia? Derive its relation for rigid body.

4.3 Derive the expression for angular momentum of a body. Also deduce the relation between
angular momentum and torque.

4.4 Explain conservation of angular momentum using practical life examples.
4.5 Derive the relation between torque and angular acceleration.
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4.6 Justify how a centrifuge is used to separate materials using centripetal force,

4.7 Explain why the objects in orbiting satellites appear to be weightless.

4.8 Describe how artificial gravity be produced in a satellite to counter weightlessness.
4.9 Analyse motion in curved path due to perpendicular forces.

Numerical Problems
4.1 What will be the angular velocity of fly wheel of an engine if it completes 3000 revolutions
in a minute? (Ans. 314 rads™)
4.2 A car is passing through a turn that is in the form of an arc of a circle of radius 14.5 m.
What will be the maximum speed limit (the speed at which the car can cross the bridge without
losing contact with the road) if the centre of gravity of the car is 0.5 m from the ground?
(Ans. 12.1 ms™")
4.3 A PT teacher rotates his stick at the axis that passes through its centre. If mass of the stick

is 200 g and its length is 0.8 m, find its moment of inertia. (Ans. 0.01 kg m?)
4.4 A football of mass 450 g rotates with an angular speed of 10 rev s, If its radius is 11 cm,
compute its angular momentum. (Ans. 0.137 J s)

4.5 A merryman in a circus is standing with his arms extended on a turn table rotating with
angular velocity 10 rad/s. He brings his arms closer to his body so that his moment of inertia is
reduced to one third of the initial value. Find his new angular velocity. (Ans. 30 rad s’")
4.6 A boy exerts a force of 200 N at the edge of the 30.0 kg merry-go-round, which has a 2.0
m radius. Calculate the angular acceleration produced (a) when no one is on the merry-go-
round and (b) when the boy, having 20.0 kg weight, sits 1.5 m away from the center. (ignore
friction). (Ans. 6.67 rad s?, 3.8 rad %)
4.7 A wheel-shape space station provides an artificial gravity of 5.00 m s to its inhabitants. If it has a
diameter of 100 m, find its angular speed in rpm. (Ans. 3 rpm)
4.8 The minute hand of a watch is 2 cm long. If it travels 9.4 cm of length, how many radians
will it travel? (Ans. 4.7 rad)
4.9 How many revolutions does the fidget spinner make after being flicked with an initial

angular velocity of 10 revolutions per second and coming to rest in 5 seconds? (ignore air
resistance) (Ans. 25 revolutions)
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The students will:

Derive the formula for kinetic energy [Using the equations of motion].
Deduce the work done from force-displacement graph.

Differentiate between conservative and non-conservative forces.

Utilize the work - energy theorem in a resistive medium to solve problems.




WORK AND ENERGY

In the sport of weightlifting, the task is to pick up a very large mass, lift it over our head, and
hold it there at rest for a moment. This action is an example of doing work by lifting and
lowering a mass. Weightlifting requires energy from the body’'s metabolic processes, specifically
from the breakdown of a molecule called adenosine triphosphate (ATP). Additionally,
weightlifting can also utilize stored glycogen in muscle tissue, which can be broken down into
glucose to provide energy. :

5.1 WORK

The work done on an object is the scalar (or dot)
product of force F and displacement d.

‘d’ is the magnitude of displacement, and ‘9’ H&":;ESEFW donem ;’;;" nbjectt\:hen
is the angle between force and the :
displacement. From the Fig. 5.1, we can see | (I)

that the force can be resolved into two | F F
components FcosB and FsinB. Here, Fcos Bis the B R Eﬁ ﬁ |
component of force along the direction of | ! ‘ P cosd [VU——
displacement which is the effective component. a F cos
Whereas, Fsin@ is the component of force which

is perpendicular to the direction of |

displacement and therefore plays no role in
doing work.

Units of Work: The Sl unit of work is the joule
(J) (named in honor of the 19th-century English
physicist James Prescott Joule). From above
equation we see that the unit of work is the unit
of force multiplied by the unit of distance. In Sl |
the unit of force is the newton and the unit of
distance is the metre, so 1 joule is equivalent to
1 newton-metre (N m).

i RN, sl

L = - aa g e

!

Dependence of Work; The work done depends
upon force ‘F’, displacement ‘d’ and the angle

‘@’ between them, as shown in Fig. 5.2. work (c) zero work.

Figure 5.2: (a) positive work (b) negative

_ |
a) Positive Work: When the force has a

component in the same direction as the displacement (0° < 8 < 90°), cos 6 in above equation is
positive and the work W is positive.
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b) Negative Work: When the force has a component opposite to the displacement (90° < 0 =

180°), cos 0 is negative and work done by the force will be negative.

) Zero Work: When the force is perpendicular to the displacement, 8 = 90° then the work

done by the force is zero.

Work Done from Force-Displacement Graph: The area
under the force-displacement graph gives the work done.

A. Work Done by Constant Force: In Fig. 5.3, graph for a constant
force to produce net displacement is shown, here the blue shaded
area of rectangle represent work done by the constant force.

B. Work Done by Variable Force: In Fig. 5.4, graph with increasing |

force to produce net displacement is shown, here the blue shaded
area of triangle represent work done by the increasing force.

However, in many situations of daily life, the force is variable in
many different ways, and therefore we get different graphs for area
under the curve for work done by such forces.

For example, when we stretch a spring, the more we stretch it, the |

harder we have to pull, so the force we exert is not constant as the
spring is stretched. When a rocket moves away from Earth the work
is done against the force of gravity which varies as inverse of the
square of distance from the center of Earth.

Consider a graph in Fig. 5.5, is drawn between Fcos6 and d. To find
the total work done, we divide the displacement into number of
small displacements Ady, Ad;, Ads;, ., Ad,, with corresponding
effective component of forces are Fy cos8y, F2 cos8, F3 cos6s, ........,
"~ Fa COSﬁno

(0,0) Displacement (m)

Figure 5.3: Work done
by constant force.

I[ﬂ.ﬂ] Displacement (m) |
" Figure 5.4: Work done |
i by variable force. '

'Feos@ F cosd

. 4

ad. ad, Ad, ad,

 Figure 5.5: Graphical analysis of work mn;mm m :
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The total work done will now be the sum of all the individual work James Prescott Joule
done. (1818 = 1880}

Wrow =Wy +Wa + Wa+ ... + W,
As, W,= F,cosf,Ad,, W,=F,cos8,Ad,,
W,=F, msﬂaﬂ.da. and W, =F, A cosB Ad,
So, the total work done is:

Wraa = F, cosB, Ad, + F,cos8,Ad, + F,cos6,Ad, + :
{5;2) . transfer of energy. He found

... * F, cos0,Ad,
: that thermal energy produced
) by stirring water or mercury is
In compact form, the above equation can be written as: proportional to the amount of
= o S . energy transferred in the
. Wi = Y.Fcos8Ad, . (53) | =imns

4
. =

'. Joule showed that heat was not
a substance but, instead, the

Thus, the work done by a variable force is equal to the area under the Fcos 6 and d curve.

EXAMPLE 5.1: Mehwish is dragging a -
suitcase at an airport and pulls it through Fy=168N
a distance of 4.90 m along level ground. 8,=30°
She is applying a constant force of 16.8 N g
in 30° with the horizontal. A 0.170 N
friction force opposes the suitcase’s
motion. Find the work done by (a)
Mehwish (b) frictional force and (c) net
work done by all the forces acting on the F,=0.170N
suitcase.
Given: Force by Mehwish ‘Fy’ = 16.8 N Angle ‘0’ = 30°

Force of friction ‘F¢" =0.170 N Angle ‘0" = 180° Displacement ‘d’ = 4.90 m
To Find: (@) Work by Mehwish Wi =17 (b) Work by friction Wy =17

(c) Net work done Wpet = 7
Solution: (a) The work done by Mehwish ‘Wy'" can be calculated as:
Wu=Fun.d or Ww = Fu d cos0,,

11 =490 m

Putting values: W,, =16.8 N x4.90m x cos30° or W, =71.3Nm
Hence, W, =71.3J
(b) The work done by friction ‘Wy’ can be calculated as:

Wi=Fr.d or Wr=FrdcosB,

Putting values: W, =0.170N x4.90mxcos180° or W, =-0.833J
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(c) Although there is force of gravity due to weight of the suitcase acting on it. But as it is
perpendicular to the direction of motion, it does not have an effective component in work. The
net work done ‘Wpe' is the sum of work done by Mehwish ‘Wx' and friction *Wy’.

Wrota = Wi +W,
Putting values: : Wreta = 71.3 J + (-0.833 J)
Therefore, Wrotat = 70.467 J = 70.5 J
Assignment5.1

A box having 40 kg mass is dragged on a frictionless inclined surface to a height of 8 m. If
the inclined plane makes an angle of 20° with the Earth, find the work done against gravity.

5.2 CONERVATIVE & NON-CONSERVATIVE FIELDS

"Jj l£‘_l.

The region around a body where it can influence other bodies -
by a force associated with it is called field of force or simply
force field. Examples include electric field, viscous field and
gravitational field.

5.2.1 Conservative Field ‘ '

A field is said to be conservative if it has two important |
properties: A A

1. Work Done is Independent of the Path Taken: If the work Figure 5.6: (a) An object
done on a particle moving between any two points A and B is = moves between points A and B

via two different paths 1 and 2.
.'I:len; r:: rﬂgmé and I, as shown in Fig. 5.6 (a), the field will 16} The Ghlect maker s o

trio back to A.
2. Work Done around a Closed Path is Zero: If the work done
on a particle moving through any closed path (the path in-which the beginning and end points
are same) gives zero, as shown in Fig. 5.6 (b), such a field will be conservative.

Gravitational and electric fields are examples of conservative fields and the associated forces
are conservative forces.

5.2.2 Non-Conservative Field

Ammmwhﬂufﬁéwhwhkhmm&pendsupmﬂmpuhfdm&‘dr
the work done along a closed path is not zero. PR R L RO

Frictional field is a non-conservative field, and frictional or drag fnrces are nnn-conservative
forces because when an object is moved in frictional field, the work done against frictional
force depends upon the path followed.

Frictional force, viscous drag and air resistance are all examples of non- cnnservative forces and
the fields where they act are termed as non-conservative fields.

5.3 KINETIC ENERGY,

T T G o ey

The energy possessed by a bady due to its motion is called ki

FEMELFE A TR, A | il o
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A boy kicks a football; it moves because it possess Kinetic energy. Now think a tennis ball and
a football moving with same speed. Which possess greater ability to do work? Of course, the
football with larger mass, which is difficult to stop. Similarly, now two footballs are approaching
you with different speeds, which can do more work? Again, the football with greater speed is
difficult to stop. Thus, the object’s mass and its speed contribute to its Kinetic energy. Like all
energies, Kinetic energy is also a scalar quantity. |

Consider a situation in which all the work done transfers only kinetic energy to a cricket ball.
Let the cricket ball is initially at rest vi= 0 m/s, and a horizontal force F is applied to move it
through a displacement 'd’ and achieve a final velocity vy = v, as shown in Fig. 5.7. This work
done W appears as the kinetic energy K.E. Such that:

W=KE=Fd (5.4) R vi=0 . V=V
By Newton's Second Law of motion — ® @ E—
F=ma (5.5) d -
From third equation of motion, distance d , E'Hfltl!ltl ball iek tlhl all
can be written as: -l ﬂt' I'E!ri: & 'tiﬂﬁ?\im.ﬂ .
d= v; -V} (5.6) Finurc 5.7: Work done transfers kinetic enurgytn
 2a r a cricket ball.

Putting equations (5.5) and (5.6) in
equation (5.4), we get: -

(5.7)

112 ;
K.E = EM(W - vf)
As the object (cricket ball) started from rest therefore vi =0 and vy = v.

Therefore, K.E m.% mv? (5.8) |

Although derived for cricket ball, the equation (5.8) in general shows the relation for the kinetic
energy of any moving object. For example, an iron ball of 1.0 kg moving with a speed of 2.0
m s has a Kinetic energy of 2 J.

Equally important, it demonstrate the work kinetic energy theorem which states that work done
on an object is equal to change in energy i.e. W = A E, where 'W is the work done and AE is the
change in energy.

9.4 WORK - ENERGY PRINCIPLE

Since work is defined as the movement of an object through a distance, energy can also be
described as the ability to move an object through a distance. The net work done on an object
is equal to the change in the object’s kinetic energy, i.e.,

radmbid

| S Wt K Bl B A E i e el (BLO) o i s it i s S R I SR N
Where, the change in the kinetic energy is due to the nbject's change in speed.

Work-Energy Theorem is also valid for potential energy. Hmn.'ever pntentia[ energy cannot be
defined only for conservative forces.
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In situations where potential energy can be defined, change in potential energy is exéctl}* equal
to the negative of change in kinetic energy, in which case the Work-Energy theorem becomes

5.4.1 Work - Energy Theorem in Resistive Medium

Why is a skydiver quite confident when u'."r.ing a parachute? Probably she relies on balance
between resistive forces and her weight. A resistive force on a moving object opposes the
motion of the object or prevent a stationary object from moving, for example friction, viscous
force etc.

When forces are acting on an object, energy transformations occur, which means the work is
being done. The work done ‘W’ on an object by an applied force ‘F’ is the sum of the gain in
kinetic energy ‘AK.E’ of the object and the work done by the object against the resistive force
‘W', That is:

W= AK.E+ W:

The work done by the object against the resistive force takes energy away from the object,
. decreasing its kinetic energy Mathematically

Both New’tnn's laws and work energy theorem can be used to solve problems. However, if the
forces are not constant, Newton's laws will be difficult to apply. '

5.4.2 implications of Energy Loses in Practical Devices and Efficiency

.Input of Mechanical Machine: The energy supplied to a mechanical machine is called input.
Input is equal to the product of effort ‘p’ and the distance ‘d’, through which effort acts (Fig.
5.8).

Output of Mechanical Machine: The work done by a mechanical machine
" is called output. Output is the product of load ‘W’ and the distance ‘D'
through which the luad lifts

Efficiency: The efﬂcienr.'y is the ratiu nf work output to the work input,
and can be expressed in percentage as:

g e—rrra rhp-ﬂ-'- P

usaful energyoutput
energy input

Efficiency is the ratiu of similar quantities and therefnre has no unit. Ee ek
The efficiency cannot be greater than 1" (or 100%), in fact it cannot be | =~ = = F°7
equal to 1 (or 100%) for real machines. In case of pulley system, the efficiency is only 40%, rest
of the 60% goes into waste and converted into unwanted forms of energy.

Ideal Machine: For an ideal machine only, the input will be equal to output, this means that
no energy is wasted and all energy is converted into useful work. Therefore, the efficiency of
an fdeal machine is 100 %.
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Almost all energy transformation technologies operate at efficiencies less than 100 %, most of
the wasted energy becomes thermal energy. T

For example, automobiles are highly inefficient. | Device Efficiency (%)
Suppose that an amount of fuel containing 1000 J | Electric generator 98
of chemical potential energy is used by an | Hydroelectric power plant | 95
automobile’s engine. Only 10 % of the energy is | Large electric motor 95
available to do work. :i:ge gas furnace :g

. energy output generator

Efficiency = : tput x100 | Fossil fuel power plant 40
SNErsY I Automobile engine 25
Fluorescent light 20
oF Efficiency = II;?BJJ 100 = 10 % Incandescent light 5

Only about 10% (or 100 J) of useful work is done in producing the kinetic energy of the moving
car; rest of the energy is wasted in engine and cars transmission. Some other examples of
energy losses in practical devices are given in Table 5.1.

EXAMPLE 5.2: In a science experiment, a 3.00 kg water rocket is launched from ground.
The rocket's total energy at the top of its flight is 2352 J. (a) What was the rocket’s
launching speed? (b) What height did the rocket reach? (c) What are the kinetic energy and
potential energy of the rocket 2.5 s after its launch?

Given: Mass of rocket ‘m’ = 3.00 kg Total energy ‘Er’ = 2352 J
Acceleration due to gravity ‘g’ = 9.8 m s* Time ‘t"=2.55s

To Find: (a) Initial speed ‘v’ =7 (b) Height ‘h’ =2
(c) ‘K.E’ of rocket after2s =17 ‘P.E’ of rocket after 2s=7 .

Solution: {a) By law of conservation of energy, when the rocket is launched it K.E is converted
into P.E, and at height ‘h’ this potential energy is equal to the total energy.

1 2 2 2XET
E=E or —mv “=E; or V= ——
i f N £ m
. 2xE
taking square root on both sides: V= |—7=L

m

putting values: V= IZ ;203052 or v=39.6ms™

(b) At height ‘h’, the potential energy is equal to the total energy.

E
P.E =E; or mgh=E; or =m—L
2352
Putti . he —— or h=80m
ng values 3.00x9.80

(c) To find ‘K.E’ after 2.5 seconds we will first have to calculate the speed of rocket by using

first equation of motion along y-axis
V=V, —gxt
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Putting values: v, =39.6-9.8x2.5
Therefore, v, =15.1ms™
Putting this value in the kinetic energy equation KE= %rmff
Putting values: KE= % x 3,00x(15.1)* or KE =342J
To find the potential energy, we will use law of conservation of energy
E, =KE+PE Or PE=E;,-KE
putting values: PE=2352-342
Hence, PE=2010J

Assignment 5.2
A crane holding 5000 kg of mass at a height of 12 m. Suddenly, the crane un-holds the mass.
Find the kinetic energy of the mass just before striking the ground.

SUMMARY

< Work: The work done on a body by a constant force is defined as the product of the
displacement and the components of the force in the direction of the displacement.

% The energy possessed by a body due to its motion is called Kinetic energy.

% Gravitational field as conservative field: Gravitational field is conservative field as work
done is independent of the path followed and work done along the closed path is zero.

% A non-conservative field is that field in which work done depends upon the path followed
or the work done along a closed path is not zero.

+ Efficiency: The efficiency is the ratio of work output to the work input.

EXERCISE

Multiple Choice Questions

Encircle the correct option.
1) If the unit of force and displacement travelled each be increased five times, then the unit

of work will be increased by:

A. 25 times B. 10 times C. 5 times : "'D. 0 times
2) The force that acts on a body but does no work is:
A. gravitational force B. frictional force  C. elastic force D. centripetal force
3) The odd force from the followingj is:
- A. gravitational force B. elastic force C. frictional force  D. electric force

4) The work done by a body while covering a vertical height of 10 m is 500 J. By how much
amount does the energy of the body change?

A. 500 J B. - 500 J C.50) D.-50J

5) Two objects, A and B, have the: same mass. Object A is moving at twice the speed of
object B. The kinetic energy of olbbject A as compared to object B is
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A. K.Ex = 4 K.Es. B. K.Ex=2 K.Es C. K.Ea= K.Es D. K.Ea=¥2 K.Es

6) If velocity of a body reduces to half of its initial value, then the kinetic energy of the body
compared to its initial value is:

A one fourth B. double C. four times D. half

7) A moving hockey ball is hit, such that its speed doubles. Its kinetic energy will become

A. double B. quadruple C. halve D zero

8) An engine converts 600 J of input energy into 150 J of useful work. The efficiency of the
engine is -

A.25% B.50 % C.75% D. 100 %

_9] Two engines, A and B, are rated for the same power output. Engine A has a higher efficiency
than engine B. What can you conclude?

A. Engine A requires less fuel to produce the same power.

B. Engine A is physically larger and heavier than engine B.

C. Engine B produces more waste heat than engine A.

D. The efficiency rating is unrelated to fuel consumption,

10) Consider two machines, A and B, Machine A has an efficiency of 40 % and Machine B has an
efficiency of 60 %. If both machines are provided with 500 J of energy, how much more useful
work does Machine B perform compared to Machine A?

A. 50 J B. 100 J C.200J - D.300J

11) A wind turbine converts 30 % of the wind's kinetic energy into electrical energy. If the
kinetic energy of the wind is 900 J. The electrical energy produced by the turbine is

A.90J B. 270 J C. 600 D. 700 J

Short Questions

Give short answers of the following questions.

5.1 Is it possible that a force is acting on a body and the body is in motion due to this force but
the work done after certain time is zero?

5.2 Some non-conservative forces are acting on a body. Can they change the total mechanical
energy of the body?

5.3 Kinetic energy and work are related. Can kinetic energy ever be negative? Can work ever
be negative?

5.4 Differentiate between conservative and non-conservative forces.

5.5 What is the work done by the moon as it revolves around the Earth?

Comprehensive Questions

Answer the following questions in detail.
5.1 Derive the formula for kinetic energy by using the equations of motion.

5.2 Explain work done by a constant and variable force using force-displacement graph.
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5.3 What is work-energy theorem? Explain in detail. Also, write some 1rnplicatiuns of energy
loses in practical devices and efficiency.

Numerical Problems

5.1 A car carrying truck unloads a
1500 kg car using a plank, as shown
in figure. If the plank makes an
angle of 30° with the ground and its
upper end is at 2 m height, what
will be the work done by
gravitational force? Also, draw the : | R . T S
force-displacement graph for. : (Ans: 29.4 kJ)

5.2 A car, having a total mass of 1500 kg (including the driver), is travelling at a speed of 40
kph through a straight path. How much work will be required to stop the said car if its brakes
fail and engine turns off? (Ans: 92.6 kJ)

5.3 Aball of mass 100 g is released from a height of 30 m. If the ball encounters an air resistance
of 0.4 N, find the kinetic energy of the ball just before striking the ground.

: _ (Ans: 17.4 J)
5.4 (a) What is the kinetic energy of a car with a mass of 1200 kg traveling at a speed of 20 m °
5’7 (b) If the car comes to a stop over a distance of 50 meters due to braking, what is the
average force exerted by the brakes? . (Ans: 240 kJ, 4800 N)

5.5 A roller coaster cart weighing 500 kg is at the peak of a 30 m tall hill and is traveling at 5
m s’'. Find the total mechanical energy at the top of the hill. If it descends to the bottom
without any friction losses, what will be its speed at the bottom?(Ans: 153,250 J, 24.75 ms™)

5.6 A car engine operates with 25 % efficiency and produces 50 kJ of useful work. How much
fuel energy did the car consume? (Ans: 200 kJ)

5.7 A refrigerator uses 600 W of electrical power and has an efficiency of 15 %. How much
cooling power (useful energy) does the refrigerator produce in one hour? (Ans: 324 kJ) ®
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The students will:

Justify and use Archimedes's principle of flotation.

Justify how ships are engineered to float in the sea.

Define and apply the terms: steady (streamline or laminar) flow, incompressible flow and non-viscous flow as
applied to the motion of an ideal fluid.

Use equation of continuity to solve problems.

Explain that squeezing the end of a rubber pipe results in increase in flow velocity.

Justify that the continuity is a form of the principle of conservation of mass.

Justify that the pressure difference can arise from different rates of flow of a fluid [Bernoulli effect].

Explain and apply Bernoulli's equation for horizontal and vertical fluid flow.

Explain why real fluids are viscous fluids.

Describe how viscous forces in a fluid cause a retarding force on an object moving through it.

Describe super fluidity [As the state in which a liquid will experience zero viscosity. Students should know the
implications of this state e.g. this allows for super fluids to creep over the walls of containers to ‘empty’
themselves, It also implies that if you stir a superfluid, the vortices will keep.spinning indefinitely.]

Analyze the real world applications of the Bernoulli effect [For example, atomisers in perfume bottles, the

swinging trajectory of a spinning cricket ball and the lift of a spinning golf ball (the magnus effect), the use of
Ventur ducts in filter pumps and car engineers to adjust the flow of fluid, etc.
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It is well known that liquids and gases belong to fluids. The air we breathe and the water we
drink are fluids. An important fluid, blood is flowing in our body’s veins, flow of which is
essential for life. Life would not exist without fluids and without the behavior that fluids
exhibit. Why does rising smoke curl and twist? How does a nozzle increase the speed of water
emerging from a hose? How does an airplane gain lift while accelerating on the runway? Fluid
mechanics allows us to answer these and many other questions.

In Grade-IX, we have dealt with many situations in which fluids are static. In this chapter, we
will deal mainly with the flow of fluid. Fluid mechanics is the branch of physics in which we
study about the fluid, either static or dynamic. Studying the fluid in motion is called fluid
dynamics. The study of fluids in motion is relatively complex, but analysis can be simplified by
making few assumptions such as fluid under consideration is non-viscous, incompressible and
its motion is steady. The analysis is further simplified by the use of two important conservation
principles, the conservation of mass and conservation of energy. The law of conservation of
mass gives us the equation of continuity, while the law of conservation of energy forms the
basis of Bernoulli’s equation. The equation of continuity and the Bernoulli’s equation along with
their numerous applications in everyday life, including sports, transportation and technology
are discussed in this unit.

6.1 UPTHRUST AND ARCHIMEDES PRINCIPLE

Have you ever thought that: Why
do heavy ships float on water
surface? How does the balloon fly
in sky? Why does a mug filled with
water feels lighter under water,
but feel heavy as soon as we take
it out of water? Why do some
objects float while others do not?

Answers to all these questions are
based on the fact that pressure
increases with depth in a fluid. So, AL SN
the upward force on the bottom of AR
an object in a fluid is greater than (a) h)

the downward force on the top of ~ Figure 6.1: (a) A heavy ship float on the surface of water.
the object. There is a net upv.?ard (b) Helium-filled balloons are flving off in the sky.

force, called buoyant force or up-thrust, on any object in any fluid. If the up-thrust is greater
than the object’s weight, the object will rise to the surface and float. If the up-thrust is less
than the object’s weight, the object will sink. If the up-thrust equals the object’s weight, the
object will remain suspended at that depth. The up-thrust is always present whether the object

floats, sinks, or is suspended in a fluid. Due to up-thrust an air-filled balloon immediately shoots
up to the surface when released under water. '

Archimedes principle help us to calculate magnitude of up-thrust, It states that:
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When an object is totally or partially immersed in a liquid, an up- ti‘lrust acts on it EQI.BL@O,M
weight of the liquid it displaces. T : e ok RN 1
Consider a solid cylinder of cross-sectional area A

and height h immersed in a liquid, as shown in Fig. < Surface of the fluid ?i.'“
6.2. If hy and h; be the depth of top and bottom ‘Ihl 3 l F,

surfaces of the cylinder respectively from the Area A
surface of the liquid, then: h2- hy = h

o WL R T el

If Py and P; are the liquid pressure at depths h; and h,
h: respectively, then:
Pr=pghi W=
and P:=pgh;
If Fy and F; are the forces exerted by liquid on the = ' pepsity of fluid: p _‘f".;'rﬁ'-.._f
top and bottom surfaces of the cylinder - il
respectively, then in terms of pressure: Figure 6.2: Up-thrust acts on-the cylinder
immearead in limnid
Fi=PiA=pghi A
and Fz=P;A=pgh; A

The net up-thrust F of the liquid on the cylinder is: m
[ - y ousand years ago

Archimedes noticed up-thrust and

or Upthrust = h A- found that: there is an apparent
i PERA-ggHA loss in the weight of the object

or Upthrust=pg A ( hz2- hy) when immersed in a liquid due to
up-thrust of liquid. He stated his

or Upthrust=pgAh findings in his famous principle

oF Upthrust = pg V ' (6.1) i.e., Archimedes principle.
Here, Ah = V is the volume of the cylinder and is equal to the volume of the liquid displaced by
the cylinder. Therefore, pgV is the weight of the liquid displaced.

So, Upthrust = weight of the liquid displaced

Equation (6.1) is the mathematical form of the Archimedes’ principle. Archimedes principle is
also helpful to calculate the density of an object.

Ships: Ships are engineered to float in the sea by employing several fundamental principles
and design elements: buoyancy, stability and structural reliability.

a) Buoyancy: Ships are designed to displace a volume of water equal to their weight, allowing
them to float. This is achieved by creating a hull shape that maximizes displacement while
minimizing weight. The hull is designed to withstand water pressure, which increases with
depth. The hull is shaped to displace water, creating an upward buoyant force (Fs) equal to the
weight of the ship (W)., i.e

Fo=pVg=W
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b) Stability: Ships are engineered to resist overturning by distributing weight low, using ballast
tanks, and designing a stable hull shape.

c) Structural Reliability: The ship's structure is engineered to withstand stresses, lnads and
vibrations using strong, lightweight materials like steel and aluminum.

By combining these principles and design elements, ships are engineered to float and operate
safely in the sea.

Submarines: Submarine can travel over as well as under water. It floats over water when the
weight of water equal to its volume is greater than its weight. Under this condition, it is similar
to a ship and travel .over water. It has a system of tanks which can be filled with and emptied
of seawater. When these tanks are filled with seawater, the weight of the submarine increases.
As soon as the weight becomes greater than the up-thrust, it sinks and remains under water.
To return to the surface, the tanks are emptied from seawater.

Example 6.1: A cubic block of wood is completely dipped in water. Calculate the
up-thrust of water acting on it if each side of the block is 10 cm long.

Given: L=10cm=om=0.1m
To Find: Upthrust =7
Solution: According to the Archimedes’ principle, upthrust is given by the formula:
Upthrust=pgV _
For cube, V = L}, so above equation becomes:
Upthrust = p g ( L)’ '
Here for water, we use p = 1000 kgm™, putting value‘s, we get:
Upthrust = 1000x9.8 ( 0.1)°
Upthrust = 9.8 N

Assignment 6.1
An iron object with density 7.8 g cm™ appears 200 N lighter in water than in
air, Calculate:
(a) The volume of the object. (b) The weight of the object in the air.

6.2 VISCOUS DRAG AND TERMINAL VELOCITY

Viscosity is measure of fluid's resistance to flow. A more viscous fluid pours slowly while a less
viscous pours easily. Imagine a Styrofoam cup with a hole in the bottom. If you pour honey into
the cup, the cup drains very slowly. If you fill the same cup with water, the cup will drain more
quickly. That is because honey's viscosity is much higher as compared to that of water. Hence,
viscosity determines the rate of flow of a liquid.

_ The resistance offered by different layers of a fluid to its flow is called viscosity.
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Gases also have viscosity, although it is a little harder to
notice it in ordinary circumstances. In
most liquids, viscosity decreases as
increases, whereas in most gases, viscosity increases as
temperature increases. Therefore, it is importdnt to
always measure the temperature of a fluid when
determining its viscosity. The coefficient of viscosity is
represented by 7. Its unit is Ns m? or k¢ m”'s " or Pa s.
Substances that flow easily have small coefficient of

Yiscos II'I\ 0

Table 6.1

L some:1l

temperature | Substance | Visco
Water 1.0016
Whole milk | 2.12
Honey 2000-10000
Glycerin 1410
Mercury 1.55
Methanol 0.5940
Ethanol 1.144

viscosity, while those that do not flow easily have large coefficient of viscosity. For example, .
water and air have low coefficient of viscosity, whereas honey and engine oil have large high

coefficient of viscosity.

Drag Force: A drag force acts on a solid
object when it is moving in a fluid (either a
gas or a liquid). You feel the drag force when
you move your hand through water. If you
stretch out your hand out of the window of a
fast-moving car, you can easily recognize
that considerable drag force has to be
exerted on your hand as it moves through the
air. You feel a smaller drag force when you
tilt your hand. The drag force become larger
as the speed of the car increases.

S TRaTing foee (FERRvEy Spenienced
by an object moving through a fluid is called °

drag force or viscous drag,

When the fluid is a gas (like alrl it is called
aerodynamic drag or air resistance. When the
fluid is a liquid (like water), it s
called hydrodynamic drag.

The drag force depends upon various factors
such as size, shape and orientation of the
object, viscosity of the fluid and the relative
speed of the object with respect to fluid.

Figure 6.3: Geese fly in a V-formation :brlnn'
their long migratory travels. This shape reduces
drag and energy cnmumptiqn fqr _i_ndh'tdml birds.

'iwnnrm (s and Skydivers

u'ndnrlenutm#meirhndieshfbemlm twistlm
or stretching their arms and legs in and out. This
allows them to control their speed and direction of

motion by using the drag.

For small objects, the drag force is given by Stoke’s law. According to Stoke’s Law, the drag
force (Fg) on a spherical object is directly proportional to radius of object r, velocity v and
coefficient of viscosity n of fluid. Thus, the mathematical form of Stoke’s law is:

e

S UL & SRRt () Eo SRl St sl
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6.2.1 " Terminal Velocity

t\rtlndty acqulred hy a freely failing object in a r 15:'1,? »

IR e . !EE%..J . called termin: el e oty .
Terminal veludl:y is attained when the weight of the nb]ect is halanced by the upward drag
force. For example, in case of a raindrop, initially, it accelerates due to the gravity (Fig. 6.4).

At first, there will be no drag force. As the velocity increases, the retarding force also increases.
As the object falls faster and faster, the drag force increases, So,

Net Force = weight - drag force At the bﬁnlnlﬂﬂ

Finally, when viscous drag is equal to the force due to | Al 'ﬂ"“'““ Is
gravity, the net force becomes zero and so does the G
acceleration. The raindrop then falls at constant

=

velocity (i.e. terminal velocity v).
O0=w-Fg .
Fa=w
or 6rnrvi=mg
; __mg : zs Gravitational force
M 6ragr i Gravitational Force > Alr Resistance

- Where ris radius of droplet and n is the viscosity of the ||After reaching terminal velocity
air. For sphere of uniform density p, mass m is given Air resistancels

by: equal to gravity i
m=pV
As the volume of sphare is g—rr“ , Hence l
Ny
m= p(i xr? (6.4)
3 )
Putting equation (6.4) in equation (6.3), we get: : erluuoml force
* |
p[%m‘" g |_5|=le_ i m“fs

~ Figure 6. 4.Amm',_'

As p, g,n are constants, so from equation (6.5) we can deduce that v; « r%. This indicates that
the smaller mass will attain terminal speed sooner than larger mass. Thus, from equation (6.5),
we can conclude that the terminal velocity depends on the square of the radius of the sphere
and inversely proportional to the viscosity of the medium.
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6.2.2 Paratrooper’s Jump

A paratrooper initially falls with large acceleration after |
jumping out of the plane without opening his parachute, and
attains a high terminal velocity, as shown in Fig. 6.5 (a).

To land safely on ground, he opens his parachute, as shown in
Fig. 6.5 (b). Opening the parachute provides a large surface
area to produces a large drag force (greater than weight) g
opposite to the direction of motion. This slows down the  Fjgure 6.5 (a): A paratrooper, |
skydiver and thus causing deceleration. After some time, the  before opening his parachute.
drag force Fy and weight of the paratrooper become equal, '
then he falls at a small steady speed to the ground level.

Consider a typical graph of a paratrooper jumping from an
aeroplane, as shown in Fig. 6.5 (c). At t = 0 s, the paratrooper
jumps out of the plane. After 42 s, he opens the parachute
and a large deceleration develops and within next 5 s, the
paratrooper starts falling with a very moderate steady speed -
and land safely on ground at time 70 s. The paratrooper
attains a terminal speed of about 50 m s™ when the parachute - e e
is not opened. When the paratrooper opens his paﬂachute, the afmt:r" -5 ( }ﬁh ;:muteper'
terminal speed of paratrooper now reaches 8 ms’. VAT e _nlug

sleady speed

steady speed

time /s

0 L & 70
opens at t=42s ' "l':"-}n:'_
F‘ilurt 6.5 (c): A typical graph nf vern:ity against time for a paratrooper

Examples 6.2: A spherical body of radius 2 mm is passing through air with velocity Zms'
Find the drag force on the body due to the air. viscosity of air is 1.9x10° kg m™' s

Given: Radius =r =2 mm Velocity=v=2ms"
Viscosity of air =5 = 1.9 x 10%kg m™ s

To Find: Drag force = F4=1

Solution: Here, we will use Stoke’s law:

l'llﬂ'lﬂ'lﬁlit
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Fa=6bmnrv
Putting values, we get:
Fa=6x3.14x1.9x10%x2x107x 2
=143.2x 10°N
Assignment 6.2
Find the termlnal velocity obtained by a raindrop of radius 0.3 mm falling through air of
viscosity 1.8x10°° kg m~1s~1,

6.3 FLUID FLOW

A fluid is a substance that can flow, such as a liquid or a gas. The flow rate of a fluid is the
volume of fluid passing a given point in a pipe per unit time. The fluid can flow in two ways:
streamline flow or turbulent flow.

If every particle that passing a particular point moves along exactly the same smooth path
folluwed by previous particles that have passed that point earlier, then such flow is called
streamline flow. : '

Streamline flow, also known as steady or laminar flow, is characterized by smooth flow of a
fluid through a tube, as shown in Fig. 6.6 (a). By smooth flow, we mean that all particles of the
fluid follow the same uniform path, called streamline. The streamlines (paths of different
particles) do not cross each other and every fluid particle arriving at a given point has the same
velocity. It usually occurs at lower velocities and with streamlined objects. In laminar flow, the
middle layer of fluid tends to flow faster.

—
. Figure 6.6: (a) Streamline flow. nguiﬁ {b}Turbulentﬂow

Above a certain critical speed, streamline flow becomes turbulent. Turbulent flow is irregular flow
characterized by small whirlpool-like regions as shown in Fig. 6.6 (b). Turbulent flow, also known
as non-laminar flow, is the unpredictable flow of a fluid resulting from excessive speed ot the flow
or sudden changes in direction or size of the tube or pipe. Turbulent flow occurs at higher
velocities or with non-streamlined objects, where the flow lines become disordered and mixed.

fm

B . Irregular flow of fluid is called turbulent flow.

Remember that the motion of real fluids is very complex and not full'_v.ar understood, we make

some simplifying assumptions in our approach. In model of ideal fluid fiow, we make the
following assumptions:
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e The fluid is non-viscous. In a non-viscous fluid, [ ForYour Information
internal friction is neglected. -- > -

e The flow is laminar. In laminar flow, all particles
passing through a point have the same velocity.

e The fluid is incompressible. The density of an
incompressible fluid is constant. Liquids are
generally incompressible, while gases are
compressible.

» The flow is irrotational, means it travels in
straight lines.

The streamlined bodies of dolphins assist

their movement in water by reducing the
In real fluids, there is always some viscosity. It Jroccire of water against their skin as

means that real fluids are viscous. Ideal fluids do  well as reducing friction. The streamline
not have any viscosity or can be said to have zero shape of dolphins enables them to move
viscosity. When a fluid is viscous, it essentially refers  Very speedily.

to the thickness of the fluid or the friction the fluid faces while it flows. Therefore, ideal fluids
do not experience the opposing force and have a non-viscous flow, while real fluids have a
viscous flow. '

- ‘M;ﬁ r:.- : v

As we have studied that the drag force depends on various factors such as size, shape and orientation
of the object. The drag force increases significantly with vehicle speed, which reduces the
performance of vehicles. Therefore, in Auto Engineering, the fast-moving objects are designed as
streamlined to improve their performance. A wind tunnel is used for studying the interaction between
a solid-stationary model and an airstream. A wind tunnel simulates this interaction by producing a
high-speed visible airstream (as shown in the picture) which flows across a model being tested.

6.4 EQUATION OF CONTINUITY

Equation of continuity is an important concept of fluid dynamics. Common applications where
equation of continuity is used are pipes, tubes, ducts with flowing fluids or gases, rivers and
power plants etc.
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To derive this equation, consider the steady
flow of the fluid through a tube of varying
cross-sectional areas, as shown in the Fig. 6.7.
The tube has a single entry and single exit. In
short interval of time At, the fluid will cover a
distance Ax; with a velocity v, at the lower
end of the pipe. At this time, the distance
covered by the fluid will be:

Axy = vq At

Now, at the lower end of the pipe, the volume
of the fluid that will flow into the pipe will be:

V= A Axi= Ay vi At

It is known that: mass (m) = Density (p) x Volume (V). So, the mass of the fluid in Ax, region
will be:

Amy=pxV .
Amy = pr Ay vy At ___ (6.6)

Similarly, the mass of the fluid at the upper end in Ax; region will be:
Amz= p2 A2 v2 At e [0.7)

Here, v; is the velocity of the fluid through the uﬁper end of the
pipe i.e., through Axz, in At time and A; is the. cross-sectional
area of the upper end. As in case of ideal fluid flow, total mass of
fluid is conserved; so equating (6.6) and (6.7), we get:
Amy = Amg
P1AIVi=p2A2V2 (6.8)

Mareover, if the fluid is incompressible, the density will remain
constant for steady flow, i.e., p1 = pa.

Thus equatlon (6.8) can be written as:

==
I

E e 12 Y2 : ‘ﬁ?_}_:

Equation (6.9 a) is known as u:nntlnuity equation and can be | ¢ectional area decreases,
written in a more general form as: in accordance with the
—————— 7.2 7T continuity equation.

ol 215 _ Av=Constant ____ 5 [ﬁ 10) SISaNERE il | yﬂ! ;

This equation states that for an ideal flu1d, the.product of cross-sectional area of the pipe and
the fluid speed at any point along the pipe is always constant (if there is no source or sink

present). This product is equal to the volume flow per second or simply the flow rate. From
equation of continuity, we can show that:
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This relation shows that smaller the cross-sectional area, the greater l:he vetocity of flui-:l and
vice versa,

Application of Equation of Continuity: There are many phenomena in real word that make
use of the Equation of Continuity, as discussed below:

i) When the water falls freely, its speed increases and so its ey
cross-sectional area decreases (as shown by the relation v = ‘/""‘ S

% ). Hence this is in accordance with the continuity equation.

ii) By squeezing the end of a rubber pipe (as shown in Fig. 6.8 R
b), its cross-sectional area (A) decreases. As a results velocity - oam LS

1 ot
of water increases (as shown by the relation v o = ). Hence  gigure 6.8 (b): Squeezing the

end of a rubber pipe results in
according to the continuity equation, reducing the area of the  jncrease in ﬂmi \preﬁdtv

opening will cause the velocity to increase.

Example 6.3: Ina nnrmat adult, the average speed of the blood through the aorta (radius r =
0.8 cm) is 0.33 m s™'. From the aorta, the blood goes into major arteries, which are 30 in
number, each of radius 0.4 cm. Calculate the speed of the blood through the arteries.

Given: Radius of aorta=ry=0.8cm=0.8 x 102m
Velocity of blood in aorta = v; =0.33 m s
Radius of artery =r2 = 0.4 cm = 0.4x10%m
ToFind:  Velocity of blood in arteries = v = 7
Solution: We use equation of continuity at the aorta and arteries, such as:
Arvi = 30 Azvz

The factor of 30 on R.H.S appears because blood from aorta distributed into 30 equal-sized
arteries, each with an internal cross-sectional area A;. As A = wrr? (internal cross-sectional area
being circular), thus above equation becomes:

nriivi=30mrd va
I'11 Vi = 30 r;’ V2
V2 =— (J') Vi

Putting values, we get:

v;=—(“““ 0.33
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vz =0,044 m s

Thus, the blood flows through the arteries at a speed of 0.044 m s™'. This speed is much lower
than the speed of blood in aorta. This is due to the fact that the total combined internal cross-
sectional area of 30 arteries is greater than that of the aorta. The slower speed of the blood in
arteries is favorable for the exchange of gasses.

Assignment 6.3
Why does the deep water flows slowly as compared to shallow water in rivers?
6.5 BERNOULLI’'S EQUATION

The Bernoulli’s equation is an approximate relation between pressure, velocity and elevation
for flow of an ideal fluid. In this section, we will derive the Bernoulli's equation by applying
the conservation of energy principle for flowing fluids.

Let us consider the two different regions, as shown in Fig. 6.9. An ideal fluid flows through the
pipe in time interval At. If the speed of fluid at lower point is vy and at upper point is vz, then
the distance Ax; covered by fluid in time At is v, At.

A%y = vq At (6.11)

| Figure 6.9: Fluid flowing through a tube of varying cross-sectional area.

Similarly, during the same interval of time At, the distance Ax; travelled by fluid is v, At.

Axp=vait  _______ (6.12)
At lower end, the work done on the fluid in moving through a distance Ax,, will be:
Wi = F1Axs (6.13)
using P=F/Aor F=PAin (6.13), we get:
Wi = P A Axy (6.14)
The work done on the fluid at the upper end is negative because F; is opposite to Fy. Thus:
W2 = -P; Az Axz (6.15)

Net work done W is obtained by adding equation (6.14) and equation (6.15), i.e.
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W=W;+W;
W = Py AjAxs - P2 Az Axa (6.16)
If vi and v, are the velocities of fluid at lower and upper ends respectively, then:

"

W=PiA vit-PiAz vat = (6:17)
Moreover, if we consider the equation of continuity, then:
Arvi= Ay vp= l:*

Where V is the volume of the fluid that flows in time t. Hence:
Ayt =M vat =’V,
So, the equation (6.17) becomes:

Daniel Bernoulli

W=PiV-PV
W=(Py-P2)V (6.18)
m _
As 'V =; , S0 equation (6.18) becomes:
W= (P Pn—':- (619

. ‘The name Bernoulli’s
A part of this work W is utilized by the fluid in changing its K.E and | equation was set on the
a part is used in changing its P.E, so applying conservation of | name of a Swiss physicist

energy, we get: Daniel Bernoulli (1700-
2 . 1782). He derived this
W = AK.E + AP.E equation in 1738. :

m 1 1
(Py-P2)-- (Fmv3- =mvy) + (mghs - mghy)

Where hy and h; are the heights of pipe at lower and upper ends, respectively. Cancelling m
from both sides we get:

1
(Pr-Pa) = = (3VE - 2 v3) + (ghs -ghy)
p -

Rearranging, we get:

= - Py

i)

The equation (6.20) is the-well-known Bernoulli’s equation. However, the subscripts with
various parameters on both sides of the equation represent two different points along the pipe.
Thus, the general equation ¢can be written as:
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Thus, Bernoulli’s equation states that sum of the pressure, the potential energy per unit volume
and the kinetic energy per unit volume will remain constant. Bernoulli's equation is an
important tool in investigating many technical systems such as power generation stations,
plumbing systems and flight of an aeroplane.

6.6 APPLICATIONS OF BERNOULLI’S EQUATION | "R,

According to Bernoulli's equation, slow air flow creates a high pressure while fast air flow
creates low pressure. This effect is used in many fields of life, such as in filter pump, venturi
meter, atomizers, the flow of air over an aerofoil and in blood flow. In this section, we will
n:hscuss all of these applications.

——

Activity: Bernnulli’&Thmre-r
- Take two A4 size sheets and position them as shown -
. When a continuous stream of air is blown between them wha g
| you think will happen to the positions of the papers? will t 2
sheets separate or move closer to one another? Test yal‘u;
| prediction by doing this activity. Was your prediction correct?
| The sheets will move closer to one another. This is due to the'
. Bernoulli’s principle, which states that fast airflow creates low
pressure between the two sheets. Thus, sheets will move lnwaﬂb
the low-pressure central region.

| aa |

6.6.1 Atomizer

Atomizer is a device that is used to emit liquid droplets as fine spray. It
works on Bernoulli's principle.

When you squeeze the rubber bulb (Fig. 6.10), high speed air passes
horizontally over a vertical tube and creating a lower pressure than that |
inside the container. This pressure difference pushes the liquid from |
the reservoir up through the vertical narrow tube and into the moving | ® =

stream of air. Atomizer has a nozzle at the end of the horizontal tube, _“T_" )

which causes the liquid to break up into small drops, mixing it with the
air and carried away with the stream of air.

Atomizer nozzles are used for spraying perfumes, applying paint and
in engine carburetor etc.

6.6.2 Filter Pump

A filter pump is designed and can be explained on the basis of
Bernoulli’s effect. A filter pump has a jet in the middle (Fig. 6.11).
When water from tap reaches the jet, its speed increases and hence |
causes a pressure drop near it. According to Bernoulli's Principle, the
pressure of the moving air decreases as the speed of the air increases.
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The air thus flows in from the side tube to which the vessel is connected. The air and water
together are forced to the bottom of the filter pump.

6.6.3 Torricelli’s Theorem
Torricelli's Theorem states that

e speed of flow of fluid from an orifice aT _
E’ ‘:meed gained by the fluid in free falling throu

Consider a tank filled with some fluid and with an orifice {slitj near the bnttum. as shown in
Fig. 6.12. The top surface of fluid is at height hy and the opening near bottom is at height h;.
According to Bernoulli’s equation:

L

F;+1pv=+pgh,=ﬁ+%pv§+pghz (6.22)

Here velocity v, at top surface is negligible as compared to velocity af efflux vz2. By neglecting
second term from L.H.S in the equation (6.22), we

get:

4
Pr+pgh:+ﬂ'=P:+%pv§+ pghz (6.23) '
If we put vz = v, then equation (6.22) becomes as:
%PVJ:PJ'P:'fpghr*psﬁz 57
|
As Py and P; are equal being the atmospheric : v,
pressures at top surface and at the orifice | |
respectively, so P;- P,= 0. Hence, we get: rs ha] Ty ‘“x
1
L v‘r.n — e E———
Rade Lt Lib , Flmnﬁ.'l!:.ttankfﬂhd

or ~21- vi=g (hi - ha) ' __m o

As hy—ha=h, in general we can write.
e v-oh 6.2
Equation {a.u) also true for the w.-lncity gained by an object in falling from height h. If an
object falls freely from height h, its initial velocity v; = 0 and its final velocity after falling
height h is vy = v, then using third equation of motion, we get:

Zgh = Wz - ‘ll"iI
Putting values, we have:

2h = v - ?

’ _
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'
=l

This is the same result as in equation (6.24), indicating that the speed of flow of fluid from an
orifice at depth h below the top surface of a liquid is equal to the speed gained by the fluid in
free fall from the height h.

In the summer you can enjoy by getting heat from the fireplace without the
room filling up with smoke! This is again due to the Bernoulli's effect, Can

you explain how?

—— e
—

F

) -

6.6.4 Venturi Meter

A venturi meter (or flow meter) is used to measure the flow speed of liquid through a tube.
The liquid having high pressure and low velocity gets converted to the low pressure and high
velocity at a particular point and again reaches to high pressure and low velocity. The point
where the fluid has low pressure and high velocity is the place where the venturi flow meter is
used.

Figure 6.13: Yenturi meter.

The venturi meter is constructed, as shown in Fig. 6.13. Venturi meter is so designed as to
ensure the stream line flow of liquid through a pipe section with area A;, a flow velocity vy and
pressure Py. In the narrow section (the throat) with area Az, the fluid flows with flow speed v,
and has pressure Pz, As a result, the pressure difference at two points 1 and 2 is appeared as a
height difference h.

To derive an expression for the pressure difference, we use the Bernoulli's equation and the
continuity equation. First applying Bernoulli’s equation to the portion 1 and 2, we have:

1
P1+%pvf+pgh1=ﬁ+ pr’:-!-pghz
As hs = hz, so pgh term will cancel out from both sides and we get:
1 1
Pl""-l'Pv:=P2+ ip'l.f:

1 1
Py=Pyw= EPV?EPVE

Py- P; = %pf’ﬁ': v2) (6.25)

From equation of continuity, we have:
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Arvi=Ar vy
or =% vi (6.26)

Putting (6.26) in (6.25), we get:

Pi-P; = % P ]i[%v1)2 _Vf]

2
Pr-sz%pv,’_[i—1]

| —4—» cyfinder
(6.27) | — ‘ﬁ

Af | Moxture of
Also, Pi-Pr=pgh (6.28) e
Putting equation (6.28) in (6.27), we
get: o
syl E[Arz ) '
pgh=—pvy| — -1 Thecarbureturmd in engines contains a venture
2 A tube. When the engine is switched on, air is sucked

into the venture tube. Fast moving air in the narrow |

throat of the tube causes a low pressure at this region

according to the Bernoulli's principle. The higher |

R atmospheric pressure in the petrol compartment will
| push the petrol into the region. The petrol will mix
.__._.l'ﬁ“ll wimairhefnreitﬂmfntﬂtl'pcyﬂnderemﬂETur

If and h are known, then we can find vy by using equation (6.29) and hence rate of flow
can be calculated using equation of continuity.

6.6.5 Aerofoil

An aerofoil is the termusedto
describe the cross-sectional
shape of an object that
creates a lift, when moved
through a fluid such as air.

Aerofoils are employed on
aircraft as wings to produce
lift perpendicular to the air
flow (Fig. 6.14). When a wing

!
shaped like an aerofoil, moves ﬁ\ Distance ;
in air, the flow of air over the | High Pressura Shorter |
top travels faster creating a | uwv-lmtr MJ

region of low pressure. The = — — : e
flow of air below the wing is Fi;ure 6. 14 c’"’“ section of aeroplane’s wing, .

slower resulting in a region of higher pressure. The pressures difference between the upper-
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side and lower-side of the wing causes a net upward force, called lift, which helps the plane to
take-off.

6.6.6 The Magnus Effect

The Magnus effect is a phenomenon related to a A
spinning object moving through a fluid. In Magnus

—:f-i_ﬂ:-_-—/,_._———- i
effect, a spinning ball curves away from its path f %
of flight, as shown in the Fig. 6.15. The path of | f\

Faster windspeed:

the spinning object is deflected in a manner that | '
is not present when the object is not |

spinning. The Magnus Effect depends on the ‘
rotational speed of the u_bjet:t. The deflection is | —»/‘Em\
-caused by the pressure difference of the fluid on PRE L oo ity \
opposite sides of the spinning object due to the e
varying fluid velocities. Figure 6.15: Magnus Effect

In the case of a ball spinning through the air, the
spinning ball drags some of the surrounding air with it. A spinning object moving through a fluid
deviates from its straight path because of pressure differences that develop in the fluid as a
result of velocity changes induced by the spinning body.
Example 6.4: Water is flowing streamline through a closed pipe system. The speed of water
at one point is 4 m s and the pressure is 47.1 kPa, while at another point 3 m lower, the
speed is 3 m 5. Find the pressure at the lower point.
Given: At higher point:

Speed=v; =4ms’ height = hy=3.0m

Pressure = Py = 47.1 kPa = 47.1x10° Pa

At lower point:

Speed=v;=3ms" height =h;=0m
~ind: Pressure = P;=1
Solution: Apply Bernoulli's theorem:

P + % p Vi+ pghy=P;+ % p V2 + pgh;

By rearranging above equation, we get:
P =Py+ 2 p (V] = V3) +palhy- o)

Putting the given values, and taking p = 1000 kg/m’ for water, we get:
P2= (47.1x10% + % (1000) [(4)*~(3)*] + (1000)(9.8)(3 -0)

After using calculator, we get:
Py=47.1 +3.5 + 29.4 x 10°
P2 = 80,000 Pa or 80 k Pa
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Assignment 6.4
The speed of air across the top and bottom of an aeroplane’s wing is 450 m s' and
410 m s™' respectively. Calculate the lift on the wing if the wing is 15 m long and 3 m wide
(p =1.29 kg m>, for air).

6.7 SUPER FLUIDITY

Super fluidity is astate in which a liquid experiences
zero viscosity, hence flows without friction through any
surface. As a result, these fluids therefore flow without any
loss of kinetic energy. When stirred, superfluid forms
vortices that continue to spin indefinitely. This allows for
super fluids to creep over the walls of containers to 'empty’
themselves, as shown in Fig. 6.16. el

Super fluidity is observed in liquid helium at temperatures = Figure 6.16: Super fluids creeps
near absolute zero, as well as electrons within a over the walls of containers to
superconducting solid. The neutron fluid in a neutron star = €MPty themselves.

may also be a superfluid. The unusual behavior of superfluid arises from quantum mechanical
effects.

To create superfluid states, helium gas 4
cooled to a few degrees above absolute
zero, as shown by the graph in Fig. 6.17. = 3
This is achieved by compressing the gas, 5 Normal liquid
and then expelling it through a small 2 4
nozzle. As the gas expands, it rapidly g
cools, ' 14 Superliuid
If a superfluid is placed in a rotating Gas
container, instead of rotating uniformly 0 5 ] s p _'_“::_F—; M
with the container, the rotating state
Temparature (K)

consists of quantized vortices. That is,
when the container is rotated below a
certain velocity (known as the critical angular velocity), the liquid remains perfectly stationary.
Once the critical angular velocity is achieved, the superfluid will form a vortex.

" Figure 6.17: Pressure-Temperature graph for He.

The vortex strength of super fluid is quantized, i.e.,

a superfluid can only spin at certain ‘allowed’
angular velocities. Rotation in a normal fluid (like Helium-4 (‘He) becomes a superfluid at a
water) is not quantized. If the rotation speed is temperature below 2.17 K. Helium-3
increased more and more quantized vortices will be  (*He) becomes a superfluid below
formed which arrange in wonderful patterns. 0.0025 K.

Application of Superfluids: Superfluids are used in high-precision devices, such as
gyroscopes, which allow the measurement of some theoretically predicted gravitational
effects. Recently, superfluids have been used to trap and slow the speed of light.
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Fluid Mechanics and Medical Technalogy
Medical technology uses heartbeat and sound of blood flow to find the blood pressure. A fluid exerts
pressure on the walls of its container. As a fluid, blood also exerts pressure on the walls of the heart,
arteries, vessels, and capillaries that make up the circulatory system. The sphygmomanometer is a well-
known medical equipment used for the measurement of blood pressure of a person. The
sphygmomanometer cuff (air bag) is placed around the upper arm of a person, inflated, and then deflated
while the meter measures the pressure of blood passing through those arteries in the arm. The external
pressure is increased by pressing the air bulb repeatedly. The sound of the blood flow is heard by the
stethoscope.
The gradual increase in pressure squeezes the arm and compresses
the blood vessels under the air bag. When the pressure in the air bag
becomes greater than the systolic pressure (120 torr), then the
vessels collapse, cutting off the flow of blood. At this instant
stethoscope detect no sound. The pressure in the bag is then
decreased by slowly opening the release valve of air bulb. When the
external pressure becomes equal to systolic pressure, the blood
flows (turbulent) with high speed through narrow contracted vessel.
Stethoscope detects sound at this instant and dial of the barometer
gives systolic pressure. By further opening the release valve, the pressure in the air bag drops enough
that the vessels no longer remain compressed and the blood is now in laminar flow. At this instant there
are no gurgle's sound heard by stethoscope, so this is the signal to record diastolic pressure.
For a normal person the blood pressure varies between systolic (120 torr) to diastolic (75-80 torr). These
values change with age.

SUMMARY

4 Archimedes principle states that: When an object is totally or partially immersed in a
liquid, an up-thrust acts on it equal to the weight of the liquid it displaces.

& The resistance offered by different layers of a fluid to its flow is called viscosity. Its unit is
Nsm?orkgm’'s'orPas.

% The retarding force (resistance) experienced by an object moving through a fluid is called
drag force or viscous drag.

< The maximum constant velocity acquired by a freely falling object in a viscous medium is
called terminal velocity.

< |If every particle that passes a particular point moves along exactly the same smooth path

followed by previous particle passing that has passed that point, then such flow is called
Streamline.

< Irregular flow of fluid is called turbulent flow.

+» Equation of continuity is defined as: For an ideal fluid the product of cross-sectional area
of the pipe and the fluid speed at any point along the pipe is always constant. This product
is equal to the volume flow per second or simply the flow rate.

< Bernoulli's equation states that sum of the pressure, the potential energy per unit volume
and the kinetic energy per unit volume will remain constant. According to Bernoulli's
equation slow air flow creates a high pressure, while fast air flow creates low pressure.
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< The speed of flow of fluid from an orifice at depth h below the top surface of a liquid is
equal to speed gained by the fluid in free falling through the height h. This statement is
called Torricelli’s Theorem.

% A venturi meter (or flow meter) is used to measure the flow rate of liquid through a tube.

% An aerofoil is the term used to describe the cross-sectional shape of an object that creates
a lift, when moved through a fluid such as air.

% In Magnus effect, a spinning ball curves away from its path of flight.

% Super fluidity is a state in which a liquid experiences zero viscosity, hence flows without
friction past any surface. :

EXERCISE
Multiple Choice Questions

Encircle the correct option.
1) Principle of floatation helps us to find:

A. Density B. Velocity C. Area D. Pressure

2) According to Archimedes’ principle, the up-thrust on an object equal to:

A. weight of the displaced liquid B. volume of the displaced liquid
C. mass of the displaced liquid D. density of the displaced liquid

3) In the equation for Stoke’s law, the sphere must be:

A. moving with a low, non-zero acceleration. B. moving with a constant velocity.
C. at rest in the fluid. D. of the same density as the fluid.

4) Two identical spherical drops of water are falling through air with a steady velocity of 20
cm s’ If the drops combine to form a single drop, what would be the terminal velocity of the

single drop?
A. 10cms’ B.20cm s’ C.32cms’ D. 40 cm s”’

5) Spherical balls of radius 'r’ are falling in a viscous fluid of viscosity 'n’ with a velocity 'v. The
retarding viscous force acting on the spherical ball is:

A, inversely proportional to 'r’ but directly proportional to velocity 'v'
B. directly proportional to both radius 'r' and velocity V'

C. inversely proportional to both radius 'r' and velocity 'v'

D. directly proportional to 'r’ but inversely proportional to V'

6) Two rain drops reach the Earth with their terminal velocities in the ratio 4:9. The ratio of
their radii is:
A.4:9 B.2:3 C.a:d D.9:4

7) Aliquid flows through a pipe with a diameter of 10 cm at a velocity of 9 cm/s. If the diameter
of the pipe decreases to 6 cm, the new velocity of the liquid will be:
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A.12cm s B. 15cm s’ C.21cms?! D.25cms’

8) If a pipe with flowing water has a cross-sectional area nine times greater at point 2 than at
point 1, what would be the relation of flow speed at the two points?

A. The flow speed at point 2 is nine times that at point 1
B. The flow speed at point 2 is three times that at point 1
C. The flow speed at point 1 is nine times that at point 2
D. The flow speed at point 1 is ‘three times that at point 2

9) with an increase in temperature, the viscosity of liquids and gases, respectively will

A. increase and increase B. increase and decrease
C. decrease and increase D. decrease and decrease

10) According to equation of continuity, when water falls its speed increases, while its cross-
sectional area

A. remains same B. decreases C. increases D. can't be predicted

11) The figure shows two balloons are hung by a string. When the air
is blown harder through the straw, the balloons will:

A. remain stationary

B. move closely to each other
C. move far apart to each other
D. burst

12) Which will produce the greatest increase in flow velocity through a tube?

A. halving the tube radius B. doubling the viscosity of the liquid
C. doubling the tube area D. doubling the tube radius

13) Where does the Venturi effect specifically occur?

A. Where a stream is expanded

B. Where a stream flows downwards with gravity
C. Where a stream constricts

D. In the exact center of a flowing stream

14) The end of a hose has a diameter of 4 cm. If one wants the velocity of the water coming
out to be 4 times higher, what should be the diameter of the nozzle on the end?

A.1/4cm B.4cm C.2cm D.1/Zcm
Short Questions

Give short answers to the following questions:

6.1 Why do athletes, such as swimmers and bicyclists, wear body suits in competition.
6.2 Distinguish between turbulent and streamline flow.
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6.3 When there is a change in the width of the river. The speed of the water decreases in wider
regions whereas the speed of water increases in the narrower regions. Why?

6.4 It is dangerous to stand close to rail tracks when a rapidly moving train passes. Explain
why?

6.5 Verify that pressure has units of energy per unit volume.

6.6 A perfume bottle or atomizer sprays a fluid from inside the bottle when it is pressed. How
does the fluid rise up in the vertical tube in the bottle?

6.7 If you lower the window on a car while moving, an empty plastic bag can sometimes fly out
the window. Why does this happen? .

6.8 Explain how an upthrust is produced when an aeroplane is @ &

running on runway? @ 1
6.9 Why does a ball placed in a vertical air jet become suspended .

(as shown in figure)? | e -
6.10 Can you increase the flow velocity of water in a rubber pipe '

by squeezing? Explain briefly.
6.11 What is meant by superfluid? How is superfluid made?

Comprehensive Questions

Answer the following questions in detail:

6.1 What is up thrust? Explain with the help of examples.

6.2 Explain Archimedes’ principle of flotation.

6.3 What is viscosity? Explain with the help of examples.

6.4 What is viscous drag? Explain with the help of examples.

6.5 Explain Stoke’s law. Derive its mathematical formula by using dimensional analysis.
6.6 Explain terminal velocity and derive its equation by using Stoke's law.

6.7 State the equation of continuity and derive its mathematical form. Also write one example
from daily life, where equation of continuity applies.

6.8 Derive the Bernoulli's equation. Also, discuss its application in daily life.

6.9 What is Torricelli’s theorem. Explain.

6.10 What is venturi meter? Explain.

6.11 Describe super fluidity.

Numerical Problems

6.1 The settling speed of a small fog droplet in air is found to be 2.98 mm s'. Find out the
radius of the droplet. The coefficient of viscosity of air is 1.9x10°kg m" s™'. (Ans: 5.1x10*m)

6.2 Water is flowing at a velocity of 2.00 m s through a hose with an internal diameter of
1.60 cm. (a) What is the flow rate in liters per second? (b) The fluid velocity in this hose’s
nozzle is 15.0 m s™'. What is the nozzle’s inside diameter? (Ans; 0,402 L5, 0,584 cm)
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6.3 Blood is pumped from the heart at a rate of 5.0 L min™ into the aorta (of radius 1.0 cm).
Determine the speed of blood through the aorta. (Ans: 27 ems™")

6.4 Water flows through a pipe with an internal diameter 4 cm at a speed of 2 m s'. What
should be the diameter of the nozzle, if the water is to emerge out with a speed of 4 ms™.
(Ans: 2.8 cm)
6.5 A hose lying on the ground has water coming out of it at a speed of 5.4 m s. You lift the
nozzle of the hose to a height of 1.3 m above the ground. At what speed does the water now
come out of the hose? (Ans: 1.9 ms™)

6.6 A pipe has two different cross-sectional areas, Ay = 25 cm’ and Az = 4 cm?. The volumetric
flow rate of water through the pipe is 5x10? m’ s™. Determine:

(a) the speed of water in both cross-sectional areas of the pipe.
(b) the pressure difference between them. (p = 10° kg m?)
(Ans: 2ms”, 12.5ms’, 7.6 x 10* Pa) -

6.7 The speed of water in a hose increases from 1.96 m s’ to 25.5 m s™ as it moves from the
hose to the nozzle. Calculate the pressure in the hose, given that the absolute pressure in the
nozzle is 1.01x 10° N m? (atmospheric, as it must be) and assuming level and frictionless flow.

(Ans: 4.24x 10° N m'?)
6.8 A hole is drilled at the bottom of a full bucket of water of height h. What will be the
velocity of water exiting from the hole? (Ans: ..;I'igh )

6.9 The efflux speed of oil from a narrow hole of a tank is 33.8 m s, at pressure of
4.12x10° Pa. Calculate the density of the oil? (Ans: 0.72 kg m™)

6.10 If the speed of air across the top and bottom of a small aeroplane’s wing is 30 m s'and
20 m s respectively. Calculate the pressure difference between the top and bottom of wings
if p =1.29 kg m?, for air. (Ans: 322.5 Pa)

6.11 An empty metrological balloon has a weight of 80 N. How much maximum contents the
balloon can lift besides its own weight if it is filled with 10 m’ of hydrogen? (Density of hydrogen
= 0.09 kg m™, Density of air = 1.3 kg m™). (Ans: 38.58 N)

111



Student Learning Outcomes (SLOs)

Bl T . F L - o

The stunh-nts will:

Distinguish between the structures of crystalline, glassy, amarphous and polymeric solids.

Describe that deformation of solids in one dimension [that it is caused by a force and that in one dimension, the
deformation can be tensile or compressive],

Define and use the terms stress, strain and the Young's modulus.

Describe an experiment to determine the Young modulus of a metal wire.

Describe and use the terms elastic deformation, plastic deformation and elastic Umit.

Justify why and apply the fact that the area under the force-extension graph represents the work done.
Determine the elastic potential energy of a material [that is deformed within its limit of proportionality from

the area under the force-extension graph. Also state and use ¢, - %Er = —_{-.A-,r" for a material deformed within

its limit of proportionality].
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Materials have specific uses depending upon their properties and characteristics, such as
hardness, ductility, brittleness, malleability and response to the applied pressure. What makes
steel hard and lead soft? It depends on the structure, the particular order and the bonding of
atoms in a material. This clue has made it possible to design and create materials with unique
properties for their use in the modern technology. '

7.1 CLASSIFICATION OF SOLIDS

Solids are the materials which are incompressible and have a fixed shape and volume. On the
basis of atomic arrangement (the structure), solids may be classified into three types:
crystalline, polycrystalline (polymeric) and amorphous (glassy) solids.

7.1.1 Crystalline Solids

In solids, particles are closely packed f
together but their packing may have ;-' ‘?.I*_-rﬂr"‘
different patterns. The arrangement "’J

of particles can be studied by X-rays A A‘ ,
diffraction technique. "" ‘g‘ -

Crystalline solids are these in which f/ ry

the constituent atoms, ions or
molecules, have a regular and well-
defined arrangement. Figure 7.1: The molecular (left) and ionic (right) crystal

Molecular and ionic structures of Structure of NaCl.
crystals are shown in Fig. 7.1.

Examples of crystalline solids include salts (sodium chloride, and potassium chloride), metals
(copper, iron and zinc), non-metals (diamond, sulphar and mica), ionic compounds (NaCl and
copper sulphate), ceramic (zirconium), sand and quartz. Crystalline solids have sharp melting
points. Crystalline solids are anisotropic for their physical property measurement. On cutting,
they give sharp cleaves.

7.1.2 Polycrystalline Solids

The solids having structure in between order and disorder, are called
polycrystalline or polymeric solids. Hence, these are partially or

poorly crystalline
A solid material made up of many small crystals with random ,f
orientation, is called polycrystalline solid.

The small crystals in polymeric solids are known as crystallites or  Figure 7.2:

grains which are oriented in different directions, and have distinct  Polycrystalline

grain boundaries, as shown in Fig. 7.2. Normally, grains of the SHCe.
polycrystalline solids have sizes in the range of 10? nm to 10° nm. Polycrystalline materials are
isotropic and exhibit the same properties in all directions.
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Polymers are of two types, i.e. natural and synthetic. Polymers !_..
occur in nature include rubber with formula (CsHs)s, resin and |
wood. Whereas, synthetic polymers including polythene

(CzH4)n, polystyrene (CsHs)., polyvinyl chloride (C:HiCl), etc. |
Polymers are made by the repetition of small molecules |
consisting mainly carbon, oxygen, hydrogen and nitrogen, to
make large chains of molecules by a process called
polymerization. The properties of these materials include, low
specific gravity, exhibit a good strength to weight ratio,
toughness, resistive to corrosion, poor conductivity (heat and |
electricity) and low cast.

7.1.3 Amorphous Solids

| the planet Mars.

Mateﬁal Science and™
i Space TEf.hnn!ngy

X

ﬂhu-ln H

Zylon is a srnthertc polymer,
which is stiffer than steel, has

high strength and has excellent |
thermal stability. It has various |
medical applications like |
artificial muscles, it is used In |
electric batteries and even used |
in Martian rover sent by NASA to |

Amorphous solids do not have a regular structure. The term
‘amorphous’ means without regular form or structure.

Solid materials whose constituent particles are arranged 1I'l n
random manner are called amorphous solids.

Amorphous solids, also called glassy solids, have structure like
frozen liquids. They have fix volume but not definite regular
geometrical shape, as shown in Fig. 7.3 (the structure of
beryllium fluoride (BeF:z)). Latest technique called ‘atomic

:;;,5;

electron tomography’, a type of 3-D imaging showed 85 % of

atoms were in a disorder arrangement in amorphous solids but
there were pockets, where a fraction of atoms found into ordered
super-clusters, hence, they are called short range ordered
materials. They have a range of melting temperature, i.e., if we
heat a glass rod, it gradually softens into a paste like state before
it becomes viscous liguid at 800 °C.

Figure 7.4: The crystalline, polycrystalline and
amorphous solids.

Figure 7.3: Amorphous
Solid structure.

Engineeéring and
Technology

Atomic electron tomography
{AET) has become a powerful
tool for atomic scale
structural characterization in
3-D and 4-D. It provides the
ability to correlate structures
and properties of materials at
the single atom level.

Examples of amorphous solids include, glass (sometimes called super-cooled liquid), rubber,
thin film systems deposited on a substrate at low temperatures, glues and many polymers.

Amorphous solids can withstand higher temperatures, without
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compared to crystalline and polycrystalline solids. If
these solids are melted and then cooled slowly, they
can be converted into crystalline solids. Amorphous
solids are used almost in every field of life: like
construction, household wares and laboratory wares,
manufacturing of tyres and production of shoes.
Amorphous silica is one of the best materials for
converting sunlight into electricity, used in solar
panels.

7.1.4 Unit Cell and Crystal Lattice

The crystal structure of solid is analyzed by using X-
ray diffraction and Bragg’s law. Solids are
characterized by their structure, which is made up of
some basic unit, that can be defined as:

" A unit cell is the smallest basic portion of a crystal,
which repeatedly stacked together in three
dimensions, to make the entire crystal structure.

A unit cell has all the characteristics of the whole
crystal. The atoms, molecules or ions which make
the crystal, are called basis and are arranged in
regular pattern. An imaginary geometrical structure
to join the basis is called lattice. A lattice basically
tells us about the basic structure of the points
(basis). The crystal structure is obtained by
placement of atoms on basis.

The structure of a crystal, obtained by the
repetition of the unit cell, is known as crystal
lattice.

A unit cell and its corresponding crystal lattice
-are shown in Fig. 7.5 (a). There are three types
of unit cells:

PHYSICS OF SOLIDS
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Material Science and Technology
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Graphene, a hexagonal carbon crystalline
structure, only a single atom thick, is the
thinnest kmnown material. It is the most
revolutionary material to be developed in the
21% century. It is used in carbon nanotubes.
In proportion to fts thickness, it is the
strongest material. It is an extraordinary
conductor of heat and electricity and 100%
transparent to light.

99— O
o—| o o
2]l | |0
Unig Cell
Crystal Latnice

Figure 7.5 (a): Crystal lattice and unit
cell.

Figure 7.5 (b): Types of unit cells.

i) Simple cubic (SC) contains eight atoms at each corner. Hence, there

is one atom per unit cell in SC, as shown in Fig. 7.5 (b).
ii) Body centered cubic (BCC) have eight atoms at corners and one atom
at the center of body. Hence, there are two atoms per unit cell in

BCC.

iii) Face-centered cubic (FCC) have eight atoms at corners and one atom
at each face. Hence, there are four atoms per unit cell in FCC.

A unit cell has three sides for a space lattice as, (a, b, c) having three
angles («, 8,»), as shown in Fig. 7.5 (c). In terms of different relations
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between sides and angles of a unit

cell, it can be divided into seven
distinct shapes, as shown in Fig. 7.6.
Some of the daily life applications of
solids include:

¢ Crystalline solids: Diamond is simple Cubic Rhembohedral
the most decent example, which  @%b=¢ lllh n-h Fo o=bsc
is used in jewelry and various spay=ie """'w enpeynt "ﬂ."w

industries. Similarly, quartz is
extensively used in
manufacturing of watches and
clocks. Many crystalline solids
are also used as a raw material in
various industries.

+ Amorphous solids: Glass is one linie Trilinig

of the most extensively used AEDZE izh#c
EpsE a w nlm‘
ﬂmﬂfphﬂl.ﬁ solids, found in yeasf=9r orfisy=90° qﬁ ]

utensils, bottles, boxes and nee Jin: h sthapes of unit cells,

construction material. Rubber is another widely used amorphous solid, found in tyres,
footwears, ropes and serve as a material in many industries.

« Polycrystalline solids: Most inorganic metals, many ceramics, rocks and ice are
polycrystalline, which have vast applications in our daily life.

7.2 DEFORMATION IN SOLIDS

A solid has definite shape and volume, possesses rigidity, is not compressed easily, has closely
packed particles and cannot flow. In order to change the shape or size of a solid, a force is
required. For example, if you stretch a spring by pulling its ends, the length of the spring
increases. When you release the ends of the spring, it regains its original shape and size. To
study the mechanical properties of solids, we usually check the behavior of solids under applied
force. Application of force on a solid may bring change in its dimension, i.e., it deforms a solid.

1ﬂr'|r!i'!
k|

The change in shape, length: or
volume of a solid when it is
subjected to an external force is
called deformation.

For example, if we squeeze a
rubber ball with our fingers, we can
observe the deformation that = -
occur. Similarly, at atomic level, a
crystal subjected to applied Figure 7.7: Deformation in a ball and in m‘ysials

pressure, may deform mainly in two
forms, a slip of one cleave over the other or twinning of crystal, both of them are shown in Fig.
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7.7. The results of mechanical tests are usually expressed in terms of stress and strain, which
can be defined in terms of applied force and resulting deformation.
Auto Engineering and Technolog
What makes the moving parts of engine frictionless? Due to very low coefficient
of friction and shine, Teflon {an amorphous solid) is used for coating the
materials used in automobiles, industries and manufacturing. Teflon coating is
used in high efficiency engines to reduce the friction, as it has good efficiency
even at higher temperatures. It is also used in nonstick cooking utensils and
moving parts of machines.

7.2.1 Stress and Strain

The internal resistance offered by a body to resist deformation is called stress. It is a physical
quantity that measures the magnitude of force causing the deformation. Stress is directly
proportional to the applied force and inversely proportional to the area of cross section over
which the force applied. It can be defined as:

The applied force per unit area is called stress.

Mathematically, it can be written as:
Force (F) il b
Stres. = 2 i
46) Area (A) RS

The Sl unit of stress is newton per square meter
(N m?), also known as pascal (Pa) and its

dimensions are [ML''T?. Generall . Figure 7.8: There are five types of stresses,
[ e, Yy SOSS O i.e. compression, tension, shear, torsion and

be divided into three types. bending.
* The one-dimensional stretching force acting
on the area of cross section of a body which produces linear For Your Information

deformation in it, is called tensile stress.

» The force which has a component acting tangentially to the
area of a body produces deformation in the shape of a body,
is called shear stress. :

* The force which acts uniformly from all directions on the 4. houc olids have two

area producing a deformation in the volume of a body, is defining properties. They

+ create pieces of odd, often
called volume stress. tistad sitaces shen: Ciaavid

Due to action of a force on a body, a deformation is produced in ~ °" m“ L‘lﬁe r’;:"e posey
it. exposed to x-rays because l.:d.:;
pone t i
The quantitative measure of deformation is called the strain.. ;:::‘typll:::! .-.:;’;..-"r:e.“""

Strain can be found by the ratio of the change to the actual value of some parameter (length,
shape or volume); hence it has no units and a dimensionless quantity. On the basis of stress,
strain can also be subdivided into three types.

= The fractional change in length, i.e., change in length divided by the original length, is
called tensile strain. It causes due to tensile stress and is given by:
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Tensile strain (&) =Cl:ﬂn$ T ::ﬂ {{Iit]LJ 'u

« The tangential force acting on an area (shear 51?55?,‘
produces a change in the shape of a body, called shear
strain. Shear strain is given by:

Displacement of sheared face _ AX

distance from fixed face Y
« The force acting at right angle to an area from all

directions produces deformation in the volume of a
body, called volume strain and can be given as:

Change in volume (AV) ‘ﬂh
, Original volume (V) =~

7.2.2 Modulus of Elasticity

© Shear strain (g) =

Volume strain (£) =

After removing stress, some materials regain their original
shape, length or volume; this property of materials is
called ‘elasticity’. For elastic solids, the ratio of the stress
to the strain is always a constant and is called ‘elastic
modulus’. Mathematically, it can be given as:

-

Stress
Strain

Elastic modulus =
Since strain has no units, hence modulus of elasticity has the
same units as that of the stress i.e. N m?® (or Pa) and
dimensions as [ML'T?]. Depending upon type of stress,
modulus of elasticity is of three types, as under:

Young's Modulus: In case of linear deformation, the ratio
of the tensile stress to the tensile strain is called ‘Young's
modulus’, and is represented by ‘Y’. Mathematically it can
be given as:

same s 17/ A o
“1 Y=—— o
Li=F :'M}L . "_._[? 1

Here, ‘F’ is the applied force on area ‘A’ of the material (say - {:_
a rod) of length ‘L’. The force changes the length by *AL’, as :

shown in Fig. 7.9, for both increase and decrease in length.

Bulk Modulus: For three dimensional forces, the deformation
occurs in all directions, as shown in Fig. 7.10. In this case, the

For ¥our Information

Objects can often experience both
compressive and tensile stress
simultaneously. Example includes
a long shelf loaded with heavy
books. The top surface of the shelf
s in compressive stress and the
bottom surface of the shelf is in
tensile stress. Similarly, long and
heavy beams sag under their own
weight, in modern building
construction, such bending strains
can be eliminated with the use of
L-beams. '

P--- P

|

-
I
F

ratio-of the volume stress to the volume strain is called ‘bulk Figure 7.10: Bulk modulus.

modulus’. Mathematically, it is expressed as:
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Here, the negative sign shows the decrease in valume, but bulk
modulus is always positive.

Shear Modulus: Due to tangential force, the deformation is
produced in the shape of a body, as shown in Fig. 7.11. In this

case, the ratio of the shear stress to the shear strain is called
‘shear modulus’. Mathematically, it is expressed as:

(2t A ] = F'KA (7.3) Shear Modulus

; d [Ml"_rﬁ v ~ Figure 7.11: Shear modulus.
Here, strain is the ratio of the displacement of the sheared face

to the height of fix face. With reference to the triangle, shown in Fig. 7.11, the shear strain it
is expressed as:

tan @ = AX : _s:, Table 7.1: Table for values of lHE_muufEas!.ir_'m_.r of
Y Z0C. different materials = ;
- TR y .. | Material | Young's Modulus | Bulk Modulus | Shear Modulus
:’r - oo ;"g;?f "““: & § (10°Nm?) | (10°Nm?) | (10°Nm?)
ence, = - NOW | steel 20.0 158 80
equation (7.3) gets the following | Aluminum 7.0 7.0 2.5
form: Copper 12.0 12.0 | 4.0
ey ETEIEREE S S gy | Iron 19.0 80 | so |
3 Sﬂﬁ?‘@‘@mﬂ SR [Brass 1.0 14.0 36 |

Here, the angle ‘0’ is called ‘the angle of shear’.
Example 7.1: A Masjid's minar having area of cross-section 0.2 m?, the upper dome's weight
10,000 N, is made up of a material, with Young's modulus of 4.5x10"" Pa and mass density
of 2700 kg m™. Find the compressive stress at the cross-section located 3.0 m below the
top of the pillar and value of compressive strain of the top 3.0 m segment of the pillar.
Given: Pillar segment height ‘h’ =3.0 .

Area of cross-section ‘A’ = 0.20 m*

Density ‘p" = 2700 kg m*

Weight of upper dome ‘wg’ = 10,000 N
To Find: Compressive stress ‘6" =7

Compressivestrain ‘g' =2
Solution: To find the mass, we have to find volume nf the pillar's

segment, as: V=Ah
V =(020 m*)(3.0 m)=0.60 m’
=pV = m=(2700 kg m>)0.60 m’)=1.60x10"kg
The weight of the pillar segment is: |
w,=mg = w, =(01.60%10"kg)(9.8 ms*)=1.568 <10* N
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The normal force is the sum of weight of the upper dome and the pillar segment.

F=W‘; ‘i"lir":I = F={Luxlnim+{l5ﬁsx1n‘”}
. F=2568x10*N
&4
Now the compressive stress: 5= 2598 x10 lﬂ! N
0.20 m
6=128.4 kPa
' s 128.4 kP
And the compressive strain: Stviis = Stress a

Y  45x10'kPa

Strain=2.85x10"°
Discussion: The normal force acting on the cross-sectional area is not constant along its length,
but varies from the smallest value at the top to the largest value at the bottom of the pillar.
So if the pillar has constant area of cross section along its lenth, the stress is the largest at the

bottom. That is why the base portion of pillar has gradual increase in cross section, as can be
seen from given figure.

-Assignment 7.1 i
The suspension cable to use cable cars at Murree has an unsupported =,

span of 3.25 km, Calculate the amount of stretch in the steel cable of
diameter of 6 cm for its maximum load. The caution on weight is given
by the engineers to not more than 4x10° N,

7.2.3 Stress-Strain Curve

To study the behavior of a material
under applied stress, we use a tensile
test machine which strains the material
at a fixed linear rate and records the
stress. The values are then plotted on a
graph by a computer attached to the
machine. Strain is plotted along
horizontal axis and stress on the
vertical axis. A typical stress-strain
graph for a ductile material is shown in
Fig. 7.12. In the initial stage of
deformatiop, the stress increases
linearly with the strain, as shown by the
portion (OA) in the graph. This portion
has linear proportionality between Pormanent set < 1%

stress and strain and ﬂbEFS Hooke's law. Figur! 7.12: Stress-strain curve for a ductile material
In this region, if the applied stress is

removed the body regains its original shape. -




PHYSICS OF SOLIDS

L"“ ‘frr‘
Pereg «

- S g -
Py gt

Point *A” is called the proportional limit corresponding to stress &, and defined as the greatest

stress, which a material can endure without losing straight line proportionality between stress
and strain. After crossing point ‘A’ the region is shown by the portion (AB) in the graph, where

straight line proportionality between stress and strain ends,
but still if stress is removed, the body will regain its original

shape. Hence, the portion (O-B), where the body has the ability _.@

to regain its original shape, is called ‘elastic region'. The .
maximum limit of the stress for elasticity of a material, is Copper - o

called yield point or elastic limit of the material, Metals, with high ductility such

corresponding to point ‘B’ in the graph whose stress can be  as, gold copper and steel can be
drawn into long and thin wires
given as §, . Some material has lower yield point represented  without breaking. Gold is the

by ‘C". If stress is increased beyond the yield point, the body o5 e - tastt ean oo

gets permanently changed and does not recover its original drawn from one gram of gold.
shape, even if stress is removed. This behavior of materials is

called ‘plasticity’, where if the stress is zero still strain is not zero. This region is represented
by the portion after point ‘B' and onward. Stress is increased further at point ‘D’, called

ultimate tensile strength (4, ), the maximum stress that a material can withstand. After crossing
point ‘D’ the body breaks at point ‘E’ representing the fracture stress (& r ). Substances, which

undergo plastic deformation until they break are known as ductile materials. Lead, copper and
wrought iron are examples of ductile materials. Other materials, which break just after elastic
limit are called brittle materials, like glass and high carbon steel.
Example 7,2: Calculate the change in length of the upper leg bone of a
soccer player, having mass of 70,0 kg, supporting 62,0 kg of his mass on
this bone, assuming the bone acts as a uniform rod, 40.0 cm long and with e
a radius of 2,00 cm, :
Given: Mass ‘m’ = 62.0 kg Young’s modulus for bone 'Y’ = 9x10° Pa
Radius of the bone ‘r' =0.020m  Length of the bone ‘L’ =W400 m
To Find: Change in length ‘AL’ =7
Solution: The force is equal to the weight supported by the bone:

F=mg F =(62.0 kg)(9.80 ms?)=607.6 N
The area of the cross-section is:

rr? = (31440020 )" =1.257 - 10 m?

Now by using equation: AL = %

= (607.6 N)(0.400 m)
(9% 10°N/m*)(1.257 107 m?)

Discussion: This change in length is very small, consistent with our experience that bones are

rigid. Even the large forces during haevy physical activities (like weight lifting) of a on do
not compress or bend bones significantly. » e

Putting values, we get: =2x10"m
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Assignment 7.2
| Find the strain in your own leg's bone while lifting a 50 kg box. Relate yuur finding with
the example given above. Do the strain in your leg is greater or lesser than the strain in
above case? Explain the reason.

7.3 ELASTIC POTENTIAL ENERGY

As works done on bodies store some amount of energy in them, similarly work done on elastic
bodies for deformation also stores energy in the body which is known as elastic potential

energy.
7.3.1 Modulus of Metallic Wire
To study the work done on a body to produce strain, consider a e
metallic wire which can be strained by the application of force on it. |“"" Visinbar
Measure the length and area of cross section of the wire and connect H"—"'"’

| a vernier scale to it. Take another wire as reference wire with a scale [IE
on it for precise measurement of change in length of the metallic wire
upon adding the load (weight) with it, as shown in Fig. 7.13. We will
find the extension in the wire with the help of vernier scale due to the E
increasing force on test wire. By using equation 7.1 with average I b
force, original length, change in length and area of the metallic wire, | Figure 7.13: Young's
we can find the Young's modulus of the metallic wire. modulus for metallic

7.3.2 Work from Force-Extension Graph Wit

To find the work done by the variable load on the metallic wire to produce extension, draw a
graph by taking weight on x-axis and extension on y-axis. Initially, no weight is attached to the
wire and it has zero extension. By continuously increasing the weight, the wire got extension,
as shown in the Fig. 7.14. The area under the curve [ gesiomp bl s

from O to A can be found by finding the area of
triangle AOF, which can be given ag o

ThE average force apphed on the w{re is given as,

0+F 1 f"-‘:'@é
Fm-"': 2 =EF l Ll I

We know that the work done can be found by the 22 ¥ !
product of average force and displacement. 7 1R Hasianen fie] 1S rsnsiegg) pEmsateey
Therefore, work done is: 0 E Welght

| Figure 7.14: Force-extension graph.

W=Fu,x = Work=2Fx___ (1.5b)
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From equations (7.5 a) and (7.5 b), it is clear that the work done during the application of a
load for extension in elastic material, within elastic limit, is equal to the area under the force-
extension graph.

7.3.3 Derivation of Elastic Potential Energy

The energy stored in a material due to strain produced in it is called the elastic potential
energy. This energy can be calculated by using the relation for work done during extension. For
an elastic materia!. the force can be given by the Hook’s law as:

—— i e ey

: F=kx ¥ Civil Engineering
The elastic pntential energy in deformed material, within

elastic limit is equal to the work done in pmducing that
deformation. Hence, the potential energy of a deformed
material is expressed as:

|
Elastic Potential Energy = Work Done = 3 F x

PoE gy =~ (K X) Siocarin Gttt Vite
' =—(K XX on es test the
s 2 - o materials for their elastic
1 gty properties. They use some
: mechanical testing machines
: - e apply stress and calculate
The energy of defnrmed material can also be wntten in terms strain. This helps them to
of Young's modulus. If we use the value of force from equation ::-:3& tThI?e bﬁvtrl mater:;Ld to tipe
' : res n
?.1 with extension * x themt Etﬁ the fnrm e | Sperision ik Dol
strain energy and can withstand
the huge load of traffic.

Where ‘A’ is the area af cmss sectmn and 'L’ is the unginal length of the wire. substituting
above value of force in equatlu (7.5) we get:

This elastic potential energy is also called the strain energy.
Example 7.3: Calculate the strain energy stored in a 1 m long
steel wire connected to the roof, holding a chandelier of weight
980 N in the main lounge of your home. The diameter of steel
wire is 0.004 m and the Young’s modulus of steel is |
2.0x 10" Nm™,

Given: Length of steel wire ‘L' =1m

Young's modulus for steel ‘Y’ = 2.0x10"' Pa

Diameter of the steel wire ‘r’ = 0.004 m

Weight of chandelier ‘W' = 980 N

To Find: The change in length ‘AL' =7

The Strain energy stored in wire ‘U* = ?

Solution: The force on the wire is equal to the weight suppnrted by it.

F=W=980 N
The area of the cross-section of the steelwire is:
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Trl=n {%)‘ =(3.14)(0.002 m)? =1.257%10" m?

Now by using equation (7.1):
FL (980 N)(1 m)

ﬂL: =
YA (20x10"N/m*)1.257 x10° m?)

AL=3.90x10"m
Now, the strain energy U stored in the steel wire can be found by using the formula.

YA
P. E=l |:-—] x?
2 1L

0 I.mN -2 : -5_.1
=% {(2 X1y ' :m“ il )] (3.90 %107 m)?
U=0191J

This change in length in steel wire is very small, and hence the strain energy stored in the wire
is also small, which shows the suitability of material (steel) for holding heavey masses.
Assignment; 7.3

Calculate the work done in stretching a wire of length 5 m with cross-sectional area 1 mm?,
When the force applied by you on the edges of wire produces change in the length of wire
by 1 mm. Young's modulus of the wire is 2x10"' Pa,

SUMMARY

< Solids can be classified into crystalline, polycrystalline and amorphous.

% Crystalline solids have a regular three dimensional structure. Polycrystalline solids have a
structure that is intermediate between order and disorder, while amorphous solids have an
irregular structure.

% A unit cell is the basic building block of the crystalline solids whose repetition in all
directions makes a whole crystal.

4 Stress is the force applied on unit area of a solid and the deformation produces due to it is
called strain.

% The modulus of elasticity of a solid is a constant, and is the ratio of stress to strain.

% Tensile stress produces a change in length and the ratio of this change in length to the
original length is called tensile strain. The ratio of the tensile stress to the tensile strain is
called Young's modulus.

4 Volume stress produces a change in volume of a solid and the ratio of this change in volume
to original volume is called the volume strain. The ratio of the volume stress to the volume
strain is called bulk modulus.

4 Shear stress produces change in shape and the ratio of the sheared face to the fix face is
called shear strain. The ratio of the shear stress to the shear strain is called shear modulus.

% Strain energy of a material is represented by the area under the stress-strain curve.

& Elastic materials break shortly after elastic limit, while those who break after ultimate
tensile strength, are called plastic materials.
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EXERCISE
Multiple Choice Questions

Encircle the correct option.

1) Glue is an example of:
A. crystalline solid  B. amorphous solid  C. poly-crystalline solid D. ductile solid

2) Which of the following properties is generally exhibited by amorphous solids?

A. anisotropy B. glass-transition C. orderliness D. geometry
3) Silicon is found in nature in the forms of:
A. SC structure B. BCC structure C. FCC structure D. network structure

4) One end of a uniform wire of length ‘L’ and of weight ‘W’ is attached rigidly to a point in
the roof and a weight ‘W,’ is suspended from its lower end. If ‘S’ is the area of cross-section of
the wire, the stress in the wire at a height ‘3L/4" from its lower end is:

" '._:L s W +;w;41 ¢ w+(:w;4; - w,;w

5) On suspending a weight ‘mg’, the length ‘[’ of an elastic wire with area of cross-section ‘A’
becomes double of its initial length. The instantaneous stress on the wire is:

mg mg 2mg 4mg
A — B. — C. — y —

2A A A A
6) The diameter of a brass rod is 4 mm and Young's modulus of brass is 10x10" N m. The force
required to stretch by 0.1% of its length is:

A. 36n N B. 40z N C. 360n N D. 400x N
7) A cantilever beam has a load at the free end. The strain energy in the beam is due to:
A. bending B. shearing C. stretching D. elongation

B) When a pressure of 100 atmospheres is applied on a spherical ball of rubber and its volume
reduces to 0.01%. The bulk modulus of the material of rubber in dynes cm? is:

A. 1x10" B. 10x10" C. 20x10" D. 100x10"
'9) The property of a material to store strain energy is called:

A. ductility B. hardening C. resilience D. stiffness
10) Gradient of the force-extension graph has:

A. increasing value B. decreasing value C. variable value D. constant
Short Questions

Give short answers to the following questions:

7.1 Why do most of the solids prefer to be in the crystalline state? What is glass transition in
amorphous solids?

7.2 Why the window glasses of old buildings show milky appearance over time?

7.3 In the elastic body, which one is more fundamental: the stress or the strain? Explain.
7.4 Can tensile stress produce volumetric strain? Explain.

7.5 What does the slope of the force-extension graph represents? Explain.

7.6 Is strain energy always positive or can it be negative? Justify your answer.
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7.7 On which types of loads the strain energy depends? Explain.

7.8 Why are suspension bridges assign a period of use? |s it dangerous to use the bridge after
that period?

7.9 If we want to break a wire, why we use repeated bending? How does it affect the wire?
7.10 What is the significance of modulus of elasticity?
7.11 What is meant by crystal lattice.

Comprehensive Questions

Answer the following questions in detail.

7.1 Explain the three types of solids: crystalline, poly-crystalline and amorphous solids.
7.2 What is unit cell? Explain its types.

7.3 Explain the terms: stress, strain and modulus of elasticity.

7.4 Draw and discuss the stress-strain curve for a ductile material.

7.5 Explain plastic and elastic deformation by drawing stress-strain curve.

7.6 Justify that ‘the area under the force-extension curve is equal to the work'.

7.7 Derive a relation for the elastic potential energy of a material,

7.8 Describe an experiment to determine the Young's Modulus of metallic wire.
Numerical Problems

7.1 Calculate the mass of picture frame hanging from a
steel nail (Ys = 20 x10" Pa), which is sufficient to produce
a force providing shear strain, as shown in figure here. Ax = 1.80
Given that the nail bends only 1.80 pm. Also discuss the ;

result.

(Ans: 5.2 kg, Discussion: This is a fairly massive picture,
and it is impressive that the nail flexes only 1.80 ym,
amount undetectable to the unaided eye, which shows
strength of the material of nail i.e. the steel.)

7.2 A5 m long aluminum wire (Y4 = 7x10'° Pa) of diameter

3 mm, supports a 40 kg mass. To achieve same elongation Y= 5.00 mm
in a copper wire (Yc = 12x10'° Pa) of the same length under
the same weight, find the diameter of copper wire. (Ans: 2.29 mm)

7.3 A 4 kg mass is hanging with the help of a 1.5 m long steel wire (Ys = 20 x10'° Pa) another
mass of 6 kg is hanging from the 4 kg mass using 1 m long brass wire (Ys = 1.0 x10" Pa). Both
wires have diameter 0.25 cm. Calculate the total elongation in the whole system of wires, also
calculate the total strain energy. (Ans: 2.79x10%* m, 11.02 mJ)
7.4 A rod with a cross-sectional area of 90 mm?® and a length of 3 m. If a stress of 300 MPa is
applied to stretch the rod, then find the strain energy if Young’s modulus of the rod is 200 GPa.

(Ans: 12.15 J)
7.5 A force of 500 N is applied to one end of a cylindrical steel rod of diameter 50 cm. What is
the tensile stress? (Ans: 2,.5x10° Nm™)
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Student Learmng Outcomes (SLOS} h el

The students will;

= State that regions of equal temperatures are in thermal equilibrium.
= Relate a rise in temperature of an object to an increase in its internal eneray.
= Apply the equation of state for an ideal gas.

- e = State that the Boltzmann constant is given by: K = %
' A

Describe the basic assumptions of the kinetic theory of gases.
Use W = pAVY for the work done when the volume of a gas changes at constant pressure.

Describe the difference between the work done by a gas and the work done on a gas.
Define and use first law of thermodynamics. .
Explain qualitatively, in terms of particles, the relationship between the pressure, temperature and volume of-a gas.

Use the equation, including a graphical representation of the relationship between pressure and volume for agas at :
- constant temperature.

Justify how the first law of thermodynamics expresses the conservation of energy. -,
Relate a rise in temperature of a body to an increase in its internal energy. 4 i)
State the working principle of a heat engine. '
Describe the concept of reversible and irreversible processes,

State and explain the second law of thermodynamics.

State the working principle of Camots’ engine.

Describe that refrigerator is a heat engine operating in reverse as that of an ideal heat engine.

Explain that an increase in temperature increases the disorder of the system.

Explain that increase in entropy means degradation of energy.

Explain that energy Is degraded during all natural processes.

Identify that system tends to become less orderly over time.

Explain that Entropy, S, is a thermodynamic quantity that relates to the degree of disorder of the particles in a
system,

& ® & & & B ® ® 8 ® 8 @

= State that the Carnot cycle sets a limit for the efficiency of a heat engine at the temperatures of its heat reservoirs
T
given by: Efficiency = | - Ll

hat reservoir

e - =g B
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The concept of temperature is rooted in qualitative ideas of “hot” and “cold” based on our
sense of touch. A body that feels hot usually has a higher temperature than a similar body that
feels cold. However, many properties of matter that we can measure depend on temperature.
The length of a metal rod, steam pressure in a boiler, the ability of a wire to conduct an electric
current, and the color of a very hot glowing object—all these depend on temperature.
Temperature is also related to the kinetic energies of the molecules of a material.

Heat is the form of energy associated with the kinetic energies of all the molecules in a
substance and its unit is joule. Temperature describes the degree of hotness and coldness of
an object and it is the measure of average kinetic energy of the molecules and its unit is kelvin.

8.1 THERMAL EQUILIBRIUM

Two systems are in thermal equilibrium with
each other, if they are at the same
temperature.

The temperature is the main property that
determines whether two systems will be in
thermal equilibrium or not. When two

connected by a diathermic substance, heat [TArtrnee Frow T "7 I hone TanGy 1a THANSIERNLD

starts flowing between them from the gyg,re g 1(a): Thermal equitibrium.
higher temperature body to the lower

tempeyatave hody utl, SheiF temparatises

become equal and after that no net heat piathermic substances are those substances that

flow takes place between them, as shown in  allow heat to pass through them and the process

the Fig 8.1 (a). They are now said to be in  is called a diathermic process.

thermal equilibrium. Thus, we can state

that when two bodies are in thermal equilibrium (at same temperature), no net heat flow takes

place between them. A system is said to be in thermal equilibrium with the surroundings, if

each part of the system and the surrounding are at the same temperature.
For ¥our Information

System: The matter or space region that is being studied is called a “system.” For examp

cylinder, etc.

Surroundings of the system: The term “surroundings” refers to everything outside the system.

Boundary of the system: A system is separated from the surroundings by its boundary. All energy

changes, caused by the work done or heat exchange between the system and its surroundings, take place

through this boundary.

Types of the systems:

Closed system: It is a system in which heat energy can enter or leave the system but mass cannot do

either. An example of a closed system is a container sealed on all sides.

Open system: A system in which both heat energy and mass can enter or leave it, is called open system.

An example of open system is a glass beaker with an open top which allows matter (i.e., water) to be

added or removed, as well as, heat to be added or removed. :

Isolated system: A system in which there is no transfer of mass and heat energy across its boundary is

called an isolated system. An example of it is a thermos flask filled with hot water.

bodies at different temperatures are e s [ﬁ-,m T T

e,agasina
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8.1.1 Internal Energy

The sum of all the forms of molecular energies (such as kinetic and potential energy) of a
substance is called internal energy. An ideal gas is one in which all collisions between atoms or
molecules are perfectly elastic and there are no intermolecular attractive forces between
them. The internal energy of an ideal gas system is generally the translational K.E of its
molecules. Molecules of a gas are always in random motion. According to the kinetic theory of
gases, the average kinetic energy of gas molecules is given by:

Where k is Boltzmann's constant. If temperature increases,
the average kinetic energy of gas molecules also increases.
Therefore, the internal energy increases with rise in
temperature.

Since temperature is directly proportional to average kinetic energy of gas molecules, i.e.

Tec<K.E>. Therefore, the internal energy of an ideal gas is directly proportional to its
temperature.

The internal Energy of a system can be increased by heating and doing mechanical work. When
we heat a substance, energy associated with its atoms or molecules increases. i.e., heat is
converted into internal energy. Similarly, when two objects are rubbed together, their internal
energy increases due to the mechanical work. The increase in temperature of the object
indicates an increase in its internal energy. Likewise, when an object slides over a surface and
comes to rest due to frictional forces, the mechanical work done on or by the system is partially
converted into internal energy. In study of heat changes and heat flow, we focus on the changes

in the internal energy of a substance with changes in temperature indicating these changes in
internal energy.

~ Apiece of metal is hammered. Does its intern nergy increases.
n thermodynamics, internal energy is function of state.
Consequently, it does not depend on the path but depends on
initial and final states of the system.

Consider a system which undergoes a pressure and volume
change from P, and V,to P, and V,, regardless of the process
by which the system changes from initial to final state, as
shown in the Fig. 8.1 (b). The change in internal energy is the
same and is independent of the paths C; and €, and it depends
on the temperature difference between two points. Like the
gravitational P.E we take the change in internal energy and not
its absolute value, which is important.

In case of real gases, the molecules exert mutual force of
attraction on one another. The internal energy of real gas is
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partially kinetic energy and partially intermolecular potential energy and hence it is function
of temperature and volume.

Sign Conventions: If initial internal energy is U, at initial temperature Ty and final internal
energy U; at final temperature T, then change in internal energy = AU = Uz — U;.

« When the temperature of a system increases then its internal energy incréases (U; > U, )
and the change in internal energy AU is positive.

« When the temperature of a system decreases then its internal energy decreases (U, < U, )
and the change in internal energy AU is negative.

e When the temperature of a system remains constant then its internal energy remains
constant (i.e., U, = U, ) and the change in internal energy AU is zero.

8.1.2 Ideal Gas Equation and its Applications

It is an equation of state of an ideal gas that relates W

pressure, volume, quantity of gas, and temperature. i What are idea ll; e ? o
» ere are some assumptions that must

The ideal gas equation is written as: true for a gas to be "ideal,

T PY=nRT

(8.2) « The gas particles have negligible volume.
' ' = The gas parﬂ:lﬂareeql.;allysizedmddﬂ
i i not have intermolecular forces (attraction
. th:: f‘}*:t‘“{‘: F rEfT"'-‘-_tt: thEblLI*ES!;LIre ?f th: iidfhal or repulsion) with other gas particles.
gas, V is its volume, n is its number o qua Efi sthe | o e artictes linderga perfectiy's |
universal gas constant (R = 8.314 fmol™'K™%), and T collistons with no enargy 10ss. stic

is its temperature.

If Na is Avogadro number and N is total number of gas molecules, then number of moles can be

N
expressed as: n=Na
Hence, equation (8.2) can be written as: Unit of Etzmann constant E same
as that of entropy JK''.
NRT

PV =

R
N or PV N(N—A}T

A

Putting -;-; = k (Boltzmann's constant), we get:

The numerical value of Boltzmann constant k can be estimated as:

2
=

8.314 | K~ imol™?

= -23 -1
T, 1802 10 JK

k

Dimensions of the Boltzmann constant are [ML*T*K™'].
Example: 8.1: Calculate the average translational kinetic energy of molecules in a gas at
room temperature.
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Given: Temperature =T=25C° =25+273=298 K
To Find: Average translational kinetic energy = <K.E> =?

Solution: As <K.E.> = %kT
Where k = Boltzmann constant = 1.38 x 1002 J K!
Thus, <K.E.> = % x 1.38 x 1072 x 298

<K.E.>» = 6.17 x 10°*'J
Assignment: 8.1
Estimate the total number of air molecules (including molecules of oxygen, nitrogen, water
vapour and other constituents) in a room of capacity 20.0 m® at a temperature of 27 °C and
1 atm pressure.

8.2 KINETIC THEORY OF GASES

In the 19* century, James Clark Maxwell, Rudolph,
Clausius and others developed the kinetic theory of
gases to explain the behaviour of gases. According to
the theory, a gas is composed of a number of tiny, hard
spheres (molecules) that collide with one another and
with the container walls. These molecules move in
accordance with Newton's laws of motion. It explains
how the motion of molecules influences the
macroscopic properties of gases, such as temperature
and pressure. It relates macroscopic properties (T, P

and V etc.) of gases to microscopic properties (K.E etc.).

Assumptions of Kinetic Theory of Gases: The following are the assumptions of the kinetic
theary of gases:

* A finite volume of gas consists of a very large number of molecules.

* The size of the molecules is much smaller-than the separation between them.

* The gas molecules are in random motion and may change their direction of motion after
every collision. Collisions between gas mnlecules and with the walls of the container are
assumed to be perfectly elastic.

* Molecules exert no force on each other except during a collision.

Condition for Real Gas to Behave as an Ideal Gas. Ac:nrding to general gas equation:

PV=n ET
= M = = el I
Putting, n :Wr e = woWeget b Soute (wisare 1= g 10 62, Voo wied alw
W'{"}RT or PM=[$}RT | see other units used, such as atmospheres |
& for pressure and liters () for volume, |
Putting, ? p (density of gas ), we get: resulting in l-atm (liter atmosphere) as the |
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or = (8.4) e
For given mass of the gas, we can write above equation as: p ot

This equation suggests that at low pressure and high temperature, the density of gas will be
low. Moreover, the distance between gas molecules becomes large, leading to the negligible
intermolecular forces. In this situation, a real gas behaves as an ideal gas. Conversely, at high
pressure and low temperature, the density of gas will be high while the distance between gas
molecules will be small and intermolecular forces will be stronger; therefore, a real gas cannot
behave as an ideal gas.

8.2.1 Work in Thermodynamics

Both heat and work correspond to the transfer of energy Ey some means. One of the main ways,
energy enters or leaves a system is through work. To calculate the work done by a constant
force, we can use the following general equation:

Work = Force x Displacement

We are primarily concerned with the work that gases do when
they expand or contract in thermodynamics.

Pressure-Volume Work: Let us consider a gas that is
contained in a cylinder with a movable, frictionless piston with
a cross-sectional area A, as shown in the Fig. 8.3. When the
system is in equilibrium, it occupies a volume "V* and exerts
pressure "P* on the cylinder’s walls and the piston, i.e.,

P=F/A Or F=PA

This is the force exerted by the gas on the piston. The gas Figure 8.3: Work done by
gradually expands by AV in order to maintain equilibrium. A the gas

little distance = d = Ay is covered by the piston as it rises. The

work done by the gas is given by: W =F Ay

Putting F = PA, we get: W =P A Ay
Since A Ay = AV (change in volume), so

P
I - i T WEPAV L s o LA e 0
P
e

This is the work done by gas on piston. Where P is the external
pressure (as opposed to the pressure of the gas in the system)
and AV is the change in the volume of the gas, which can be

calculated from the initial and final volumes of the gas: :m'xumf d':,,:
AV = Viinal = Viniual

Graphical Representat_.inn: Work done can be calculated from the area under a P-V graph.
From Fig. 8.4 the area under the P-V graph = P AV = work.

i V= Vi
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Example 8.2: A 2 kg of argon gas is heated to a temperature of 30 °C. If the gas is contained
in a cylinder of radius 1 m and height 2 m, what is the pressure of the gas?

Given: mass =m = 2 kg Temperature=T=30°C =30+273=303K

r=1im h=2m
To Find: Pressure =P =7
Solution: Volume =V = (nr?)h

V=3142(1)2x2=6.284 m3
massof gas _ 20009 =50 mol

i molar mass 40 g mol=!
From general gas equation PV=n RT (where, R = 8,314 JK" mol”)
p= nRT or P = 50x8.314%303 _ 20044 Pa

v 6.2684
Assignment 8.2

A sample of gas is compressed to one third of its initial volume at constant pressure of
2.25 x 10° N m'%. During the compression, 200 J of work is done on the gas. Determine the
final volume of the gas.

8.2.2 Difference between Work Done by the Gas and on the Gas

In thermndynamics, wurk dune is given by

0T B A S e 4 Vs e, S

| ST S - £ __ el

Positive Work Done: When gas expands, it is
said that work is done by the gas (system) on the
surroundings. Due to the expansion of gas, the
final volume will be greater than the initial
volume. So, the change in volume of the gas is
positive, i.e., AV > 0, as shown in the Fig. 8.5.
Therefore,. the work done by the gas on the
surruundings is positive. Mathematically.
W=+PAV  Figure 8,5: Work done by the system. |
Therel‘ore, when a gas expands ‘we can say that
the work done by the system on the surroundings is positive.

Negative Work Done: When gas contracts, ploton s pushed in ‘#

the final volume of the gas is smaller than the |
initial volume. So, the change in volume of '
the gas is negative, i.e. 4Y < 0, as shown in “

the Fig. 8.6. Therefore, the work done on the 1
gas by the surroundings is negative.

Mathamancally.

T WSEPAVre ol 5\\"
Theref ure. ‘when a gas r:nntracts we can say
that the work done by the surroundings on the H’"" 8.6: Work done on ﬂ“ system. 5|

system is negative.
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Zero Work Done: f volume remains constant, then change in volume is zero (i.e., AV = 0),
and the work done is zero.
W = PAV

It is a common observation that whenever we change the external conditions like temperature
and pressure, the volume of a given quantity of any gas is affected. Gas laws provide the v
relationships between the volume of given amount of a gas and variables like temperature or

pressure. .
8.3.1 Boyle's Law
| For an ideal gas system with fixed quantity at | 1 Wmﬁ“ﬂ .....,....
constant temperature, the pressure and volume \ |
are related by the Boyle's law. This relationship | e

can be derived from ideal gas equation:
T V=R (o
If all the parameters on right side of equation are
constants, we can write the above equation as:

b= COUSEaN, —

This indicates that the product of pressure and
volume remains constant. The above relation can
also be written as:

As the pressure increases, volume of the gas decreases and vice versa, graphically it is shown
[n  Fig. 8.7. Therefore, Boyle's law can be stated as:

The volume of a given amount of a gas at
the pres

3.3.2 Charles's Law S =

If pressure of a given amount of gas is kept constant,
there is a relation between volume of the gas and its v
temperature, known as Charles’ law and is stated as:

-21°C Tw.pum'l'

The general gas law can then be expressed as: ' . Fprm s 8: Ehartu’s law. m
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Graphically, it is shown in Fig. 8.8. This graph also indicates that at temperature -273 °C the
volume of all gases reduces to zero showing that a gas cannot exist at such a low temperature.

8.3.3 Gay Lussac’s Law

To find the relation between pressure and

temperature of given amount of a gas at constant Lt A
volume, we refer Amontons's law, also called as Gay = A |
Lussac’s law, which can be stated as: . Z /
# K - o ey, e o --4’.-'
_/I
- st “allal : ‘( I
Mathematically: o ,./

Graphically, the Gay Lussac's law is shown in Fig. _
8.9. For all gas laws, the temperature is expressed in
Kelvin scale.

8.4 FIRST LAW OF THERMODYNAMICS

Whenever heat is added to a system, the internal energy of the system increases due to the
rise in temperature of the system. At the same time, if the system is allowed to expand, it may
do work on its environment. First law of thermodynamics is based on law of conservation of
energy appli-ed on therrmdynamic pmcess The first law of therma:iynami:s can be stated as:

Mathernatical.ly, itis written as:

N TEQEAU - W, 8.7

: Similarly. when heat is removed from the system, its internal energy
decreases and the work will be done on the system due to
compression in a gas (system).

The change in internal energy AU = Uy - U, of the system depends
only on the initial and the final states of the system; it is
independent of the path followed. It is the change in internal energy |
which is important, that is why we use change in internal energy in
spite of absolute value of internal energy.

Examples: First law of thermodynamics dictates the behavior of heat energy:
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* Melting of ice cubes is an example of first law of thermodynamics.

« Sweating in a crowded room is also an example of first law of thermodynamics, in which
heat from a person’s body transfers to sweat, which take away heat of the body but warms
the room by increasing the temperature of atmosphere in the room.

¢ Filling the air in the tube of a car wheel is also an example of first law of thermodynamics,
in which mechanical work of pumping the gas increases internal energy of system.

« Human metabolism is also an example of first law of thermodynamics, when we do work
our internal energy decreases and body temperature falls. To maintain internal energy, we
require food which provides energy to our bodies.

There are some applications of first law of thermodynamics, which are given below.

P e

8.4.1 Isothermal Process |

A thermodynamic process in which temperature
remains constant throughout the process is called
' _isothermal process..

| (1 ST ——

This process is a condition for the applicatiﬂn of
Boyle's law, where the product of pressure and
volume remains constant. For understanding the
process, consider an ideal gas, as shown in Fig.
8.10. Initially at pressure Py and volume V;. After
heating the system, the moveable piston moves
outward by increasing the volume to V: and
decreasing the pressure to Pz, while temperature of
gas remains constant. Hence, such that product of W=Q
pressure and volume will remain same for both - .
initial and final values. In this example, as the gas Va's ‘
expands, work is done by the gas, if gas compresses R — g
the work will be done on the gas. Furthermore, the  Figure 8.10: Iso-thermal process.
internal energy of the system remains constant,

i.e., AU = 0, due to constant temperature. Hence, for isothermal
process, the first law of thermodynamics is written as:

_(8.8)

The above equatiun shows that fnr agasto expand isothermally, & Humans leai '

raise th ture
some amount of heat Q is to be given to the system to do work. :';Jd, i ;mwml
As heat takes time to move from one place to another, hence ' for mechanical m.me.g., |
isothermal .process should be carried out slowly to keep the ‘I““’ ‘"ﬁ":‘“"" s i |

lemperature constant. ~ could be true?

.......
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Isotherm is represented in the graph of Fig. 8.10, whereas the shaded area represents work
done. Some common examples of isothermal process include:

* Melting of ice at zero degrees centigrade is an example of
isothermal process.

o Changing states of different liquids through the process of
melting and evaporation.

= Reaction in a heat pump is also an example of isothermal
process.

8.4.2 Adiabatic Process

If we do not supply or remove heat from the
system, can the system still perform work?
Yes, when a system expands without addition
of heat, it still does work.

‘A process in which no heat or mass transfers
hetween a thermodynamic system and ttsJ
surroundings is called an adiabatic process. J

In adiabatic process, the system transfers '
energy only to the, surroundings as work.
Hence, for adiabatic process, the first law of |
thermodynamics is written as:

ForQ=o0, W=-aU
This equation shows that 1f no heat is supplied
to the system and system still expands and

perform work, this work is done at the expense |
of internal energy. Figure 8.11: Adiabatic process.

In adiabatic process, if gas expands and does : :
work, its temperature and internal energy decreases. EoENONEdemation
While if gas is compressed adiabatically, its 1N :
temperature and internal energy increases. In an

adiabatic process, the gas expands or compresses
rapidly.

S Glled

Adiabat is represented in the graph in Fig. 8.11. Some
examples of adiabatic process are:

. The rapid mmpressiun and ‘expansion of air as
sound wave passes through the it.
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« The vertical flow of air in the atmosphere, air expands and cools as it rises, and contracts
and gets warms as it descends.

« Expansion and contraction of gas cloud in interstellar regions.

In case of adiabatic process, Boyle's law gets the form:
panE_ PYY = Constant

8.4.3 Isochoric Process

When you heat a gas in closed container, what will happen? There are some thermodynamic
processes in which system does not change its volume; such a process is called isochoric process.

' A thermodynamic process in which volume of the system remains constant is called isochoric -
or constant-volume process. S

For example, consider a gas enclosed in a
thermally conducting but fixed container.
When this gas is heated, its pressure
increases from Py to P: and temperature
increases from T, to T leading to the i

increase in its internal energy, as shown in
Fig. 8.12. As we know that work done is the
product of pressure and change in volume
i.e., W = P AV. In this case, as volume is

constant (i.e., AV = 0), this implies that Volume
W=0" TR a—
Hence, the first law of thermodynamics ‘ Pv;'-;"up W=0
reduces to the form: Q R

Q=AU : " Figure B.12: Iso-choric process. -

This means that in isochoric process, all the

heat given to the system will be utilized in increasing its internal energy. On the other hand, if
heat is removed from the system in isochoric process, both temperature and pressure of the
system decrease. The P-V graph of isochoric process is a vertical line and called “isochor”.

Examples of isochoric process include:

« Cooking food in a pressure cooker: a closed container where when heat is supplied the

temperature and pressure get increased.
« When. gasoline-air mixture is burnt in the engine of a car, it increases the pressure and

temperature of the gas but volume of a gas remains constant.
8.4.4 Isobaric Process

The term isobaric is derived from the Greek word ‘iso’ rheaning same and ‘baros’ meaning
pressure. In isobaric process, when heat is transferred to the system, some work is done, and
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there is also a change in internal energy of the system. It is the process in which no quantities
in the first law of thermodynamics becomes zero.

ernwdynamic process in which pressure of the system _ =
E- constant is called isobaric. {

When a gas expands slowly due to heat being supplied whﬂe keeping the
pressure constant, it is an example of isobaric process.

Let’s consider a gas in the container with a cross-sectional area A, as
shown in Fig. 8.13, with initial pressure, temperature and volume P, Ty
and V, respectively. When this gas is supplied a certain amount of heat
Q, its temperature and volume changes to Tz and V: respectively, while pressure remains
constant. As the gas expands, it does work and its internal energy also increases.
Mathematically, the force is expressed as:

If the gas undergoes a displacement Ay,
then work done by the gas is expressed as:

Work = (Force) (Displacement)
W=PAAy=PAY

The P-V graph of an isobaric process is a | _ VrV '
horizontal line, called ‘isobar’. The area | -l
under isobar is equal to work done. |
Examples of isobaric process include:

« Boiling of water to steam in an open
container.

» Solid moth ball (made of solid material
which, at room temperature slowly
changes to gas and becomes fumes in
air) in your linen closet sublimatinginte ' — : _w-'g_wr\r;}
an‘insect repelling gas. - Figure 8.13: hu-haﬂr: m |

« |ce formation in nature in which volume change-s to compensate energy removal, whlie
pressure remains constant.

Example 8.3: If the internal energy of a gas decreased by 200 J, while 50 J work is done by
the gas. How much energy is transferred as heat? Is the work done positive or negative?
Given: AU =200 kJ : W=50J '
To Find: Heat Q=17 " o

Solution: By using first law of thermodynamics, we have:

|
|
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Q=AU +W=-200J+50J=-150J
Negative sign shows that heat is given out of the system.
Assignment 8.3
A cup is filled with hot tea and a spoon is used for stirring purpose. Initially the tea has an
internal energy of 200 kJ. On cooling, it loses 150 kJ of heat. The spoon does 25 kJ of work
while stirring. Find the change in the internal energy of the tea and the final internal energy
of the tea.

i - Do You Know? !
Hwﬂmmdyrmnhnlnmamlnhﬂuhamm hm::fwutmdennrmr?
Thermodynamics also applies to the living bodies like human. This forms the basis of the
biological thermodynamics. As in the cover picture of this chapter, a boy is eating an
apple and also riding a bicycle, When he rides a bicycle, heat (Q) s transferred out of the
body and work (W) fs done by him which removes the internal energy (U). Do you know
from where human gets the energy for all this process? Human and other living things get
energy from the food intake which may be considered as work done on the body (system).

8.5 HEAT ENGINE

As we know that heat and energy are two distinct quantities I:mt are closely related; heat can
be converted into work and vice versa.

A heat engine is a device that converts heat energy into mechanical work.

Petrol engine and steam engine are examples of heat engine. The earliest heat engine was a
steam engine. Every heat engine must have three parts, namelyr a hot reservoir, a cold reservoir
and a working substance. The working principle of a
heat engine is the second law of thermodynamics in
which we can extract the useful work during the heat
transfer from a hotter body to a colder one.

Hot Reservoir: For a heat engine to function, a hot
reservoir (or heat source) is necessary. This is the source
of heat, which is to be converted into useful work. For the
operation of a heat engine, its temperature must be

maintained at higher level, denoted by ‘T’ as shown in | Q,

Fig. 8.14. This reservoir supplies a quantity of heat ‘Q,’' v —
flowing towards low temperature. / -

Cold Reservoir: For a heat engine, a cold reservoir (or l Cot Reservuh' Tz

heat sink) is another necessary part. The difference
between the temperatures of both reservoirs is
responsible for the heat flow. Heat sink absorbs heat 'Q;" at temperature ‘T;’ from heat source.
Cold reservoir is essential for the nperatlun of heat engine, as heat can only flow when there
is a difference.

Flgura ! 14 Heat engine.

Working Substance: In a heat engine, a working substance is the main part which practically
converts heat into useful mechanical work. Working substance in most of the heat engines is a
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gas. It performs work due to the heat flowing from heat source to the heat sink. Mathematical
relation for work done for heat engine is given as:

W=Qi-Q - . e

Fnr continues operation of the heat engine, it is made cyclic Leﬂnard Sadi Carnet imrented the
first heat engine. It was a type of hot air engine.

Thermodynamics and Auto-engine
A petrol engine of a car extracts heat from burning fuel and converts some of its energy into me al
work. The engine expels rest of energy to the atmosphere. A petrol engine roughly has efﬁdency of
about 25% to 30%. Motorbikes normally has two cylinders whereas cars have four cylinders on the same
crankshaft timed to fire turn by tumn in succession for smooth running of car. It has four. steps of working.
Intake Stroke: In this stroke, the piston moves downward and petrol-air mixture is drawn through inlet
valve, as shown in figure (a).

Compression Stroke: In this stroke, piston moves upward, inlet valve closed and petrol-air mixture
compresses adiabatically, as shown in figure (b).

Power Stroke: A spark ignites the
mixture, causing a rapid increase in
temperature and pressure, expands
adiabatically, and hence forces the
piston to move downwards. This is the
stroke which delivers the power to the
engine and hence called power stroke,
as shown in figure (c).

Exhaust Stroke: in this stroke piston
moves upward. Outlet valve opens and
residual gases are expelled out into the
atmosphere as shown in figure (d).

8.6 REVERSIBLE AND IRREVERSIBLE PROCESSES

In thermn-dynamms a process occurs, when exchange of energy takes place between the system
and its surroundings. There are mainly two types of processes in thermodynamics: reversible
and irreversible processes.

_ ) Thermedynamics and
Reversible Process: Thermomatry

A process which can be retraced in exactly reverse order without
causing any change to its surroundings is called reversible process.

For example, if heat is absorbed .in a direct process, it will be

evolved in the reverse process. If work is done by the system in
direct process, it will be done on the system in reverse process.

In reality, no actual change is exactly reversible but some changes

can be taken as reversible if done slowly. Some examples of mm; :f,em,}.?p::} ::},t“;
reversible process are: water. The triple point of

water is the temperature at
¢ The transformation between water and ice. whith water comdits Sl
« Liquefaction and evaporatmn of a substance perfnrmed three states i.e, solid (ice),

slowly. liquid and gas (vapors). Its
value fs 273.16 K.
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* Melting, freezing, boiling, and condensing are the reversible processes.
Irreversible Process:

A process which cannot be retraced in exactly the reverse order without

into its surmundings is called irrevenlhle p €

Examples of irreversible processes include:
* Any process involving friction or dissipation of energy.
» Decaying of animals and plants.
« Convection, conduction and radiation are irreversible process.

Cyclic Process:
A succession of events which bring the system back to its initial

- ;
condition is called cyclic process. 2 | 1

For example, an event ‘A’ brings the system from cunditiun 1 to ” B

condition ‘2’, as shown in Fig. 8.15. Then another event B brings :

back the system from condition ‘2’ to condition ‘1’, is a cyclic | A

process. ! 2

Heat engines are normally operated in cycles. In a reversible cycle, . Volume —» ,i

Flguru 8.15: A cyclic

all the changes are reversible, but it is an idealization. We can take
process.

some real processes close to the reversible process by ignoring the
minute changes.

8.7 SECOND LAW OF THERMODYNAMICS

The first law of thermodynamics deals with the conversion of heat into work and vice versa; it
is simply law of conservation of energy. However, it does not address the conditions under
which this conversion takes place. For finding this condition, we require another law, the
second law of thermodynamics. This law deals with the circumstances under which heat can be
converted into work and also the direction heat flow. It can be stated in two different ways as:

Lord Kelvin's Statement:

It is impossible for a heat engine to convert heat taken from |

: ay ange in
single reservoir entirely into work without leaving any change | m&. gy i io
in the working system.

It is clear that in any heat engine, a single heat reservoir, no matter how much energy it
contains, cannot be made to perform any work. This is why heat content of our atmosphere
cannot be utilized for work, as it is a single source and there is no sink relative to it.

-

Rudolf Clausius’s Statement:

It is impossible to cause heat to flow from cold body to hot body without the expenditure of
work. B i

Second law of thermodynamics explains that both a hot and a cold reservoir are essential for a
working substance to do work. As from Fig. 8.14, a heat source Q, rejects heat towards a heat
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sink Q; at lower temperature, while
some of the heat is converted into
mechanical work W, which can be

given as:

W =Q-Q

k

In a cyclic process, the substance
eventually returns to its initial state,
so the change in internal energy is

equal to zero i.e., AU = 0.

8.8 CARNOT’S ENGINE
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The second law of thermodynamics is a fundamental principle
in physics that addresses the direction of natural processes and
even the concept of entropy. This law explains the heat
naturally flows from hot objects to cold ones and not the
opposite way i.e. from cold to hot one. This can be explained
if you put a cup of hot tea in a room with air-conditioner is
running the tea will cool down due to low temperature of the
room but when you switch off the A.C and after sometime the
temperature of the room increases but the tea will not get
warm up to the initial level. This shows that naturally heat can
onlv flow in one direction i.e. from hotter bodv to colder one.

A Carnot heat engine is a theoretical engine that operates on the principle of Carnot cycle. This
concept was introduced by Sadi Carnot in 1824. A heat engine operating in an ideal reversible

cycle between a heat source and a heat sink | 4

would be the most efficient engine. For the |
operation of Carnot engine, we consider Carnot |
cycle using an ideal gas as working substance. The
working principle of Carnot’s engine is the I
isothermal and adiabatic processes. Carnot’s
engine works in a cycle on the isothermal
adiabatic expansion, ° isothermal
compression and finally adiabatic compression to
reach the initial state while taking some useful |
work at output. This working process in the form |
of P-V diagram is shown in Fig. 8.16. This cycle

expansion,

can be explained in four steps as:

1) Isothermal Expansion: In the first step, the ‘gas is allowed to expand isothermally at
pressure Py and volume V,. The temperature of the gas remains high at this moment,

represented by Ty. Absorbing
heat Q; from hot reservoir,
the pressure of gas decreases
to P; and volume increases to

V:. Hence, work is done by |

the gas, while temperature
remains  constant.
isotherm
represented by portion ‘ab’
in Fig. 8.16 and mechanically
shown in Fig. 8.17 (A).

The |
expansion is |f==

1

| v 2}
Figure 8.17: Working of Carnot engine.

1
|

! a (Py, Vi, Ty)

Figure B.16: P-V diagram for Carnot cycle.
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2) Adiabatic Expansion: In this step, the cylinder is insulated so that gas neither absorbs nor
releases the heat, as shown in Fig. 8.17 (B). The gas expands adiabatically, causing the
temperature of the gas drops from high temperature T, to a low temperature T;. As shown in
adiabat (the portion of cycle represented by ‘bc’ in Fig. 8.16), the pressure further decreases
to P; and volume further increases to Vs, causing the piston moves outwards by doing work, as
shown in Fig. 8.17 (B).

3) Isothermal Compression: In this process, the gas is kept at low temperature T; and it
compresses by rejecting heat Qu, as shown in Fig. 8.17 (C). The pressure in this case increases
to P4 while volume decreases to V4 and hence work is done on the gas. The isotherm for this
case is represented by curve ‘cd’ in Fig. 8.16.

Adiabatic Compression: Finally, the gas is once again placed in insulated cylinder, ensuring
that no heat enters or leaves the gas. The gas is compressed adiabatically to increase its
temperature from T: to Ty, as shown in Fig. 8.17 (D). During this step, the pressure increases
to Py and volume decreases to Vi, as shown in Fig. 8.16 represented by curve ‘da’.

Thermal and mechanical equilibrium is maintained throughout the process to make it perfectly
reversible. As the working substance returns to its initial state, so there is no change in internal
energy i.e., AU = 0.

8.8.1 Efficiency of Carnot Engine:

During one cycle, the total work done by the gas can be found by the area enclosed by the path
‘abecda’ in Fig. 8.16. It can also be determined by the difference of heat absorbed Q; (input) by
the gas during isothermal expansion and the heat rejected Q; by the gas during isothermal
cumpressinn. Mathemath:ally, it can be given as‘

|y
htm e —— T

The ahove expressim comes from the fact that in the ﬂrst law of thermodynamics,

Q amw whileAU ﬂ it :ﬂmplifies to..

'I'heefﬂcientyn nfheat englne canbegwen as:
; output(work)

input(heat)

As we know that heat Q is proportional to the absolute
temperature T then the above relation can be written in
terms of temperature as:

L

P mairL nt e
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: ;;?ercentage Efficiency =n = (1 - %’?— )x100% ° A 3 ]
: 3 1 = : s
Conclusion: From above result, it is clear that efficiency of Carnot engine is independent of
nature of working substance. It depends only on the temperatures of hot and cold reservoirs.
For the efficiency to be 100 % the ratio of temperatures should be zero. This will only happen
if T2 = 0 or T1 =co, which is impossible because we do not have reservoir at absolute zero
temperature or infinite temperatures. Therefore, it is impossible for a real engine to have an

efficiency of 100 %.
8.8.2 Carnot Theorem

Carnot’s theorem states that no heat engine can be more efficient than a Carnot engine
operating between the same two temperatures. =~

In most of the cases, the cold reservoir is our atmosphere. In order to increase the efficiency
of heat engine, we have to increase the temperature of hot reservoir. All real heat engines are
less efficient than Carnot's engine due to heat losses.

Example 8.4: Find the efficiency of a heat engine operating between 400 °C and 30 °C.
Given: T,= 400 + 273 =673 K T,=30+273=303K

To Find: Percentage Efficiency =?

Solution: Percentage Efficiency = (1 - % ) x 100 %
1

n=(1 -%g—g*]x1ﬂﬂ%ﬁ{1-ﬂ.45}xiﬂﬂ%n551

Assignment: 8.4

A heat engine is working with thermal efficiency of 40%. It receives 4 kJ of heat from a
furnace. What amount of waste heat does it reject?

8.9 REFRIGERATOR

We know that in nature, heat flows from hotter body towards
colder body. If we want to move heat from a colder to a hotter |

body, we need to reverse the working of heat engine, and work
is to be done on the system.

' . . w

‘A refrigerator is a device designed to remove heat from a reg b (=D
lt!'r__;t is at lower temperature than its surroundings. E} : s '

The same device can be used to heat a space that is at higher [A‘ Q

temperature than the surroundings. In this case, the device is L
called Heat Pump, as shown in Fig. 8.18. In refrigerators, heat Cot Reservolr Ta
flows from lower temperature source to higher temperature - -

sink. In other words, we can also define refrigerator as: : Fiml r'r: n}ﬁhmﬂ: e
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Refrigerator removes some amount of heat Q; from a cold reservoir at low temperature Ts.
Some work W is performed by the compressor of the refrigerator on the working substance. The
quantity of heat Q, is rejected to a hot reservoir at higher temperature T;. The working
substance in this case is usually a gas called the refrigerant.

Co-efficient of Performance (CP) of Refrigerator: The coefficient of performance for
cooling or cooling energy ratio can be defined as: )
e ratio of the amount of heat removed from the ¢ol

50, e

Mathematically, it can be written as:
Coefficient of performance for cooling = CP cociing = %

W=Q-Q

[t * =

by using this value in above equation, we get:

As we know that:

Simlarl, itpeurmin for heating, or heang energy ratio can be exr
Coefficient of Performance for Heating = CP meating = %
W=Q;-Q by using this v in a

As we know that: uatinn, we get:

As we know that heat Q is proportional to temperature T.

No cyclic device has ever been built that can extract heat ‘Q:" from a cold reservoir and reject
it entirely into a hot reservoir without expenditure of wni;kﬁ PR —
Example: 8.5: The temperature inside a refrigerator rocm re
ST‘E?HWmnnyjouhﬁnfheﬂ_idﬂbedeﬂvﬂnidtnthermfwmhjuuhnfelecht&y
consumed by the refrigerator? Assume the refrigerator is ideal. L
Given: Low temperature ‘T2' = 6 °C 'High temperature ‘Ty* = 37 °C
To Find: Quantity of heat pumped out in the room ‘Q;" =7

Solution: First of all, we have to convert the temperatures into the Kelvin scales as:

- Ty = 37°C + 273°C = 310K N Ty=6°C +273°C =279 K
The coefficient of performance of the refrlgeraturi for cooling is:

T r
o1 |
L-T |
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279
Pt = 310279 -

The coefficient of performance of the refrigerator for cooling can also be expressed as:
CF, cooling — Q2 = 0, =W CF, cooling

@=NV
Where ‘W' is the work done by the pump, and then heat can be given as:

Q1 22 Qz +W

Q, =W +W =10
So, for each joule of work done (for each joule of electricity consumed), the quantity of heat
pumped out in the room will be:

Q=10J
This shows that the refrigerator has to perform significant work to expel heat from its interior
into the room on a hot summer day when the outside temperature is 37 °C.

Assignment 8.5

The temperature inside a refrigerator is t; °C and the room temperature is t; °C. Find the
amount of heat delivered to the room for each joule of electricity consumed ideally.

8.10 ENTROPY

The concept of entropy was intruduced into the study of thermodynamics by Rudolph Claus1u5
in 1856 to provide a quantitative statement to second law of thermodynamics. It introduced

another state variable, along with temperature, pressure, volume and internal energy. Entropy
can be defined in many ways.

A thermodynamic quantity that represents the unavailability of a system’s thermal energy for
conversion into mechanical work is called entropy.

It is simply the degree of disorder or randomness in a system. For mathematical derivation
of entropy, consider a system undergoes a reversible process during which it absorbs an ampunt
of heat AQ at an absolute temperature T. The increase in state variable called entropy S o{ the
system is given by:

¥ -

AQ
85==2 _(812)

From this equation, we find that:

Entropy is the measure of a system’s thermal energy per unit temperature that is unavailable
for doing useful work.

Like potential energy and internal energy, it is change in entropy which is important rather
than the absolute value of entropy. Examples of entropy changes include:

* Burning of wood, as wood converts into ash, smoke and gases, releasing the stored energy
within the wood.
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* Melting of ice, as the molecules of ice lose | Order ' Disorder
their order during melting. as shown in Fig. |
8.19. If we place some ice in the bucket for |
some time in a room, we notice that with the
passage of time the ice is converting into
liquid water by releasing the heat. As we know
that molecules are ordered in ice while in
water the molecules are moving randomly.
This activity shows that with time the entropy
of the system decreases in this natural F,gm.:;"1 9: From order to disorder.
process. In all natural processes the entropy of |
the system as well as the universe is increasing and hence the universe is going from an
order to disorder state with time.

8.10.1 Sign Convention for Entropy

During a change, the sign of entropy is important consider. It depends on the direction of heat
flow, i.e., whether heat is added to the system or removed from the system.

« The change in entropy is positive if heat is added to the system.

* The change in entropy is negative if heat is removed from the system.
Suppose heat Q flows from a heat source at temperature T; to a heat sink at temperature T.
The change in entropy of the heat source can be given as —Q/T,, as the source loses heat, so
its entropy is negative. The entropy of sink is given as +Q/T;. As Ty > Ty, the net change in
entropy will be positive:

AS = E e E

| L T e .
This equation shows that in all natural processes where heat flows from hotter body to colder
body, there is a net increase in entropy. We can define second law of thermodynamics in terms
of entrnpy as follows:

- If a system undergoes a natural process, it'W
; entropy of the system plus the !

It is observed that all
natural processes tend
to proceed towards a

state of  greater "
disorder. There is a
relation between
Low Disorder

entropy and molecular .
disorder, as shown in
“the Fig. 8.20.
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Entropy requires a particular direction for time, known as “Arrow of Time"”. As one goes
‘forward’ in time the entropy of isolated system increases, hence entropy measurement is a

way of distinguishing the past from the future.
8.10.2 Entropy and Energy Does the entropy of a star

increase or decrease as it
In nature only those processes are more likely to occur where  radiates? What will be the
the entropy of the system increases or remains constant. effect of this radiation on

e« For all reversible processes, entropy of the system Space around it and on the

remains constant. e

« Entropy increases for irreversible process.
Every time entropy increases the opportunity to convert some heat into work is lost. .
. Anincrease in entropy means the degradation of energy. =~
For example, in a car engine the burning of fuel produces some work while the remaining heat
energy is released into the atmosphere. The heat energy released into the atmosphere is no
longer available for work. Before entropy change, all the heat from this process was available
for work, but after the process a major part of heat energy is lost into the atmosphere.
Even in the case of reverse processes such as in refrigerator or air conditioner, the temperature
of one system decreases at the expense of an increase in the temperature of another system.
;Hhen these systems are considered together as universe, the entropy of universe always
ncreases.
Example: 8.6: Calculate entropy change when 700 g of ice melts at 0 °C. Latent heat of
fusion for ice is L= 3.36x10° J kg''. Also discuss the sign of the entropy changes.
Given: m=700g=0.7 kg T=0°C=273K Le=3.36x10° J kg
To Find: AS =17
Solution: The relation for heat ‘AQ’ in this case can be given as:

AQ=m Ly
Here ‘m’ is the mass and ‘L¢" is the latent heat of fusion.
as= 2Q _ miL,
i T

= D7kgx336000 kg™ _ A
AS s =861.5JK

The positive value of entropy indicates that entropy increases in melting of ice, as molecules
are loosing order to become orderless liquid.

Assignment 8.6:
A body at 150 °C undergoes a reversible isothermal process. The heat energy removed in
the process is 7373 J. Find the entropy change of the body.

For Your Information

Second law of thermodynamics gives us clues to tackle with environmental crisis we are facing right now.
In fact, environmental crisis arises due to our efforts to bring order to the nature for our comforts, which
%:g:lnst la:r:cf nature that is why :ve can say that environmental crisis is entropy crisis.

nergy €sses we use are not efficient, as a result most of the energy fs lost to the environment
causing thermal pollution, as heat is the ultimate death of any form of energy i.e., whenever any l:'_.q:«m.-Ir
of energy is converted completely into heat energy it is now no longer available for doing useful work.
With thermal pollution most of the heat engines we use cause air pollution,
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SUMMARY

% Thermodynamics is that branch of physics in which we study the transformation of heat
into other forms of energy.

% Thermal energy is the energy possessed by a system due to movement of its particles.

% Internal energy is the energy associated with the random and disordered motion of
molecules of a substance.

< In thermodynamics, work is the product of pressure and change in volume of the system.

% First law of therr_nndynamlcs states that when heat is added to a system, it increases the
internal energy of the system plus work is done on the environment.

% An isothermal process is a thermodynamic process in which temperature remains constant
throughout the process.

< An adiabatic process is a thermodynamic process in which no heat or mass transfers
between the system and the surroundings.

% An isochoric or constant volume process is a thermodynamic process in which volume of
the system remains constant.

% An isobaric or constant pressure process is a thermodynamic process in which pressure of
the system remains constant.

% A heat engine is a device that converts heat energy into mechanical work.

% Second law of thermodynamics states that it is impossible for a heat engine to convert
heat taken from a single reservoir entirely into work without leaving any change in the
working substance.

< Carnot's theorem states that, no heat engine can be more efficient than a Carnot engine
operating between the same two temperatures.

% Entropy is a measure of the degree of disorder or randomness in a system.

ilﬂ
I

(RN

Multiple Chni;:é Questions

Encircle the Correct option.
1) A real gas can be approximated to as ideal gas at:

A. low density B. high pressure C. high density D. low temperature

7) A thermos flask containing milk as a system is shaken vigorously, temperature of milk rises
due to process called:

A. isochoric B. isothermal C. isobaric D. adiabatic

1) Considering your metabolism as a system, during fasting in Ramadan, it is a/an

process.

A. isochoric B. isothermal C. isobaric D. adiabatic

/) Change in internal energy of a gas kept in rigid container when 'Q’ J energy is added to it
is:

Q Q
— . = . D. 2
A.z 33 C. Q Q
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The volume of an ideal gas increases from 5 m' to 20 m’ under a constant pressure of 610
Pa. work done by the gas is:

A. 5x10° J B. 6x10°J C. 9x10J D. 9x10"J
) Which process involves an increase in entropy?
A, crystallization B. sublimation C. freezing D. condensation

71 A Camnot engine working between 300 K and 600 K has work output 800 J/cycle, the heat
supplied is:

A. 1000 J/cycle B. 1600 J/cycle C. 1800 J/cycle D. 2000 J/cycle

&) A Carnot engine working between 0 °C to 200 °C has efficiency ns. Then same engine working
between 0 °C to -200 °C has efficiency n:. Ratio of its efficiencies is.

A. 0.577 B. 0.638 C. 0.733 D. 0.85
9 Maximum work is obtained by a process called:
A. isochoric B. isothermal C. isobaric D. adiabatic

10) The coefficient of performance of a refrigerator operating at room temperature is 5. The
temperature inside the refrigerator is:

A. 150K B. 200K C. 250K D. 300K
11) If the temperature of heat source is doubled than before, the efficiency increases by:
A. 1.5times B. 2times C. 2.5 times D. 3times

12) Thermodynamics is that branch of physics in which we study:

A. No heat transfers to the environment.

B. Neither heat nor any mass are transferred to the environment.

C. No dissipated energy and heat transferred to the environment.

D. No mass transfers to the environment.

13) If two objects are in thermal equilibrium with each other, they cannot:
A. be moving.

B. be undergoing an elastic collision.

C. have different pressures. 30
D. be at different temperatures. 4
14) What is change in internal energy in the figure? T = Comstont
A. zero B.20J C.40J D.160J 10 :‘-—-
15) The change in internal energy is independent of pathstaken, similar “L|
to: 6 2 SV D
A. K.E. B. wave energy C. gravitational P.E. D. solar energy
16) Boltzmann constant k is equal to:

Na R R N
AR B. Na s N D. Fﬂ

17) Two spheres of same size are made of the same material, but one is hollow and the other
is solid. They are heated to the same temperature. Then:

A. Both spheres will expand equally.

B. The hollow sphere will expand more than the solid one.

C. The solid sphere will expand more than the hollow one.
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D. No conclusion can be drawn about their relative expansions unless the nature of the material
is known.

18) Expansion during heating:

A. occurs at the same rate for all materials. B. increases the weight of a material.

C. occurs at different rates for different materials. D. increases the density of material.

Short Questions

Give short answers to the following questions:

8.1 Why does the gas pressure in the tires rise when a car runs on a road through some distance?
8.2 When the internal energy of a system rises, can its temperature remain the same?

8.3 Can the temperature of an isolated system change? Explain.

8.4 The internal energy of a system is increased as a result of some process, how can-one tell
that the increase was due to orderly macroscopic work W or due to the flow of disorderly
microscopic energy ‘Q'?

8.5 At what temperature (in °C) does the volume of a gas at 0°C becomes double, while pressure
remains constant?

8.6 Should the internal energy of a system necessarily increase if heat is added to it?

8.7 Why is the slope of an adiabatic curve steeper than the slope of isothermal curve?

8.8 Why isothermal processes typically slow and adiabatic processes fast?

8.9 Can a process be both adiabatic and isothermal? Explain.

8.10 Does the entropy of a Carnot engine increases for each cycle?

8.11 Does entropy of a system increases or decreases due to friction?

8.12 What are the similarities and dissimilarities in the working of refrigerator and air
conditioner? _

8.13 When a coffee filled thermos is vigorously shaken: (i) is the work done on coffee? (ii) Does
the internal energy of coffee increase? (iii) Does the temperature of coffee rise? (iv) Does the
coffee get heat from outside?

Comprehensive Questions

Answer the following questions in detail.

8.1 Define internal energy of a system and find its relation with absolute temperature.

8.2 Explain the gas laws.

8.3 Explain first law of thermodynamics.

8.4 Define and explain: (a) Isothermal process (b) Isobaric process (c) adiabatic process (d)
isuLnoric process.

8.5 Explain the working of a heat engine.

8.6 Define and explain second law thermodynamics.

8.7 Define and explain Carnot’s Engine, also discuss the relation for the efficiency of Carnot's
engine.
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8.9 Explain the working of a refrigerator.
8.10 what is entropy? Explain.
8.11 Explain that entropy is the degradation of energy.

Numerical Problems

8.1 Calculate number of moles of air in an inflated balloon of radius 10 cm and pressure 180
kPa at room temperature., (Ans: 0.3 moles)

8.2 A heat engine operating between the freezing and boiling point of water. Find its
efficiency. (Ans: 27%)

8.3 One mole of a perfect gas in a cylinder with a piston has pressure P, volume V and
temperature T. If its temperature is increased by 1 K. Find the increase in volume, if initial

volume was 100 m’. (Ans: 0.37 m’)
8.4 The high temperature of Carnot engine is 600 K. If engine absorbs 600 J of heat at low
temperature of 400 K. Find the work done by the engine. (Ans: 200 J)

8.5 A 220 W electric immersion heater is used to boil 136 g of water. Calculate the time
required to bring this water from 23.5 °C to its boiling point, ignoring any heat loss.

(Ans: 198 s5)

8.6 If a heat engine at room temperature has an efficiency 50 ¥, you change the heat source
to increase the efficiency up to, 70 %. Find the temperature difference between the two heat

sources. (Ans: 397 K)
8.7 A Carnot engine absorbs an amount Q of heat at temperature T. Find the amount of heat
rejected at temperature T/3. (Ans: Q/3)
8.8 Energy 500 J is required to melt 2 g of ice at 0 °C. Find the change in entropy of 70 g water
at 0 °C, if it changes into ice in a refrigerator. (Ans: -64 JK")

8.9 A gas expands from volume 1m® to2m? at constant atmospheric pressure.
(a) Calculate the work done by the gas.

(b) Represent the work done in PV diagram. (Ans: 1.013x 105 J)

153




Ie

o

Student Learmng Outcomes (SLOs)

(N TN

The students will:

- & ® ®

- s 8 @ @

Use intensity = pawer/area to solve problems. Use Intensity o (amplitude)’ lur a progressive wave to solve
problems.

Explain that when a source of sound waves moves relative Lo a stationary uhserver. the observed frequency is
different from the source frequency [describing of the Doppler effect for a stationary source and a moving
observer is not required]
Use the expression f' -

stationary observer,

Explain the applications of the Doppler effect [such as radar, sonar, astronomy. satellite, radar speed traps and
studying cardiac problems in humans].

Explain that polarization is a phenomenon associated with transverse waves,

Define and apply Malus's law [I = [, cos” @ to calculate the intensity of a plane-polarized electromagnetic wave
after transmission through a polarizing filter or a serles of polarizing filters. (calculation of the effect of a
polarizing filter on the intensity of an un-polarized wave is not required)].

Use the principle of superposition of waves to solve problems.

Differentiate between constructive and destructive interference,

Apply the principle of superposition to explain the working of noise canceling headphones,

llustrate experiments that demonstrate stationary waves [using microwaves, stretched strings and alr columns
(it will b'i.‘ assumed that end corrections are negligible; knowledge of the concept of end corrections Is not
required)].

Explain the formation of a stationary wave using graphical representation.

Explain the formation of harmonics in stationary waves,

Analyze experiments that demonstrate diffraction [including the qualitat.ve effect of the gap width relative to
the wavelength of the wave; for example, diffraction of water waves in a ripple tank].

Explain the term coherence.

Explain beats [as the pulsation caused by two waves of slightly different frequencies interfering with each other],
llustrate examples of how beats are generated in musical instruments,

Explain the use of polaroids in sky photography and stress analysis of materials,

Describequalitatively gravitational waves [as waves of the intensity of gravity generated by the accelerated
masses of an orbital binary system that propagate as waves outward from their source al the speed of light].
State that as a gravitational wave passes a body with mass the distortion in space-time can cause the body to
stretch and compress periodically.

State that gravitational waves pass through the Earth due to far off celestial events, but they are very minute
amplitude.

Describe the use of interferometers in detecting gravitational waves [Interferometers are very sensitive detection
devices that make use of the interference of laser beams (working and set up details are not required) and were
used to first detect the existence of gravitational waves).

_f for the observed frequency when a source of sound waves maves relative to a



WAVLS

The world Is full of waves: sound waves, waves on a strlng, selsmic waves, and electiomagnetlc
waves, such as visible light, radio waves, television slgnals, and x-rays, All these waves have a
source: a vibrating object, The importance of radio and television signals and other forms of
electromagnetic waves cannot be fgnored, Communication using these waves Is the backbone
of modern civitization,

Waves transfer energy from one location to another, In this chapter, we will study about
different phenomenon of waves such as Doppler's effect, beats, Interference, stationary waves
and thelr applications,

9.1 INTENSITY OF WAVES

All waves carry energy and sometimes thelr energy can be directly observed. For example,
earthquakes can shake whole citles, performing the work of thousands of wrecking balls, Loud
sounds can damage nerve cells in the Inner ear, causing permanent hearing loss. Ultrasound s
used for deep-heat treatment of muscle strains. A laser beam can burn away a malignancy.
Water waves abolish beaches,

Energy carried by a wave per unit area in unit time Is called intensity.

The amount of intensity in a progressive wave is directly related to square of its amplitude, as
shown in the following relation:

Intensity o (amplitude)?

50, an earthquake having large amplitude produce large ground displacements. The energy of
a wave depends on time as well. For example, the longer deep-heat ultrasound is applied, the
more energy it transfers. Waves can also be concentrated or spread out. For example, sunlight
can be focused to burn wood, Earthquakes spread out, so they do less damage as farther they
get from the source. All these pertinent factors are included in the definition of intensity I as
power per unit area:

‘r "‘% o (91 a)

where P is the power carried by the wave through area A, As, power is energy per unit time (P
= E/t), equation (9.1 a) can be written as:

- fits . £
e ' = 9.1b
g S 14

The definition of intensity is valid for any energy in transit, including that carried by progressive
waves. The Sl unit for intensity is watts per square meter (W m?).

EXAMPLE 9.1:

1) The average intensity of sunlight on Earth’s surface is about 500 W m*, Calculate the
amount of energy that falls on a solar collector with an area of 0.50 m* in 4.0 h.

Given: Intensity of sunlight on the Earth = | = 500 W m?
Area of solar collector = A = 0.5 m? Time=t=4.0h
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o Find, Energy fall on solar collector » E = 7
Solution: Using equation:
Rt
Axt
or E=IxAxt

Substitute the values into the equation, we get:
E = (500 W m?)(0.50 m?)(4.0 = 3600 s)

E=3.6x10")
2) If amplitude of the wave is doubled then how much energy is increased?

MUEISN!

Energy depends on the intensity of the wave, Intensity is proportional to the square of the
amplitude. i.e.,

Intensity e (amplitude)?

If amplitude is increased to double then energy will be increased to 4 times because 4 is the
square of 2.

Assignment 9.1

To increase intensity of a wave by a factor of 50, by what factor should the amplitude of
the wave be increased?

9.2 DOPFLER'S EFFECT
Possibly you have noticed how the sound of a vehicle’s horn changes as the vehicle moves away
from you. The frequency of the sound you hear appears higher as the vehicle approaches you
and appears lower as it moves away from you. This phenomenon is known as Doppler’s Effect,
named after an Austrian physicist Christian Doppler (1803-1853), who described it in 1842.

The apparent change in the frequency of a wave due to the relative motion between the
observer and the source is called Doppler’s effect.

The Doppler’s effect is most often associated with sound, however it's common to all waves,
including water and light. In deriving the Doppler's effect, we assume the air is stationary and
all speed measurements are made relative to this stationary medium.

Motion of a source of sound toward an observer increases the rate at which he or she receives
the vibrations. The velocity of each vibration is the speed of sound whether the source is moving
or not. Each vibration from an approaching source has a shorter distance to travel. The
wavelength is shortened when the source is moving towards the observer and is lengthened
when it is moving away from the observer. The vibrations are therefore received at a higher
frequency than they are sent. Similarly, sound waves from a receding source are received at a
lower frequency than they are sent.
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Consider a source of sound S emitting sound wave having magnitude of velocity v, frequency f
and wavelength A. When source S and listener L are at rest then listener will receive f number
of waves per second, according to relation:

v =[fA

v
i

Following are the possible situations regarding source of sound and the listener:
(1) The Source is at Rest and Listener is Moving

(a) Listener Moves Towards Stationary Source: If the listener L is moves with speed v,
towards the stationary sounding source S, as shown in Fig. 9.1 (a). The speed of sound relative
to listener increases to (v + v ) and wavelength remains unchanged.

The apparent frequency f' is:

v _ (vevy)
F= A : 4 Source -
Putting A = £, we get: Os
A at rest A
. m _ﬂﬁ =
e 2 02 -
As 1*—,,‘"‘” Figure 9.1 (a): The Ustener is moving toward the

Ty a— statlnnnrysuume. |
o A e | PR

Hence, the frequency of sound increases, as a result its pitch also increases.
(b) Listener Moves Away from the Stationary Source: If the listener L is moves away from

the stationary sounding source S with speed v, as shown in Fig. 9.1 (b), then speed of sound
relative to the listener decreases to (v — v;,) and wavelength remains unchanged.

The apparent frequency ' is: S L m—— v,
fr =¥V 3 2 o
A Source -9
Putting A = 7, we get 0.'17
O perNE ey ' nrest :
s »1!-*{"““‘ | -
sy p—_—N Tlstener L
As — k< 1q
v Flnura 9.1 {b] Listener moves away from the stationary
CRERTRE T e |

Hence, the frequency of sound decreases, as a result its pitch also decreases.
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(2) The Source is Moving and Listener is at Rest

1) When the Source Moves Toward a Stationary Listener: If the source is moving with
speed vg toward the stationary listener A, as shown in Fig. 9.1 (c), then each new wave Is
emitted from a position to the right of the origin of the previous wave. As a result, the wave
fronts heard by the listener A are closer together as compared to when the source is stationary.
As a result, the wavelength A" measured by listener A is shorter than the wavelength A of the
source. During each vibration, which lasts for a time interval T (the period), the source moves
a distance vsT = vg/f = AA causing the wavelength to be shortened by this amount. Therefore,
the apparent wavelength A’ is:

A== Ad
.
N=t-7
r . (v=vg) _
2 = N >
The apparent frequency f' is: Listene Listener
B \
r_ ¥
= (9.5)
From the equations [9.5} and (9.4), we get: " Figure 9.1 (c): The source is movi
fi=—=f (9.6) and listener Is at rest.
1-?; T
As o1
V=¥g
Sﬂ, f' > f

Thus, when the source moves toward stationary listener, the frequency of sound increases, as
a result its pitch also increases.

(b) When the Source Moves Away from a Stationary Listener: In this case, the observer
measures a wavelength A’ that is greater than A, Therefore, the apparent wavelength A’ is:

A=A+ AL S EOE YOUR A fotmation e
1Yy Vs ' |
e A
v _ (v+vs)
V=t (9.7)
The apparent frequency f' is:
== (9.8) Picture shows Doppler's effect
A for waves moving on the
From the equation (9.7) and (9.8), we get: surface of water. The circular
2 wave crests are closer together
U -._;_.f (9.9) vy in front of a swimming duck,
L than those behind it and reach
As L < a recelver more frequently,
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Hence, when the source moves away from a stationary listener, the frequency of sound
decreases, as a result its pitch also decreases.
Example 9.2: A sound source is receding from a stationary observer at 22 m s’ and have
frequency 354 Hz. If the speed of sound is 332 m s”', then what frequency does the cbserver
hear?
Glven: Frequency of sound wave = f =354 Hz ~ Speed of sound source = vg =22 m s’

Speed of sound = v =332 m s’
o Fina: Apparent frequency = f' =2
solution: When a source is receding from a stationary observer, then the apparent frequency
is:

I »
'r £ v+ v f
bl L] ¥
[ =555, (334) = 332 Hz
Assignment 9.2
A bus is moving at 20 m s along a straight road with its 500 Hz horn sounding. You are

standing at the road side. What frequency do you hear as the bus is:
a) Approaching you?  b) Receding from you? (Take the speed of sound = 340 m s')

i o ot Activly S Sl 7.
| . - e =

- Take a tub full of water and sweep an object such as glass, on
| the surface of water. What do you observe? Share your

perience with your class fellows.

Applications of Doppler’s Effect

Doppler's effect has many interesting applications. It is applied in weather observation to
characterize cloud movement and weather patterns, and has other applications in aviation and
radiology. We will discuss some of the most significant applications of the Doppler’s effect in the
following:

» SONAR (Sound Navigation and Ranging) helps to detect the speed of ships, aeroplanes
and submarines using the Doppler's effect. When sound waves are reflected from a
moving body such as submarine, their frequency changes. This change in frequency
allows us to calculate the speed and direction of the submarine.

« The velocity of Earth’s satellites is determined from the Doppler shift in frequency of
the radio waves they transmit.

o Doppler’s Effect can be used in radar system to find the speed and direction of
aeroplanes. Radar systems send out radio waves. If the frequency of the reflected radio
waves from an aeroplane decreases, then the aeroplane is moving away from the radar.
If the frequency of the reflected radio waves from an aeroplane increased, then the
aeroplane is moving toward the radar.
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The Doppler’s effect is of great interest to astronomers, who use shift in the frequency
of electromagnetic waves produced by moving stars in our galaxy and beyond in order
to gather information about those stars and galaxies. In 1929, Edwin Hubble observed
that all galaxies appeared to be red-shifted (i.e. moving away from us and each other),
leading him to propose that the universe is expanding. Specific information about stars
within galaxies can be determined by using the Doppler’s effect.

HOST STAR

Figure 9.2: Blue shift and red shift.

il il L .
Fig. 9.2 shows electromagnetic radiation emitted by stars in a distant galaxy would
appear to be shifted to lower in frequencies (a red shift) if the star is moving away from
the Earth. On the other hand, there is an upward shift in frequency (a blue shift) of such

observed radiation if the star is moving towards the Earth.

Doppler effect is used to measure speed in ~Doppler Effect and Medieal
RADAR sensors. This is known as radar speed S et hinb o S
traps. When a fixed-frequency radio wave sent B L
by the sender continuously strikes an object | By “"‘“‘_'_‘-
moving towards or away from the sender, the - v
frequency of the reflected radio wave will be | , P )
i . 3 i}
changed due to the object's motion. Thus, (o
analyzing the frequency of the reflected wave '.,, (@
one can find the speed of moving object. LARw S,
Doppler effect is used in the diagnosis of eaw ""H"‘ lf

cardiac diseases. Doppler ultrasound (or
Doppler echocardiography) is a test in which merﬂﬁmﬁrﬁgﬁ ”::: m‘::ﬁ

very high frequency sound waves are bounced ' arteries (the blood vessels supplying
off the heart and blood vessels. The returning = the heart), the carotid artery (the main

artery in the neck), the major arteries
sound waves are picked up and turned into I i at= letgs, or in the heart
pictures showing blood flow through the | . Itself (echocardiography).

arteries or the heart. Doppler ultrasound
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testing allows doctors to clearly see flow of blood through the heart and blood vessels.
It also allows them to see and measure obstructions in arteries and measure the degree
of narrowing or leakage of heart valves.

9.3 SUPERPOSITION OF WAVES

Various wave phenomena in nature require two or more waves passing through the same region
of space at the same time. Two travelling waves can meet and pass through each other without
being vanished or even altered.

When two waves of same nature pass through the same medium, their interaction may cause
to the formation of a new wave. In the region of overlap, the resultant wave is found by adding
the displacements of the individual waves. For such analysis, the superposition principle
applies. According to this principle:

When two or more waves are passing through the same region
at the same time, the total displacement at the point where
they interact is equal to the vector sum of the individual
displacements due to each pulse at that point.

If a particle of medium is simultaneously acted upon by n When pebbles are H‘lmwn
number of waves, such that its displacement due to each of into a pond, the expanding

the individual n waves is y;, ¥2, ¥3, = ¥a, then resultant circular waves don’t cancel

A o o each other. In fact, the ripples
dlsplac?ment y1nf t_he ]erlrl.fl_cle is: : fiass tough esch CAhars
EYEY Vet etk ity

In Fig. 9.3, you can see two waves (X 7
and Y) superposing to form the 6
resultant wave (Z). The diagram shows 5
only three points where it displays how 4
3
2
1

Jdisplacement

the displacement of the resultant wave
is calculated.

For example, when time t = 0, the
displacement of the Y wave is -0.9
(signs must be taken into account as
displacement is a vector quantity) and
the displacement of the X wave was ., ,-2
-2.1. As a result, the displacement of (-0.9)+(-2.1)= -3
the resultant wave will be the vector
sum of those, (-0.9) + (-2.1) = -3. This
is simply the principle of superposition.

The superposition of waves can lead to

the following three effects: 7 (2 )#(4)m-07
Figure 9.3; Two waves (X and Y) superposing to form
the resultant wave (Z).
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1. When two waves having the same frequency travel with the same speed along the same
direction in a specific medium, then they superpose and create an effect known as the
interference of waves.

2. When two waves having same frequencies travel with the same speed along opposite
directions in a specific medium, then they superpose to produce stationary waves.

3. When two waves having slightly different frequencies travel with the same speed along the
same direction in a specific medium, they superpose to produce beats.

Coherent Waves

When two or more l{ght waves are traveling together in such a way that their phase difference
is constant, then such waves are known as the coherent waves. mh{spossfble if the waves
have same frequency and wavelength.

The source which emits a light wave with the same frequency, wavelength and phase (or having
a constant phase difference) is known as a coherent source. The laser is a highly coherent light
source. Coherent light waves can also be produces by Young’s Double Slit experiment.

9.4 INTERIERENCE

The waves which have constant phase difference and same frequency are called coherent
waves.

ﬂmeﬁmmmdmmmewwmﬂmdmmfmmwmmhmm
interference.

There are two types of interference censtructive mterferenr:e and destructive interference.
During constructive .

interference, crest of one wave
falls on the crest of another /ﬂ{ N & Wave 1
wave and trough of one wave AR Ni?

falls on the trough of other “

wave, as shown in Fig. 9.4 (a).

Both of the superimposing waves X 2

have amplitude equal to X, The X L Wave 2
amplitude of resultant wave is .
increased to 2X.

In case of longitudinal waves,

AN LN
constructive interference | | \ _ox \/ \-/ SIS
occurs when compressions of
one wave. overlap with the :
compression of another wave Figure 9.4 (a): Constructive Interference.
and rarefaction of one wave .

overlap with the rarefaction of other wave.
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During destrucl‘.ive IInl'.erfererh::e crest ul’ one wave felts on the trough of emther wave, The
amplitude of resultant wave {s equal to the difference between the amplitude of the individual
waves as i.e. X— X = 0, as shown in Fig. 9.4 (b).

PR
N7 e s e G

|
‘ g ' Resultant
|

L e—— ———— e e g o

 Figure 9.4 (b): Destructive Interference |

In case of longitudinal waves, destructive interference occurs when compressions of one wave
overlaps with the rarefaction of another wave.

94 1 N Cenditmnsfer Interference

Following conditions are necessary for interference of waves:

i) waves must be travelling in the same direction.
if) waves must arrive at the same place at the same time.
iif)  waves must be,

(a) in phase, for constructive interference.
(b) out of phase (180°), for destructive interference.

iv)  path difference must be,
{a} integral multiple nf wevelen:th A, for constructive mter,‘erence

EO& =) T T

{h] odd integral multlple of ; A, for destructive interference
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9.4.2 Interference of Sound Waves

One simple device for demonstrating interference of sound Path length ry
waves is illustrated in Fig. 9.5 (a). Sound from a
loudspeaker S is sent into a tube at point P, where there is
a T-shaped junction. Half the sound energy travels in one
direction, and half travels in the opposite direction.
Therefore, the sound waves that reach the receiver R can
travel along either of the two paths. The lower path length
nryis fixed, but the upper path length r,can be varied by
sliding the U-shaped tube.

« |If the two paths are equal, then both the waves arrive
at R, are in phase. So, loud sound is heard due to
constructive interference,

Puth length #,

* |[f the path length r; is adjusted such that the path Figure 9.5 (a): Interfs Sk

difference r, — ryis odd integral multiple of % A, then ~ Sound.

both waves arriving at R may be out of phase. So, no sound is heard due to destructive
interference.

« If the sound waves are stopped at Q by pinching the rubber portion of tube, then loud sound
is heard again. This proves that silence is due to destructive interference of the two sound
waves.

Noise-canceling Headphones

Noise-canceling headphones (as shown in Fig. 9.5 b) uses the principle of superposition to
attenuate the environmental noise inside the ear cup of the headphone. The basic idea is to
sense the unwanted sound wave coming from the noisy environment and produce an appropriate
canceling sound wave through a loudspeaker. The canceling wave should match the noise in
amplitude and has the opposite phase (i.e., 180° out of phase).

mmuhl canceling sound wave Unwanted 1ound is

(180" out of phase) cancelled out
. * + ﬁ- = m P
i Silence
Figure 9.5 (b): Noise-canceling headphones.

In this way, the cancelling sound wave will destructively interfere with the environmental noise
and the noise component will be effectively attenuated.
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9.5 Beats

Beats are the interference effect results from the superposition of two waves with slightly
different frequencies. When two sound waves having slightly different frequencies encounter
each other, then the amplitude of sound waves is added and subtracted alternatively through
a given period. Hence, the sound grows louder and softer through the given period and
fluctuating sound (alternate soft and loud sound) is heard. It is important to note that, the loud
sensation of sound s produced by the constructive interference. On the other hand, the soft
sound is instigated due to destructive interference.

When two waves of slightly diff

Wﬂﬂﬁﬁfﬂﬁﬂﬂﬂa

then periodic alternations of sumd‘ A
between maximum and minimum
loudness are produced which are called
beats. =5 PSS

w
gansre

Let us consider two sound waves, A and B '
of slightly different frequencies but |
having similar amplitude propagating in
the same medium. A resultant wave C is |
obtained by the superposition of Aand B, |
as shown in Fig. 9.6. When these two
sound waves encounter, a fluctuating L  yw - & v _r __HW¥ &
sound can be heard. Note that for a | Min. Max. Min. Max Min. Max. Min.
certain time, the crest of A overlaps the Figure 9.6: Generation of beats.

crest of B. Hence, this causes

constructive interference. Therefore, the sound intensity rises for this certain period. However,
for an interval of time, the crest of B overlaps the trough of A. This causes destructive
interference.

(=
<
-
i
———m
j—
=
= v
<
e
<

T
i

Beats Frequency

The beats frequency is equal to the absolute value of the difference in frequencies of the two
waves. It is denoted by f,.

—_— - P

S T e M S Bl R0 T, o e e R R A
Su if two sound waves with frequencies of 32 Hz and 3D Hz are played stmultaneuusly. a beat

frequency of 2 Hz will be detected. If the numbers of beats per second are more than 10, then
the beats can't be heard as separate.

Application of Beats
Beats are very useful to compare frequencies, finding the unknown frequency, tunirrg the
musical instrument, in ultrasonic imaging and radar speed traps.
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Musicians utilizes the phenomenon of beats to tune a piano string. They pluck the string and
tap a tuning fork at the same time. If the two sound sources: the piano string and the tuning
fork, produce detectable beats then their frequencies are not identical. They will then adjust
the tension of the piano string and repeat the process until the beats can no longer be heard.
As the piano string becomes more in tune with the tuning fork, the beat frequency will be
reduced and approach 0 Hz. When beats are no longer heard, the piano string is tuned to the
tuning fork; that is, they play the same frequency as the tuning fork. This process allows a
musician to match the strings’ frequency to the frequency of a standardized set of tuning
forks. ,

Example 9.3: Two musical instruments are sounded together to produce beats. Evaluate
the beat frequency of these two sound waves having frequencies 750 Hz and 390 Hz
respectively?

Given: fy= ?'.i.'.l Hz fa = 390 Hz

To Find: _. fom? R

Solution: The beat frequency can be calculated using the formula: :
R T K

Putting values, we get:

| fo= 1750-390|= 380 Hz
Thﬁsebeaucmmtbeﬂetecleduseparaubyhununnr.mmteuwr
9.6 STATIONARY WAVES (OR STANDING WAVES)

Sometimes waves do not seem to move; rather, they just vibrate about mean position. Such
standing waves can be seen on the rubber band. If a rubber band is tied at both ends and
plucked from the middle then stationary waves are produced due to the reflections of waves
from the ends of the rubber band.

direction are superposed then a wave obtained is called stationary wave.
Stationary wave is formed by the superposition of two or more identical waves, moving in
opposite directions, each having the same amplitude and frequency, as illustrated in Fig. 9.7.
The wave reflected at the boundary interferes constructively or destructively with the
incoming wave. The two waves move through each other with their amplitude adding as they
go by. The displacement of the particles of waves are shown at seven different positions at t
=0, (1/4)T, (1/2)T, (3/4)T and T. It can be noted from the Fig. 9.7 (c) that displacement of
points 1, 3, 5 and 7 are always zero, these points of the medium do not vibrate at all and are

calleu_:l nodes.
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The displacement of points 2, 4 and 6 has maximum amplitude but rapidly oscillating up and
down, these points are called antinodes. Antinodes are oscillating with amplitude which is equal
to the sum of amplitude of the component waves. Antinodes are usually represented by A and
node are usually represented by N. This pattern of nodes and antinodes form a stationary wave
because they appear to be standing, not moving through space like progressive waves. 50,
standing wave is confined in a given region of space.

The picture shows stationary wave on the.
surface of some liquid placed on a vibrator.
The waves are visible in the photo due to the
reflection of light from a lamp.

You can try this experiment at home, Take a
bowl of milk and place it on a common box
fan. Vibrations from the fan will produce
.l:lrmlarstardquwmmt}mnﬂmufﬂm
© milk.

Characteristics of Stationary Waves

A stationary wave has the following important characteristics:

(i) No energy is transferred from particle to particle in stationary waves.

(ii) The distance between two successive nodes or anti-nodes is equal to A/2.
(ifi) The distance between adjacent node and anti-node is equal to A/4.

9.6.1 Stationary Waves in a Stretched String

Stationary waves can be setup in any media which do not transmit energy from one point to
another point. Standing waves are also found on the strings of musical instruments and are
produced due to the réflections of waves from the ends of the string. Consider a string of length
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L which is stretched by clamping its two ends
so that the tension in the string is T, as shown
in Fig. 9.8 (a). To find the frequencies of
vibration, we have to pluck the string at
different points,

(1) When string is plucked at its middle then
stationary wave having one loop is setup as
shown in Fig. 9.8 (b).

Let fy, 4, be the frequency and wavelength
of the either of the component of transverse
wave then from figure, the length of the

string is equal to one-half of the wavelength.
Therefore,

L= %
S A o

If M is the total mass of the stri ng, then speed
v of progressive wave along the string is:

-~ foL
M

As v=fi A

(2) When string is plucked at one quarter of its
length then stationary wave having two loops are
setup, as shown in Fig. 9.8 (c). Let f;, 4, be the
frequency and wavelength of the either of the
component transverse wave then from figure it can
be seen that, the length of the string is equal to
two-halves of the wavelength, since each loop is

_.42 q-ﬁ!
b=3t3=4

Figure 9.8 (a): A stretched string tied at both

A

L=Jnf2———-.1

‘Figure 9.8 (b): Stationary wave having one loop.
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enwhen string vibrates in " its fen of ral . -
compared to its fundamental frequency, which is called second harmonic or second mode of
vibration.

(3) When string is plucked at one sixth of its length then stationary wave having three loops is
setup, as shown in Fig. 9.8 (d). Let f5, 4; be the frequency and wavelength of the either of the
component transverse wave then from figure it can be seen that, the length of the string is

equal to three-halves of the wavelength, since each loop is equivalent to one-half of a
wavelength:

Luﬁ.q-ﬁ-l—ﬁ!.:%
2 &a 2

As v="fil, ' Figure 9.8 (d): Stationary wave huvfiq three

““““

L R 3 e S B e S e e
Hence when the string vibrates in three loops its frequency of vibration will be three times as
compared to its fundamental frequency, which is called third harmonic or third mode of

vimhmtlun. Similarly, if frequency is increased to 4f1, 5f1, 6f1, ..., then stationary waves of 4",
5", 6"..., harmonic are setup and the cord will vibrate in 4, 5, 6, ..., loops respectively,

When string is vibrating having n loops, and f,, 4, are the frequency and wavelength of the
either of the component transverse wave then:

L:: ﬁ.+-{1-ﬂ_-l-£ﬂ-+ -y = %
£ 22 2
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The lowest frequency, called the fundamental frequency, corresponds to the longest

wavelength. Also, frequency frof n-loop is:

= = ==iq oy T

Thus, it can be concluded that:
(i) The string resonates only if it is a whole number multiple of half wavelength, i.e.,

A A _A
L= -2", 1-2'. 35,

(if) Stationary waves on the string can be setup only with discrete set of frequencies fi, fz, fa
«fn. This is called quantization of frequency.

(iii) The lowest frequency f, is called fundamental frequency and its higher multiples are called
overtones or harmonics.

(iv) As the string vibrate in more and more loops its frequency goes on 1n&reasing but the
- wavelength gets correspondingly decreasing, such that product of frequency and wavelength is
always constant and is equal to speed of wave.

9.7 STATIONARY WAVES IN AIR COLUMN

Standing waves can also be generated in air columns such as organ pipes. Organ pipe is a musical
instrument. It consists of a long tube which produces sound by mean of vibrating air column,

_ Flute, trombone, clarinet, etc. are familiar examples of organ pipes. Organ pipes can be open
or closed. If both ends of an organ pipe are open, then it is called open organ pipe. If one end
of an organ pipe is closed, then it is called closed organ pipe.

Suppose we have a tube that is closed at one end and open at the other. If we hold a vibrating
tuning fork near the open end of the tube, an incident saund wave travels through the tube and
reflects off the closed end. The reflected sound has the same frequency and wavelength as the
incident sound wave, but is traveling in the opposite direction. At the closed end of the tube,
the molecules of air have very little freedom to oscillate, and a node arises. At the open end,
the molecules are free to move, and at the right frequency, an antinode occurs and the air
column in the tube resonates loudly. The standing wave formed in the tube has an antinode at
the open end and a node at the closed end. A portion of the sound wave is reflected back into
the tube even at an open end. The distance from a node to an antinode is one-fourth of a
wavelength, arid this equals the length of the tube thus, L = 1/4 4;.
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9.7.1 Modes of Vibration in Open Pipe

Let a vibrating tuning fork be held at one end of open pipe of length L. There are anti-nodes at
both the ends with a node at the middle. The modes of vibration in open organ pipe are given
below. -

(1) Fundamental Frequency: Let f;, A; be the :
frequency and wavelength of stationary wave, as L
shown in Fig. 9.9 (a), the length L and wavelength are e
related as:

L= ﬁq‘ﬁ = ﬁ.

4 4 2

As v=fidy
So, f!'l
A

This is called fmdanﬁntal'frequency or first harmonic for open pipe.

(2) Second Harmonic: Let fz, A, be the frequency

and wavelength of stationary wave, as shown in Fig.
9.9 (b), the length L and wavelength are related as:

L=2;
As v="11; '
or E:l-z
Ay i
or - f:-Z(iJ
Since, [-Z?E]‘-fl,iﬂ _

This s called second harmonic for open pipe.

(3) Third Harmonic: Let fs, A; be the frequency and wavelength of stationary wave, as shown
in Fig. 9.9 (c). The length L and wavelength are related as:

-1
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Since, (%) = fi, 50

R et ) e A S I R

This is the formula for third harmonic fnr open pipe. Simitarly, from the ahtwe resultﬁ, the
wavelength .1,, and frequency fa for nth harmonic is given by:

Hence all harmonics are present in an open pipe
9.7.2 Modes of Vibration in Closed Pipe

Let a vibrating tuning fork be held at one end of closed pipe of length L. There is an anti-node
at open end and anode at the closed end. The modes of vibration in closed organ pipe are
given below.

[1} Fundamental Frequency or First Harmonic: Let f;,

A, be the frequency and wavelength of stationary wave, as
shown in Fig. 9.10 (a), the length L and wavelength are

related as:

Llé
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(2) Second Harmonic: Let f;, 1, be the frequency and wavelength of stationary wave, as
shown in Fig. 9.10 (b). The length L and wavelength are related as:

L=, 3%
2 4 4
v=14,
or . .f-"'.v—
s
or f;-a-f:-f

Since, II: =f1, s0

(3) Third Harmonic. Let f3, A, be the frequenc:y and wavelength uf statiunary wave, as shown
in Fig. 9.10 (c), the length L and wavelength are related as:

L= ﬁnﬁﬁ.
S R
As Y-ﬁﬂg
v
50 f i
x,
or fi= 4L

v
5' s — =J1, . -3
nce m f1, 50 .
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wheren =1, 2, 3, ... . Thus, it can be seen that in an open pipe, fundamental frequency is %

and all harmonics are present while in a closed pipe, fundamental frequency is _".'E ‘and only
4

odd harmonics are present.

9.7.3

Stationary wave can be setup
in air column by holding a
sounded tuning fork over the
open end of a glass tube filled
with water, as shown in Fig.
9.10 (d).

If the water surface in the
tube is lowered with the help
of reservoir, then at certain
height of water, the air
column in the tube resonates
loudly. There will be several
other heights at which the air
column in the tube resonates.

Figure 9.10 m: mm'm;u.;_‘" Les)

E:mnple?thwltarstﬂngwtthnlmﬂhuflﬂﬂcmhplu:hd mspeednflmveln
the string is 400 m s, Calculate the frequency of the first, second, and third harmnrrlcs?
Given: L=0.80 m v=400ms" -
To Find: First harmonic = f; =1 Second Harmonic = f; = 1
Third harmonic = f3 = ?
Solution: For first harmonic
v

ﬁ'i
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= {u} = 250 Hz

Second harmonic:  f; = 2(f;) = 500 Hz
Third harmonic: ' f3 =3 (f;) = 750 Hz

Assignment 9.3
AfrequancrnftheﬂrsthammnichEBTthmndadmwlﬂhrathuthrm111!
speed of the wave is 600 m s, Find the length of the string.

9.8 POLARIZATION ity

Polarization is a phenomenon associated to transverse waves. A light wave Iis
an electromagnetic wave. An electromagnetic wave is a special type of transverse wave that
has both an electric and a magnetic component, as shown in Fig. 9.11 (a).

Ordinarily, a ray of light consists of a number of waves vibrating in all the directions
perpendicular to its line of propagation. Light emitted by the sun, a lamp, or by a candle flame
are created by electric charges that vibrate in various directions, thus creating a variety of
electromagnetic wave
that vibrates in several
planes perpendicular to
its line of propagation,
as shown in Fig. 9.11
(b). A light wave that is
vibrating in more than
one plane is referred to
as unpolarized light. It
~ Is possible to transform
unpolarized light m wlactiaimionatie e
into polarized  light. R BATA): An Sloc ORI
Polarized light waves are I.ight waves in which the vibrations occur in a single plane.

There are a variety of methods of polarizing light, as discussed below.
9.8.1 Polarization by a Polaroid Filter

The one most common method of polarization includes the use of a Polaroid filter.

Polaroid filters are made of a special material that is capable of blocking all the planes of
vibration of an electromagnetic wave and transmit only one plane of vibration, as shown in Fig.
9.11 (b). So, a Polaroid serves as a device that filters out one plane of the vibrations upon
transmission of the light thn:rugh the filter. When unpolarized light is transmitted through a

Polaroid filter, it emerges as pulaﬁzed light, i.e., its intensity reduces to half and witn
vibrations in a single plane.

i
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A Polaroid filter is able to =~

polarize light because of the |

chemical composition of the

filter’s material. In the same

manner, two Polaroid filters G
oriented with their

polarization axis

perpendicular to each other

will block all the light. This  Lamp Unpolarized Polaroid Polarized

observation could never be Light Filter Light

explained by a particle nature  Figure 9.11 (b): Polaroid filters is blocking all the planes of
of light. vibration of an electromagnetic wave and transmit only one
plane of vibration.

When unpolarized light passes
through a polaroid filter its intensity reduces and only light parallel to the grid axis within the
polarizing filter is allowed Lo pass.

The axis of polarization of transmitted light is the same as the filter that polarizing it. It is then
perfectly plane polarized light. When perfectly plane polarized light is incident on an analyzer,
the intensity | of the light transmitted by the analyzer is directly proportional to the square of
the cosine of angle between the transmission axis of the analyzer and the polarizer.

il | & cos® @

or . l=lcos’®

i 3L - — - - Sy

Where 8 is the angle between the transmission axis of the analyzer and the polarizer. |, is the
intensity unpolarized wave i.e., intensity of wave before passing through the polarizing filter.
The equation (9.26) is known as Malus’s law.

9.8.2 Polarization by Reflection

Unpolarized light can also polarized by
reflection from nonmetallic surfaces,
as shown in Fig. 9.11 (c). The amount
to which polarization occurs fs
dependent upon the angle at which the
light incident to the surface and
material of the surface. Metallic
surfaces reflect light with a variety of Figure 9.11 (c): Polarization by reflection.
vibrational directions; such reflected

light is unpolarized. However, nonmetallic surfaces such as water and asphalt roadways, reflect

light such that there is a large concentration of vibrations in a plane parallel to the reflecting
surface. A person viewing objects by means of light reflected off of nonmetallic surfaces will
often perceive a glare if the extent of polarization is large. Fishermen are familiar with this
glare since it prevents them from seeing fish that lie below the water surface. Light reflected
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off a lake is partially polarized in a direction parallel to the water's surface. Fishermen know
that the use of glare-reducing sunglasses with the proper polarization axis allows for the
blocking of this partially polarized light. By blocking the plane-polarized light, the glare is
reduced and the fisherman can more easily see fish located under the water.

9.8.3 Uses of Polaroids

Polaroids in Sky Photography:
Polaroid sunglasses are familiar to most of
us. They have a special ability to reduce
the glare of light reflected from water or
sky. A camera used to photograph the
clouds is fitted with a polaroid before the
camera lens. The light coming from sky is
polarized by polaroid. Thus, the
background becomes sufficiently dark
against which a clear photograph fis
obtained.

Polaroids in Stress Analysis: In plastic industry, polaroid is used to perform stress analysis
tests on transparent plastics. As light passes through a plastic, each color of visible light is
polarized with its own direction. If such a plastic is placed between two polarizing plates, a
colorful pattern is observed. As the top plate is turned, the color pattern changes as new colors
become blocked and the formerly blocked colors are transmitted. Structural stress in plastic is
signified at locations where there is a large concentration of colored bands. This location of
stress is usually the location where structural failure will most probably occur.

Polaroids are also used in the entertainment industry to display 3-D movies.
Example 9.5: An Unpolarized light having intensity of = 16 W m™ is incident on a pair of
polarizers. The first polaroid filter has its transmission axis at 50° from the vertical, The
second polaroid filter has its transmission axis at 20° from the vertical. Calculate the
intensity of the light transmitted through both the filters.
Given: Intensity unpolarized light = I, = 16 W m?

Transmission axis of 1* polarizer from the vertical = 50°

Transmission axis of 2™ polarizer from the vertical = 20°
To Find: Intensity of the light transmitted = | = ?
Solution: First, we calculate the intensity of the light when it emerges from the first polarizer.
As the light is unpolarized, so

lh=1lo/2=16/2=8Wm?

Now we calculate the intensity of the light when it emerges from the second polaroid filter.
As, when it emerges from the first polaroid filter the light is linearly polarized at 50°. The angle
between this light and the transmission axis of the second polaroid filter is 50° 20°= 30°

Therefore, la =1y cos’ 30° = 8 x (0.866)* =8 x0.75=6 Wm?

77 -



Assignment 9.4
What angle is required between the direction of polarized light and the axis of a polaroid
filter to reduce its intensity by 90% ?

ﬂ:’u* L eRACTION

To observe the diffraction
effect in water, we generate
plane waves of water in a ripple
tank and place two obstacles in
line in such a way that
separation between them is
equal to the wavelength of

- water waves, as shown in Fig.
9.12. After passing through the
small slit between the two
obstacles, the water waves will
spread around the slit and
change into almost semicircular
pattern (Fig. 9.12 a).

Diffraction of waves can only be |
observed clearly if the size of

the obstacle is comparable with the wavelength of the wave. If the size of r.he obstacle is larger
than the wavelength of the wave, then only a small ——— e et

diffraction occurs near the corners of the obstacle, as
shown in Fig. 9.12 (b).

Diffraction can also be, observed in light waves, when a
beam of monochromatic light passes through a narrow slit
or beam of monochromatic light passes over a knife edge.
The diffraction of light can be observed only if size of the

opening or obstacle is small enough to be comparable with
wavelength of light used.

Consider a beam of light passing through a single slit and
falls on the photographic film, as shown in Fig. 9.13. The
central bright band (also called fringe) is of high intensity
and very wider than the slit and other surrounding bands. These bands are the result of

interference effect.

¢
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.IEvery physical object, .that accelerates, produces

ce and so can l:nef_nmd by rneasuring the
413 ﬁ"ﬁ,_#ﬂ‘ﬂs l-_._

Gravitational waves are actually the ripples in spacetime. P

When objects move, the curvature of spacetime changes

and these changes move away (like ripples on water
surface) as gravitational waves.

gravitational waves. This includes humans, vehicles, airplanes etc. But the-masses and
accelerations of objects on Earth are too much small to make gravitational waves big enough
to be detected with our instruments. To find big enough gravitational waves, we have to see
far away outside of our solar system. The Universe is filled with extremely massive objects
undergoing quick accelerations that generate gravitational waves which can be detected.
Examples of some events that could cause a gravitational wave are:

« When a star explodes asymmetrically, called a supernova.
+« When two big stars orbit each other.
e« When two black holes orbit each other and collide to merge.

9.10.1 Interferometer

Interferometer are tools used for investigation in many fields of science and engineering. They
are called interferometers because they work on interference of two or more light to create an
interference pattern. This pattern can be measured and analyzed. The interference patterns
generated by interferometers contain information about the object or phenomenon being
studied. They are often used to make very small measurements that are not possible by any
other way. That is why they are so powerful for detecting gravitational waves. LIGO's

interferometers are designed to measure a distance of 1/10,000th the width of a proton, small
enough!

Foer Your Information

to detect gravitational waves and to develop gravftath:ni.il
wave observations as an astronomical tool. This project is
a collaboration between USA, India, Germany, Australia
and U.K.LIGO consists of two instruments called
interferometers, each with two 4 km (2.5 mile) long arms
arranged in the shape of an “L". The interferometers act/
as ‘antennae’ to detect gravitational waves. Gravitational waves caluse mitself to stretch in one
direction and simultaneously compress in a perpendicular direction. In LIGO, this causes one arm of the
interferometer to get longer while the other gets shorter, then vice versa, back and furth as long as the
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:"b !uperpmitlnn of waves occur twa nr mnre waves are passing tmesam unat
i

8 ~ the same time, the total displacement at the point where they , is equal to the
vector sum of the individual displacements due to each pulse at that point.
% The effect produced due to the superposition of waves from two coherent sources is known
as interference.
& When two waves meet at a point in the same phase then two waves reinforce each other.
This is called constructive interference.
< When two waves meet at a point out of phase (180°) then two waves cancel each other.
This is called destructive interference.
_ 4% When two waves of slightly different frequencies are played simultanenus{y then periodic
. alternations of sound between maximum and minimum loudness are produced whi:h are
led Beats.
number of beats generated per second is called beats frequency.
oW two identical waves having same speed, amplitude and frequency traveling in -
Ay ite direction superpose then a wave obtain is called stationary wave.
distance between two successive nodes or anti-nodes is equal to A/2. The distance
I:ittween adjacent node and anti-node is equal to 1/4.
# The apparent change in the frequency of sound due to the relative motion between the
listener and source of sound is called Doppler’s effect. -
¢ Coherent Light: Light made up of waves with the same wavelength that are in phase with
& JIr “®ach other. -
%r thﬂud light waves are light waves in which the vibrations occur in a singl.e plane
M process of transforming un-polarized light into polarized light is known as polarization.

e g —— e —— ey e

LlSEP |
'.Multlple Choice Questlons

s Enqin:te the Correct option.

1)0n doubling amplitude of the wave, intensity is increased:

A. 1/2 times B. 2 times C. 4 times D. 3 times
'2) Two waves, each with amplitude of 0.5 m are superimposed with constructive interference
such that they are in phase. What is the resultant amplitude?

A.0.25m B.0.5m C.Om D.1m

3) What happens when two sound waves of frequencies differing by more than 10 Hz reach our

ear simultaneously?
A. beats are not produced. B. the waves destroy each other’s effect.

C. interference of sound does not take place.
D. beats are produced but cannot be heard by human ear.
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4) A car has two horns; one is emitting a frequency of 199 Hz and the other is emitting a
frequency of 203 Hz. What beat frequency do they produce?

A. 4Hz B. 199 Hz C. 201 Hz D .203 Hz

3) Which of the following frequencies are higher harmonics of a string with fundamental
frequency of 150 Hz?

A.200Hz, 300 Hz  B. 300 Hz, 600 Hz  C. 250 Hz, 450 Hz  D. 250 Hz, 500 Hz

6) What is the wavelength of the third harmonic {n-3] of a standing wave established on n »
string of length 3 m fixed at both ends?

A1m B.1.5m C.2m D.3m

7) A node is a point located along the medium where there is always ___

A. a double crest. B. constructive interference,

C. destructive interference . D. a double rarefaction. ;,_,'_
8) Which phenomenon is produced when two or more waves passing simultaneously through tha,. i
same medium meet up with one another? 3

A. refraction B. diffraction C. interference D. reflection ¥

?) A standing wave is formed by waves of frequency 256 Hz. The speed of the waves is 128 m/s.

The distance between the nodes must be:

A.2.00m B. 1.00 m C. 0.500 m D. 0.250 m

10) An air column that is closed at one end is used to determine the speed of sound. The '
frequency of the tuning fork used is 329.6 Hz. The length of the shortest air column producing ;
the resonance is 25.0 cm. The speed of the sound must be: - -
A.380.6ms’ B. 282.4ms" C.3.30x10°ms" D.3.50x102ms" '

11) The intensity of beam observed through polarizer: ~

A. is increased B. is decreased C. is always zero D. remains unchanged °* i
Short Questions :

Give short answers of the following questions.

9.1 Two identical waves undergo pure constructive interference. Is the resultant intensity
twice that of the individual waves? Explain your answer.

9.2 Circular water waves decrease in amplitude as they move away from where a rock is
dropped. Explain why.

9.3 Differentiate between constructive and destructive interference?

9.4 The frequency of a stretched string depends on its length. Give two other factors that
affect the frequency of a stretched string.

.9.5 The pitch of the sound emitted by the siren of a moving fire engine appears to change as
it passes a stationary observer. (i) Name this phenomenon. (ii) Will the crew in the fire engine

notice this phenomenon? Give a reason for your answer. (iii) Give an application of this
phenomenon.
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9.6 How should a sound source move with respect to an observer so that the frequency of
its sound does not change?

9.7 Can sound waves be polarized? Explain.

9.8 Suppose that light passes through two Polaroid filters whose polarization axis are
parallel to each other. What would be the result?

9.9 Give any three examples of a gravitational wave?

9.10 Consider the three pairs of sunglasses below. Which pair of the glasses is capable
of eliminating the glare resulting from sunlight reflecting off the calm waters of a lake?
Explain you option. (The polarization axes are shown by the straight lines) -

Comprehensive Questions

Answer the following questions in detail.
9.1 What is superposition principle? Discuss.

9,2 What is interference? Discuss its types and corresponding conditions.
9.3 What are stationary waves? How stationary wave is formed? Discuss.

9.4 Discuss the formation of stationary waves in (a) stretched string (b) open pipe (c) closed
pipe.

9.5 What are beats? Explain.

9.6 Explain the use of polaroids in (a) sky photography (b) stress analysis of materials.

9.7 What is meant by the Doppler’s effect? Discuss its cases. Also give some application of the z
Doppler’s effect. .

9.8 Describe an experiment to demonstrate the interference of sound.
9.9 What is polarization? How is plane polarized light produced and detected?
g_10 What is meant by the term ‘Gravitational Waves'? Explain in detail.

9.11 Explain the use of interferometer in detecting gravitational waves.

Numerical Problems

9.1 Ultrasound of intensity 1.50 x 10* W m? is produced by the rectangular head of a medical
imaging device measuring 3.00 cm by 5.00 cm. What is its power output? (Ans; 0,225 W)
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9.7 Two tuning forks of frequencies 440 Hz and 437 Hz are sounded together. How many beats
will be heard over a period of 10 seconds? : (Ans: 30 beats)

.. Suppose that a string is 1.2 m long and vibrates in first, second and third harmonic standing
wave patterns. Determine the wavelength of the waves for each of the three patterns.

(Ans: 2.4m, 1.2 m, 0.8 m)

9.4 The string is 6.0 m long and is vibrating at the third harmonic. The string vibrates up and
down with 45 complete vibrational cycles in 10 seconds. Determine the frequency, period,
wavelength and speed for this wave. (Ans: 4.5 Hz, 0.22 sec, 4.0 m, 18 ms™)

9.5 An air column closed at one end resonates at the second maximum or the second resonant
length. The frequency of the sound wave is 1024 Hz. The air temperature is 18.6"C.

a) Draw a diagram of the displacement wave pattern inside the column. 2

b) Calculate the speed of sound in air.

c) Clalculat;e the wavelenﬁth.

d) Calculate the length of the closed air column. (Ans: 343 ms™, 0.335m, 0.251 m)

9.6 Suppose a train that has a 150 Hz horn is moving at 35.0 m s in still air on a day when the
speed of sound is 340 m s”'. What frequencies are observed by a stationary person at the side
of the tracks

(a) as the train approaches. (b) after it passes.
(c) What frequency is observed by the train's engineer traveling on the train?
(Ans: 167 Hz, 136 Hz, same frequency as emitted by the horn)

9.7 A polarized light of intensity |, is passed through another polarizer whose axis makes an
angle of 60° with the axis of the polaroid filter. What is the intensity of transmitted polarized
light from second polaroid filter? (Ans: 1,/4)
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ELECTROSTATICS

The students will:

« state that an electric field is an example of a field of force.

« Define and calculate electric field strength [Use F = q E for the force on a charge in an electric field. Use E =
AV/Ar to calculate the field strength of the uniform field between charged parallel plates].

* Represent an electric field by means u? field lines.

« Describe the effect of a uniform electric field on the motion of charged particles.

s state that, for a point outside a spherical conductor, the charge on the sphere may be cansidered to be a point
charge at its center.

» Explain how a Faraday cage works [by inducing internal eleftric fields that work to shield the inside from the
influence of external electric fields].

« State and apply Coulomb's law [F = kﬂrﬂ{i for the force batween two point charges in free space, where k = —

4nEy

« Use E = k (/r*for the electric field strength due to a point charge in free space.

« Describe how ferrofluids work [they make use of temporary soft magnetic materials suspended in liquids to
de'.reluprﬂul.ds that react to the poles of a magnet and have many applications in fields such as electronics].



We know that all matter is made up of atoms. These atoms are composed of electrons, protons,
and neutrons. Each proton has one unit of positive charge and each electron has one unit of
negative charge. A neutron has no charge. Protons and neutrons are tightly packed in the
nucleus while electrons can be thought of as small charged clouds that surround the nucleus of
atoms. An atom normally has an equal number of electrons and protons making it electrically
neutral. If an electron is removed from an atom, then the atom acquires a net positive charge.
If an extra electron is added to an atom, it acquires a net negative charge. In the cover picture,
it is shown that when we rub a comb in our hairs, the comb gets charged. When this charged
comb is brought to the pieces of papers, these pieces get attracted due to induction. The study
of electric charges at rest and the forces between them is referred to as electrostatics.

In this chapter, we investigate electric forces and discuss about the various phenomena
associated with the positive and negative charges.

10.1 rou* OMB’S LAWY

A French physicist Chartes Coulomb (1736-1806) perfnrmed experiments for the electrostatic
force and proposed a formula to calculate it. The mathematical formula for the electrostatic
force is called Coulomb's law. This law is defined as:

If we consider two point charges q, and g, separated by distance |
r, as shown in Fig. 10.1. According to Coulomb's law, the
magnitude of the force F is given by:

Fxq;q;

Fulcl

By combining above two relations, we get

Here k is the constant of proportionality, known as Cwlumb's constant. It is typically expressed
in terms of permittivity of fee space E.. i.e. k=

m—:,
Here E,= B.85x107" C*N"'m™.

This is mathematical form of coulomb's law. The equation (10.2) represents the force between
the two charges when there is vacuum between them.

s
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The value of k depends upon system of units used and medium between the charges. In Sl
system, k =9 x 10° N m? C%, This value of k is applicable if there is vacuum between the
charges. Coulomb’s law s applicable to point charges and uniform spherical charge distribution.
A point charge is an imaginary charge located at a single point in space. An electron can be
considered a point charge.

A charged sphere also behaves as a point charge for a paint outside the spherical conductor.
This is due to the reason that the electric field at any point outside a spherical charge
distribution is the same as the field that would be produced by a point charge located at its
center. This is true only if the spherical conductor is isolated. If another charged object is
brought near the spherical conductor, it will induce surface charges in the spherical conductor
that are not spherically symmetric, and therefore, we can no longer treat it as a point charge.

When using Coulomb’s force law, remember that force is a vector quantity and must be treated
accordingly. Coulomb’s law in vector form for the electric force exerted on a charge q, by a
second charge g, is written as:

Fiz = quh ?12 (10.3)

Where, f,, is unit vector in the direction of F,,. Similarly, the electric force exerted on a
charge g, by a charge gq,, is written as:

F2, = k38R, (10.4)
Where 14, is the unit vector in the direction of Fp,. Since Fra=—Tay
So, from equatmn (10.3) and (10.4), we can write:
i P B SRR A S 0iS) T T

Equatmn (10.5) shows that two forces are equal. in magnltude but oppasite in d:rectmn which
is illustrated in Fig. 10.2.

F r F. F 4 F |
| 12 21 12.: - 21 .

% % % @

(a) (b) ]

 Figure 10 2. [a] Charges with the same slgn repel each other. (b) Charges with onposile Sgns ]
-attract each other 4

For like charges, the product q,o0- 7\t pe positive resulting in a force i 1epulsion between
these two charges. For untike charges, the product g,4g. il be negative rasulting in a force of
attrartion between these two charges.

Like uther forces. electiic forces obey Nevvton's third law; hence, the forces Fyp and Fyare
anual it magnitude but opposite in directien.
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A comparison of coulomb’s force and gravitational force shows that both act at a distance
without direct contact, such force is called field force. Both are inversely proportional to the
distance squared, with the force directed along a line connecting the two bodies. The
mathematical form is the same, with the masses m; and m; in Newton's law replaced by charges
g1 and qz in Coulomb’s law and with Newton's constant G replaced by Coulomb's constant k.
There are two important differences: electric forces can be either attractive or repulsive,
whereas gravitational forces are always attractive. Additionally, the electric force between
charged elementary particles is far stronger than the gravitational
force between the same particles. q,- 4,

The Superposition Principle of Force: When we have number of
charges in a certain region, then each charge experiences a net force
* due to all other charges placed at suitable distance. These electric
forces can all be computed separately, one at a time, then added as -
vectors. This is an examplé of the superposition principle. 4, 9

_ . e
For example, if four charges gy, qz, qs and q4 are placed near each | Flsure 10.2 (c):

other, as shown in Fig. 10.2 (c), the resultant force exerted by charges | z;’";ngh::ﬁ;;'& G2
q2, 3 and g, on charge q, is:  near each other.

——— e - . T pp———y

Ty
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The following example illustrates this procedure in two dimensions.
Example 10.1: Three point charges are located at the corners of a right triangle, as shown
in figure 10.3, where g, = g3 = 5.00 pC, q, = — 2.00 pC, and a = 0.100 m. Find the resultant
force exerted on q3.

Given: g, =q3 =5.00pC, g =-—2.00pC, a=0.100 m.

To Find: Fg =1 =
Solution: As charge gqsis near two other
charges, it will experience two elec!ric forces.
These forces are exerted in different directions,
as shown in Fig. 10.3. Because two fc ces are
exerted on charge g3, we solve this example by
using superposition principle.

The force F;; exerted on g3 by g, is attractive
because g, and gzhave opposite signs. In the a 3%
coordinate system, the attractive force F;; is to fpt: VZa
the left (in the negative x-direction). The force P '
F;;exerted on gs;by q,is repulsive because both ’
charges are positive. The repulsive force Fi, i

rd
makes an angle of 45° with the x-axis. f .—_"

Using Coulomb's law to find the magnitude of v —

. . Figure 10.3: Three point charges located at. |
32 ~_ the comers of a right triangle.
F I 1 q;9; bt g o e e e - 1-
3T anE, 2
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Fia=9x1 0° {ler‘]{sxin"}
g (2x10~ ‘)(hm"}
=9x%x10 Tiioos 8.99N
To find the magnitude of F,,is

-& -5
Fyy =9 x 109 5X10 )Er;::m )

s g (2% m"]{Sx 107%)_
9x10 3(0.100)% 11.2N

Find the x and y-components of the force F;;:
Fa1x = F3;€0545°= 7.94 N
F31y= F5,5In 45° = 7,94 N
Find the components of the resultant force acting on q5:
F3x = F330 + F32, =794 N+ (-8.99 N) = —=1.04 N
F3y = F31y + F35, =7.94N+0=7.94N
In vector form, the resultant force acting on g5 is:
F3=(—1.04i + 794j)N
Assignment 10.1
What is the magnitude of the force of attraction between an iron nucleus bearing charge
g=26e and its innermost electron, if the distance between them is 1x10™" m.
10.2  ELECTRIC FIELD ITENSITY
An electric field, like uther ﬂeld:s {e g., gravitatlnnal or magnetlc}. is a vector field that
surrounds the charged object. Electric fields are found around electric charges and help
determine the direction and magnitude of force the charge exerts on a nearby charged
particle. The concept of a field was developed by
Michael Faraday (1791-1867) in the context of electric
forces. It is defined as: Q

" The region around a charge in which a test charge | q

___can feel an electric force i called electric field. | o—
An electric field is said to exist in the region of space E
around a charged object, the source charge. When Test charge

another charged object called the test charge enters | g .. e ch:rg:

this electric field, an electric force acts on it. As an i—ﬁ—‘ ure 10.4: A ‘smail m

example, consider Fig. 10.4, which shows a small I laced near': i‘. _‘_f “;I l“
positive test charge q placed near a second object | carrying : much larger positive :
carrying a much greater positive charge Q. The |q_ experiences an mﬁ"

electric field vector E at a point in space is defined as | established by the source charge Q.
the electric force F actin :1 a posil::e test charge q | alWays assume that the test charge Is
€ g so small that the !’htl[h’f”!fll source

placed at that point, divided by the magnitude of test m is unlffemﬁll_ﬂf ts prese w
charge. If test charge q is moved away from the source !‘ .. et
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charge Q, the force will decrease till a certain distance, and after that the force will practically
reduce to zero. This is because of the fact that now q is not in the field of Q.

Electric field intensity E is a single vector quantity containing information about the field
strength and its direction at a point. The strength of the field at a point in space determines
the amount of force that a charge will experience if it is placed at that point. The direction in
which this unit positive test charge will move or tends to move is the direction of the electric
field. The test charge is so small that it does not distort the original field due to the primary
source.

If F is the force experienced by a test charge g placed inside the field, then the value of electric

intensity E at that point is given as:

If we use coulomb’s law, F= k%‘-f‘, then the above equation appears as:

The Sl unit of E is newton per coulomb (N C') or volt per metre (V m™). The strength of the
field is proportional to the magnitude of the source charge. Its strength decreases as the test
charge moves away from source charge. E is always directed from positive to negative
charges.

Example 10.2: Determine electric field at the surface of a sphere of radius 3.0 m if a point
charge of 9 pC is placed at the centre-

Given: Electric field =E=17 Radius of sphere=r=3.0m
Point charge at the centre = q = 9 pC = 9x10°¢C

To Find: Electric field intensity = ?

Solution: Using the formula for electric field intensity:
E=k % .

By putting the above values in the equation, we get:

” 9, 9X107_ i
E=9%x10"% i 9 x10%

E=9x10°NC"

Assignment 10.2

A conducting sphere carries a charge of 200 uC, Find the electric field intensity at a distance
60 cm from the centre of the spher!
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A way of visualizing electric field patterns is to draw lines, called

electric field lines. Electric field lines were first introduced by
Faraday.

The direction and intensity of electric field in the vicinity of &
charge body can be represented by drawing imaginary lines
called electric lines of force. '

It is important to remember that electric fields are three-
dimensional. Two-dimensional representation of electric field
lines for the field due to a single positive point charge is shown
in Fig. 10.5. This two-dimensional drawing shows only the field
lines that lie in the plane containing the point charge.

The electric field lines are actually directed radially outward
from positive charge in all directions; therefore, instead of the
flat “wheel” of lines shown, you should picture an entire
spherical distribution of lines.

The electric field lines representing the field due to a single
negative point charge are directed toward the charge (Fig. 10.6).

In either case, the lines are along the radial direction and extend

all the way to infinity. Notice that the lines become closer as |

they approach the charge, indicating that the strength of the
field increases as we move towards the source charge.

Figure 10.7 shows the symmetric electric field lines for twn point
charges of equal magnitude but opposite sign. This
charge configuration is called an electric dipole, Note
that the field lines start from positive charge and ends
at negative charge. The high density of lines between
the charges indicates a strong electric field in this
region. Thus, field is stronger in the region between the
charges because the resultant intensity is equal to the
sum of the intensities due to positive and negative
charges. The number of lines that begin at the positive
charge must equal the number of lines that terminate at

the negative charge.

|

charge in 2-di

Figure 10.5: Electric ﬁald“
lines of isolated positive
charge in 2-dimension. -

Figure 10.6: Electric fi
lines of isnlnted !
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Figure 10.8 shows the field lines of two positive charges.
At some points, situated between the two charges, the
resultant intensity is zero, which creates a field free
region. Two negative charges also produce the fields
very similar to the field produced by two positive
charges, except that the directions are reversed.

The electric lines of force between two oppositely
charged parallel plates separated by a small distance is
shown in Fig. 10.9. One plate has a uniform positive
charge distribution while the other has a uniform
negative charge distribution. The field lines start from
the positive plate and end at negative plate. The field |

between the plates is uniform in strength. If the plates_

have finite length, then field lines at the ends of plates
will curve, as shown in Fig. 10.9. Such curved field at the
ends of plates is called “fringing field". Fringing field
shows that field is not uniform at the ends.

From the above discussion, we conclude that:

The field lines never intersect each other.
To represent field lines starting or ending at
infinity, a single charge must be used.

ELECTROSTATICS

ure  10.8:  Two-dimensional
- drawing of electric field lines of two
similar charges placed near each
} other. - e

Fiiure 10.9: Fringing field at thy
ends of oppositely charged platﬁ.fﬁ

Electric lines of force originate from a positive charge and terminate at a negative charge.
« The tangent drawn to any point on a field line indicates the direction of electric intensity
at that point. The arrows indicate the direction of electric field at various points.
« The intensity of electric field is proportional to the number of electric field lines per unit

area.

« Electric lines of force are close in the regmn where field is strong and far apart in the

weaker regiuns

e The electric lines of force have the tendency to contract’in length. This explains

attraction between oppositely charged bodies.
f ﬂ J D.‘ =- )

TENTIAL GR 17

I-.L-l X - A

The potential gradient represents the rate of change of electric
In other words, it

potential with respect to displacement.
represents the slope along which potential is changing.

Potential difference between two points is the difference between
the electric potential at points A and the electric potential at point
B, as shown in Fig. 10.10 (a). If ¥, and Vj is measured potential at
these two points, then V¥, — Vp is the potential difference. If AV is
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the change in potential between two puints. separated by a distance Ar, then, AV /Ar will be
potential gradient.

To derive a relation for potential gradient, consider a test charge q moving a small
distance Ar from point A to point B, Using definition of work:

Work done on test charge = force acting on test chargex displacement moved by test charge

Fﬂl:ntl_hlzﬁrﬂdient in Iecrrif.nt
Engineering and Technolog :

W=FAr (10.8)

For a charge q is in an electric fi , force is given by F = q E.
So, equation (10.8) becomes:’ :
W=qEAr f (10.9)

Also, the work done on the test charge q moving through potential
difference AV is equal to the decrease of electric potential energy,
i.e.,

W=-qaV (10.10)

Negative sign indicates that the work done on g is against field |
force. Comparing equation (10.9) and equation (10.10), we get: ‘.

qEAr=-qAv

EAr=-AV

Equation (10.11) sl at strength of the d E is equal to the potential gradient
AV/Ar. The negative sign indicates that the electric potential increases in the opposite
direction of the electric field vector. Also, equation (10.11) shows that the unit of electric field

E is volt per metre.

Example 10.3: The electric field at a point due to a point charge is 24 N C" and the electric
potential at that point is 6 J C". Calculate the distance of the point from the charge.

Given: E=24NC? V=6JC?

To Find: r=1 :
Salution: Using the formula for potential gradient, we have:

V=Er
E r = VIE
Putting values, we get:

-r =6/24=0.25m
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Assignment 10,3

valt

__ hewton

Show that:

metre

coulomh”

10.4.1 Motion of a Charged Particle in an Electric

Field

When a charge +q is placed in an electric field E, as shown in the Fig.
10.10 (b), it experiences a force in the electric field E.

¢ If the charge is allowed to move freely in the electric field, it will
move from positive plate to the negative plate and gain kinetic energy.

« |f the charge is moved against the electric field, an external force
(F = +q E) is required. This increases the potential energy of the
charge. When the charge is released from its position, it will move back

and gain an equivalent amount of K.E.
10.5 FERROFLUID

[+ + + + + + »|

i PD=Y rewvers s
Figure 10.10 (b):

Charged Particle in
an electric field.

A ferrofluid is a liquid which becomes highly
magnetized in the presence of a magnetic
field. Ferrofluid is composed of very small,
nanometer-sized particles (diameter usually 10
nm or less) of magnetite, hematite or some
other compound containing iron, and a liquid
(usually oil). These particles are suspended in
liquid. In the absence of magnetic field,
ferrofluid acts like a liquid. The magnetite
particles move freely in the fluid. In the
presence of magnetic field, the particles are
temporarily magnetized that react to the poles
of a magnet. Removing the external field will

lead to the disappearance of induced magnetic
field.

Ferrofluids are colloidal suspensions
imagnetic nanoparticles in a liquid.

of

The nano-particles are usually iron oxide
(FeaO4) and liquids are water or an organic
solvent like kerosene.

Ferrofluids are fascinating materials with a
range or applications in different fields such as
electronics, optics and medical physics. These
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Figure 10.11: Magnified photograph of
ferrofluid when influenced by a magnetic field.

e Magnetic particle
—_ ﬁi Surfactant
# —~—N Carrier Uquld .

structure of ferrofluid

Figure 10.12: Microscopic view of a ferrofluid.
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materials are used in magnetic resonance imaging (MRIl), bio-sensing, medical imaging,
medicinal therapy, dynamic loudspeakers, magneto-optic sensors, heat transfer/dissipation and
many more, In the near future, ferrofluids may be used to carry medications to specific
locations in the body.

For Your Information
A Faraday cage is a cage made of a [ :
conducting material. A Faraday cage
distributes charge or radiation around
the cage's exterior, it cancels out
electric charges or radiation within the
cage. In short, a Faraday rage is a
hollow conductor, in which the charge
remains on the external surface of the
cage.

The fields within a conductor cancel out
with any external fields, so the electric
field within a conductor is zero. The g
Faraday cages act as big hollow conductors. We can put things into the Faraday cage to shield
them from electrical fields.

SUMMARY

% Coulomb’s law: The force of attraction or repulsion h-etween two charged bﬂﬁfﬂﬁ is diﬁ-‘ftl}"
proportional to the product of the magnitude of charges and inversely proportional to the
square of distance between them. 8

& Coulomb’s law s applicable to point charges and uniform spherical charge distribution.

& The Superposition Principle of Force: When a number of separate charges act on the
charge of interest, each exerts an electric force. These electric forces can all be computed
separately, one at a time, then added as vectors. This is known as the superposition
principle of force.

% Electric Field: The region around a charge where a test charge experiences an electric
force is called electric field.

& Electric Lines of Force: The direction and intensity of the electric field around a charged
body can be represented by drawing imaginary lines called electric lines of force.

4 Charge; Property of matter that causes a force when near another charge. Charge comes
in two forms: positive and negatwe |

+ Potential Gradient: The rate of change of electric potential av with respect to displacement
Ar is known as potential gradient.

4 Ferrofluids: Ferrofluids are colloidal suspensions of magnetic nanoparticles in a liquid. The
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nano-particles are usually iron oxide (Fe;04). The Hquids are usualty water or an nrganic
solvent like kerosene.

EXERCISE
H;ultlple Choice Questmns

Encircle the Correct option.

1) Which of the following is equivalent to 1 volt? -

A. newton/second  B. joule/second C. joule/coulomb  D. coulomb/joule
2) Two positive charges are placed on a screen. Which statement describes the electric field
produced by the charges?

A. It is constant everywhere. B. It is zero near each charge.

C. It is zero halfway between the charges. D. It is strongest halfway between the charges.
3) Four charges are placed at the corners of a square ABCD as shown. B c
The force on a positive charge placed at the centre of the square is +q
A.0

B. Along diagonal AC
C. Along diagonal BD S |
D. perpendicular to side AB '
4) The bob of a pendulum with mass m, length | and a charge q is in +
the rest position in a uniform horizontal electric field of E. The

tension in the string of the pendulum is: :

‘A mg B. qE C. [(mg)? + (qE)?|V2 D. [(mg)? + (qE)*]/*
3) A negatively charged particle is placed in a uniform electric field directed from South to
North. In which direction will the particle move after it is released?

A. East B. South C. North D. North-West

6) If two points are at the same potential, are there any electric field lines connectir.; them?
A. yes B. No C. may or may not  D. insufficient information.
7) Coulomb law is usually applied in the area of:

A. Magnetism B. Electrostatics  C. Electromagnetism ~ D. Gravitation

8) Let F be the force between two equal point charges at some distance. If the distance
between them is doubled and individual charges are also doubled, what will be the force acting
between the charges?

A.F B. 2F C. 4F D.

M|

Short Questions
Give short answers to the following question:

0.1 When an air passenger touches the knob of the toilet door during a flight, he may get an
electric shock. Why it is so?

10.2 How will the radius of a flexible ring change if it is given a positive charge?

10.3 Write ecnme applications of electrostatics in real life.
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10.4 What are the limitations of coulomb’s law? R

10.5 If two points are at the same potential, are there any electric field lines connecting them?
10.6 What is the difference between electric field and electric field strength?

10.7 Draw electric field lines for (a) an isolated positive charge (b) oppositely charged parallel
plates.

10.8 How can we say that ‘a charged sphere also behaves as a point charge for a point outside
the spherical conductor’.

10.9 Describe the effect of a uniform electric field on the motion of charged particles.

Cumprehenswe Questions

Answer the following questions in detail.

10.1 Define and explain Coulomb’s law?

10.2 What is electric field strength? Explain with the help of examples.

10.3 What is meant by the term potential gradient? Show that E = AV / Ar.

10.4 Describe the motion of a charged particle in a uniform electric field.

10.5 What are ferrofluids? Explain.

10.6 Explain how a Faraday cage works?

10.7 Describe the effect of a uniform electric field on the motion of charged particle.

Nurnencal Problems

10.1 Charges of magnitude 100 micmcoulurnb each are located in vacuum at the corners A, B
and C of an equilateral triangle measuring 4 meters on each side. If the charge at A and C are
positive and the charge at B negative, what is the magnitude and direction of the total force
on the charge at C7 (Ans:5.625 N, force is parallel to AB)

10.2 What is the magnitude of a point charge that would create an electric field of 1.00 N C L
at a points 1.00 m away? (Ans: 1.11 x 107° C)

10.3 Consider a point charge +q placed at the origin and another point charge -2q placed at a
distance of 9 m from the charge +q. Determine the point between the two charges at which
the electric potential is zero. (Ans:3 m from +q )

10.4 An object with a net charge of 24 uC is placed in a uniform electric field of 610 N C"
directed vertically. What is the mass of this object if it floats in the field? (Ans:1.5g)

10.5 What will be the electric field at a distance of 30 cm from a 3 pC point charge.
(Ans: 3x10°NC)

10.6 The electric field at a point due to a point charge is 26 N ¢! and the electric potential at

that point is 13 J C". Calculate the distance of the point from the charge. (Ans: 0.5 m)

10.7 The electric field at a point 0.5 m from a charge is 2.5 N C", Find the value of electric

potential at that point. _ (Ans: 1.25 V)
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Student Learning Outcomes (SLOs)

The students will: :

-

Use, for a current-carrying conductor, the expression / = Anwq [where n is the number of charge carriers per
unit velume. ] :

state and use V = W/Q.

stateanduse P= IV, P=*Rand P = V!/R.

state and use R= pL/A. :

State that the resistance of a light-dependent resistor (LDR) decreases as the light intensity increases.

Define and use the electromotive force (e.m.f.) [of a source as energy transferred per unit charge in driving
charge around a complete circuit].

Distinguish between e.m.f. and potential difference (p.d.) in terms of energy considerations,

Explain the effects of the internal resistance of a source of e.m.f. on the terminal potential difference.

state Kirchhoff's first law and describe that it is a consequence of conservation of charge.

state Kirchhoff's second law and describe that it is a consequence of conservation of energy.

Derive, using Kirchhoff's laws, a formula for the combined resistance of two or more resistors in series.

Derive and apply a formuia for the combined resistance of two or more resistors in parallel.

Use Kirchhoff's laws to solve simple circuit problems.

State and use the principle of the potentiometer as a means of comparing potential differences.

Explain the use of a galvanometer in null methods.

Explain the use of thermistors and light-dependent resistors in potential dividers. [to provide a potential
difference that is dependent on temperature and light intensity]. '

Explain the internal resistance of sources and its consequences for external circuits.

Explain how inspectors can easily check the reliability of a concrete bridge with carbon fibers as the fibers conduct

electricity.
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Electricity is the branch of physics in which we deal with dynamic state of charges. There
are two categories of electrjcity; static electric city and current electricity. The discharging
of electrical pulse due to imbalance of charges (Positive & Negative) refer the term Static
electricity, while movement of charge carriers by providing potential difference across
conductor represents the term current electricity. Basically, there are two types of
materials; one category which allow the flows of electric charge through it is named as good
conductors, for examples; aluminium, gold, steel, brass, copper elc., while second category
does not allow flow of charges is called bad conductor, for examples; wool, rubber, plastic,
wood etc.

134 DRIFT VELOCITY

The term drift velocity of electrons in conductor refers the slow motion of electrons when
potential difference is applied across the conductor. In conductor; billions of electrons transfer
their energy to the neighboring electrons during collision when they move randomly, this makes
electrons’ flow possible. The drift velocity means the average velocity of free electrons by
which they are drifted towards high potential terminal of conductor in the presence of electric
field. This drifting behavior of electrons (within conductor) towards positive terminal is the
cause of drift current. Without the presence of external electric field, electrons acquire random
motion, while the external electric field bounds all electrons to move from low potential level
to high potential level, resultantly electrons acquire average drift velocity about 10°? ms™ and
net current is obtained.

The term “Current” represents the dynamic state of charges and the categories of current
based upon the direction of the flow of charges; means the electric and conventional flow
depends upon the nature of charges. Actually, electrons do not move parallel to the conductor’s
length like trucks on a road. In conducting material; billions of electrons are ready to push
neighboring electrons within inter-atomic spaces.

The average velocity of electrons within
conducting material without the existence of
an external electric field is shown in Fig. 11.1
(a). The concept of drift velocity cannot be
described without the presence of an external
electric field. The average value of Fermi
velocity of electrons in relals is Comparatively = = e "
very high about 10°m s (It does not depend ' Figure 11.1 (a): Motion of electrons in the

upon current and applied voltage) while the ' “P*"ce of leciic. fisid:

drift velocity 107 ms™.

in metals, during motion, electrons acquire energy, lose it when collide with each other, as a
result metal becomes hot. For the continuation of the flow of charges in metals, external
electric field is mandatory which helps to drift electrons.
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During the elastic collision of electrons, the thermal velocities become high in the presence of
the external electric field. When the emf source is attached across the terminals of conducting

material, all electrons are aligned in a Gt

well-organized way in a particular | '_:l

direction. Basically, emf is the —@ «—@
measurement of work done per unit Wi “—Q

charge for conversion of non-electrical «—0 §© «©

energy to electrical energy. Potential l I
difference is the effect of that emf. The

emf and potential difference can be Il

measured with the same scales of lH. A%

units. The extemnal electrical field V(Battery) Drifting of electron

applied can be measured in terms of
potential  differences across the
conducting material per unit length.

Figure 11.1 (b): Motion of electrons in the
presence of an electric field.

Table: 11.1: Comparison of drift velocity and mobility.
Drift Velocity Mobility

Average velocity acquired by charge carriers

within conducting material in the pr Measurement of magnitude of drift velocity

of charge carriers per unit electric field.

of external electric field.
Formula: v = -pE Formula: p = v/E
Unit: meter per second (m s™) Unit: mésty!

Drift velocity factors: Let's consider an emf source of potential “V" is attached across the
metallic conductor (wire) having length “L” and unjform cross-section area “A” [as shown in
Fig. 11.1(b)]. The external electric field intensity can be written as;

g =~ Potenatial across conductor (V)
Electric field intensity (E) the length of conductor (L)

If Number of free electrons are “N” the free electron density within metallic conductor is:

Number of free electrons (N)
Volume of the conductor (AL)

Here, number of free electrons = N = nAL. If charge on one electron is “e” then the charge
quantization is “ne”. The total charge on conducting material becomes:

Free electron density (n) =

Q=nAle
As, the current “I" passes through conductor is:
R = Ay TR L AT () S S Y. N
So, the drift velocity v of electrons is: v= i—
Now the current density can be measured as: J = nev
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Drift velocity and current have direct relation. The particular directive flow of charge carriers
depending upon provision of external electric field, otherwise electrons acquire speeds in

random directions. -
Example 11.1: A current of 3 A is ilowiig in a copper conductor with a cross-section of

1 mm’. Find the drift velocity of the electrons. (For copper, n = 8.5 x 10 per m?).
Given:1=3 A A=1mm? = 1x10*m?n = 8.5 x 10* per m’
To Find: v=1
Solution: Here we use the formula | =nAvQ
Putting values, 3=8.5x10%x 1x107%x v x 1,6x10™"
Solving for v, we get: v=220x10"ms"
Assignment 11.1
A wire with diameter 0.02 m contains 10%* free electrons per m’. Find the drift velocity
for free electrons in the wire with an electric current 100 A.

11.2 ELECTRIC POTENTIAL

Electric Potential Energy: Any charged particle experiences a force when it moves within
the region of constant electric field. i.e. F=Eg. It means that if we want to move any charge
carrier within a constant electric field, work is required which changes the electric potential
energy of the charge carrier similar to the movement of any massive object in a uniform
gravitational field that requires work, which changes the potential energy of an object. When
an object moves naturally, there will be no requirement for external force or in other words
no need for expenditure of energy, but when an object moves against the natural forces, we
must require external energy, similar concept is used ”

in electric potential energy. Electric potential energy l‘-}’ '_/’—‘*\@
is basically energy required by any charge carrier to '
move against the electric field. +4 -— -
Let’s consider a charge carrier q experiences a force |+ A - = ~
in constant electric field E, this positive c_harge will @ C—
move from the left plate to the right plate, i.e., from | . R 'T]
a positively charged plate to a negatively charged !
plate, as shown in Fig. 11.2 (a). If the distance- |+ - -
covered by charge is S in the direction of the electric |, =
field, as shown in Fig. 11.2 (b), then work done is qES. “‘w“d

- Figure 11.2 (a): A charge
The electrostatic force is conservative in nature, so ex?:veﬂen:es : f}urce in :!gn :mﬁc_ field.

it means that work done on charge a does not depend
upon the path followed. Basically, charged particle possesses electric potential energy when it
is placed in an electric field, so electric potential energy is the measurement of work done to

place a charged particle in an electric region from any infinite region.

Relation between Electric Potential energy and Electric Potential: As electric potential
energy is gES, so the term electric potential refers the amount of Electric potential energy per
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unit charge to move charged object from any infinite point to the uniform or non-uniform
electric field region against the directions of electric field lines.

Electric potential energy Work
=

Electric potential =
. Charge under observation Charge E "

V=U/q
So, U=Vq
Electric potential is measured in volt (V), and is given as V = J 0 n—Flr
C'. Electric potential is work done per unit charge against the —
electric field. Let’s consider any referenced point “a” has a | &
distance “r" from a referenced point charge “Q". So, the
electric potential with respect to the referenced point can be
studied as; Figure 11.2 (b): Charge cover

a distance S. ’

w
V=3

© =180° represents the work done against the electric field lines. The electric potential can
also be expressed as;

Electric field intensity and electric potential are field quantities. For more than one charges
electric potential can also be measured as;

= kE?=1:_I:

Where, k is coulomb’s constant; 9 x 10° Nm? C?, In the field of Atomic Physics and nuclear
physics, the charged objects of interest are electrons (q.= 1.6 x 107"? C for one electron as well
as one proton), the electrostatic potential energy of charged objects can be expressed in terms
of “Electron-Volt” (1 eV = 1.6 x 10" J).

The electric potential is very similar to gravitational potential because both can be considered
relative parameters, so electric potential cannot be measured without measuring the
difference in potentials across the terminals of the battery. In any electric circuit, the term
electric potential tells about the energy conversion phenomenon from electrical form to any
other form of energy with respect to every point charge that moves between any two defined
points within an electric circuil.

Example 11.2: What is the potential difference between two points in an electric ﬁp{d tf it
takes 600 J of energy to move a charge of 2 C between these two points?

Given: AU = 600 J Q=2C 4 rq#*-
To Find: AV =1 v aNS
Solution: Using the relation ! '

S
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= BE
Ay 2
Putting values, we get: av = 22 - 300 volt

Assignment 11.2
Calculate the current passing through a conducting material having cross-section area 1 cm?
_and after applying constant potential across conductor electrons acquire 1.5 x 102 m s’
and free electron density is 10" electrons per cubic meter.

Table 11.2; Conversion factors for energy.
ENERGY UNIT CONVERSION INTO

Joule Kllo Joule per mole Electron-volt
Joule 1 6.66 x 102 6..24 x 10"
Kilo joule per mole 1.66 x 101 1 0.01
Electron-volt 1.6 x 10" 96.5 1

11:3 ELECTROMOTIVE FORCE AND MAXIMUM POWER OUTPUT

We must require some kind of source named as emf source to accelerate charge carriers which
will be able to provide potential difference across the conducting material. The emf source
helps to convert chemical energy into electrical energy. The term
electromotive force is not representing the mechanical concept of
force rather it represents work per unit charge. .

The potential difference of a cell can be Elpressed by the equation:
V=e-Ir

whereas r is the internal resistance battery, as shown in Fig. 11.3.
The direction of flow of charges can be taken positive or negative
depending upon terminals-of emf source and the load of electric
circuit can be studied as; 4
The electric current can also be measured in term of load resistance ~ Figure 11.3:

R, emf and internal resistance r; i.e,, ;[';L::tmrﬁm’ ;c':;

E : = - T ene into electrical
| fich GV oy
In many electronic circuits and systems, it is important to have
maximum transfer of power from the source to the load. For example, in radio or TV
transmitting systems, we want maximum power transfer from the transmitting medium to the
antenna systems. We want maximum power transfer from amplifier to speaker system. This is

accomplished by proper matching of load resistance R and source resistance r.

Consider the circuit as shown in fig. If V is the P.D. across R, the loss of potential energy per
second is known as power delivered to R by the current |. As for electrical power

e asr R R R R R R R
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Pout = F R
Using equation (11.2), we get:

pﬂmnrybntte:ydmpsfmnbom

pnet" 0.9 0 at -40 °'C, when the low
out
(R+r)? temperature reduces fon maobility,
3 to about 0.15 ) at room temperature
or Pow = e and about 0.1 0 at 40 *C.
oF p E*R
out

= RItri-2Rr +4Rr

'_':—" ]

When R =r, the denm‘mnator of the expression for Pu is minimum and so Pow is maximum.
Thus, it can be concluded that:

Jlir..._l' ]” _JHJ _:J*Jq-‘"f IJ #jit;-.l_’_r'l ":J. d __: L!"-'”f-‘ f_._. 50 h:_f 'J'F!F:""T -I-.-_. ':-r; .
equal to the load resistance.

This statement is called maximum power transfer theurem The value uf the maximum nutput
power is

If l:he luad resistance is less or greater than the source reslstan:e, then the power delivered to
the load will be low.

11.4 VARIATION OF RESISTANCE WITH TEMPERATURE

The following equation shows that how variation of temperature effects resistance of any
conducting material;

Tablf 11.3; Electrical material Vs, Temperatme neffu:nent of resistance (a)
Greater than zero; resistance increases with temperature.
Solid non-metals | Equal to zero; resistance is independent of temperature.
Semi-conductors | Less than zero; resistance decreases with increase in temperature.

Alloys Has small value greater than zero.

Superconductors | At low temperature. the resistance of certain substancas becomas : exactly zero.

The resistance of conducting material basically depends upon physical factors such as length,
thickness (cross-section area) of conductor and non-physical factor like temperature of the
conductor. Resistance (R) of conducting material is directly proportional to length (L) of
conductor and inversely proportional to cross-section area (A) of conductor. i.e.,

RecL and R i
So, Rox = or R = constant %
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Resistance of conducting material can also be expressed A = area
in terms of specific resistance also named as Resistivity.

R=p L
z - -
The SI- Unit of resistivity is Ohmmeter (Q m). Let's R
consider a cylindrical shaped conductor having different R=p L
dimensional structures, as shown in Fig. 11.4 (a). We can A
have a look at the conductor with length “1” and cross- Figure 11.4 (a): A cylindrical
section-area “a” with resistance Ry, as shown in Fig. 11.4 shaped conductor.
(b). —"'mh' < Cross sectional
If conducting object’s length is // area (a)
changed from | to 2l but area of pl
cross-section is taken constant, the R1 o —
resistance of conductor will be a
increased from Ry to 2R, as shown Figure 11.4 (b): Conductor-1
in Fig. 11.4 (c). = 2 -
If the length of conducting object is + ’
not going to change but wire is
replaced with another wire having R = p2 -9R
same length but double cross- 2=,
section area, then the resistance of Figure 11.4 (c): Conductor-2
conducting material becomes R; =
Ry/2. - / -
2a
The reciprocal of resistivity fis
called conductivity, sop = o "', The ;l"pf R
Sl-Unit of o is (ohm.m)". Another RJ =1 =1
unit is “Siemens” whereas; 1 Sie = 2a 2
(ohm.m)", basically, resistivity is Figure 11,4 (d): Conductor-3

_ the physical property of conducting
materials, which shows the ability of the atoms of that particular material to impede the flow
of electrons. The higher the resistivity the stronger the electrons will be attracted to the atoms,
and they will experience more difficulty in moving through the conducting material. Resistivity
is the intrinsic property while resistance is the extrinsic

property. The resistivity of the conducting material does not Mlt;;'h;l i vity (0 m)
depend upon the physical structure of the conductor. It does ["aAyminum 2.7 % 10°
not change by changing temperature until the material phase Copper 1.7 x 107
transition occurs. In other words, we can say that resistivity is Graphite 8x 10:

a composition function, while resistance depends upon the &Eg‘: 15 ;;‘: =

physical dimensions of the conducting material and the
temperature variation of the conducting material which plays a very effective role in increasing
and decreasing resistance. '
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It means that thicker wire resists the electric flow of charges less as compared to thiner wire.
As the resistance of copper is less than the resistance of rubber; that's the reason, that copper
is used for the conduction of charge carriers while for insulating purposes rubber is used.
Example 11.3: Calculate the resistance of wire 10 m long that has a diameter of 2 mm and
resistivity of 2.63x1072Q m.

Given: L=10m r= gmm =1mm=1x 107 m p=263x1070m
To Find: R=1
. L L
Solution: Using the formula R=— OR R=—
A nr
(2.63x107%)(10)
Putting values, we get: R= =(.83758x10° = 83,758 N
o o (3.14)(1x10°)2 :

Assignment 11.3
A wire has length 10 m with resistance 100 (). if wire is stretched to 3 times of its original
length, how much the resistance of the wire will be increased?

119 LIGHT-DEPENDENT RESISTORS (LDRs)

Light dependent resistor is also called Photo-resistor, cagmium Sulphide
‘this device is used to detect light levels, like; Security Track
system based on light detection, the basic mechanism
behind the working of LDR is the mutual variation
between resistance of material and intensity of light.
Here we can observe that when intensity of light
increases the resistance of conducting material

decreases. Figure 11.5 (a): LDR.

The basic principle of work of LDR is photoconductivity.

The conducting behavior of LDR can be better explained with the help of energy band theory.
Actually, the material reduces its conductance when incident light intensity reduces. Declining
graphical representation indicates inverse

: Dark Average
behavior of resistance at different luminance Night  sunny
scales and darkness level, as shown in Fig. 11.5 (b). '

1

Commonly, two types of LDR exists, i.e. Intrinsic 1
and extrinsic photo resistors. Intrinsic LDRs are
related to pure semiconducting material like .g
germanium or silicon etc. while extrinsic LDRs are j
based upon modified semiconducting materials by
doping process, mostly these LDRs cannot be used =

for shorter wavelength lights and effective only for = .m.... (Flux) bt
longer wavelength. LDRs have lot of practical Figure 11.5 (b): Inverse behavior of

resistance.

g
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applications like electronic eye security system, street light controlling system, light switching
for sunset or sunrise conditions etc.

LDR device is basically part of an automation systems, which helps to reduce the efforts of
human in so many fields in daily life. Especially, for the case of power saving, the loss of
electricity should be minimal. There are so many characteristics of LDR like maximum power
dissipated device within given range of temperature. As LDR is a sensitive device, that's why
its sensitivity changes with change of wavelength of light, this device can detect in the range
from 4 x 10° A° to 10* A°.

In dark environment, resistance of LDR acquires its maximum
value in M(), while in lighted environment it reduces to few 100
(). Photo-resistors have lower photoelectric sensitivity at high
temperatures, but higher sensitivity at lower temperatures.
LDRs have sharp resistance recovery rate.

In potential divider circuit, LDR can be used because its
resistance can be increased or decreased by changing the
intensity of that light which falls on it, as shown in Fig. 11.5
(c). It means that by increasing or decreasing intensity of light ok
the resistance of circuit can also be changed, which affect the ~ Fi8ure 11.5 (c): LDR based
input potential dropped. Hence this is the one of the best poteritialidiviger G,
practical application of LDR.

. . 0

Engineering and Technolog

There are so many daily life practical applications of LDRs. Used as part of a SCADA (Supervisory Control
and Data Acquisition) system to perform functions such as counting the number of packages on a moving
conveyor belt; the most obvious aprlication for an LDR is to automatically turm on a light at a certain
light level. LDRs can be used to control the shutter speed on a camera. These are used as light sensors.
These are used to measure the intensity of light. Their latency property is used in audio compressors and
outside sersing. Infrared astroromy ard Infrared Spectroscopy also use photo resistors for measuring
mid-infrared spectral region. Photo resistors are available in small size; it is easy to carry from one place
to another place. Low cost, used in street lighting design, Alarm clocks, Burglar alarm circuits, Light
intensity meters.

11.6 ELECTRIC POWER AND ELECTRIC ENERGY

The word electric power can be defined as the rate of o k1
energy transferred. Let’s consider an electric circuit which P —
consists of a resistor having load resistance (R) is connected
~ with emf source, as shown in Fig. 11.6, the electric power '
in a given circuit can be measured as;
consume : d by the electric circuit Voltage . | J
s ENErgy consume Y Lhe olo € Circu
Electric power = o l
- —_— = EE = = FR = ﬁ

P time t Vi R :
The term power dissipation in resistor is due to energy loses hd
in term of heat energy. SI unit of electric power is watt,  Figure 11.6: An electric circuit.
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“1 watt = 1 volt x 1 ampere

The energy required or acquired by charge carriers to move from one position to another
position is called electrical energy. When electrons move through resistor by provision of
potential difference across the ends of conducting material, the concept of energy dissipation
can be analyzed in term of heat energy. In other words, one coulomb charge per unit time
(Q/t) drops due to potential difference (V), the rate of energy dissipation can be studied as VI.
5o, Energy dissipation can be calculated with the help of power dissipation.

Energy dissipation =VQ= VIt = PRt = VIt/R
The commercial unit of electrical energy is 'kilowatt-hour'. '
1kilo watt hour = 1000 watt x 3600 seconds = 3.6 X 10* Joule

Example 11.4: Calculate 1-month cost of using 50 W energy saver for 8 hours daily in your
study room. Assume that the price of a unit is Rs. 20.

Given: Power (in watt) = 50 watt Time (in hours) for 30 days = 8x30 = 240 h
Cost per units = Rs. 20

To Find: Cost of electricity = ?

Solution: As No of units = power (watt) % time of use in hours

1000
Putting values, we get: = % = 12 unit

Cost of electricity = number of units x cost of 1 unit
= 12x20 = Rs. 240
Assignment 11.4
Estimate the cost of electricity consumed for a month, if the following devices are used as
specified:
i) 10 bulbs of 40 watts for 10 hours. iti) 40 tube lights of 25 watts for 10 hours.
i) 10 fridges of 250 watts for 24 hours. (Given the rate of electricity is Rs. 50/unit).

11.7  KIRCHHOFF’S LAWS R,

£y
AW—]—

Gustav Robert Kirchhoff introduced laws related to two
electrical physical quantities “current” and “voltage” as

modified form of Ohm's work. Kirchhoff formulated a pair of laws R’%
as practical applications of law of conservation of charge and l
energy. These laws help in calculation of current in complex |:
combinations of resistances with more than one emf sources.

For example, the circuit in Fig. 11.7 shows a multi-loop circuit, § R,
which consists of junctions (also known as a node). Here the
three resistors are connected and three emf sources are attached e}

to produce current. As the circuit is complex, the equivalent - .
 resistance cannot be found here. The circuit cannot be solved by m:_"'?' bl o
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applying Ohm's law, so Kirchhoff’s rules can be used instead of Ohm’s.

11 7.1 Kirchhoff’s First Law OR Kirchhoff's

Current Law (KCL)

According the Kirchhoff’s First law:

The currents entering the node always equal to currents leaving the node.

Let's consider five wires are connected at junction
point, representing the currents ly, Iz, |3, ls and Is, where
li, Iz, lx indicating the flow of charges entering the node
taken positive while I and |5 indicating the flow of

charges leaving from the node are taken negative, as
shown in Fig. 11.8.

li+la+l-l4-1s=0 hence /=0

Since charge can neither be created nor destroyed, so
the charge that has entered the junction as current
must leave in equal amount from the junction.
Thus, Kirchhoff’s Current law is just a specific
way of stating law of conservation of charge.

11.7.2 Kirchhoff’s Second Laws
OR Kirchhoff’s Voltage Law (KVL)

According the Kirchhoff's Second Law:
The algebraic sum of all the changes in

AV =V, -

Currents
In

Node I

V.=-IR ®av=v,-V.=IR

b
potential around any closed path (loop) must ._|'ai = |+_‘h a.-—|' |—+—¢
be zero.

Mathematically, IV=0 AV =V, -

V,=+e AV=V,-V,=-¢

Figure 11.9 (a): Sign convention for
According to Kirchhoff's law, the algebraic ﬁigghhnﬂ'; lal“? . i

sum of potential differences, including

voltage supplied by the voltage sources (emf) and voltage
drops in resistive elements (IR), in any loop must be equal
to zero. The convention is that, rise in potential is taken
as positive and drop in potential as negative, as shown in
Fig. 11.9 (a).

For example, consider a simple loop ABCDA with no
junctions, having two emf sources ‘e, and ‘e’ with
internal resistances 'r,’ and ‘rz' and a resistor Ry, as shown
in Fig. 11.9 (b).

Let’s us assume clockwise current ‘I’, and we travel the

circuit in the direction of assumed current, starting from

‘A’. At ‘e’ the direction is from negative to positive
208
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terminal of battery thus there is nse in potential and is taken as pusitive. Since at internal
resistor ‘ry there is drop in potential AVrry = Iry is taken as negative. At ‘e;' the direction is from
positive to negative terminal of battery and there is drop in potential and is taken as negative.
Through internal resistor ‘r,' again there is drop in potential AVz = IR; and is taken as negative.
Thus, according to Kirchhoff's Voltage law (KVL), we have:

AV, +AV, + AV, +AV_ +AY, =0

or +E+ ["“JﬁJ+{"’R1]+{'Ez}+{_”:)= 0

+&=In-IR,—¢&,-Ir,=0

This law is based on the conservation of energy whereby voltage is defined as the energy per
unit charge (V = AU/q,). The total amount of energy gained per unit charge must equal the
amount of energy lost per unit charge, as energy and charge are both conserved. Thus,
Kirchhoff’s voltage law is just a specific way of stating law of conservation of energy.

11.7.3 Applying Kirchhoff’s Laws

In order to solve problems by using Kirchhoff's B R, c D |

Laws consider the circuit shown in Fig. 11.10. Let ! —AAAN

us take two closed loops: o |
I,

* Loop 1 (ABCFA), assuming current ‘ly' to | |

be flowing through it. ) 5 R, .

e loop 2 (CDEFC), assuming current ‘l;' to ©; == I, T e,
-

be flowing through it.

i

The choice of loops is quite arbitrary, but it WMV |
should be such that each resistance is includedat | A F R, E |
. |

least once in the selected loop. | Figure 11.10: Complex circuit. ]

The direction of assumed current is not

important; a wrong direction of assumed current will only indicate negative sign in the result.
If we go around the loop along the direction of assumed current |y, starting from point ‘A’. The
battery ‘e4’ is taken as positive because we are going from negative to positive terminal in the
branch from ‘A’ to ‘B. At resistor ‘Ry' the drop in potential is taken as negative Vg; = — iR;. At
resistor Rz the drop in potential is taken as negative Vm = — (I + Iz) Rz. Therefore, by applying
Kirchhoff's Loop rule, we get:

& +Vy #+ Vo, =0

&-IR, ~1,R, ~,R, =0 (11.5) e
If we go around the loop (CFEDC) along the direction of assumed current l2, starting from point
C. At resistor R; the drop in potential is taken as negative Vaz = —(ly + I5) Rz. At resistor Rs the
drop in potential is taken as negative Vis= —hRi. The battery ‘e;" is taken as positive because
again we are going from negative to positive terminal in the branch from ‘E’ to ‘D", Therefare,
by applying Kirchhoff’s Loop rule. Mathematically,
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By simultanenus!y solving the equatmm {11 5) and (11.6), the bran:h currents in the circuit
can be determined.

Deriving the Equation for Resistors in Series -

Consider two resistors Ry and R; connected in serigs, as shown in Fig. 11.11. A single resistor R
is equivalent to them.

From Kirchhoff's first law, the current | through each resistor is the same. Since they're
connected in series (i.e., having no junctions).

From Kirchhoff's second law, the total p.d in a closed loop must equal the sum of the p.d both
resistors: - o |

ot Fig R e e i S
From Ohm's Law, potential difference gL i £
is given by the product of current and :
resistance, i.e., i

R=IRy+IRz ______ (11.8) !
Since current | is the same for all .
resistors, so dividing equation (11.8) | Figure 11.11: Resistors connected in series.
b’)t'lweget: A noik T T 3 b

R=R+R;

The equwalent remstm* R t:-f sevEral rﬂsmmrs cannected in series is given by:

Denwng Ff Equatiun for Resisturs in Parallel

Consider twu resistors Ry and R; connected in parallel, having equivalent resistance R, as shown
in Fig. 11.12. From Kirchhoff's first law, the current through each resistor will be different
because it splits at the junctions. The current through the equivalent resistor R will be the total

current 1. I=lh+h (11.10)
From Kirchhoff's second law, the p.d - CE= gl 4P
across resistors in different branches must 1 |
be same and the resistor R will have the 21 R =
same p.d across it too: ,1. . . " 1 ¥ o)
V=Vi=V, (11.11) . . = 3 |
I I
From Ohm's Law, potential difference is i B e ,
given by the product of current and I : ,
resistance. 5o, equation (11.10) becomes: T
Vv i : 1
%"%W_ (11.12) Figure 11.12: Resistors connected in parallel. _
2 fod 2o o0 L T il by e

since potential difference V is the same for all resistors, 5o equatiun {11 12] becomes:
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1 1 1
RR'R (11.13)

The equivalent resistor R of several resistors connected in parallei is given by:

i .-1' ‘..‘l_-i _1._ _.1. T -
Fﬁﬂ& RaiR e

Example 11.5: Find current flowing through | c=3V R =40

each resistor, using Kirchhoff's law, in the . A k- B Ay

given circuit. ,

Solution: IR =30 ,l;E =p0 5 = t=45

Applying Kirchhnff's law m loop BAFEB | ] : ' |

IR, =R, ~(l,=1,)R, = A | |

3-3:1-21,—5{;,-1,120 - F R=20 E R=80 O |
3-5/,-6l,+6l, =0 '
11,-6l,=3

(1)
Now applying Kirchhoff's law to loop DCBED:
"IA “'"," .H' -'."R, -n or ‘a""“’ "m‘ -I‘I’-ﬂj‘ -o
45-9/,-6l,+6/,=0
or ~6L+15l,=45 @)
Multiplying equation (1) by 5 and equation (2) with 2 and adding:

55/, -30); =15
-121, + 301, =9
43, =24
I, =0.56A

Putting value of |y in equation (1):

1%0.56)-61, =
Current flowing through resistances Ry and Rz is |y = 0. 5& A. Current flowing through rems..a-rﬂ
Rs and Rs is I = 0.53 A. Current flowing through resistance Rqisly - l; = 0.56 A- 0.53 A = 0.02 A

in the upward direction. As both the values of currents I, and I, are positive, therefore the
supposed directions of current are their actual directions.

Assignment 11.5 o, .
Find the current flowing through each resistor in the 10 ' o (i/ _"'"-:1.:
circuit having two loops, as shown in the figure. . 6V

i
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11.8 NULL METHOD OF MEASUREMENT

This method basically shows null reading on galvanometer which is used for comparison
betwcen any known and unknown quantities. Null reading on galvanometer is used to find
resistance in a circuit named as Wheatstone bridge. Potentiometer is also one of the electrical
devices in which we use null method for finding potentials.

11.8.1 Wheatstone Bridge

Wheatstone bridge consists of four-resistors (three- | ) b
known resistors while 1-unknown resistor) and a
galvanomcter is connected between two points, say
b and d (Fig. 11.13). Wheatstone bridge becomes
balance when no deflection is seen on |
galvanometer, The null reading measurement on |
galvanometer can help to calculate the value of
unknown resistance. .
Let I+ and I be the currents through P and R
respectively when the bridge is balanced. Since R
there is no current through Galvanometer, the E
current in Q and S are also |y and |; respectively. As | + 'lll » d
the Galvanometer reads zero, points B and D are at '
the same potential. Hence for balanced bridge: Figure 11.13: Wheatstone bridge circuit.
Potential drop across ab = Potential drop acrass ad
i.e. hP=LR (11.15)
Similarly,
Potentiui drop across bc = Potential drop across dc

hQ=15 (11.16)
Dividing (11.15) by (11.16), we get:

P

e

bl

Q
i PS R s — P
el e s RO (11:17) e St i

Hence, if three resistances on the right side of equation are known, the fourth resistance R can
be calculated.
11.8.2 Potentiometer

A potentiometer is a null type resistance network device for measuring potential d1fference.s.
Its principle of action is that an unknown emf or P.D. is measured by balancing it, wholly or in
part, against a known potential difference.

A simplest potentiometer corsists of wire AB of uniform cross-section, stretched alongside a
scale and connected across battery of potential V, as shown in Fig. 11.14. A standard cell of

known emf £ is connected between A and terminal 1 of a two-way switch S.
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Slider N is pressed momentarily against wire | T p—— ‘
AB and its position is adjusted until the | + I—WF S
galvanometer deflection is zero. Let [, be the v Rh
corresponding distance between A and N. The |
fall of potential over length [, of the wire is

|
thén the same as the emf E,. i.e. I +
(11.18) !

Then move the switch to 2, thereby replacing | +
the standard cell by another cell, the emf €; £ :
of which is to be measured. Adjust the slider | b0 ca o meter.
N again to give zero deflectionon G. If b be
the new distance between A and N, then

Exl; (11.19)
From the equations (11.18) and (11.19), we get:

Evocly

Baslc purpoaeﬁ nf this elecuir:al instrument are "

Determination of electromotive force.

Measurement of internal resistance.

Comparison of potential of two emf sources.

Better output in measuring potential difference as compare to voltmeter.

11.9 THERMISTOR

A thermistor (short for thermal resistor) is a heat sensitive resistor; it means that the change
of temperature has direct relation with change of resistance. Samuel Ruben was the first
achiever who invented the first thermistor, which later on used for | :

commercial purposes.
Thermistors are usually made of a semiconductor material

leads is attached at the two ends for electrical connections. The P H l I ! \ |

(semiconductor oxides of iron, nickel and cobalt). Pair of platinum
arrangement is enclosed in a very small glass bulb and sealed. Th_t!},ir
are generally in the form of discs, rods, beads, etc., as shown in
Fig. 11.15. ]

Thermistor can be categorized on the basis of numeric values of temperature co-efficient as:
negative temperature coefficient (NTC) and positive temperature coefficient (PTC). The
difference between NTC and PTC is inverse and direct relation of temperature and resistance
respectively. Positive temperature co-efficient of resistance means that the resistance

- @ 8 @
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creases with the rise in temperature, whereas negative | For Y oUr (MOrmaton
temperature co-efficient of resistance that the resistance Metals (e.g. copper, aluminum)

decieases with the rise in temperature. have positive temperature co-

o . efficient of resistance because
ihere are so many practical applications of thermistor like;  {he resistance of metals increases

~temperatura’s compensation, controlling, etc. with the rise in temperature.

. Electrolytes, insulators (e.g.
Palycrystalline material is used to make LDR because this  giags, "}t,tica, rubber etc.) : a:;d

material is very supportive to change in resistance even by ~ semiconductors (e.g. germanium,
smalt change of temperature. The special characteristic of ~ Silicon etc,) have negative
this electrical device is that it can be used as a potential | [Ciperative  co-efficlent = of
St f resistance because their
divider. As thermistor's resistance changes with change of  resistance decreases with the rise
temperature, if this resistor is connected with potential = in temperature.

divider circuit with known value of

resistance, then desired voltage can be o ki T B
measured on the basis of temperature - ‘ ;
variation.

In potential divider circuit, thermistor can
be used because its resistance can be | _—_
increased or decreased by changing
temperature (as shown mn Fig. 11.16). By
increasing temperature, the resistance of
thermistor falls and by decreasing :
temperature the resistance of thermistor | Figure 11.16: Temperature based potential
increases depending upon which type of divider circuit.

thermistor is connected NTC or PTC. If we

ecl thermistor’s temperature high, then it means potential will be dropped because its
es1stance will also be decreased and vice versa.

11.10  CARBON FIBERS IN CONCRETE BRIDGE

Carbon fibre-reinforced concrete has been used in
construction projects due to its ability to improve
cainpressive strength, tensile strength, elasticity
modulus, chemical stability, abrasion resistance
and corrosion resistance; reduce shrinkage cracks
and brittleness; light weightiness; good thermal
conductivity. Carbon fiber was introduced into
crrcrete bridges (like shown in Fig. 11.18) to
improve the flexural strength and reduce the crack
widtn. Carbon fibers contain mainly carbon atoms
and are commonly used in civil engineering works,
The optimum carbon fiber amount should be 0.3 % by volume of concrete. Inspector can easily
check the reliability of concrete bridge made by carbon fibres because fiber conducts electricity

e o W R

Figure 11,18: Carbon fibre-reinforced
concrete.
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if sensor shows the electric resistance increasing over time the fibres are separating because
of cracks.
Carbon is a very competence material as conductor because its molecular structure is very
similar to graphite. There are so many electrical applications of carbon fibres, for example:
carbon electrodes for electrolysis, electromagnetic interference shielding, sensing, electrical
switching etc.

SUMMARY

< Drift velocity: The average velocity with which electrons 'drift’ in the presence of an
electric field.

< Resistance: A measurement of the opposition to flow of charge carriers in an electrical
circuit. Its unit is ohms.

< Resistivity: It is a fundamental specific property of a material that measures its electrical

resistance.

Conductivity: It is the reciprocal of resistivity its unit is MHO.m-'

Electromotive force: The electric potential produced by either an electrochemical cell or

by changing the magnetic field.

< Potential gradient: The slope of potential distance graph is called potential gradient.

< Kirchhoff’s first rule (KCL): The algebraic sum of all currents inward and outward with
respect to node must equal zero.

< Kirchhoff's second rule: For any closed loop in a circuit, the sum of the potential
differences across all components present in a closed loop is zero.

< Light dependent resistor (LDR): A special type of resistor that works on the
photoconductivity principle, it means that resistance increases or decreases with the
variation of intensity of light.

< Thermistor: A special kind of thermometer, which shows the inverse relation between
temperature and resistance.

< Potential divider: A voltage divider is a circuit that takes a larger voltage and divides it
down by a fixed ratio according to the electronic components to give a smaller output
voltage. Thermistor and LDR can be used within potential divider circuit. :

< Null Measurement Method: Measuring method which can be used in Wheatstone bridge
electric circuit arrangements, in which the quantity to be measured is balanced by an
opposing known quantity that is varied until the resultant of the two is zero, which can be
seen on electrical device like galvanometer.

EXERCISE

Multiple Choice Questions

Encircle the Correct option.

1) On which of the following factor the drift velocity does not depend:
A. length of the wire. B. cross-section of the wire.

o o
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C. numper of free electrons. D. magnitude of the electric field.
2) Drift velocity of electrons is independent of :
A. time consumed. B. the length of the wire.

C. the number of free electrons.  D. the Strength of the electric field.

3) A 10 Q resistor is connected across the terminals of a 10 V battery. The power dissipation of
the resistor is

A. 100 W B.50W C.25W D. 10W

4) A heavy duty refrigerator is used about 1000 W, if it is allowed to run continuously for 10
hours daily, how many kilowatt-hours of energy does it consume in 10 days?

A. 100 kWh . B. 200 kWh C. 300 kWh D. 350 kWh

5) What will be the value of emf if 3A current within 5mins perform work about 900J?

A 10V B.3V C.1v D.5V

6) Which one of the following electrical devices helps us to measure the accurate value of emf?
A. meter Bridge B. voltmeter C. multimeter D. potentiometer

7) The unit of dynamic charge is: .

A. coulomb B. ohm C. ampere D. volt

8) The resistance of a steel wire of particular length and thickness is 100 Q. If the length
and the diameter of the wire both are doubled, then the resistivity in Q m will be:

A. 1x107 Qm B. 2x107 Qm C.4x107 Om D. 5107 Qm

9) How much power dissipation will be increased if current passing through the circuit is
increased 100 % (let keeping temperature constant)?

A. 100 % B. 200 % C. 300 % D. 500 %

10) There are 2 resistors of having values 2 2 and 4 2 respectively are connected in series to
a 6 V battery. The heat dissipated by the 4 2 resistor in 5 s will be:

A.5J B.10J C.20J D. 30 J

11) The algebraic sign of an IR drop primarily depends upon the

A. direction of flow of current. B. battery connections.

C. magnitude of current flowing through it. D. value of resistance.

12) What will be the nearest value of protected resistance, if LDR Light
having resistance 20 Q is operated at specific intensity of light is

to be protect through a series resistance in such a way that upto  LDR_-* +
12 mA current in the provision of 10 V potential across the circuit R
as shown in following figure? | R=200

A. 6810 B. 773 Q
.C.8130 D.973 (1 ‘ —@ —
13) Which of the following electrical instrument can be used as a 12mA 5y

null detector in the Wheatstone bridge?

A. galvanometer B. ammeter C. voltmeter D. multimeter

V. .

14) Potentiometer can be used for
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A. comparing two voltages. B. comparing two currents.

C. measuring a voltage. D. measuring a current.

15) In order to achieve high accuracy, the slide wire of a potentiometer should be:
A. as long as possible. B. as short as possible.

C. neither too small not too large. D. very thick.

16) There are types of thermistor.

A. one B. two C. three D. four

17) Thermistor is special kind of resistor named as:

A. laser resistor B. photo resistor C. thermal resistor  D. electric resistor

Short Questions

Give short answers of the following questions.

11.1 Why it is not possible to measure the drift speed for electron by timing their travel along
a conductor?

11.2 What is the difference between e.m.f. and potential difference?

11.3 Why we use Kirchhoff's law for circuit problems solution.

11.4 The Kirchhoff's current rule is based oi conservation of charge. Explain how?

11.5 While analyzing a circuit, the internal resistance of e.m.f. sources is ignored. Why?

11.6 Why rise in temperature of a conductor, with positive temperature coefficient, is
accompanied by a rise in the resistance?

11.7 Under what circumstances can the terminal potential difference of a battery exceed its
e.m.f.?

11.8 What is the working principle of Galvanometer?

11.9 How inspectors can easily check the reliability of a concrete bndge with carbon fibers.
11.10 Could electronic devices charge themselves without being plugged into an electricity
source?

11.10 Does a source of electricity ever run out of electrons?

11.11 Two wires have equal length, one is made of copper and the other of manganin and they
have the same resistance. Which wire here will be thicker between these two given wires?

Comprehensive Questions

Answer the following questions in detail.

11.1 What is LDR? Discuss in detail.

11.2 Explain the use of thermistors and light-dependent resistors in potential dividers.

11.3 Explain the following terms. (A) Drift velocity, (B) emf, (C) internal resistance.

11.4 What is potential divider? Explain.

11.5 What is Wheatstone bridge? Explain in detail.

11.6 What is a potentiometer? Explain.

Thi.? Explain Kirchhoff's first law and describe that it is a consequence of conservation of
charge.

11.8 Explain Kirchhoff's second law and describe that it is a consequence of conservation of
energy.
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11.9 Using Kirchhoff's laws, derive a formula for the combined resistance of two or more
resistors in series.
11.10 Using Kirchhoff’s laws, derive a formula for tHe combined resistance of two or more

. resistors in parallel. 3
11.11 Explain the electronic current in a metallic wire due to the drift of free electrons in the

wire.

Numerical Problems

11.11f 1A current flows through a copper wire having 1 cm? area of cross-section and 10 km
length; calculate the time required by charge carrier to travel from one end to other end of
the conductor (Free electron density of copper is 8.5 x 10 per m?). (Ans: 431 years)

11.2 Calculate the flow of charges per unit time inside the emf source having potential 2 V
and terminals are connected with each other having internal resistance 0.02 07  (Ans: 100 A)

11.3 Calculate the terminal potential of the emf source if internal resistance of the battery
is 10 0 and current and internal potential are 1 A and 10 V respectively? (Ans: 0 V)

11.4 There is a copper coil having 2000 number of turns with 0.8 mm? cross-section are, the
length per turn is 80 cm. Calculate the resistance of the coil? (Resistivity of copper is 0.02
pOm)? . (Ans: 40 Q)

11.5 A piece of silver wire has a resistance of 1 (). What will be the resistance of magnum wire
of one third of the length and one third of diameter, if the specific resistance of wire is 30
times that of silver? (Ans: 90 02)

g

11.6 Calculate the current that flows in the 10 A
resistor in the following circuit. (Ans:0.13 A)

2
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Student Learning Outcomes (SLOs)

The students will:

» Define and explain magnetic fields.

» state that a force might act on a current-carrying conductor placed in a magnetic fleld.

» use the equation F = BIL sin B [with directions as interpreted by Flaming's left-hand rule to solve problems).

» Define magnetic flux density [as the force acting per unit current per unit length on a wire placed at right angles to
the magnetic field] * use F = BQV sinB to solve problems.

= describe the motion of a charged particle moving in a uniform magnetic field perpendicular to the direction of motion
of the particle.

= explzii how electric and magnetic fields can be used in velocity selection.

= sketch magnetic field patterns due to the currents in a long straight wire, a flat circular coil and a long solenoid.

* state that the magnetic field due to the current in a solenaid is increasad by a ferrous core,

» explain the origin of the forces between current-carrying conductors and determine the

. direﬂbun . of the forces. * define magnetic flux [as the product of the magnetic flux density and the cross-
uﬂlunﬂ‘ﬁrea perpendicular to the direction of the magnetic flux density).

= use () = BA to solve problems. = use the concept of magnetic flux linkage.

= explain experiments that demonstrate Faraday's and Lenz's laws. [(a) that a changing magnetic flux can induce 2n
e.m.f. In a circuit; (b} that the induced e.m.f. is in such a direction as to oppose the change producing it, (c) the factors
affecting the magnitude of the induced e.m.f.

® Use Faraday's and Lenz's laws of electromagnetic induction to solve problems.

= explain how seismometers make use of electromagnetic induction to the earthguake detection:[specifically 'n terms
of: (i) any movement or vibration of the rock on which the seismometer rests {buried in a protective case) results in
relative motion between the magnet and the coll (suspended by a spring from the frame.) (ii) the emf induced in the
coil is directly proportional to the displacement associated).




ELECTROMAGNETISM

Magnetism is the study of how a riagnetic field, generated by a moving charged particle, affects
other charged particles or permanent magnets. Electromagnetism is the study of the magnetic
effects of current. In this unit, we shall study about the laws and phenomena related to

electromagnetism.

12.1 MAGNETIC FIELDS

The magnetic field is the region or
space surrounding a magnet in
which a compass needle, a small
magnet, or a piece of ferromagnetic
material, and a moving charged
particle can experience a magnetic
force. A permanent bar magnet, a
current-carrying  conductor, a
fluctuating electric field and a
moving charge can create a
magnetic field. The magnetic force
between magnets acts over a
distance. They apply force due to
interaction of their magnetic fields
(i.e. non-contact force).

Michael Faraday proposed an alternative explanation. He
suggested that each magnet sets up a magnetic field in
space around it, as shown in Fig. 12.1 (a). When you place
another magnet in that field, it responds to the field at
its own location. This interaction of fields is the cause of
force between them. Interaction of field lines can be
drawn in the form of picture. As we have already
discussed in earlier classes, gravitational fields exert the
force of gravity on other masses. An electric field exists
around charges, so that other charges in this region will
experience an electric force. Similarly, magnetic fields
exert force on other magnets, like compass needles,
magnetic materials, and moving electric charges.

You can easily visualize the magnetic field of a magnet
by sprinkling iron filings near the magnet, as shown in the
Fig. 12.1 (b). The iron particles become magnetized in a
magnetic field and stick together along magnetic field
lines. One key distinction between magnetic field lines

and electric field lines is that the magnetic field lines
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Figure 12.1 (a): Magnetic field.

For Your Information
The magnetic field was studied in
1269 by Petrus Peregrinus de
Maricourt, with John Mitchell
claiming magnetic poles repel each
other in 1750. Charles-Augustin de
Coulomb confirmed Earth's
magnetic field in 1785, and Simeon
Denis Poisson presented the first
magnetic field model in 1824.

Figure 12.1 (b): Magnetic field of
a magnet by sprinkling iron filings.
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form complete loops. Magnetic field lines exit from
the north pole and enter the south pole, as shown in
Fig. 12.1 (b). But inside the magnet, the direction
of magnetic field lines goes from the south pole to
the north pole. This is the reason why ther~ are no
magnetic monopoles, which mears tnat the North
and South poles do not exist indcpendently. The
magnetic field at the poles of the bar magnet is

el 7
MAGNETISM = 5 E

In April 1820, ' iscovered that a

strongest. magnetic needle aligns itself perpendicularly

to a current-carrying wire. That was definite

Properties of Magnetic Field Lines experimental evidence of the relationship
] between electricity and magnetism.

1. Magnetic field lines never cross each other.

2. The density of the magnetic field lines indicates the strength of the magnetic field.

3. Magnetic field lines always form closed loops.
4. Magnetic field lines always start from the north pole and enter at the

south pole.

5. Like magnetic poles repel, and unlike magnetic poles attract each other.

12.1.1 Magnetic Field Due to Current in a Long Straight Wire

In 1820, Hans Oersted first described the magnetic field due to
current in a wire.

Experiment

Take a piece of copper wire that passes vertically through a
horizontal piece of card board, as shown in Fig. 12.2. Place small
magnetic compass needles on the card board along a circle with
the centre at the wire. All the compass needles point in the
direction of north-south. When a heavy current passes through a

/
TR, |
ol |

wire, the compass needles set themselves along the tangent to the = Figure 12.2: Compass

circle. Circular magnetic field in anti-clockwise direction is mﬁmﬁ‘g f"ef::‘:
produced around current carrying conductor, as shown in Fig 12.3 = feid. o

(a).

'llnticu:m‘lu 1 clocowie

| B L i B L

| wl_ -
AT ow Tos=

——
(a) (b)

()

Figure 12.3: Circular magnetic field is produced around current carrying conductor,
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‘When we reverse the direction of the current, the direction of B is also reversed in clockwise

direction, as shown in Fig 12.3(b). If the current through the wire is stopped, all the needles

will again point in the north-south direction. We conclude that

+ A magnetic field is set up only around a current-carrying conductor.

+ The lines of forces are circular, and their direction depends upon the direction of the
current.

Direction of Magnetic Field: The direction of the magnetic field can be determined by the

right-hand rule, as shown in Fig. 12.3 (c). It can be stated as:

If the wire is grasped in the fist of the right hand with the thumb pointing in the direction of

(conventional) current, then the curled fingers indicate the direction of magnetic field.

12.2 MAGNETIC FORCE ON A CUURRENT-CARRYING CONDUCTOR
IN UNIFORM MAGNETIC FIELD

Cnnsider a straight-current carrying cunductor as shuwn - ,
in Fig. 12.4 (a) havipg concentric circular magnetic field | A :urreut-carryi wire in a
lines in clockwise direction due to the current flow into | magnetic field moves because a
the page. Fig. 12.4 (b) is representing magnetic field of a | force acts on it. The magnetic field

permanent magnet (From North to South pole). ?a::g'fuﬁr?r:&ﬁ;iﬁiﬁ o

When this conductor is placed in external magnetic field | due to the combined effect of the
of the permanent magnet, their magnetic fields interact &ari“i‘;‘; fﬂg:;ni"rﬁ:[;c:fm”bﬁ
with each other as sl?own in Fig. 12.4 (c). We can see that magnet. Fig. 12.4 shows the
the two magnetic fields i.e. external magnetic field of | separate fluxes, and how they
permanent magnet and magnetic field of current carrying | €ombine to form a catapult field.

conductor support each other on left side of the conductor

" amEuH .
Mhogrem Faede
o I O
Mograts ekt
e e
wrmpin dhuerratos of bow Corrtarssd erpgroste: Leld
LU N ] [F =15 e ]
[(e] (@] (@]

Figure 12.4: Magnetic force on a current-carrying conductor in uniform magnetic field.

and net magnetic field becomes stronger there. While on right side of the conductor, both fields
are opposite in direction. Therefore, net magnetic field is weaker there.

Therefore, a magnetic force acts on current carrying conductor from stronger towards weaker

region of magnetic field and the net magnetic field is shown in Fig 12.4 (d). Therefore, the
conductor tends to move towards the right where the net magnetic field is weak.
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The magnetic force on the conductor will be directed toward the right, perpendicular to both
the length of conductor and the external magnetic field. .

Derivation: Consider a‘conductor with length L carrying current | placed on two conducting
rails in uniform magnetic field B, as shown in Fig. 12.5. When magnetic force acts on the
conductor, it begins to move on the conducting rails in the direction of force. From different
experiments, we conclude following paints for force expeﬂenced by the conductor.

i) Magnetic force on the conductor is directly
proportional to current flowing in it.
Fec |
. ii) Magnetic force on the conductor is directly -
proportional to it length.
] Fec L
iii) Magnetic force on the conductor is directly
pmpmticnal to strength of external magnetic
field.

Fx B

iv) Magnetic force on the conductor is directly
proportional to sine of angle between length of
the conductor and magnetic field.

Fee Sin B
Where 8 is angle between B and L, combining the
above four relations, we get:

FellBsin®
Or F=KILBsin8
Where, k is the proportionality constant and in Sl

system its value is ﬂal to 1.

In vector form, it can be expressed as:

The magnetic force is perpendicular to both the length of the cnnductnr and magnetic field.
Maximum Force: This magnetic force F is maximum when @ = 90°, i e., when the :unductur

is placed perpendicular to the magnetic field.

Then, Fnax=1L B sin90°
Fma:r" ILB “} =|LB .,umﬂu!{-landn‘nss{x] ¥
Fnax =ILB - Dot () represents out of the plane.

 cross () represents into the plane,

Minimum Force: This magnetic force F is minimum

(zero) when the conductor is placed parallel [i e., 0=0°or antiparallél (i.e., 8 = 180°) l:nr'
the magnetic field.

For8=0°  F,m =1LBsin0® . . |
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Fnin=1LB (0)=0
For 6 = 180°, F, =1L Bsin1B0® =0

Thus, it is concluded that a current-carrying conductor will not experience force in a magnetic
field if the angle between B and L is 0° or 180°.

FLEMING'S LEFT-HAND RULE

Fleming's Left-Hand Rule states that if we position our thumb,
forefinger, and middle finger of the left-hand mutually
perpendicular, the forefinger points towards the direction of
the magnetic field, the middle finger points towards the
direction of the electric current, then thumb indicates the
direction ?f ti:IE magnetic force experienced by the conductor, Figure 12.6: Flemirg's Left-
as shown in Fig. 12.6. Hand Rule.

Example 12.1: A wire having a mass per unit.length of 0.400 g cm™ carries a 5.0 A current
horizontally to the south. What is (a) the direction of force and (b) the magnitude of the
minimum magnetic field perpendicular to the length of the conductor needed to lift this
wire vertically upward?

_D.400 10 !

T e Ak

Given: —lllr 0.400 g cm”
I=5.0A

Solution: According to given condition, the magnetic
force must be upward to lift the wire. For current in
the south direction, the magnetic field must be
towards east to produce an upward magpetic force, as
shown by the Fleming's left-hand rule in the figure.

In order to lift the wire, the magnetic force must be equal to the weight of the wire.
= M5
ILBsin @ = mg or B_IL]IsinE}
B = (0.04) 2 =0.0784 T
T5.0Axsin90" |
Assignment 12.1

The figure shows a light aluminium rod resting
between the poles of a magnet. A current is
passed through the rod from two brass strips
connected to a power supply. (a) On the figure,
draw the direction of the current when the
switch is closed (b) State which way the rod
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moves when the switch is closed. Give a reason for your answer. [c] State the effect on the
movement of the rod when:
(i) the current is increased.
(ii) the current is reversed.

12.3 MAGNETIC INDUCTION or MAGNETIC FLUX DENSITY

A current-carrying conductor positioned at right angle to a magnetic field will experience .a
magnetic force that can be used to quantify magnetic flux density. '

The formula B = % determines the flux density B for a uniform magnetic field. Where F is the

force acting on a current carrying conductor, | is the magnitude of current, and L is the length
of the conductor in the uniform magnetic field with magnetic flux density B.
The Sl unit of magnetic flux density (or) magnetic induction is tesla (T).

IN
{1 A)(1m)sin90”
If a 1 m-long conductor carrying a current of 1 A, placed perpendicular to a magnetic field,
experiences a force of 1 newton, then the magnetic induction is one tesla.
Another CGS unit used for B is gauss (G). The relation between tesla and gauss is

1T =10000 G OR 1T=10*G OR 1G=107*T

Magnetic field is a vector quantity.

12.4 MAGNETIC FORCE ACTING ON MOVING CHARGE IN
UNIFORM MAGNETIC FIELD

It is experimentally verified that moving charges produce magnetic
fields around them. When moving charged particles enter in an
external magnetic field of the permanent magnet, the magnetic
field of the moving charge interacts with the magnetic field of the
permanent magnet. Due to interaction of both fields, net magnetic
field becomes stronger on one side of the charge than its other side
(just like explained earlier for force on current carrying conductor
placed in magnetic field). Therefore, magnetic force acts on the
moving charge particle from stronger to weaker magnetic field
region and deflect from its path, as shown in Fig 12.7. It has been xX X X
seen that the charged particle deflects from its path, perpendicular |
to both magnetic fields and velocity, because a net force is acting = Figure 12.7: Trajectories i
on it perpendicular to B and v. When a charge enters into the | _. "harged particiend i" s
, agietic field.
magnetic field, it experiences a force, provided that the following e |
conditions are fulfilled:

* The charge must be moving, because no magnetic force acts on a stationary charge.

* The velocity of the moving charge must have a component that is perpendicular to the
directinn of the magnetic field.

F
Since B=“_and 1T=

;xxxxﬁxxx‘
XXX XXX X
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Consider a positive point charge ‘+q' moving with velocity ‘v’ making an angle ‘0’ with the
magnetic field ‘B’, as shown in the Fig. 12.8.

The force experienced by a positive point charge is mathematically

expresses as: ;
Fg=q (v=B) — (12.2)

Magnetic force Fg acting on negative charge is:
Fg=—q(vxB) (12.3)

The negative sign in equation (12.3) shows that the direction of
magnetic force acting on negative chargg is opposite to that of the
positive charge. The magnitude of magnetic force acting on a
charge 'q" moving with velocity ‘v’ in the magnetic field of sfrenglh

‘B” is given by:

Fp=qvBsind :
Where 8 is angle between vand B. Figure 12.8: Velocity of
Maximum Force: The force will be maximum when the charged mf;’.‘ :i"ﬂ':'"lg:"
particle moves perpendicular to B (6= 90°). magnetic field.

Fs =qvBsin 90"

Fn[mﬂx] =qvB

Fy is maximum and charged particle moves in circular path.

Minimum Force:

« When v and B are parallel, (8 = 0°)
Fs=qvBsin0"=qvB(0) =0

« When v and B are anti-parallel (6 =1807)
Fg=qvBsini80°=qvB(0)=0

This implies that the charged particle moves at an
angle of 0° or 180" to the magnetic field, then F =0
and the charged particle moves in a straight path.

* When the charged particle is at rest (v = 0)
Fg=qvBsinB=q(0)BsinB=0
e Ifg=0,then Fz=(0)vBsin6=0

If the angle between magnetic field B and the
velocity v of charged particle is other than 0°, 90°

Figure 12.9: Other than angle 0°, 90°,
and 180° then charged particle moves in helical path  1g80° Charged particle move in helical

(spiral path), as shown in Fig. 12.9. This particle’s  path.
motion has both parallel and perpendicular
components.
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The direction of the force experienced by the moving charge is perpendicular to the both

magnetic field B and its velocity v. For Pownt thumb In direction of
a positive charge, Right-Hand Rule-l ~ [Culfngersaelr welosdy Angers i megneli
and Fleming’s Left-Hand Rule for force vecior B. Thumb is in :;ﬁwu"m
on a current-carrying conductor are e JFa(v

used to determine the direction of ofmagnet/|
force. where the direction of current is s v N
replaced by the velocity of the charged ) e

particle. * >

For. instance, if a positive particle magnat
moves from the bottom of the setup -
shown in Fig. 12.10, an outward force F

acts on the charged particle. The Force Is in direction  Force direction is
direction of magnetic force on that thumb points.  outward from points. '
negatively charged particles will be Figure 12.10; Magnetic force on a moving charged
inward. Magnetic force on a moving particle has a direction perpendicular to both velocity
charged particle has a direction and magnetic field.

perpendicular to both velocity and '

magnetic field B. ;

Example 12.2: An electron is accelerated through 3600 V from rest and then enters a
uniform 2.70 T magnetic field. What are (a) the maximum and (b) the minimum values of
the magnetic force this particle experiences?

Given: AV =3600Y B=270T
To Find: Fg___ =7 Fg,, =7

k . 1 2eAV
Solution: For Speed of electron: ;mv‘=eﬂw’ or ve=J—

-9
- Jz X ‘*g ’: '“m_j‘f-"ﬁ““ —13.556x 10" ms"
« I X

(@)  Fpnee =€V B=(160x10""°C)(3.556 x 107 m/s)(2.70T) = 1.54 x 10" N
(by Fp,,=evBsin0®=0 or Fg,...=evBsin180° =0

Assignment 12.2
Prove that magnetic force is not responsible to do work on a charged particle moving in
circular path in a magnetic field.
S 8 For your infarmation
Right hand rule to find direction of magnet
particle in magnetic field:

Place the velocity and magnetic field vectors in one plane and
sweep from velocity towards magnetic field vector with right hand = , T
through smaller angle then magnetic force on charge is directed .~
tmrdsﬂmthunhandperpmﬂimlartomephnenfvﬂudty* "
md magnetic field.

Putting values, we get:
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12.5. MOTION OF A CHARGED PARTICLE IN A UNIFORM
MAGNETIC FIELD .

Consider a charge g enters in a uniform magnetic field B with velocity v, as show in Fig. 12.11.
The magnetic field produced by a charged particle interacts with magnetic field of permanent
magnet. Thereby a magnetic force acts on charged particle and it begins to move in a circular
path of radius ‘r'. Magnitude of maximum magnetic force is:

Femg=qQVB ____ (12.4) -
For a particle of mass m moving with velocity ‘v’ in a circle of radius ‘r’ the centripetal force
‘Fe’ iz
2
Fom Y (12.5)

The magnetic force provides the required centripetal force i}.{ ) X -x Y
to charged particle, therefore, '

F: o Fﬂmui e — [12-ﬁ]
Putting values from equations (12.4) and (12.5) in (12.6):
my' _ vB |
r 9 |
'“T'“'= qB (12.7) |
: mv
Radius of circular pathis r= q_E' (12.8)
Putting v = ro in equation (12.7): L /
me _ o IR X x X X
r -9 or mo=q8 | Figure 12,11: A magnetic force
qB . | acts on charged particle and

®=n —(12.9) . move it into a circular path.

This is the cyclotron frequency of a charge particle moving in a circle in a magnetic field in
terms of angular motion. The time period T of the charged particle is:

2n
Te  (12.10)

Putting value of w from equation (12.9) in (12.10), we get: T =

: B 2k
.-":_ T‘ ——
ﬂfﬂﬁ 98

gB/m

so, we can also write, its frequency as:

. 2am . o 'g:.,:,* 5 Yo

ar "pilet 1.2,;3: i proton is muﬂrﬁ_fn a ;:iu;éular orbit of radius 12 cm in a uniform 0,40 T
magnetic field perpendicular to the velocity of the proton. Find the speed of the proton.
Given: Radius=r=12cm=0.12m Uniform magnetic field=B=0.40T

Charge of proton=e = 1.60 x 10~19C Mass of proton = m,, = 1.67 X 107" kg
To Find: Velocity of proton=v=7
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Solution: As, ' eBr
mp
: 9
Substitute numerical values: V= (1.6 10 )m-“"ﬂ“ﬂ-u}
1.67 10
V=459%10" ms’
Assignment 12.3

In a uniform magnetic field with a strength of 1.20 x 1072 T, calculate the radius of an orbit
of circular path of an electron moving at a speed of 2.0 x 10" ms™\.

12.6 VELOCITY SELECTOR METHOD

Velocity selector is a device used as velocity filter for charged particles. It has mutually
perpendicular electric and magnetic fields. When charged particle enters with velocity v
perpendicular to both electric and magnetic fields then both electric and magnetic forces act
on charged particle. At a particular velocity the electric and magnetic force acting on charged
particle are equal in magnitude but opposite in direction cancel out their net effect and charged
particle moves in straight path undeflected, as shown in Fig 12.12.

then Fg = Fﬂ'

Putting Fz =qEand F = q v B,

l Fi 3Fg
P |
qud .
q - v » Foch |
o a |
—— Hintothepage ~  RH

e

~ Figure 12.12: No net force acting on the charge particle. =~
Therefore, qE=qvB

If the beam of charged particles, moving at different velocities, passes through the velocity
selector, only those particles will pass straight through the device, which have velocities equal
to the ratio of the electric field to the magnetic field. Particles moving slower than this speed
will be deflected in the direction of electric force because magnetic force will be less than
electric force on it. On contrary, those charge particles having greater speeds will be deflected

in the direction of magnetic force because magnetic force will be greater than electric force
on it.

The vector sum of electric and magnetic forces acting on a charged particle in electric and
magnetic fields applied in same region is called Lorentz force.
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F=Fe+Fs
F=qE+q(vxB)
12.7 MAGNETIC FIELD PATTERNS

12.7.1 Magnetic Field Due to Current
Carrying Straight Conductor

The electric current flowing through a wire produces a
magnetic field around it in the form of concentric circle, as
shown in Fig. 12.13. The strength of the magnetic field
depends upon the magnitude of the current and the _ _
distance of the point from the current-carrying conductor. —

The strength of the magnetic field produced by current ina  Figure 12.13: Magnetic

long, straight wire is given by: ;llr:![’f;:* w carrying

g= Mo
: 2nr
Where 'I' is the current and ‘r’ is the distance of any point from the wire, and the constant

is pp=4mx10"7 Wb A™* m™2,

12.7.2 Magnetic Field Due to
Current Carrying Flat Circular
Coil

The pattern of magnetic field lines for a
current carrying coil is shown in Fig.
12.14. Consider a circular current
carrying coil having radius r. When the
current s passing through the coil,
magnetic field is produced. Magnetic
field at the center of the single current
carrying circular loop is given by:

- ol  Figure 12.14: Magnetic field lines for a current
- B= 2  carrying coil. g
12.7.3 Magnetic Field Due to Current

Carrying Solenoid

A solenoid is a cir-rent- carrying coil that produces magnetic
field, as shown in Fig. 12.15. The magnetic field of a
solenoid is similar to the magnetic field of a bar magnet,
with the north pole at one end of the coil and the south
pole at the other end, depending on the direction of
current ‘I'. The field inside the solenoid is strong and
uniform as compare to the outside. The mathematical
expression for magnetic field of solenoid is given by:
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Where n is number of turns (N) per unit
length (L) of solenoid, (i.e., n = N/L).

Right-Hand Rule for a Solenoid: Curl the  (\ S |
fingers of right hand in the direction of

current, the erect thumb will point in the

direction of north pole. fingers indicate current direction

Figure 12.16: Right hand rule for solenoid.

Example 12.4: A horizontal power line carries a current of 100 A in an east to west
direction. What is the magnitude and direction of the magnetic fleld due to the current 2.0
m below the line?

Given: 1=100A, R=2.0m, Mo = 4m x 107 Wb/Am
To Find: Magnetic field (B) = 7
ol

Solution: By using formula B = —=
27r

B 4w %1077 %100
2rx2

Bir using the right-hand thumb rule, we can infer that magnetic field B acts in south direction.
Assignment 12.4

=1.0%107°T

A 15.0 cm long solenoid has 300 turns of wire and 5.0 A current flow through it, How strong
a magnetic field is there inside the solenoid?

12.8 MAGNETIC FIELD DUE TO THE CURRENT IN A SOLENOID IS
INCREASED BY A FERROUS CORE

Ferrous materials are those that contain iron. The term “ferrous”
comes from the Latin word "ferrum,” which means iroen. Iron can be -
easily magnetized when placed in external magnetic fields.

¥ mee P . Figure 12.17:

In the absence of a core, the magnetic lines of forces start to diverge solenoid
by curving sharply and immediately outside the coil.

If a ferrous material (such as iron rod) is placed inside the solenoid (Fig.12.17), the strength of
the magnetic field increases significantly. This occurs because the ferrous core becomes
magnetized due to the magnetic field generated by the solenoid. This process is called
induction. If wire of solenoid is tightly wound on the iron core, then magnetic field at the cross
section remain parallel and close to each other, that's why new magnetic field is uniform and

strong there.
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The relative permeability u. of a ferrous core
(iron core) is very high. Therefore, when iron |
core is inserted in solenoid, it increases the
strength of magnetic field many times, given by
the formula

Biiron cored satenoidi= Hr Biair coreds = Pr Po N |

Common ferrous materials used in cores include
iron, silicon steel, and various iron alloys. Each |
of these materials has its own characteristic
relative permeability.

Figure 12.18: Magnetic field of solenoid
with iron core is stronger.

12.9 MAGENATIC FORCES BETWEEN CURRENT-CARRYING
CONDUCTORS

The attractive force between the two parallel I, . I,
wires carrying current in the same direction is g:g;:;'.tg
magnetic in. nature. When two parallel wires

current-carrying conductors are placed close
to each other, each conductor produces its
own magnetic field. Each wire is in the
magnetic field of the other, causing them to |
experiences a force that is at the right angle |
to both the current and the magnetic field. In |

“the region between two parallel wires, the = neutral p/;nt
magnetic fields orient in opposite directions, = (a) currents in same direction - attractive forces
which weakens the net magnetic field.
| |
Whereas, the magnetic field on the outer | I, Iy
sides of wires is stronger than in between the g::;';'_:g |
wires. Therefore, magnetic force acts on the wires

current-carrying conductor from a stronger to
a weaker magnetic field region, and two wires
attract each other, as shown in Fig. 12.19 (a). |

Note that, in the case of attractive force |
(currents in the same direction), there is a

neutral point between the wires where the i o d = uw ™ MM
. b no 5 Irecion -
.magnetic fields are equal in magnitude but . Lot e = '

opposite in direction. If the currents in two | Figure 12.19: l"m‘:“““ of two ﬂmﬂ“t‘
PPOsTEe . cnn'rh'lgei:lﬂmlaur
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wires are equal in magnitude, the neutral point will be located midway between the wires
(assuming the medium has uniform permeability). Otherwise, the neutral point would be closer
to the wire with the smaller current.

The magnetic force acting per unit length on each current-carrying wire is repulsive in nature
when current flowing in both wires is in the opposite direction.

In between two parallel wires carrying current in opposite directions, as shown in Fig. 12.19
(b), the magnetic fields of the two wires are in the same direction and support each other;
therefore, the net magnetic field is stronger. The magnetic field on the outer sides of the wire
is weaker as compared to the field in between the wires. Therefore, magnetic force acts on
the current-carrying conductor from a stronger to a weaker magnetic field region, and two
wires repel each other. Consider two wires of length L, carrying currents /,and I; placed at
distance r from each other. Each wire is in the magnetic field of the other, as shown in Fig.
12.19 (c).

Magnetic field of 1st wire is given by:

B, = Hoh (12.14)

2rnr

i R g ""'.-“: **** P'J-.
Magnetic field of 2nd wire is given by: P B.=3
ol v F.=BJL |
=fh (1215 RQ“'-’“ G 1
= ' \\'-.,:i:_.:_-_-:.. : Y 18 |
Force exerted by first wire on the i""%;c-..:_-::‘““- |
second wire is: | B F/,,q“ 1

|
F,=8lL (12.16) |

Putting value from equation (12.14) in | F,,=B,L
(12.16), we get; i - ke

o] | o 2
Fp =20 L |
" {Errr}‘

'FI.' = h“n'llt}: 12 ‘E? y - :f— s -
L =5 —— U217 Eigure 12.19 (c): Magnitude of force betweentwo |
current-carrying conductor, |

This is the expression for magnetic
force acting per unit length of a current carrying conductor.

Similarly, force exerted by 2™ wire on the first wire is given by:
Fu=BlL ______ (12.18)
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Putting value from equation (12.15) in (12.18), we get:

ul F, il
F. =(=2% w2l e 012
# IZWM'L o L 2ar

So, these forces make the action and reaction pair.
12 10 MAGNETIC FLI.IX

H.agnetic fl.ux mp is the xalar pmdl.u:t nf un1fnm1 magnetic fleld B and
vectur area A. ,

If g is angle behveen magnetic field B and vectur area A, as shnwn in Magnetic Flux,
Fig 12. IH {a}. thenmagnitude nf magnetic ﬂux is: _

Spe:ial Cases

(i) Maximum Flux: If the surface (plane) is held perpendicular
to magnetic field lines, B and A vectors are parallel to each
uther {i e., H n“},as shnwn in Fig 11 ZD[b}

(H) Minimum Flux (Zero Flux): If the surface is el perstisl
to the magnetic field Hnes. Band A vat:tun; are perpendicular  Maximum Flux

h uthe ._ 2_: : :. .: . 12.20 (b). . m 12.20 (b): Muim

Magnetic Flux Through Curved Surface or Non-Uniform Magnetic Field

When a curved surface is placed in a non-uniform magnetic
field (Fig. 12.20 c), then, we divide the curved surface into
a number of small elements. The net magnetic flux can be
found by adding the value of magnetic flux through each

element.
Thus ' q’g = IB.AA
Magnetic Flux Dehslty: Magnetic flux density (B) is also
i
B=2% ﬂﬂmﬂ.:n[c}:mmmm
A through curved'surface
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Unit of magnetic flux density is Wb m® which is equal to tesla (T).

Example12.5: In a certain region, the magnetic field is given by B = (4 i+ 6 k) Wb m ™2, How
much magnetic flux passes through a 2,0 m? area loop in this region if the loop lies flat In
the x y-plane?
Given: Magnetic induction =B = (47 + 6 k) Wb m™2 Area of the loop = AA = (2.0 k) m?
To Find: Magnetic flux = ®g =7 .
Solution: As we know that: ©®y =B. AA
Putting the values, we get: Dp=(4i+6Fk). 2Kk =12 Wb

Assignment: 12.5
A magnetic field of 0,8 T passes perpendicular to a disc with a radius of 2 cm. Find the
magnetic flux through the disc.

12.11 MAGNETIC FLUX LINKAGE

Magnetic flux linkage is defined as: _ ny
The product of the magnetic flux and the number of turns of the coil. SR
It is a quantity commonly used for solenoids and coils, which are made of N turns of wire.

The magnetic flux density by a single wire is usually very low.
Magnetic flux of single turn can be increased by increasing magnetic
flux density and by increasing area of loop.

The magnetic flux linkage refers to the number of turns (N) on a
coil multiplied by the magnetic flux (®) of one turn. This gives the
equatian

~ NO=NBA e Adiauttd |
If the cross-sectional area {A] of loop and magnetic flux demity (B)
are not perpendicular the equation becomes:
etic flux linkage =BANcos® | goure 12.21: Magnetic
Wthe Bis the angle between the vector area (A) and the flux linkage.
magnetic flux density (B), as shown in Fig. 12.21.
Units: The flux linkage ®N has the units of Weber turns (Wb turns).
Example 12.6: A solenoid with a circular cross-sectional area of 0,80 m? and 300 turns is
facing perpendicular to a magnetic field with magnetic flux density of 4 mT, Determin- the
magnetic flux linkage for this solenoid,
Given: Cross-sectional area, A =0.80 m* Magnetic flux density, B=4mT=4x10"3T
Number of turns of the coil, N = 300 turns
To Find: ®N =7
Solution: Using the formula @N = BAN
Substitute in values: ®N = (4 x 1073 T) x 0.80 m? x 300 = 0.96 Wb turns

Assignment 12.6

A solenoid contains 200 turns of wire. Each piece of wire has a cross-sectional area

of 0.004 m?* If the magnetic flux density s 12.0 mT calculate the magnetic flux linkage,

e e n
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1212FARADAYSLAW b rﬂﬂﬁmrﬁ‘:'{ﬂn

The hasir. requirement for electromagnetic induction is the change in magnetir: ﬂux linhing the
conductor (or coil).

Faraday’s Laws of Electromagnetic Induction
It state& that

If N is the number of turns of the coil and ¢ is the induced e.m.f. then:
lnduced e.m.f o rate of change of magnetic flux
Ind feumid = Total change in magnetic flux

Total time

turns of

E =
At
Where, k is constant and its value is *1" in Sl units. So,
: Ad . :
1 b i r-‘ &t‘ et ea ot B N il —u-——--d'\-llé--ﬂﬂ..#h—nﬂlr-l-oh--——‘-l-—l-&h‘

The above equattun is called F Faraday s law of electromagnetic induction, and it is used to
determine the magnitude of ind emf. The induced emf always opposes the change in
magnetic ﬂux The direction of induced emf is given by Lenz's law.

= = £ P WY FPTIa —{ —- i“* e

The negative sign indicates that the direction I .
of the induced current is such that it opposes | - |
the change in flux. Faraday’s law is the N

fundamental law that describe the production
of emf due to change of magnetic flux in
various circuits and devices. For example, AC
devices like induction motors, induction
generators or transformers, as well as DC
devices like DC motors, DC generators.

Experiment 1: In this experiment, we use a
bar magnet and a coil connected to a sensitive
galvanometer, as shown in the Fig. 12.22.




ELECTROMAGNETISM £

Case I: When there is no relative motion between the magnet and coil, the galvanometer shows
no current.

Case lI: When the bar magnet is moved towards the coil, the magnetic flux changes and induces
emf. As a result, induced current flows in the coil.

Case- lll: When the bar magnet is moved away from the coil, the magnetic flux again changes,
inducing an emf and an induced current flow in the coil but in the opposite direction.

Experiment 2: Emf is Induced by relative motion
of a coil with respect to magnetic field. In this
experiment, the coil is rotated in a magnetic field.
As the change in magnetic flux is given byr

AD = AB(Acos@)
During the rotation of the coil, the angle  between
the magnetic field and the vector area A of the coil
changes. Therefore, the magnetic flux of the coil
changes, inducing an emf in the coil. The induced T "
current flows through the circuit, and which i e A — WY |
produces deflection in the galvanometer. This is the F‘I;un 12.23: Coll s otated in B
basic principle of an electric generator (Fig. 12.23). ~——
Experiment 3: Emf is also Induced by changing a magnetic field (the transformer effect). In
this experiment, two coils are placed closed to each other.

The primary coil ‘P’ is connected in series with the
battery through a switch and rheostat, while the
secondary coil S is connected only to a
galvanometer. If the switch of coil P is closed, a
momentary current is induced in the coil 5. When
the switch P is opened, a current is produced in the o
coil S in opposite direction. When we open or close =E)))))),
the switch then there will be a change of current,

which causes to changing magnetic field of coil P | S A |
and the magnetic flux through coil S changes. The ‘ E:';;; ;rzy i;'lsfwm"’ i) field
changing magnetic flux induces emf in coil 5, as | gecondary coil changes. o 2
shown in Fig. 12.24. b
If the current in the primary coil is varied with the help of a rheostat, then the magnetic field
of coil P and the magnetic flux through coil S change. The changing magnetic flux induces the
emf in it. The induced emf and induced current will remain in the coil as long as the magnetic
flux through it changes. This is the basic principle of the working of a transformer.

» The electromotive force, or emf is induced when the magnetic flux linking with a coil
changes (the magnetic flux either increases or decreases).

* A constant magnetic flux cannot produce emf in a conductor. The cause of induced emf is
a change in magnetic flux.
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* The magnitude of induced emf depends on the rate of change of magnetic flux.

« The induced emf is independent of the resistance and resistivity of the circuit and depends
only on the rate of change of the magnetic flux through the conductor.

e Induced current (| = e/R ) depends on the resistance and resistivity of the circuit.

« When the magnetic flux through a conductor changes, an induced emf always produces, but
induced current only flows when the circuit is closed.

Factors Affecting the Magnitude of the Induced emf: The induced emf is affected by the
following factors:

¢ The induced emf depends on the number of turns in a coil.

« The induced emf depends on the speed of the movement of the conductor through the
magnetic field.

e The induced emf depend!on the length of the conductor inside the magnetic field.

e The induced emf depends on the rate of change of magnetic flux through the conductor.
e The induced emf can be increased by increasing the strength of external magnetic field.
e The induced emf can be increased by increasing the area of coil.

14:13 LENZ’S LAW

In 1834, Russian physicist Heinrich Lenz discovered that the polarity of induced emf always
leads to an induced current that opposes the change which induces the emf.

The direction of the induced current is always such as to oppose the change that causes the
current.

Condition for its application: We can apply Lenz's law directly to closed loops because it refers
to induced currents and not induced
emf. However, if the loop is not closed,
we imagine it being closed, and then,

from the direction of the induced s | N s
current, we can find the polarity of the

induced emf.

Explanation: When a bar magnet is

pushed towards a coil connected to a o cockeee }
galvanometer then emf is induced due re @

induced current flows through it, as  the coil.

shown in Fig. 12.25 (a).

Direction of current in the coil is determined by Lenz’ s law. It tells us that induced current
opposes its cause. In this experiment, cause of induced current is push of the N- pole of magnet
towards the coil (Which increases the magnetic flux through the coil). Induced current of the
coil induces such magnetic field which opposes the push of the magnet towards the coil and

hence oppose the increase of magnetic flux through the coil. It will be only possible if left side
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of the coil acts as N-pole and right side acts as S-pole of a bar magnet, as shown in Fig. 12.25(a).
Now, by applying Right Hand Rule, we see that direction of current in the coil is anti-clockwise.

Similarly, if we *pull’ the magnet away from the coil, the induced current opposes the ‘pull’ by
creating the south pole towards the bar magnet according to Lenz’s law, as shown in Fig. 12.25
(b). When a magnet is moved away
from the coil, flux decreases through
the coil. To oppose this pull of the
magnet and decrease in magnetic flux
through the coil, the coil induces such
current in it that attracts the bar
magnet. For this, the left side of the
coil acts as the S-pole and the right-
side acts as N-pole. The S-pole of the
coil attracts the N-pole of the bar o o 45 25 (b): The bar magnet is pulling away from
magnet and opposes its motion. For the coil.

this, direction of induced current in the

coil reverses, i.e., current flows clockwise as according to Right Hand Rule.

Lenz’s Law and Law of Conservationof Energy | » asm

The law of conservation of energy states that energy can neither |
be created nor destroyed, but it can be changed from one foormto
another. .
Lenz's law states that the direction of current is such that it
opposes the change in the magnetic flux. So, an effort is required
to do work against opposing forces. This work leads to changes in
magnetic flux; hence, electric current is induced. Thus, mechanical
energy is converted into equivalent amount of electrical energy,
which is in accordance with the law of conservation of energy.
Let's exaplain further with the help of an example: consider that
N-pole of a magnet is approaching the coil, as shown in Fig. 12.26,
the repulsive force acts on the bar magnet due to the current
induced in the coil. The result is that the motion of the magnet
is opposed. The mechanical energy spent in overcoming this
opposition is converted into electrical energy, which appears
in the coil. We have to spend mechanical energy to induce
electrical energy. Thus, Lenz's law is in accordance with the
law of conservation of energy.

Fleming's Right Hand Rule: To find the direction of the
induced current, Fleming's right-hand rule may be used, as
shown in Fig. 12.27. It is stated as: Figure 12.27; Fleming's right-
Stretch out of forefinger, middle finger and thumb of your  hand rule to find the direction

- f the induced current.
ht hand so that they are at right angles to one another,
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If the forefinger points in the direction of magnetic field, thumb in the direction of motion oﬁ
the conductor, then the middle finger will point in the direction of induced current.

When the conductor moves upwards at right angle to a stationary magnetic field then the
direction of induced current is from right to left. If the motion of the conductor is downward,

then the direction of induced current will be from left to right.

Example 12.7: A coil of resistance 50 0 is placed in magnetic field and initial magnetic flux
of 2 m Wb. The coil has 50 turns and a galvanometer of 100 0 resistance is connected in
series with it. Find the average emf and the current if the coil is moved in 1/10th s from
the given magnetic field to another field where final magnetic flux of 4 m Wb.

Given: Number of turns N = 50 Initial magnetic flux = ®; =2m Wb =2 x 1077 Wb

Final magnetic flux = ®, =4 m Wb = 4x10™* Wb Resistance of coil = R,= 50 0

Resistance of galvanometer R; = 100 Time taken for change At =1/10s=0.15s
To Find: Average current | =7

Solution: By Faraday's law magnitude of induced emf is

£= Hﬁ or a=N[i¢-3_—¢l-]

At
{um .

8] =3
Putting values: g=50x %30 ] =1V

0.1
As, galvanometer is connected in series. So R,, =R, + R,

Req =50+ 100 =150 ©
= or  I=— =6.67x10"2A = 6.67 mA
R 150

Assignment 12.6

A loop of wire is placed in a uniform magnetic field that is perpendicular to the plane of
the loop. The strength of the magnetic field is 0.6 T, The area of the loop begins to shrink
at a constant rate of 0.8 m* s”', What is the magnitude of emf induced in the loop while it
is shrinking?

12.14 SEISMOMETER

Around 1906, a Russian Empire nobleman and inventor
named Gallitzin was the first to create a seismometer |
based on Faraday's law of electromagnetic induction. A |
seismometer is a device that records seismic waves
emitted during earthquakes, explosions, or other earth-
shaking events. Electromagnetic sensors in seismographs
convert ground movements into electrical signals.

v
l=—=

A frame is made on which wire is wound and the ends of
this frame are connected with springs tied with side
walls, as shown in Fig. 12.28. A permanent magnet is
placed between this frame and its coil in such a way that |
coil can oscillate freely.
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When the Earth vibrates due to earthquake, there is relative motion between magnet and the
coil. This causes change in magnetic flux through the coil. It induces emf and current in the
coil according to Faraday’s law of electromagnetic induction. This induced current is given to
external circuit where values are recorded and graph is plotted.

During a high-intensity earthquake, the relative velocity between the coil and magnet
increases, and the amplitude of the vibration of the coil increases.

The induced emf in the coil is directly proportional to the displacement of the coil within the
magnetic field.

When the coil moves faster, the rate of change of displacement of the coil in a magnetic field
increase; as a result, the rate of change of magnetic flux of the coil increases, and induced emf
increases.

SUMMARY

< The force on a charge moving inside a magnetic field result from interaction between the
magnetic field produced by the moving charge (which is equivalent to current) and the
applied magnetic field.

% When a charge moves in magnetic field in circular path, its speed and K.E remain same but
its velocity and momentum change due to change in direction of motion

< For a point on the axis of a circular coil carrying current, magnetic field is maximum at the
centre of the coil.

< The magnetic field is the region or space surrounding a magnet in which a compass needle,
a small magnet, another ferromagnetic material, and a moving charged particle experiences
a magnetic force.

< Magnetic flux linkage is defined as the product of the magnetic flux and the number of turns
of the coil.

% Faraday's law states that ‘the magnitude of induced e.m.f. is directly proportional to the
rate of change of magnetic flux linking the coil and the number of turns of the coil N.

% Lenz's Law states that the direction of the induced current is always such as to oppose the
change that causes the current.

EXERCISE

Multiple Choice Questions

Eneircle the correct aption,
1) Which of the following is the SI unit of magnetic induction?
A. henry B. tesla C. weber D. farad

2) A 0.5 m long straight wire carrying a current of 3.2 A kept at right angle to a uniform
magnetic field of 2.0 tesla. The force acting on the wire will be:
A.2N B.2.4N C.1.2N D.3.2N

3) An electron and proton enter a magnetic field with same velocity, which of the following is
the ratio of their acceleration?
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4) If charge particle enters a magnetic field an angle 60°, then its path will be:
A. elliptical B. straight line C. helical D. circular

5) An electron is revolving in circular path of radius r in a magnetic field. If the magnetic field
is halved, then new radius will be:

m ﬂ‘]" m

A.ri/2 B. r/4 C.2r D. 4r
6) Which of the following particles in motion cannot be deflected by magnetic field?
A. electron B. proton C. alpha-particle D. neutron

) A proton and an a-particle moving with same velocity enter a magnetic field perpendicularly.
Which one of the following is the ratio of radius of circular path of proton to a-particle?
A.1/2 B. 1 C.2 D. 4
B) A charged particle is moving in uniform magnetic field in a circular path. The radius of
circular path is R. If the energy of the particle is doubled, then the new radius will be:

R R -

A= B. > C.VZR D. 2R

9) A positively charged particle moving with velocity of 3.1x 10° m/s normal to uniform
magnetic field of magnitude 5.4 x 10°°T . Particle experiences force of 8.1 x 107¢ N, the
charge on particle is:

A.48x1071°C B.1.6x107*C C. 6.4x1077 C D.48x107Y C

10) A proton is moving along the axis of a solenoid carrying a current, as shown in figure. The
magnetic force on proton will be:

T T Ty
A. radially inward. B. radially outward. (i |
C. no force acts. D. radially outward. l l l e
11) Magnetic flux will be maximum when: LR M
A. magnetic field is perpendicular to the plane area.
B. magnetic field lies parallel to the plane area.
C. area is held at an angle of 45°.
D. area is held at an angle of 60°.
12) The cause of induced emf is:
A. constant magnetic flux. B. increase in magnetic flux only.
C. decrease in magnetic flux only. D. change in magnetic flux.
13) Lenz’s law is in accordance with the law of conservation of:
A. charge B. energy C. momentum D. angular momentum

14) A metallic circular ring is suspended by a string and is

kept in a vertical plane. When a magnet is pushed towards
the ring, then it will: — B S |

A. get displaced towards the magnet.

B. remains stationary.

C. get displaced away from the magnet.
D. nothing can be said.
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Short Questions

Give short answers of the following questions.

12.1 What are the various ways to create a magnetic field.

12.2 In what way is a magnetic field different from an electric field?

12.3 Why does a current carrying conductor may experience force in magnetic field?

12.4 Can a charged particle move in a straight line through some region of space, in which
magnetic field is non-zero? Explain.

12.5 When is the magnetic force on a moving charge in a magnetic field maximum, and when
is it minimum?

12.6 In a region with a homogeneous magnetic field B directed normal to the plane into the
paper, an alpha particle and a proton are travelling in its plane. What will be the ratio of the
radii of the two particles' field trajectories if they have equal linear momenta?

12.7 The kinetic energy of a charged particle moving in uniform magnetic field does not
change. Why? Explain

12.8 Describe the changes in the magnetic field inside a solenoid carrying a constant current |
under the conditions of (a) doubling the length of the solenoid while maintaining the same
number of turns, and (b) doubling the number of turns
while maintaining the same length.

12.9 Explain how 1 ampere is defined using concept of
force between two long parallel current-carrying wires.
12.10 A circular loop of radius R carrying current | lies in
the XY-plane with its centre at origin (as shown in figure).
What is the magnetic flux through the XY-plane?

12.11 A suspended magnet is vibrating freely in a x

horizontal plane. When a metal plate is brought beneath the magnet, the oscillations of the
magnet are significantly dampened. Describe the cause of damping by using Lenz's law.
12.12 A thin metallic ring is dropped into a vertical bar magnet. Does current in the ring flow
clockwise or counterclockwise when seen from above?

12.13 Show that ¢ and %% have the same units.

Comprehensive Questions

Answer the following questions in detail.

12.1 Explain that magnetic field is an example of a field of force produced either by current-
carrying conductors or by permanent magnets.

12.2 Explain that a magnetic force act on a current-carrying conductor placed in a magnetic
field. Derive an expression for it.

12.3 Explain that a magnetic force act on a charged particle in a uniform magnetic field.
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12.4 Describe the concept of magnetic flux (dp) as scalar product of magnetic field (B) and
area (A) using the relation @y = 0.A

I 2.5 Describe quantitatively the path followed by a charged particle shot into a magnetic field
in a direction perpendicular to the field.

12.6 Describe the concept of magnetic force between current-carrying conductors. Derive an
expression for the magnetic force acting per unit length on each current-carrying parallel
conductor when current is flowing through them.

12.7 State and explain Faraday’s law of electromagnetic induction.

12.8 Describe how the direction of an induced current can be predicted by Lenz's law and how
Lenz’s law obeys the principle of conservation of energy.

Numerical Problems

12,1 A horizontal power line carries a current of 600 A from south to north. Earth’s magnetic
field 5x 10~°T is directed toward the north and inclined downward at 70° to the horizontal.
Find the magnitude of the magnetic force on 100 m of the line due to Earth’s magnetic field,

(Ans: 2.82 N)

12.2 A proton is accelerated in a cyclotron in which the magnetic induction is 0.75 Wb m™.
Find the cyclotron frequency. (Ans: 11.4 x 10°® Hz)

12.3 A velocity selector consists of electric and magnetic fields described by the expressions
E=EkandB =Bj. With B = 18.0 mT. Find the value of E such that electron of energy 850 eV
moving in the negative x direction is undeflected. (Ans: 311 x 103 NC™")

12.4 Two long straight parallel wires are 0.6 m apart and carry current 4 A and 8 A. Find the
point lying between two wires at perpendicular distance where resultant magnetic field will be
zero (neutral point). (Ans: 0.2 m and 0.4 m respectively)

12.5 A coil of wire has 100 loops. Each loop has an area of 2.0 x10~* m?. A magnetic field is
perpendicular to the surface of each loop at all times. If the magnetic field is changed from 0.2
Tto 0.6 Tin 0.1 s, find the average emf induced in the coil during this time. (Ans: 0.8 V)

12.6 A2 m long wire carrying a current of 15 A is placed in a uniform magnetic field of 0.50 T.
If the wire makes an angle of 60° with the direction of magnetic field, find the magnitude of
the magnetic force acting on the wire. (Ans: 12.99 N)

12.7 A particle carrying a charge of 1 uC and moving with velocity of 2 x 10 m s™ enters in a
magnetic field of 0.5 T at angle of 60° with the field. Calculate the magnitude of magnetic
force acting on it. (Ans: 0.866 N)

12.8 A single circular loop has radius 2 cm. The plane of the loop lies at 40° to a uniform
magnetic field of 0.2 T. Find the magnitude of the magnetic flux through the loop.

(Ans: 1.62 x 10* Wb)

12.9 Find the magnetic force acting on a charged particle of charge 2 uC in a magnetic field

of 2 T acting in y-direction when particle velocity is (2i +3j)x10°ms™"
(Ans; 8 N, +ve Z-axis)
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12,10 A coil with 25 turns of wire is wrapped on a frame
with a square cross section 1.80 cm on a side. Each turn has
the same area, equal to that of the frame, and the total
resistance of the coil is 0.350 ohm. An applied uniform
magnetic field is perpendicular to the plane of the coil, as
in the Fig. (a) Applying Faraday’s law find the induced emf
in the coil when the magnetic field is changing uniformly x
from zero to 0.50 T in 0.80 s. (b) find the magnitude of
induced current and (c) Applying Lenz's law find the
direction of the induced current in the coil while the field is changing.

(Ans: 5.06x10° V, 1,45x107 A, clockwise)
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Student Learning Outcomes (SLOs)

The students will: T4 F b B et ol
distinguish between inertial and non-inertial frames of reference. AT L
describe the significance of Einstein's assumption of the constancy of the speed of light.”
Describe that if ¢ is constant then space and time become relative, :
State the postulates of special relativity. : i it
Explain qualitatively and quantitatively the consequences of special relativity. -
[Specifically in the case of: ' :

a- the relativity of simultaneity.

b- the equivalence between mass and energy.

c-lapgtin contraction.

" d- time dilation.

e-mass increase.] ! . e e _ e R T
State that spacetime Is a mathematical model in relativity that treats time as a fourth dimension of the traditional

three dimensions of space. (It can be thought of as a metaphorical sheet of paper that can bend, and when it
bends it can cause effects such as stretching and compression seen when gravitational waves pass through
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Albert Einstein’s theory of relativity transformed the theoretical physics and astronomy during
the 20th century by superseding a 200-years-old theory of mechanics created by Isaac
MNewton. The ideas behind relativity might seem mysterious, as they introduced new concepts
such as four-dimensional spacetime, relativity of simultaneity, time dilation, and length
contraction.

The theory of relativity, given by Albert Einstein, includes two theories: special relativity and
general relativity. Albert Einstein published special theory of relativity and general theory of
relativity in 1905 and 1915, respectively. Special relativity applies to all physical phenomena
in the absence of gravity. General relativity explains the law of gravitation and its relation to
the forces of nature. Einstein explained the situations in which Newtonian physics might fail to
deal successfully with phenomena, and in doing so proposed nt.-'-..u'«:ulul:iu:::narj,gr changes in human
concepts of time, space and gravity.

Over the last century, many experiments have confirmed the validity of both special relativity
and general relativity. It includes the observation that light deflect from distant stars as the
starlight passed by our sun, proving that gravity distort or curve space. Instead of being an
invisible force that attracts objects to one another, gravity is a curving or warping of space.
The more massive an object, the more it warps the space around it, as shown in the cover
picture of this unit.

The special theory of relativity became an important and necessary tool in the new fields
of nuclear physics, atomic physics and quantum mechanics. Nuclear power plants and nuclear
weapons etc., would be impossible without the knowledge that matter can be transformed into
energy. So, the theory has an enormous impact on the modern world. In this unit, we shall
discuss some important aspects of special relativity.

13.1 FRAME OF REFERENCE

A frame of reference is a coordinate system that can be used to determine positions and
velocities of objects with in that frame,

For example, when a ball rolls in a street, you can say that the ball is moving because the frame
of reference is the streets, whatever may be on the side of the street or the Earth itself. The
origin, orientation and scale of a reference frame are specified by a set of geometric points
whose positions are identified both mathematically and physically. All measurements of motion
are made relative compared to a frame of reference. Different N v

frames of reference can move relative to one another. c e

Consider two persons A and B are seated in a bus and the bus is
moving with a velocity v, as shown in Fig. 13.1. If we ask to A :
about the velocity of B, he will say that B is at rest. But if we ask

the same question to a person C standing on ground, road side.  F'8ure 13.1: two persons

He will say that B is moving with a velocity v in the positive X ;:n:n:ﬁﬁlﬁmhl

direction. So, before specifying the velocity we have to specify  with a velocity v.
the frame of reference. I
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Frame of reference are of two types: Inertial frame of reference and non-inertial frame of
reference,

Inertial Reference Frame

An inertial reference frame is a frame of reference in which Newton's law holds true: i.e., an
object at rest remains at rest, and object in motion remains in motion with a constant velocity
on a straight line, unless acted upon by an external force.

A frame of reference that is at rest or moving with a uniform velocity along a straight line is
called an inertial frame of reference.

An inertial frame of reference does not accelerate. Any reference frame that moves with
constant velocity relative to an inertial frame is itself inertial. The Earth can be considered an
inertial reference frame for many experiments. The interior of a car moving along a road at
constant velocity and the interior of a stationary house are examples of inertial reference
frames.

Non-inertial Reference Frame

In a non-inertial frame of reference, objects experience acceleration even in the absence of
applied forces because the reference frame itself is accelerating relative to an inertial frame.
Newton's laws do not hold in a non-inertial frame of reference.

‘A frame of reference that is accelerating is called a non-inertial frame of reference.

An accelerating car is example of non-inertial reference frame.

13.2 SPECIAL THEORY OF RELATIVITY

; 1905, Albert Einstein introduced his famous theory of
relativity. This theory deals with the structure of space-time. : Albert Eliisteln
Einstein's special theory of relativity is based on two postulates: A (A7 1955)

1) The Principle of Relativity

The laws of physics are the same for all observers in any inertial
frames of reference. As long as an object is moving in a straight
line at a constant speed (i.e., with zero acceleration), the laws
of physics are the same for every observer.

This implies that the experiments performed in stationary and
r.oving inertial frames of reference yield the same results. For  born theoretical physicist. He

example, it is impossible to determine nz-:ncp-=.-rirma-enti.fl_ll::..r wi'fether et o i o il
an inertial reference frame is stationary or moving without time,

observing it from an external frame of reference.
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Consider two individuals; one standing in a stationary train and the other is standing in a train
moving at constant velocity v, as shown in Fig. 13.2. Both are observing the free fall motion of
a ball under the action of gravity

Stationary truin Moving train

)

Filuroﬂ.l. Freetyfullini ballmﬂuthea:thnufrlﬂtyln inertial frame.

Both the individuals are in inertial frames of reference, where Newton’s laws apply equally for
both of them. Both persons will observe the ball falling in a vertical path. If the trains are
windowless, the passengers will have no way cf knowing whether their train is stationary or
moving at constant velocity.

2) The Principle of the Constancy of the Speed of Light

The speed of light in vacuum is always constant for all observers, regardless of the relative
velocity between the source of light and the observer measuring it. No matter how fast an
observer or the light source is moving, measured speed of light (c) always yields the same value
i.e., c=299,792,458 ms".

This postulate has profound implications, particularly as it contradicts Newtonian mechanics.
For instant, you were travelling at 0.5c in the same direction as the beam of light, Newtonian
mechanics predicts that you would observe the speed of the light beam to be 0.5¢. However,
according to special relativity, you would still observe the speed of light to be at c. This leads
to a range of fascinating effects.

When a stationary person measures the speed of light emitted from a train at rest, the speed
is simply c. However, the speed of light remains c even when the train is moving relative to the
person, as shown in the Fig. 13.3 (a).

Statlnnuru traln - M;nﬁinﬁ'trﬁln ‘
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If a person travelling on this moving train looks into - - e sras A ettty
the mirror placed at his front, as shown in Fig. 13.3 Moving train

(b). Will this person see a reflection of themselves

in the mirror? :

Newtonian Physics suggests that no reflection would | o C
be seen by a person when a light ray travels froma | F errd
person to a mirror and returns to the person's eyes.

When Newtonian relativity is applied to this thought & ——

experiment as depicted in figure, a mirror is moving Figure 13.3 (b): A person on the tra;n B
at the speed of light, the relative velocity between  |ooks into the mirror placed at his front.
light from the person and the mirror is zero. This e Do ——
implies the light will never reach the mirror and thus person would not see a reflection.

However, this outcome contradicts the first postulate of special relativity which states that a
person in an inertial frame of reference, such as this one, will not be able to identify whether
the frame of reference is stationary or moving at a constant speed. If the person cannot see
their reflection in the mirror, it would suggest that the train must not be stationary, as a

reflection would be visible if were the case.

Special relativity, however, asserts that a reflection is indeed seen. The contradiction derived
from Newtonian mechanics in this thought experiment supports the constancy of light's speed.
The second postulate of special relativity states that light's speed is constant in a vacuum for
all inertial frames of reference. This means that from the perspective of the person and mirror
in the moving train, light's relative velocity is still c. as a result, the light will reach the mirror
and be reflected back to the person’s eyes. Therefore, the person will see a reflection of
themselves in the mirror.

13.3 CONSEQUENCES OF THE SPECIAL THEORY OF RELATIVITY

There are other surprising consequences of the special theory of relativity. These consequences
of the special theory of relativity are summarized in the following.

Relativity of simultaneity

Two events that are simultaneous for one observer, may not be simultaneous for another
observer in relative motion. For example, consider a person is standing next to a train track
and comparing observations of a lightning storm with a person inside a moving train. The train
is moving at nearly the speed of light.

Einstein imagined scenario when the train is positioned at a point on the track equally between
two trees. If a bolt of lightning strikes both trees at the same time, the person standing beside
the track would receive the strike as simultaneous. However, because the person inside the
train is moving toward one lightning bolt and away from the other, the person on the moving

train would see the bolt ahead of the train first, and the bolt behind the train later.
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Einstein concluded that simultaneity is not absolute. In other words, events that appears
simultaneous to one observer may occur at different times for another observer. He realized
that it is not light speed that changes, but time itself that is relative. Time moves differently
for objects in motion compared to those at rest. However, the speed of light remains constant
and is observed to be the same by anyone, anywhere in the universe, regardless of their
motion.

Mass-Energy Equivalence
Energy and mass are equivalent and transmutable, expressed by the equation:
5 - E=mdc =13 ;

where E is Energy, m stands for mass and c for the velocity of light. Many scientists ubserved
that the object's mass increases with the velocity but never knew how to calculate it. This
equation is the answer to their problem, which explains that the increased relativistic weight
of the object is equal to the kinetic energy divided by the square of the speed of light. As, the
speed of light is too high, so a tiny amount of mass is equivalent to a very large amount of
energy. That's why atomic and hydrogen bombs are so powerful. The concept of mass defect
in atomic nucleus is also justified by the expression of mass-energy equivalence.

Length Contraction

Objects appear shorter in the direction of their motion relative to the observer. The length of
an object measured in its rest frame is called the proper length (L.). Other observers in
different reference frames, which are in relative motion will always measure the length (L) to
be shorter. This phenomenon 1is described by the following equation:

This effect, known as length contraction occurs only in directinn of motion.
Time Dilation

One of the key consequences of Einstein's special relativity is that time is experienced
diffirently by moving objects. An object in motion undergoes time dilation, meaning that it
experiences time more slowly compared to when it is at rest. Moving clocks are observed to
tick more slowly than clocks that are stationary from the observer’s perspective.

The time taken for an event to occur within its rest frame is called proper time (t.). Observers
in different reference frames in a relative motion will always measure the lapsed time taken
(t) to be longer. This is expressed by the equation:

v e (13.3)
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Mass Variation

The mass of a moving object increases as its velocity increases. This phenomenon is known as
mass variation, is another expression of mass-energy equivalence. It is represented
mathematically as:

ms= (13.4)

Where, m is the relativistic mass, m, is the rest mass of particle, c is the speed of light and v
is the velocity of the particle relative to a stationary observer.

This effect becomes noticeable only at relativistic speeds (speed close to the speed of light).
As an object is accelerated closer to the speed of light, its mass increases. The more massive
it becomes, the more energy is required to achieve the same acceleration, making further
acceleration more and more difficult. The energy that is put into attempting acceleration is
instead converted into mass. The total energy of an object is kinetic energy plus the energy
embodied in its mass. To accelerate even the smallest object to the speed of light would require
an infinite amount of energy. Therefore, material objects are restricted to speeds less than the
speed of light.

Example 13.1: If a 0.5 kg body is moving at a speed of equivalent to 90 % of the speed of
light. What will be its mass in this situation?

Given: v=90%of c = 0.9¢ mo = 0.5 kg
To Find: m=17
Solution: Using the relation: me % :
v

-

Putting values, we get: m = - =1.15kg
' l_lﬂ-'k}’
c!

Example 13.2: At what speed would the mass of proton be tripled? The rest mass of a proton
is 1.673x1 0-27 kg.

Given: me = 1.673x10 kg

To Find: v=1

Solution: Using the relation: m= 2 -
s

Putting the given values, we get: 3 m, = s
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squaring both sides, we get:
v’agc’ or v=3i—§c=-ﬂ.§415c

Assignment 13.1
1) What is the speed of a rod relative to the observer, if the length of rod is measure to be
half of its proper length?
2) The time period of a pendulum is measured to be 3 s in the inertial frame. What is the
period when measured by an observer moving with a speed of 0.95¢ with respect to the
pendulum?

13.4 T[ME AS A FOURTH DIMENSION IN THE SPACETIME MODEL

Until the Im.h century, it was thought that |
the three-dimensional geometry of the |
universe (its description in terms of
locations, shapes, distances, and directions)
was distinct from time (the measurement of
when events occur within the universe).
However, according to Einstein, you need to
describe the location of an object not only
in three-dimensional space (length, width
and height) but also in time. Hence time is |
the fourth dimension.

To know where you are, you have to know

what time it is. The history of an object's |
location through time traces out a line or |
curve on a spacetime diagram. Each point in |
a spacetime diagram represents a unique
position in space and time.
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Spacetime is a mathematical model, as shown in the Fig. 13.4, that unites the three dimensions
of space with the single dimension of time into a single four-dimensional continuum. Spacetime
diagrams are useful in visualizing and understanding relativistic effects such as how different
observers perceive where and when events
occur.

A spacetime diagram is a graphical In 1908, Hermann Minkowski presented a
representation of locations in space at various = 8eometric interpretation of special relativity

times, as shown in figure 13.4. Spacetime ;?;‘eni“i;"nﬂ'“f,? ?pn;zear;:mui t;r::hw:::E

diagrams can depict the geometry underlying dimensional  continuum now  known
phenomena like time  dilation and length  as Minkowski space. This interpretation

contraction wi ; proved vital to thegeneral theory of
equations fthout o mathematical . relativity, wherein spacetime is curved

by mass and energy.
SUMMARY

< Aframe of reference is a coordinate system that can be used to determine the positions
and velocities of objects in that frame.

< A frame of reference which is accelerating is called a non-inertial frame of reference.

< A frame of reference which is at rest or moving with a uniform velocity along a straight
line is called an inertial frame of reference.

<+ The principle of relativity: The laws of physics are the same for all observers in any
inertial frame of reference.

< The Principle of the Constancy of the Speed of Light: The speed of light in vacuum is
constant for all observers, regardless of the relative velocity between the source of light
and the observer who is measuring its velocity.

< Relativity of simultaneity: Two actions that appears simultaneous for one persm:l may
not be simultaneous for another person in relative motion.

< Length Contraction: Objects are measured and appear shorter in the direction of
motion relative to the observer. This effect of relativity is called length contraction.

4 Time Dilation: An object in motion experiences time dilation, meaning that when an
object is moving very fast it experiences time more slowly than when it is at rest.

< Mass Variation: The mass of a moving objects increases as its velocity increases. This is
the phenomenon of mass variation.

& A spacetime diagram is a graphical illustration of locations in space and times.

% Minkowski space is a geometric interpretation of special relativity that combines time
and the three spatial dimensions of space into a four-dimensional continuum.
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EXERCISE

Multiple Choice Questions

Encircle the correct option.

1) Theory of Relativity was formulated by:

A. |saac Newton B. Stephen William Hawking
C. Albert Einstein . D. Ernest Rutherford

2) A frame of reference is:

A. a graph plotted between distance and time.

B. a graph plotted between speed and time.

C. the velocity of an object through empty space without regard to its surroundings.
D. an arbitrarily fixed point with respect to which motion of other points is measured.

3) A pendulum has a time period of 5.0 s relative to the pendulum’s frame of reference. What
is the speed of an observer relative to the pendulum's frame of reference if the period measured
by the observer is 10.0 s? (here, c is the speed of light).

A. 0.606c B. 0.779%c C. 0.866c D. 0.693c

4) An airliner traveling at 200 m s emits light from the front of the plane. Which statemcnt
describes the speed of the light?

A. It travels at aspeed of c + 200 m 5. B. It travels at a speed of c - 200 m 5™,

C. It travels at a speed c, like all light. D. It travels at a speed slightly less than c.
5) An inertial frame of reference is the one:

A. which is at rest.

B. which is moving with a uniform velocity along a straight line.

C. which has zero acceleration.

D. All of these,

Short Questions

Give short answers of the following questions.
13.1 What is the difference between inertial and non-inertial frames of reference?

13.2 State the postulates of special theory of relativity?

13.3 Explain why is it impossible for a particle with mass to move faster than the speed of
light.
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13.4 Imagine a train travelling at the speed of light. A person on this train looks into the mirror
placed in front of him. Will this person see a reflection of himself in the mirror?

13.5 What happens to the density of an object as its speed increases?
13.6 What is meant by the relativity of simultaneity?

Comprehensive Questions

Answer the following questions in detail.
13.1 What is meant by frames of reference? Explain with the help of examples. Also discuss
its types.
13.2 Discuss the postulate of the special theory of relativity.
13.3 Explain the following consequences of the special theory of relativity:
a) Relativity of simultaneity b) Length Contraction
¢) Time Dilation d) Mass Variation e) Mass-Energy Equivalence,

. 13.4 state and explain how time is considered the fourth dimension alongside the traditional
three dimensions of space.

Numerical Problems

13.1 Calculate the equivalent energy of an electron with rest mass 9.11x10™" kg.
(Ans: 0.512 MeY)

13.2 The length of a spaceship is 100 m. What will be its length if the spaceship moves at a
speed of 0.99¢? (Ans: 14 m)

13.3 Particles called n-mesons are produced by accelerator beams. If these particles travel
at 2.70x10° m s and live 2.60x10°® s when at rest relative to an observer. How long do they
live as viewed in the laboratory? (Ans: 5.96x107% s)

13.4 A neutral m-meson lives 1.40x10°" s as measured in the laboratory, and 0.840x107 s
when at rest relative to an observer, What is its velocity relative to the laboratory?

(Ans: 0,800 c)
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What may
bye the role of
antismatter in

medical diagnostic
techniques?

Student Learning Outcomes (SLOs)

The students will:

State that nucleon number and charge are conserved in nuclear processes.
Describe the composition, mass and charge of alpha, beta and gamma radiations [both 8- (electron) and B+
(positron) are included].

= Explain that an antiparticle has the same mass but opposite charge to the corresponding particle [give the example
that a positron is the anti-particle of an electron].

« State that electron-antineutrinos are produced during B- decay and electron-neutrinos are produced during B+
decay.

= Explain that a-particles have discrete energies but that B-particles have a continuous range of energies because
anti-neutrinos are emitted in B- decay.

» Describe quarks and anti-quarks are fundamental particles [including that there are six flavors (types) of quark:

up, down, strange, charm, top and bottom].

Describe protons and neutrons in terms of their quark composition.

State that a hadron may be either a baryon (consisting of three quarks) or a meson (consisting of one quark and

an anti-quark).

Describe the changes to quark composition that take place during B- and B+ decay.

State that electrons and neutrinos are fundamental particles called leptons.

State W, Z, gluon and photons as fundamental particles called exchange particles or force carriers.

State that Higgs Boson as a fundamental particle which is responsible for the particle's mass.

Explain that every subatomic particle has a corresponding anti-particle [that has a same mass as a given particle

but opposite electric or magnetic properties according to the Standard Model of Particle Physics]. C

Describe protons and neutrons in terms of their quark composition.

State that a hadron may be either a baryon or meson.

= Explain that there are various contending theories about what ‘mass’ and ‘force’ are generated from [e.g. that
these are generated from quantum fields when they are energized, or from multidimensional ‘strings’ that vibrate
in higher dimensions to give rise to particles].
Explain the working principle of particle accelerators and also thelir uses,
Stplain ;hnt anti-matter is the counter part of matter [e.g. a positron is the anti-matter counterpart to an

= lllustrate that the anti-particles usually have the same weight, but opposite charge, compared to their matter
counter parts.
State that most of the matter in the observable universe is matter.

Descrihe the asymmetry of matter and anti-matter in the universe as an unresolved mystery.

* Describe annihilation reactions [a particle meets its corresponding anti-particle, they undergo annihilation
reaction in which either all the mass is converted to heat and light energy, or some mass is left over in the form
of new subatomic particles].
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From the beginning of time, humans have had an innate urge to discover the mysteries of the
universe. In other quest to find the fundamental building block of the cosmos, they have
unlocked many doors to scientific knowledge.

Particle physics, also known as high-energy physics, is a branch of physics that deals with
fundamental constituents of matter and radiation, and their interactions. It delves into the
nature of subatomic particles, such as quarks, leptons, bosons, and their respective forces. The
Standard Model of particle physics describes these particles and their interactions, excluding
gravity. This field of physics aims to understand the universe at the smallest scales and highest
energies.

Today, particle physics experiments are often conducted at large facilities such as the Large
Hadron Collider (LHC), where particles are accelerated to high energies and collided, allowing
physicists to probe the fundamental structure of the universe.

14,1 CONSERVATION LAWS IN NUCLEAR REACTIONS

Charge and nucleon conservation are fundamental principles in nuclear processes, deeply
rooted in the laws of physics and the interactions among subatomic particles. These
conservation laws play a crucial role in maintaining the integrity of atomic nuclei and ensuring
that the fundamental properties of matter are preserved during nuclear reactions and decays.

14.1.1 Conservation of Charge

The conservation of charge is a fundamental property of particle interactions. In any closed
system, the total charge before and after an interaction or decay must remain the same.
Consider the example of a-decay:

sRa™ — RN + 3He' + Q

Here in this reaction, total charge on L.H.S is equal to the total charge on R.H.S. This is because
charge is a conserved quantity i.e. it cannot be created or destroyed. It can only be transferred
from one particle to another. In nuclear processes, the charges of the particles involved (such
as protons, electrons, positrons) are carefully balanced to maintain overall charge neutrality.

14.1.2 Conservation of Nucleons

Nucleons, comprising both protons and neutrons, are the building blocks of atomic nuclei. The
conservation of nucleons refers to the principle that the total number of nucleons remains
constant before and after a nuclear reaction or decay. Consider the following nuclear reaction

_.‘."N“ * :j'le‘ g —" lu" + IH'I + q
The number of nucleons on the L.LH.5=14 +4 =18
The number of nucleons on the RH.S=17+1 =18

Hence, total number of nucleons on both the sides are same, i.e., 18. This conservation law is

a consequence of the strong nuclear force, that binds nucleons together in the nucleus. The
strong force is a short-range force that acts between quarks (the constituents of protons and
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neutrons), ensuring that the nucleons are not spontaneously created or destroyed during
nuclear processes.

The conservation of charge and nucleons is upheld in various nuclear reactions, such as alpha
decay, beta decay, and fusion reactions. These laws have been extensively t: ‘zu and
confirmed through experiments and observations in particle physics and nuclear science. They
provide a deep insight into the underlying symmetries and interactions within the subatomic

world and have far-reaching implications for understanding the behavior of matter at the
smallest scales.

Alpha particles, beta particles, and gamma rays are three types of radiation commonly
associated with radioactive decay processes. These particles and rays have distinct properties
regarding mass and charge:

1) Alpha Particle:

Composition: An alpha particle consists of two protons and two neutrons, which are bound
together as a single entity.

Mass: The total mass of an alpha particle is approximately 4 atomic mass units (u) or unified
atomic mass units (u), equivalent to about 6.64 x 10 kilograms.

Charge: Alpha particles carry a positive charge of +2e, where "e" represents the elementary
charge. This charge corresponds to twice the charge of a single proton.

2) Beta Particle: .

Composition: Beta particles are high-energy electrons (8') or positrons (beta-plus) emitted
during certain types of radioactive decay.

Mass: B-particles have a much smaller mass than a-particles. Electrons have a mass of
approximately 9.11 x 107 kg, while positrons have the same mass but with a positive charge.
Charge: B particles (electrons) carry a negative charge of -1e. B particles (positrons) carry a
positive charge of +1e, where e = 1.6x10" C.

3) Gamma Ray:

Composition: Gamma rays are electromagnetic waves, similar to X-rays. They do not consist of
particles in the traditional sense.

Mass: Gamma rays have no mass because they are composed of photons, which are massless
particles. :

Charge: Gamma rays are electrically neutral, meaning they carry no electric charge.

These differences in mass and charge are essential for understanding their behavior,
interactions, and effects in various contexts, including radioactivity and radiation protection.

14.2 PARTICLE’S DECAYS

Antiparticles are a unique concept in particle physics, representing the counterparts to regular
particles. They share the same mass as their corresponding particles but have opposite electric
charges. This phenomenon is a consequence of the symmetries in the fundamental laws of
Fhysics. Here are a couple of examples to illustrate this concept:
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Electron-Positron:

Electron: An electron is a subatomic particle with a negative electric charge of -1e and a mass
of approximately 9.11 x 107" kg.

Positron: The positron is the antiparticle counterpart of the electron. It has the same mass as
an electron (approximately 9.11 x 10" kg) but carries a positive electric charge of +1e. This
pairing of electron and positron is an example of matter-antimatter annihilation. When an
electron and a positron collide, they annihilate each other, converting their masses into energy
in the form of gamma rays. This process is known as matter-antimatter annihilation.
Proton-Antiproton:

Proton: A proton is a subatomic particle found in the nucleus of an atom. It carries a positive
electric charge of +1e and has a mass of approximately 1.67 x 1077 kg.

Antiproton: The antiproton is the antiparticle counterpart of the proton. It shares the same
mass as a proton (approximately 1.67 x 107 kg) but carries a negative electric charge of -1e.
Antiprotons can be produced artificially in high-energy particle accelerators and are used in
scientific experiments to study the fundamental properties of matter.

These examples highlight the principle of charge conservation in particle-antiparticle pairs,
where the total charge remains conserved while exhibiting opposite signs. Additionally, the
conservation of mass is also evident as the masses of particles and their corresponding
antiparticles are identical.

14.2.1 Alpha Decays
In alpha decay, ‘atomic number of the parent nucleus reduces by 2 and the mass number reduces
by 4 units. The decay product is called the daughter nucleus. The daughter nucleus may also
remain unstable and undergo further disintegration till it attains stability. Alpha decay of ssRa™®
is shown below:

ggRa¥® —s gRN*2 + JHe' +Q
Q is the disintegration energy, which is always positive (as the process is spontaneous).

14.2.2 Beta Decays

Beta-minus (B-) decay and beta-plus (B+) decay are two types of radioactive decay processes
involving the emission of beta particles. These processes occur in atomic nuclei to achieve a
more stable nuclear configuration. Here's how each process works:

In beta-minus decay, a neutron (n) within the nucleus is transformed into a pruton (p), an
electron (beta-minus particle £°), and an antineutrino (ve ). The antineutrino is a nearly

massless, electrically neutral particle that carries away some of the energy released during the
decay. The emitted beta-minus particle is an electron. The process can be summarized as
follows:

H=p+ + 0 +ve (14.1)
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The newly formed proton remains in the nucleus, increasing the atomic number by 1, while
beta-minus particle and antineutrino are emitted from the nucleus.

In beta-plus decay, a proton within the nucleus is transformed into a neutron (n), a positron
(beta-plus particle "), and a neutrino (v, ). The emitted beta-plus particle is a positron, which
is the antiparticle of an electron. The process can be summarized as follows:

p =n+f +v, (14.2)

The newly formed neutron remains in the nucleus, reducing the atomic number by 1, while
beta-plus particle and neutrino are emitted from the nucleus. Both beta minus and beta plus
decay processes are governed by the weak nuclear force, one of the fundamental forces in
nature responsible for mediating certain types of particle interactions. These processes play a
crucial role in the overall stability and transformation of atomic nuclei, allowing them to
achieve more balanced configurations and release excess energy.

14.2.3 Energies for Alpha and Beta Decay

Alpha and beta particles are products of radioactive decay processes, and they carry different
amounts of energy due to their distinct properties and mechanisms of emission.

Alpha particles have discrete energies in nuclear processes due to the specific nature of the
quantum mechanical interactions within atomic nuclei. These energies are determined by the
energy levels and quantum states of the particles within the nucleus, as well as the binding
forces that hold the nucleus together. Inside a nucleus, protons and neutrons are arranged in
energy levels or shells, similar to how electrons are arranged in energy levels around an atom's
nucleus. These energy levels are quantized, meaning they can only take a certain discrete
value. When an alpha particle is formed during radioactive decay, it involves the rearrangement
of nucleons within the nucleus, which results in specific energy changes.

Quantization of Energy Levels: Just as electrons in an atom can only exist only at certain
discrete energy levels, nucleons within a nucleus also occupy quantized energy levels. When
nucleons rearrange themselves to form an alpha particle, the energy change corresponds to the
difference between the initial and final energy states.

Binding Energies: The formation of an alpha particle involves the strong nuclear force, which
binds nucleons together in the nucleus. As nucleons combine to form an alpha particle, changes
occur in the binding energies of the particles involved. These changes result in the release of
energy, which is carried away by the alpha particle.

Conservation of Energy: The conservation of energy is a principle in all physical processes.
The total energy of the system before and after the alpha particle emission must be conserved.
This conservation leads to the emission of alpha particles with specific, well-defined energies.
Consequently, the energies of alpha particles emitted in nuclear processes are quantized and
discrete. These specific energy levels of alpha particles provide valuable information about the
structure of atomic nuclei, the binding forces involved, and the dynamics of nuclear reactions.
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Energy of beta particles: The continuous energies spectrum of beta particles in nuclear
processes can be attributed to the probabilistic nature of quantum mechanics, along with the
conservation of energy and momentum. Unlike alpha particles, which have discrete energies,
the energies of beta particles are spread out over a range of values. This continuous energy
spectrum arises from several factors:

i) Quantum Uncertainty: In quantum mechanics, particles are described by wave functions
that exhibit inherent uncertainty in certain properties, including energy. This uncertainty
allows for a range of possible energies for a given particle. When a beta particle is emitted
during a nuclear decay, its specific energy is not predetermined but subject to quantum
uncertainty.

ii) Neutrinos in Beta Decay: In beta decay processes, such as beta-minus (B-) and beta-plus
(B+) decay, an additional particle is involved: the neutrino or antineutrino. These particles are
extremely lightweight and have negligible mass, which means they carry away some of the
energy released during the decay. This leads to a spread of energies in the emitted beta
particles, as the neutrinos can take varying amounts of energy, leaving less for the beta
particles.

iii) Conservation Laws: While the total energy before and after beta decay must be
conserved, there is flexibility in how that energy is distributed between the emitted beta
particle and the accumpanylng neutrino. This flexibility results in a continuum of possible
energy values for the beta particles.

iv) Final State Interactions: In some cases, the emitted beta particles can interact with
other particles or fields as they travel through matter. These interactions can affect the energy
and momentum of the beta particles, contributing to the continuous energy spectrum observed
in experiments.

14.3 MATTER AND ANTI-MATTER

In 1928, a British physicist Paul Dirac, while studying the behavior of electrons at very high
speeds (speeds comparable to light) derived an equation for the energy of an electron by
combining special relativity and quantum theory. Generally, the relationship for the energy and

momentum of a particle can be expressed as:
- :
E=L_ (14.2) _
',ml i TR YIETHE
Solving this relation for relativistic speed by using specml relatlﬂty and quantum heury, he

derived an equation which can be given as:

E=+{m'c" + p*c? (14.4)

Here ‘E’ is the energy of the particle, ‘'m’ is the mass, ‘p’ is the momentum and ‘c’ is the speed
of light. Positive and negative solutions for energy give a striking idea for anti-particles.
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If positive solution of the Dirac’s equation is for electron (the
particle) then negative solution for energy must be for a particle
which should have mass and momentum equal to that of electron
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but of opposite charge and magnetic moment. Dirac said this

energy solution is for positron (the anti-particle of electron). The
energy cones for electron and positron are shown in Fig. 14.1. Soon
after the prediction of Dirac on solving his equation for the
existence of anti-particles, James Anderson discovered the
positron. In 1932, while studying the tracks of cosmic ray particles
in a cloud chamber at California institute of technology, he

discovered a particle which has the mass equal to the mass of an
electron but has the opposite charge to that of electron i.e. the positive charged particle. This
was the first experimental discovery of an anti-particle. After that a lot of anti-particles were
discovered. Electron, proton and neutron along with their respective anti-particles are listed

here in table 14.1.

Table 14.1 (Particles and anti-particles)

s

Figure 14.1: Electron-
positron energy.

Property | Electron Positron Proton | Anti-proton | Neutron |. Anti-neutron
Mass (kg) | 9.1x10°" | 9.1x10™" | 1.67x10% | 1.67x10% | 1.67x107 | 1.67x107
tmg,} 0.51 0.51 aai.i_a 938.28 | 939.57 | 939.57
Charge -1e +1e +1e -1e 0 0
Spin 1/2 1/2 1/2 1/2 -1/2 1/2
Family fermion fermion fermion fermion | fermion Fermion

Particles are divided into two groups depending upon their spins. Particles with integer spins
(0, 1, 2 ...) are called ‘boson’ and the particles with half integer spin (1/2 etc.) are called

‘fermions’.

Anti-matter and Medical Technology
Antimatter is use lical technology, for
example, anti-protons are used to treat some types of
cancers, positrons are used in positron emission
topography (PET scan) to create images of internal
body part. In this process positrons are emitted by the
decay of radio nuclei. Photons are produced when
positrons collide with electrons, converting the
electron-positron pair into energy. Scanner detects
the annihilated photons at an angle uf 180° apart from
each other. Using these photons an image of the
internal body is obtained. PET scan is used to evaluate
organs like the heart and brain and are also used for
detection and evaluation of cancers.
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For Your Information

Radioactive potassium-40 present in bananas, Brazil nuts and even human body
produce anti-particles. It releases positrons in beta decay. The amount of such
reaction and the positron production is so small that it has no health threats.

Example 14.1: The energy of a particle system is 2 MeV moving with relativistic speed,
approach each other. If their masses are 0.511 MeV/c? find their momentum. Also justify
why momentum has two values i.e. positive and negative.

Given: E=2 Me¥ OR  E=(2x10°x1.6x10™")J =3.2x10""J

0.511x10°*x1.6x107"

T kg =9.11x10""%g

m=0.511 MeV/c* OR m=(

To Find: Momentum: p =1
Solution: To find momentum of the system we use equation 14.4.

E =#/m’c* + p’c?

' L —_— -
Squaring on both E[dE‘S, we get: E°=m"c" +p°c

, E*-mic’
Re-arranging the above: P
e walsas: _ [32x1070)* —(9.11x10™kg)* 3x10"ms )"
’ 3x10*ms™)?

p =+1.03x10 kg ms™
There are two values of momentum i.e. positive and negative, corresponding to particle and
anti-particle.
Assignment 14.1
Find the momentum of a positron, moving with relativistic Matter
speed. The energy of the positron is 0.47 MeV.

Physicists at the Relativistic Heavy lon Collider (RHIC) in
New-York created the anti-nuclei of helium-4. Anti-helium-4 ¢ © Prton
is the heaviest anti-particle produced. Scientists at CERN (the
European research laboratory for particle physics),
artificially created an atom of anti-matter, which has opened
the doors of further research in the field of anti-matter.
Hydrogen along with its anti-hydrogen is shown here in the
Fig. 14.2.

For Your Information

The cost of 1 gram of anti-matter is 62.5 trillion dollars, making it
the most expensive material on Earth. Anti-matter can create
objects as it is built out of atoms that are ‘charge conjugate’ of
ordinary atoms, i.e., the anti-atom.

Figure 14.2: Hydrogen and
anti-hydrogen.
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14.3.1 Asymmetry of Matter and Anti-matter

Particle and anti-particles mirror each other almost perfectly; for every particle in the universe,
there ought to be a particle of anti-matter. Our Earth, the Sun and the dust between the
galaxies are made up of normal matter. It looks like the whole universe is made up of matter,
so when we look around, we don’t see any anti-matter, why? The asymmetry in the universe is
essential for the existence of stars and even life itself. Hence asymmetry is good thing in itself.

A particle and anti-particle are charge conjugate of each
other (i.e., a positive and negative pair), hence whenever in -

any reaction, a pair of particle and anti-particle is made law ERaR

of conservation of charge requires this conjugation, which is

known as C-symmetry. Also, the particle and anti-particle P""‘"""" i et
are like ‘mirrors' to each other, as the inversion of nuclear
spatial coordinates; the state of being equal with reference
to some coordinate is called ‘parity’ (the space inversion)
Collectively, charge conjugation and parity are called CP-

symmetry. A simple depiction of charge symmetry and parity “

is shown in Fig. 14.3. Figure 14.3: A simple depiction
of C-symmetry and P-symmetry

Then why the anti-matter is so rare if the matter and anti-
matter are perfectly balanced. What happened to the anti-matter stuff? The answer lies to the
early universe,

The most accepted theory about the creation of universe is the big bang theory. According to
this theory, about 13.7 billion years ago an explosion took place with creation of matter and
antimatter in perfectly equal amount with CP-symmetry. But with this symmetry all the matter
would annihilate leaving behind an empty universe. But the real universe has the excess matter
which formed by surviving this annihilation, is due to CP-violation.

CP-violation is a phenomenon where the same Co s ot dmemeres  Wrees
decayprocesshasadtﬁerentprubnmmyfnra et — i —— pbein
particle than for an anti-particle.

In particle physics, it is the violation of the
combined conservation laws i.e. charge
conjugation and parity by the weak force. The
CP-violation seems to be the main cause of this
asvmmetry in the universe. In early universe,
equal amount of matter and anti-matter were
produced, but after first second when nuclei
formed the matter started dominating. As in the
nucleus two forces are prominent the strong Figure 14.4: The timeline of universe,
nuclear force which binds the nucleus and the

weak force responsible for the nuclear decays, both violate the CP. Evidences in early universe
for strong force’s CP-violation are less as compare to the weak force.
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14.4 QUARKS

In the early 20™ century, protons and neutrons were considered as elementary particles.
However, in 1964 Murray Gell-Mann and George Zweig independently proposed the quark
theory, which described the protons and neutrons as being composed of quarks. The existence
of quark was first confirmed in a deep inelastic scattering experiment at the Stanford Linear
Accelerator Center (SLAC) in 1968.

Elementary particles are those particles which are not composed of the other particles.
Elementary particles in the universe can be broadly categorized mainly into two groups i.e.,
the matter particles (fermions with half integer spin) and force carriers (bosons with integer
spin). Similar to the periodic table of elements, elementary particles are arranged in a table
known as the Standard Model of elementary particles, as shown in Fig. 14.5.

The first part of matter particles in the table Standard Model of Elementary Particles
is quarks, which have a size of roughly 10" m.

Quarks are elementary particles and basic l—l'r M
building blocks of meson and baryons, the R[]
-4

main constituent of all the matter. Each quark
has a corresponding anti-quark with same
properties but opposite charge. These quarks
combine to form composite particles called
hadrons. Quarks can be divided into six flavors
(flavors are some properties of the particles)
i.e. up, down, charm, strange, top and
bottom. All the quarks have half spin (1/2).

1. Up Quark: These are the lightest among all
the quarks that is why they are the most
stable among all the six quark flavors.
Their mass ranges from 1.7-3.1 MeV/c? and
has a charge of +2/3e (two-third of charge
of an electron). They are denoted by ‘u’
and anti-up quark is denoted by * u'. It is first generation quark.

2. Down Quark: These are heavy than the up quark but lighter than rest of all quarks. Due to
small mass, they are highly stable particles. Their mass ranges from 4.1-5.7 MeV/c? and
their charge is one-third of that of an electron (-1/3 e). They are denoted by * d ' and their
counterpart anti-down is denoted by * d '. It is first generation quark.

3. Charm Quark: These quarks have a mass about 1280 MeV/c’. It is hundreds of times more
massive than the up and down quarks. It is the second generation of quarks. They have a
charge +2/3e. It is denoted by ‘¢ ' and its anti-charm quark is denoted by ‘¢ .

4. Strange Quark: These quarks have a mass about 96 MeV/ cl. It is the second generation of
quarks. They have a charge -1/3e. It is denoted by s’ and its anti-strange quark is denoted

i€

kl:"‘---,

QUARKS

LEPTONS
@ o ||1@ (<@

| | -phaton

oo

W

SCALAR BOSONS { i

- |

W boson

Figure 14.5: The standard model of particles.
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by ‘s'. They have very long life even they can live 100,000 times longer than the similar
particles.

5. Top Quark: These quarks are the heaviest among all the quarks and have a mass about
173.1 GeV/c2, It is the third generation of quarks. They have a charge +2/3e. It is denoted

by ‘t' and its anti-top quark is denoted by ‘’. It is not a stable particle even it decays
before it has an opportunity to form hadronic bound states.

6. Bottom Quark: These quarks have a mass about 4.18 GeV/c?, It is the third generation of
quarks. They have a charge -1/3e. It is denoted _ y
by b and its anti-bottom quark is denoted by | I Il i |

‘b’. Bottom quark decays mostly into a charm Q2uevic | [s12Cevis | (7 Gevie
quark but rarely into an up quark. :

11

The quarks are shown in figure 14.6. Another up charin top

property of quarks and gluons is the color charge, | A \— \——
which is related to particle's strong interaction in T

| U) (ar v 06 Meic! CTT"" I |
the theory of quantum chromo dynamics (QCD). ‘ ¥ |+ & -+ 2 b
Quantum chromo dynamics is the model which E - ‘ . " & ‘ '
governs the behavior of quarks. This color property = = down strange bottom
is totally different from common meanings of color | O eI\ J J—

in everyday life. Quarks can be found in three Figm-e 14.6: Theqmrk:.
color charges i.e. the red, the blue and the green ' -
along with the three anti color quarks i.e. the anti-red, the anti-blue and the anti-green.

14.4.1 Hadrons:

The subatomic particles which are made up of quarks and anti-quarks held together by the
strong force with the help of gluons are called hadrons. They are the heaviest particles. As we
studied that quarks have fractional charges, but hadrons which are made up of quarks have
integer charges. '

Some examples of hadrons include kaons, protons, neutrons, anti-protons and anti-neutrons.
Hadrons experience strong nuclear force. Properties of hadrons are as follow:

= They carry no net color charge, although their constituent particles quarks to carry colour
charge.

* Hadrons are unstable particles and they can decay. Only hadron which is stable even in free-
state is the proton while the neutron is stable only within the nucleus. ~

Due to participating quarks, hadrons are mainly divided into two groups i.e. baryons and
mesons.

1. Baryons: Those particles which are approximately equal in mass to that of a proton or
greater are called baryon. These hadrons are made up of three quarks and are classified as
fermions, as they have half integer spin due to the odd number of quarks. Proton and
neutron are well known baryons. A quantum number which is equal to the number of baryons
minus the number of anti-baryons in a system of subatomic particles is called ‘baryon
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number’. Baryons have a baryon number +1 while anti-baryons have a baryon number of
—1. Some baryons along with their properties are listed in the Table 14.2.

' ".m&“ldﬂ':fﬁme’hawuns with their propertiess

¥

Purticle | ReStMES | spin | GSTTe | composition | Number | Number
Potn(p) 983 | 12 M wwd a0
Neutron (n) 939.6 | 1/2 0 ddu +1 0
Omega (Q) | 1672 ” i_.’E* ‘i 1 “.s'.ss | +_1 | 0
Delta (4) 1232 3/2 2 uuu +1 0

2. Mesons: Those particles which are made
by a quark-antiquark pair are called
mesons. They are lighter than the
baryons. They are bosons as they have
integral spins (-1, 0, +1), as the number
of quarks in them is even. Their baryon
number is ‘0’. Some of the commonly
known mesons are pion, kaon and rho. A
typical Baryon and a meson are shown in
Fig. 14.7. Some of mesons along with Figure 14.7: Left (Barvon), right (Meson).
their properties are listed in the Table
14.3.

Table 14.3: Some mesons with their properties.

Particle ' “fcf:.,f,";f" spin | Eﬁ,?: | E@%:;sj;pn 333.?3; I'Elﬁﬁ'ltl;}:r
Pion® (m") 0.140 0 +1 ud 0 0 _i
Kaom (K')  0.494 o | -1 su 0 o
Kaon® (K°)  0.498 = O 0 ds 0 0
Rho' (p')  0.770 1 +1 ud 0 0

14.4.2 Composition of Proton and Neutron

Protons and neutrons are made up of quarks. A proton is made up of two up guarks and one
down quark. As we know that up quark has a charge of (+2/3)e and down quark has a charge of
(-1/3)e. By adding the charge of these three quarks we get +1e charge for a proton, i.e., (+2/3
+2/3-1/3 = +1). Similarly, the anti-proton consists of the anti-quarks of the same type. A proton
in terms of color charge consists of a blue-up, a red-up and a green-down quark. The
composition of both proton and the neutron along with type and color charge is shown in Fig.
14.8.
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Similarly, a neutron is made up of two
down quarks and one up quark. Both down
quarks have a charge of (-1/3)e and one up
quark have a charge of (+2/3)e. By adding
the charge of these three quarks we get
‘0’ charge for a neutron, i.e. (+2/3 -1/3 -
1/3 = 0). Similarly, the anti-neutron
consists of the anti-quarks of the same
type. A neutron in terms of color charge
consists of a blue-down, a red-down and a
green-up quark. The composition of both
the proton and the neutron, along with
their counter anti-particles i.e., the anti-proton
and the anti-neutron is shown in Fig. 14.9.

Figure 14.8: Composition of proton and neutron.

ForYour Information

In electromagnetic force, charge is the basic property
that allows a particle to experience this force,

Neutral particles cannot experience the
electromagnetic force. Similarly, in the strong
interactions of the strong nuclear force (color force),
color is the basic property of a particle to experience
this force, A colorless particle cannot feel the strong
nuclear force. This property is sometime referred as
‘color charge'. There are three color charges i.e. red,
blue and green and three anti-color charges i.e. anti-
red, anti-blue and anti-green.

14.4.3 Change in Quarks during Beta Decays
As we have studied in topic 14.2.1 that whenever a proton decays into a neutron or a neutron

decay into a proton, these processes are called beta decay. We now need to study how quarks
change their types during these decays.

Figure 14.9: Composition of the anti-proton
and the anti-neutron,

1) Beta-positive Decay: In this decay, a proton is converted into a neutron, a pasitron (")
and a neutrino. This decay can be represented by equation 14.2, as:

p=n+e’ +v

In above relation, only two particles are made up of quarks i.e. the proton and the neutron. A
proton consists of two up-quarks and one down-quark, while a neutron consists of two down-
quarks and one up-quark. So, in this reaction one of the up-quark turns into a down-quark with
production of weak boson W', which is very short lived and soon decays into a positron and a

neutrino due to the weak interaction. Beta positive decay, when an up-quark turns into a down-
quark is shown in Fig. 14.10.
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Figure 14.10; Beta-positive decay. Figure 14.11: Beta-negative decay.

2) Beta-negative decay: In this decay, a neutron is converted into a proton, an electron (A ),
and an anti-neutrino. This decay is given by equation 14.1, as:

n=p +e + Ve
In above relation, only two particles are made up of quarks i.e., the proton and the neutron. A
neutron consists of two down-quarks and one up-quark, while proton consists of two up-quarks
and one down-quark. In this reaction one of the down-quark turns into an up-quark with
production of a weak boson W', which is very short-lived and soon decays into an electron and

an anti-neutrino due to the weak interaction. Beta negative decay, where a down-quark turns
into an up-quark, is shown in Fig. 14.11.

14.5 LEPTONS

In the standard model of particle physics, the | L. oo = @ omevies ) (Lrmsacevis |
second group of matter particles is lepton. | -1 -1 : -1 -
Leptons are also elementary particles; they are " @ m w " ka
not composed of other particles. Leptons can |

have a unit positive, unit negative electric charge | LmJ L muon 4 1 ¢ ty y
or may be neutral. The smallest lepton is the ‘LG e A ey
electron, which is most stable among all leptons. |5 |o . o o

Other leptons, such as muon and tau exist only at = |u 39 % \}9 " .&
high energy collisions and lasts for a very short &’ electron muon tau
period. — | neutrino J|_neutrino_J | _neutrino
Leptons have spin % and do not take part in strong Figure 14.12: Leptons.

interactions. The strong nuclear force is blind for
leptons. Leptons cannot be found within nucleus or nucleons: rather if they produced in

nucleus, they escape with large kinetic energies. Just like baryon number, the lepton number

is also a concept in particle physics. A lepton number is a conserved quantum number. For
leptons this number is ‘+1" while for anti-leptons its value is *-1". For any reaction, this number
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can be calculated as difference between the number of leptons and the number of anti-leptons.
Some leptons and their praperties are given in the Table 14.4.

Table 14.4: Leptons with their properties.

| Electric | Baryon | Lepton |
e’ I. Nhevich | opin | charge | Number | Number
Electron) e T T Y T | 0 | +
Muon (p) ~ 105.66 1/2 -1 ' [ I S
Tau (1) 1776.8 | 12 | -1 Il 0 +1
Electron neutrino (ve) | <1.0(evic?) | 1/2 0 0 |+ |
| Muon neutrino {v,) <0.17 1/2 0 0 1|
Tau neutrino (v:) <182 | 1/2 0 0 +1

14.5.1 Conservation Laws of Lepton and Baryon

Like conservation laws of mass, energy, momentum and charge in physics, we need some other
conservation laws like the lepton-number conservation and the baryon-number conservation.
Every particle interaction should necessary be according to these laws of conservations. The
interaction which is not satisfying any of these laws cannot take place in real world. The law
of cnnsenratiun nf leptun -number says that

TV er of reaction on both sides should essentially be same.

Similarly, the law nf conservation of baryon-number says that

i ~ The baryon-number of reaction on both sides should essentially be same.

Eumple 14.2: Show that the beta-positive decay and the beta negative decay satisfy the
laws of conservation of charge, lepton-number and baryon-number.

Given: Beta negative decay: n=p' +e” +I Beta positive decay: p' =n+e’ +v,

To Find: charge , lepton-number and baryon-number are same on both sides.

Solution:
For law of conservation of charge: As we know that charge on each particle is.

n=v,=v =0 p=e" =+] e =-1
Beta negative decay: 0=(+1)+(=1)+(0) = 0=0 Satisfied.
Beta positive decay: +1=(0)+(+1)+(0) = +1=+1 Satisfied.
For law of conservation of lepton-number: As we know that lepton number of each particle
is. n=p=0 e =y, ==] e =v, =+l
Beta negative decay: 0=(0)+(+D+(-1 =% 0=0 Satisfied.
Beta positive decay: 0=(0)+(=1)+(+D) =2 +1=+1 Satisfied.
For law of conservation of baryon-number: As we know that baryon number of each particle
is. n=p=+I| e'sy. =" =y =0
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Beta negative decay: +1=(+1)+(0)+(0) = +1=+1 Satisfied.
Beta positive decay: +1=(+1)+(0)+(0) = +1=+1 Satisfied.

As all the basic conservation laws of particals are satisfied, hence beta-positive and beta-
negative decays are real.

Assignment 14.2

Show that the particle reactions given below satisfy the laws of conservation of energy,
charge, lepton- number and baryon-number.

— 1)
) +p=r’+n+n +n* ) p' =e"+v, +v,

Point To Ponder

Hideki Yukawa introduced the quantum idea of fields (which is studied in
quantum field theory QFT). He proposed that the nuclear forces are
transmitted by the exchange of particles called “mediators or carrier
particles”. Later, we found carrier particles for all natural forces. A
fermion (matter particle) produces a boson (force carrier) which is
absorbed by another fermion to exert force on each other. The interaction
between two approaching protons’ repulsion by exchanging a photon (force
carrier for electromagnetic interaction) is shown here by the Feynman
diagram.

14.6 FORCE CARRIERS

In standard model of particle, Lthere is a group of particles which Intaractions  force carriers
do not make the matter but they are responsible for binding

matter together. The interactions between matter-particlesare (=~ it
mainly due to four types of fundamental forces i.e. the strong |i a « H
nuclear force, the weak nuclear force, the electromagnetic gluon |  higgs
force and the gravitational force. Each force interacts through =
the exchange of particles called ‘force carriers’ or ‘mediators’. {7 .
The force carriers, are shown in Fig. 14.13, and are given in

pheton

detailed below. —_—

e ) o

= =
1_4.6.1 The Photon : ‘ 5
In interactions involving electromagnetic force, the exchange (% B2%0n ) Eg
particle is photon. A photon is the smallest quantum of [eo3e0cevis E" o
electromagnetic radiation and is the basic unit of light. Photons |+ 0 = E
can travel through vacuum with a speed of 3x10* ms™. According | W bosen | 5 &

to Max Planck, the energy of photon is the product of its Figure 14.13: Force
oscillation frequency and the Planck's constant, expressed as: i

E=hf (14.5)

—_— .--rll—
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Photons have zero rest mass energy; they exist only as moving
particles. They are neutral and stable particles. They have a spin e" e
of ‘1' hence belong to the boson family. They are also
elementary particles which have energy, momentum and
frequency of oscillations. According to quantum field theory, 5

they are exchanged between the charged particles when they Y

exert electromagnetic force on each other. Hence, they are the

mediators of electromagnetic force, as shown in Fig. 14.14, e i
where two approaching electrons (shown in blue color) repel Space

each other (shown in red color) by exchanging a photon. During e+ e e +e

electromagnetic interactions every photon is emitted by one  Figure 14. 1:= Photons
; : mediators o

charged particle and absorbed by the another, so photon carries . e ot

the electromagnetic force in this context.

14.6.2 The Gluon

A particle that is exchanged between quarks to bind them

together to form particles like protons and neutrons is called
gluon.

Gluons are massless particles, travel at the speed of light and
are vector boson, meaning they have a spin of 1. They are the
exchange particles for the color force (the strong nuclear
force). Like quarks, gluons also exhibit the property of color.
During strong interactions, one quark or anti-quark emits a
gluon and other anti-quark or quark absorbs the gluon; hence
they are called the quanta of strong force. The gluons are
capable of exchanging color for conservation of color charge.  Figure 14.15: exchange of
They have no electric charge. The exchange of a gluon gluon between two quarks.
between two quarks is shown in Fig. 14.15.

14.6.3 The Z-Boson

Z-boson was discovered in 1983 at CERN. Z-boson is electrically neutral and has its own anti-
particle. It has a mass of 91.19 GeV/c’, which is nearly hundred times that of the proton, making
it one of the heaviest elementary particles. Bosons are very short-lived particles, with a lifetime
of order of 10 seconds. It is the carrier of the weak nuclear force and is a partner to W' and
W bosons, that mediate radioactive decay processes. In weak interactions, W and Z bosons
interact with each other as well as with quarks and leptons.

14.6.4 The W-Boson

W-bosons found in two different charge compositions i.e. W* and W', They can have both
positive and negative electric charges. W and Z are gauge bosons that mediate the weak nuclear
force.They have a mass of 80.360 GeV/c? and 91.2 GeV/c? and spin 1. They are responsible for

273

-

< e



UN[REEFE PARTICLE PHYSICS

many nuclear processes such as the reactions that power stars. They are very short-lived
particles, with a lifetime of order of 3x10? seconds. They do not have their anti-particles.

14.6.5 The Higgs Boson

Up'to the year 1964, the mass of a particle was considered as intrinsic property. In 1964, Peters
Higgs proposed a particle which is responsible for the mass of matter, which he called it Higgs
particle. In July, 2012 this particle was experimentally confirmed at CERN. Higgs particle has a
mass of 124.97 GeV/c?, making it 130 times more massive than a proton. Peter Higgs gave the
idea of a new type of a field, called the Higgs field that fills the universe and gives mass to all
elementary particles. It is a scalar field and the Higgs boson is a wave in that field. It has a zero
spin, zero electrical charge and no strong force interactions.

All the above four particles were gauge bosons that is a form of f-';I:CE carrier, while Higgs boson

is an elementary particle which is produced due to quantum excitation of Higgs field.

» Quarks interact strongly with the Higgs field, gaining relatively large mass.

» Electrons (lepton) interact only slightly with the Higgs field, making them extremely light
particles.

* Photons have no mass, and hence do not interact with the Higgs field.

14.6.6 Theories about Generation of Force and Mass

In classical physics, we study only the macroscopic concepts of mass and forces. However, in
quantum physics, these two entities have very different meanings. As we know that there are
four basic forces of nature, i.e. strong nuclear force, weak nuclear force, electromagnetic force
and the gravitational force. Two main theories about the force generation are discussed here.
The generation of mass, as explained above involves Higgs field. For force we have two main
theories i.e., quantum field theory and the string theory.

Quantum Field Theory (QFT):

Quantum field theory is a set of physical principles that combine the elements of quantum
mechanics with the theory of relativity to explain the behavior of sub atomic particles and their
interactions due to a variety of force fields. Three different quantum field theories address
three of the four fundamental forces in nature. Matter interacts through these forces.
Electromagnetism explains how atoms hold together, strong nuclear force explains the stability
of nucleus and the weak nuclear force explains why some atoms undergo radioactive decay.
QFT describes the particles as excited states of quantum fields, which are more fundamental
than particles themselves. Interaction between the particles is basically an interaction between
the fields. Each interaction can be represented by a Feynman diagram. Similarly, according to
QFT, mass is not the strength of attraction of two bodies or the quantity of matter; rather, it
is the tendency of an object to resist changes in its speed and position. In precise, at the
smallest level, everything is made up of some entities or fluid-like substance call quantum field.
This field sometimes behaves like particles, sometimes like waves, and they'can even interact
with each other,
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String Theory:

String theory suggest that, the whole universe is made up of tiny vibrating strings. The =~ strings
are smaller than the smallest particles. These strings can twist, vibrate and fold. By wwisting,
folding and vibrating they create matter, energy and forces. Phenomenon such as
electromagnetism and gravity arise from these strings. This theory replaces point-like particles
to one dimensional string. According to this theory strings have characteristics like charge and

mass and the characteristics of strings are controlled by their vibrations. According to string
theory, the matter composition is shown in Fig. 14.16.

Molecule Neutron

Matter Atom
@ -oc 2
~0g~ @m—* &
; = @
Molsculo Atoms Neurlon

Figure 14,16: Composition of matter according to string theory.
14.7 PARTICLE ANNIHILATION

Einstein’s famous mass-energy equation indicates that mass can be converted into energy and
vice versa. As we studied earlier, that soon after Big Bang matter and anti-matter were formed.
What will happen if matter comes close to its anti-matter? They annihilate each other and
convert their mass into energy in accordance with Einstein's mass-energy equation. A particle
and its anti-particle cannot exist in the same place, because when they come close to each
other, they annihilate each other. After annihilation process, the product is the energy in the

it

recet

'I‘rr

form of gamma ray photons. If an electron and a positron come in a close proximity, they

annihilate each other and forms two gamma ray photons.

e +e' ay+y

photon
Production of two photons is necessary in this :
reaction to conserve the momentum of the | ositron . ;
system. The annihilation of electron-positron is : '
shown in Fig. 14.17. The above reaction of i annihilation
annihilation is that in which the product is '
energy, but this energy can further be [leviron . %
converted into matter particles, in Large
Hadron Collider at CERN and Tevatron at Fermi- photon

Lab, the energy from such annihilations has
been converted into matter particles which
were previously undiscovered.

Figure 14.17: Electron-positron annihilation.
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14.7.1 Annihilation of Matter into Matter

Annihilation not only gives us energy by totally destroying the particles, but it can also produce
some new particles. If quarks with their

own flavored anti-quark come close to ~
each other, they annihilate each other, 0\ %

- |
producing energy and a new pair of quark ; """ ‘
and anti-quark. The annihilation of an up : ar— N2k
quark and an anti-up quark is shown in ' N
Fig. 14.18, in which at first, they -.v
annihilate each other by producing |emw annhBofion ghuon ardlop

energy, and then through gluons “Figure 14.18: Up and anti-up quark annihilation. '-‘*
interactions, they finally produce a top

quark and an anti-top quark.
ForiYour Information

Resistive plate chamber (RPC) is a particle detector widely used in high energy physics for muon’s
detection. It is relatively new and has become standard technology. It is known for very high detection
efficiency (>95%), excellent sub-nanosecond time resolution, high counting rates and relatively low cost.
This detector s easy to build, covers large areas and is extensively used in nuclear facilities like BESIII,
ALICE and CMS at CERN. It operates on the principle of fonizing a gas when particles traverse through it.

14.8 PARTICLE ACCELERATORS

In High Energy Physics (Particle Physics), we need to accelerate particles to very high speeds
to study their behavior at high energies. We use to collide these high energy particles to
produce new particles. For such high energies to achieve, we need projectiles that can
accelerate the particles to higher velocities. The instruments used to accelerate the
particles up to a desired speed and energy are called accelerators. There are two basic
types of particle accelerators i.e. lifiear accelerators and circular accelerators, including
synchrotrons and cyclotrons.

Linear Accelerators (LINACS)

We use linear accelerators (LINACS) to get a steady, intense beam of particle. The SLAC National
Accelerator Laboratory has the longest LINAC in the world, which is 2 miles long and can
accelerate a particle up to 50 billion eV. Linear accelerators consist of a set of cylindrical
accelerating tubes (drift tubes) of increasing length which are connected alternately in a
vacuum chamber. In its odd numbered of cylinders are positive and even numbered of cylinders
are negative, with the potential to the tubes reversing periodically according to the oscillating
frequency. An oscillator alternates the polarity of the tubes. An ion source is used to produce
ions which are to be accelerated. An accelerated beam of charge particles leaves the drift
tubes and moves towards the target. A schematic diagram of a linear accelerator is shown in

Fig. 14.19.
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- Figure 14.19: Linear accelerator.

Synchrotron Accelerators
Synchrotron accelerators, also called the ‘heavy lifters’, are circular accelerators. These are
the highest energy accelerators in the world. These accelerators have a closed pathway that
moves particles in a ring.
When a particle enters the accelerator it moves repeatedly in the circular path, which is
em:losed in a vacuum pipe. Radiofrequency cavities G nscotrwatng covy
ntervals around the ring increase their speeds. rasdeinjecson — =
ral magnets create electromagnetic fields to ~
bend the particles' path. The maximum energy
obtained by the synchrotron accelerator is 13.6 TeV
which was produced during the proton collision in the
Large Hadron Collider (LHC) at CERN.
Researchers send different beams to collide at
required energy at fixed points, where particle
detectors (like Compact Muon Solenoid CMS) are
positioned to detect the particles produced by these
collisions. Synchrotron accelerators are used to study
the basic building blocks of the universe, Synchrotron L
accelerators like LHC can accelerate heavy ions and :lc?elr:r::: 08 Synchentron
nuclei like lead, At RHIC accelerator in USA, the -
heavy ions like uranium and gold to create quark-
gluon plasma. A schematic diagram of a
synchrotron accelerator is shown in Fig. 14.20 (a).
Cyclotron Accelerators
Cyclotron accelerators, accelerate the particles in
a spiral pattern, starting from the center of spiral. : A
They usc cnie large clectromagnet to bend the path \F— Target
of particles. To move particles in increasing larger '
circles, they use metal electrodes. Cyclotrons can
accelerate particles to 520 million eV. Cyclotron Sovbc fald witen
accelerators consist of two circular metal boxes Figure 14.20 (b): Cyclotron accelerator.
.called ‘dees’, which are separated from each other
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and connected to a radiofrequency oscillator of frequency 10’ Hz, and alternating potential of
10 kV is applied between dees.

They can draw particles from different parts of the accelerator at different energies. Source of
ion is placed in the middle from which ions move outward in spiral path in applied electric and
magnetic fields.

Just like at very high energies, electrons are not confined to their atoms
i.e., electrons and ions are found in plasma state. Similarly, at very high
energies, the baryonic matter gets the same plasma state called quark-
gluon plasma, the high temperature soup that made up the universe just
after the Big Bang. In this state of baryonic matter, quarks and gluons
are no longer confined to each other by the strong force. Instead, they
become free from their mutual attraction.

14.8.1 Uses of Particle Accelerators

Particle accelerators are not only used for scientific research but they can also be used in
various other field of daily life, including medical field. Some uses of particle accelerators are
listed below: .

« Linear accelerators are used to produce medical isotopes, and create beams of radiations
for cancer treatment. Electron linear accelerator (LINACS) for cancer therapy is the most
common type of particle accelerator. It serves as injectors for higher energy accelerators.
They generate x-rays and high energy electrons for radiation therapy.

« Synchrotron accelerators are used to produce high energy environment to study the
building blocks of the universe. Higgs boson was discovered using these accelerators. In the
medical field, they are used for studying cell biology, crystallography, high resolution
imaging, and cancer radiation therapy. In environmental sciences they use in toxicology,
clean combustion and atmospheric research. They are also used in agriculture, mineral
exploration, engineering and forensics.

« Cyclotron accelerators are used to produce large number of certain types of particles, such
as muons and neutrinos. They are also used to produce medical isotopes. They are the best
source of high-energy beams for particle physics experimentation. They use in particle

therapy to treat cancer.
For Your Information
If 1 kg of anti-matter came into contact with 1 kg of matter, the resulting explosion would be equivalent
to 43 megatons of TNT or about 3,000 times more powerful than the bomb that exploded over Hiroshima.
Even one gram of anti-matter can produce an explosion of the size of a positron $¢

nuclear bomb. Hucleus

Example 14.3: A 3.0 MeV photon interacts with a lead nucleus o

and creates an electron-positron pair. The pair moves ’\W
perpendicular to the initial direction of travel of the photon. (a) #*™

Find the kinetic energies of the electron and positron, assuming

the nucleus is at rest after the collision. (b) Find the kinetic electron
energy of lead nucleus to ensure momentum conservation. Would
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this amount of K.E greatly affect the results in part (a)? The mass of lead atom is 193007
MeV.
Given: E, ., =3 MeV M,y = 193007 MeV

To Find: (a) Kinetic energy of electron: E__ =7

Kinetic energy of positron: E . . =7
(b) Kinetic energy of lead nucleus: E_ ... = ?

Solution: (a) According to law of conservation of energy (ignoring energy of nucleus):

Ep\‘ulm= d!:trm+Epndﬂ'm

3 MeV=E +E

electron position —eeeeee (1)
Now the y-component of momentum (ignoring nucleus):
0= ~PCiectron + PCpositron or PCetectron = PCpasitron

As the pair have equal momentum, they must have equal energy. Hence equation (1) gets the
form:

Eermrm - Ep.'I:Itrm =E
3 MeV =2E
Energy of either of the pair is: E= %MEV =1.5MeV

The rest mass energy of each particle is 0.511 MeV, hence:
K.E=(1.5-0.511) MeV
K-E ectron = K-Epegiiron = 0-989 MeV
(b) To ensure x-component of momentum to be conserved (as positron and electron are moving

in y-direction): PConoton = PCroties

IMeV =pc,. ...
Using: Ercies = JI..T-'-'C]':I +(mc’)’
Putting values: E s = \(3MeV)® +(193007MeV)?

! 9
E =193007MeV [l 4+ ——
e (193007)°

Using the binomial expansion, we get:

19
E,., =193007MeV [141—2
mceus ¢ -[1+2{193ﬂﬂ?}’]

Epies =2-33%10°MeV o E,. =23.3eV

As the nuclear energy has a very small value, the nucleus can preserve momentum conservation

while taking a very small portion of the total energy available. So we can ignore the presence

of nucleus while dividing the energy of incoming photon between electron and positron.
Assignment 14.3

A gamma-ray photon produces an electron-positron pair. If the rest mass energy of electron

is 0.51 MeV and the total K.E of the pair is 0.78 MeV, then find the energy of gamma-ray
photon in MeV,
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The Large Hadron Collider (LHC) at CERN is the most powerful K\
synchrotron accelerator in the world. It moves the particles like °
protons and other matter at extremely high-speed close to the speed
of light, before colliding them. These collisions produce massive
particles like the Higgs bason and the top quark. It has the ability to
accelerate particles to energy of 6.5 trillion eV.

il '\ PARTICLE PHYSICS

For Your Information g

SUMMARY

-

&

o

Nuclear radiation includes three types of particles: alpha particle with double positive
charge and heaviest among all, beta particle with negative charge and medium mass and
the gamma photon which is‘neutral and massless.

Conservation laws are the universal principles which must be followed during every

interaction and decay of particles.

Matter and anti-matter are the two distinct forms of particles, identical in all respects
except charge and magnetic moment.

Quarks are the elementary particles which make up all matter in the universe, these are of
six types.

Hadrons are the particles which are made up of quarks.

Baryons are the particles which are made up of three quarks, proton and neutron are
baryons. '

Mesons are the particles which are made up of a quark and an anti-quark, pions are the
examples of mesons. ' _

Beta positive decay is the process in which proton converts into a neutron by changing one
of its up quarks into down quark, producing a positron and an electron neutrino through the
emission of W-boson. ; .

Beta negative decay is the process in which neutron converts into a proton by changing one
of its down quarks into up quark, by producing an electron and an anti-neutrino through W-
boson.

Leptons are the lightest particles among the fermions; electron and muon are examples of
the leptons. :

Photon, gluon, W and Z bosons are the force carriers responsible for the exchange of
electromagnetic, strong and weak force respectively.

Higgs boson 'is the particle associated with the Higgs fields which particle interact with to
acquire masses.

Particle and anti -particle whenever come close to each other, they annihilate each other
by releasing energy or by forming a set of another particle and anti-particle pair.

Particle accelerators are instruments used for accelerating the particle up to very high

speed and high energies for research and technology.
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EXERCISE

Multiple Choice Questions

Encircle the correct option.

1) Which fundamental conservation principle states that the total number of nucleons (protons
and neutrons) remains constant in a closed system?

A. charge B. energy C. nucleon D. momentum

2) According to the principle of charge conservation, in any physical process, the total electric
charge before and after the process must?

A. decreases B. increases C. become zero D. becomes neutral

3) In a nuclear reaction, if a nucleus emits an alpha particle (helium nucleus), what happens
to the nucleon number (A) of the original nucleus:

A. decreases by 1 B. decreases by 2 C. remains same D. increases by 1
4) During beta-minus (B-) decay, a neutron is transformed into a proton, emitting an electron

(beta particle) in the process. What happens to the total charge during this decay, the total
charge:

A. increases B. decreases C. remains same D. becomes neutral
3) Positrons in our atmosphere can be produced during the natural process of:

A. spinning of Earth B. lightning C. Earth's magnetic field D. winds

6) Which type of carrier particle has not been found yet? ;

A. W-boson B. Z-boson C. pion D. graviton

7) What type of hadron is always constructed partially of an anti-quark?

A. baryon B. lepton C. meson * D. photon

8) Analysis of which particles resulted into the search of Higgs boson?

A. W and Z boson B. up and down quark

C. mesons and baryons D. neutrinos and photons

9) Which device is used for proton decay?

A. Cyclotron B. Synchrotron C. super-kamiokande D. Large Hadron Collider
10) Lepton number for ‘delta’ particle is:

A. -1 B.0 C. #1/2 D. +1

11) Which particle has a baryon number of +17

A. muon B. tau C. kaon D. omega

12) The particle which has the color property is:

A. pion B. kaon C. gluon D. proton

Short Questions

Give short answers of the following questions.
14.1 Why does beta-minus (8-) decay lead to an increase in the atomic number of the nucleus,
while beta-plus (B+) decay results in a decrease in the atomic number?
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14.2 Explain how the mass-energy equivalence principle, as expressed by Einstein's famous
equation E=mc?, is relevant to understanding the energy release in nuclear processes such as
alpha decay.

14.3 How do the principles of nucleon conservation and charge conservation in nuclear
reactions reflect deeper symmetries and conservation laws present in the fundamental
interactions of subatomic particles?

14.4 Can anti-matter burn? Explain.

14.5 List at least three applications of anti-matter.

14.6 Why are gluons short range exchange particles? Explain.

14.7 Why do gluons interact only with particles in the first two rows of the standard model?
14.8 What are the Feynman diagrams? What information about particles these diagrams give?
14.9 What are the differences between quarks and leptons?

14.10 What advantages do circular particle accelerators have over the linear particle
accelerators?

14.11 What is the difference between quantum field theory and the string theory?

14.12 How do we determine if a particle reaction or decay occurs?

Comprehensive Questions

Answer the following questions in detail.

14.1 Explain how the principles of nucleon conservation and charge conservation play a
fundamental role in understanding nuclear processes. Provide examples to illustrate the
application of these conservation laws in nuclear reactions.

14.2 Describe the process of beta-minus (B-) decay and beta-plus (B+) decay. How do these
decay processes violate the conservation of nucleon number within a nucleus while still
respecting the conservation of charge? How is the energy released during these processes
related to the mass difference between the initial and final particles?

14.3 Discuss the nature of gamma radiation in the context of nuclear decay. How is gamma
radiation different from alpha and beta particles? Explain how the emission of gamma rays is
related to the de-excitation of an excited nucleus and the transition to a lower energy state.
14.4 Discuss the fundamental differences between alpha, beta, and gamma radiation in terms
of their origins, properties, interactions with matter, and potential biological hazards. How do
these types of radiation impact various applications, such as medical imaging and nuclear
energy production?

14.5 What is matter and anti-matter? How did Dirac propose the existence of anti-matter?
14.6 Why is there asymmetry between matter and anti-matter in the known universe?

14.7 Explain the quark family of particles.

14.8 What are hadrons, baryons, mesons and leptons?

14.9 What are the force carriers? Explain.

14.10 What is particle annihilation? Discuss its two cases.

14.11 Explain the particle accelerators. Also, give working of its three types.
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14,12 Give in detail the uses of linear and circular particle accelerators.

Numerical Problems

14.1 A uranium-238 nucleus undergoes alpha decay, emitting an alpha particle (helium
nucleus) with a mass of 4.00151 atomic mass units (u). Calculate the energy released in this
alpha decay process. The speed of light (c) is approximately 3.00 x 10* meters per second, and
1 atomic mass unit (u) is approximately equal to 931.5 MeV/c. (Ans: 4.25 MeV)
14.2 A carbon- 14 nucleus undergoes beta-minus (8-) decay, emitting a beta particle (electron)
with a negligible mass. Calculate the energy released in this beta-minus decay process. The
speed of light (c) is approximately 3.00 x 10® meters per second. (Ans: 0.17MeV)
14.3 A nucleus undergoes a gamma decay, emitting a gamma ray photon with energy of 2,00
MeV. Calculate the frequency and wavelength of this gamma ray.

(Ans: 3.02 x10%° Hz, 9.94% 10" m)
14.4 If the negative solution of Dirac equation is for electron, then prove that the positive
solution for same equation is not for a proton of the same momentum.
14.5 Show that the following particle reactions satisfy the laws of conservation of charge,
lepton-number and baryon-number.

Da +p=K"+K +n i) ' =4 +v,
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Accuracy
Addition Of Vectors
Adiabatic Process
Amorphous Solids

Amps

Angular
Acceleration
Angular
Displacement
Angular Momentum
Angular Yelocity
Antinode

Artificial Gravity

Atom
Average Velocity

Baryons
Base Quantities

Battery
Boyle's Law

Brittle Materials
Carnot's Theorem

Centre of Mass
Centripetal Force
Charles's Law

Circuit

Compression,
Conductor

Conservation Laws

Conservative Field
CP-Yiolation

Crest

Crystal Lattice
Crystalline Solids
Current

Cyclic Process
Cyclotron

Glossary

The n_:l_nse_ness_nfua rnegsured va_l_ue to a standard or true value.

Vectors are added by the head to tail rule, rather than simple algebraic
addition. ]

A thermodynamics process in which no heat enters or leaves the system.
Solids in which constituent particles are arranged in a random manner i.e.
irregular structures.

unit of electric current.

The time rate of change of angular velocity is called angular acceleration.

It is the angle of the movement of a body in a circular path.

The cross product of position vector and linear momentum.

The rate of change of angular displacement.

The point of maximum displacement on a Stationary wave.

The rotation of a spaceship about its own axis to produce gravity like effect
produced in orbiting space ship to overcome weightlessness.

The smallest unit of matter.

The average velocity of an object is its total displacement divided by the total
time taken

Are the particles which are made up of three quarks like proton and neutron.
seven physical quantities such as length, mass, time, electric current,
temperature, amount of substance and intensity of light.

A group of connected electric cells.

The volume of a given amount of gas in inversely proportional to the pressure
of the gas while temperature is kept constant.

Materials which break after the elastic limit and do not go into the plastic
region.

No heat engine can be more efficient than a Carnot’s engine operating
between the same two temperatures.

The point at which all the mass of the body is assumed to be concentrated.
The force which bends the straight path of a body into a circular path.

The volume of a given amount of gas in directly proportional to the
temperature of the gas while pressure is kept constant.

In electronics, a circuit is a complete circular path that electricity flows

through.
The region of a longitudinal wave where particles are closer than the average.

A substance or material that allows electrons, or electrical current, to flow

through it.
In all natural phenomenon some basic laws are to be conserved like charge,

mass-energy, momentum etc.
The field in which work done along a closed path is zero.
It is a phenomenon of violation of combined conservation laws of charge and

parity by the weak force.
The portion of a transverse wave above the mean level.

It is the repetition of unit cells in a crystal.
Solids which have three dimensional regular patterns throughout their body.

The movement or flow of electricity through a ¢andt.||:t¢r.

A process which come back to initial state after succession of events.

A cyclotron is a machine that accelerates charged particles or fons to high
energies
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Cyclotron
Accelerators

Damping
Deformation

Denser Medium

Derived Quantities
Destructive
Interference
Diffraction
Dimension

Displacement
Doppler Shift

Drag Force
Drift Velocity

Ductile Materials
Elastic Collision

Electric Potential

Electricity
Electron

Energy
Entropy
Entropy

Equilibrium

First Condition of
Equilibrium

First Law of
Thermodynamics
Force Carriers
Forced Oscillations
Free Oscillations

Freely Falling Body
Gay Lussac’s Law

Geo-Stationary
Satellite

Gluon

Hadrons
Harmonics

Heat

These are devices to accelerate the atomic sized particles in spiral path,

A process whereby energy is dissipated from the oscillatory system.

The change in shape, length or volume of a body subjected to a force is called
deformation.

The medium which has greater density, like solids.

The physical quantities defined in terms of base quantities.

The interference between two waves when they are out of phase i.e. 180
degree phase difference.

Bending of light around obstacles.

A measurable extent of a particular kind, such as length, breadth, depth, or
height.

The Directed change in the position of a body from its initial position to its
final position.

The apparent change in the frequency of a wave due to relative motion of
source and observer.

A retarding force experienced by an object moving through a fluid.

The average velocity with which free electrons drift towards the positive end
of the wire in the presence of external electric field is known as drift velocity.
Materials which goes into plastic region before breakage.

The interaction of two or more bodies in which both momentum and kinetic
energy conserve.

Electric potential is the work done per unit charge to bring the charge from
infinity to a point in an electric field.

The flow of electrons.

A negatively charged particle that orbits the nucleus of an atom. The flow of
electrons produce electricity.

The ability to do work.

It is the measure of disorder of the system.

A thermodynamic quantity representing the unavailability of a system's
thermal energy for conversion into mechanical work, often interpreted as the
degree of disorder or randomness in the system.

The condition of a system when neither its state of motion nor its internal
energy state tends to change with time.

When the body has zero linear acceleration.

When heat (Q) is added to the system it increases the internal energy (U) of

the system plus work (W) is done by the system.

These are the particles which carry anyone of the natural forces.

The oscillations of a body subjected to an external force.

The oscillation of a body or system with its own natural frequency and under

no external influence other than the impulse that initiated the motion.

A body moving under the action of gravity only.

The pressure of a given amount of gas in directly ptopurtkmal to the

temperature of the gas while volume is kept constant.

‘é‘hft;atellite whose orbital motion is synchronized with the rotation of the
arth.

It is the mediator for strong nuclear force.

The subatomic particles which are made up of quarks. :

An overtone accompanying a fundamental tone at a fixed interval, produced

by vibration of a string, column of air, etc

The amount of thermal energy in a system.
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Heat Engine
Higgs Particle

Ideal Fluid

Impulse
Inelastic Collision

Instantaneous
Acceleration
Instantaneous
Velocity

Insulator

internal Energy
Irreversible Process

Isobaric Process

Isochoric Process
Isathermal Process

Kilowatt

Kilowatt Hour (Kwh)
Kinetic Energy
Laminar Flow

Leptons

Linear Accelerators
Longitudinal Wave
Magnetic Field
Magnetic Flux

Magnetic Flux
Density

Magnetic Flux
Linkage

Mesons

Modulus Of
Elasticity

Molar Specific Heat
at Constant Pressure
Molar Specific Heat
at Constant Volume
Moment Arm

Mzruent of Inertia
Momentum

Node

Null Vector -

It is a device which converts heat energy into the mechanical energy.

It is a vector boson which has the field called Higgs's field, particles acquire
their mass by the interaction with this field.

An ideal fluid is a fluid that is incompressible and no internal resistance to
flow (zero viscosity).

The product of force and time for which it acts on a body.

The interaction in which kinetic energy does not conserve, however total
energy and momentum remains conserved.

The acceleration of a body at a particular instant of time,

The velocity of a body at a particular instant of time.

Any material that will not allow electricity to easily flow through.

The energy possessed by the molecules of a body. 2
A process which cannot be retraced in backward direction without bringing
change in its surroundings.

A thermodynamic process in which the pressure of the system remains
constant.

A thermodynamic process in which the volume of the system remains constant.
A thermodynamic process in which the temperature of the system remains
constant.

A unit for measuring electrical energy.

One kilowatt of electrical energy produced or used in one hour.

Energy possessed by a body due to its motion.

The type of fluid flow in which the fluid travels smoothly or in regular paths.
Particles which are light in mass and do not feel the strong nuclear force, like
electron and neutrinos, ;

These are devices to accelerate the atomic sized particles in straight lines for
different experiments.

The wave in which the particles of the medium vibrate parallel to the
propagation of the wave.

The region around a magnet or region around the current carrying conductor
in which magnetic force acts on magnetic material.

The magnetic lines of force passing through area.held perpendicular to field
lines.

The magnetic lines of force passing through a unit area

It is the product of magnetic flux and number of turns of coil.

Particles which are made up of two quarks i.e. a quark and an anti-quark.
The ratio of stress to strain in a body.

Amount of heat required to raise the temperature of one mole of a gas through
1 K keeping the pressure of the system constant.

Amount of heat required to raise the temperature of one mole of a gas through
1K keeping the volume of the system constant.

Perpendicular distance between the axis of rotation and line of action of the

force.
A quantity expressing a body's tendency to resist angular acceleration.

The product of mass and velocity of an abject.
The point on a stationary wave having zero displacement.
A vector having zero magnitude and arbitrary direction.
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Orbital Velocity
Oscillatory Motion
Pair Annihilation

Particle
Accelerators
Periodic Motion
Permeability

Phase

Photon
Physical Quantity

Physics
Pitch

Plane Wave Front

Polarization
Polycrystalline
Solids

Position Vector
Potential Difference

Potential Energy
Power

Precision
Progressive Wave
Projectile

Quarks
Radian

Random Error

Range of a
Projectile
Rarer Medium

Rays
Rectangular
Components
Refrigerator
Resistance
Restoring Force
Resultant Vector
Reversible Process
Rotational
Equilibrium
Scalar Product

The tangential velocity to put a satellite in orbit around the Earth.

The to and fro motion of an object from its mean position.

Particle and anti-particle when come close to each other annihilate each
other by producing energy.

These are devices to accelerate the atomic sized particles.

The motion repeated in equal intervals of time.
It is the measure of the ability of a material to support the formation of a
magnetic field within the material i
A quantity which indicates the state and direction of motion of a vibrating
particle.

It is the mediator for electromagnetic force.

The quantity which can be measured.

The branch of science that describes the motion, energy and their mutual
relationship.

The quality of a sound governed by the rate of vibrations producing it. The
degree of highness or lowness of a tone.

When the small part of the spherical or cylindrical wave front originates from
a distant source, then the wave front which is obtained is known as a plane
wave front.

The orientation of vibration along a particular direction.

Solids that have intermediate structure between crystalline and amorphous.

A vector that describes the location of a point.

It is the difference between the potentials between two points in the electric
field.

Energy possessed by a body due to change in its pusltlun in some force field.
The ability or capacity of a body to do work.

The closeness of measured values to each other.

The wave which transfers energy away from the source.

An object thrown into the space or air and allowed to move free under the
influence of gravity and air resistance.

The elementary particles which are the basic building blocks of all the matter.
The angle subtended at the centre of the circle by an arc length equal to the
radius of the circle

An error in measurement caused by factors which vary from one measurement
to another.

The horizontal distance covered by the projectile frm'n the point where it is
launched to the point where it hits the ground at same level,

A medium in which speed of light is more and has less density is known as rarer
medium. -

Radial lines leaving the point source in all directions.

The components of a vector which are mutually perpendicular.

A device which extract heat from colder body and rejects it into hotter body.
The opposition to flow of electricity through a material.

The force that brings the body back to its equilibrium position.

A single vector which has the same effect as all individual vectors may have.
A process which can be retraced back under same conditions.

If a body rotating with constant angular velocity, it has zero angular
acceleration and said to be in rotational equilibrium.

The product of two vectors which gives, as a result a scalar quantity.
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Scalar Quantity

Second Condition of

Equilibrium
Second Law of
Thermodynamics
Significant Figures

Simple Harmonic
Maotion

Solenoid
Spherical Wave
Front

Static Electricity
Stationary Wave

Steradian

Strain
Strain Energy

Stress
Switch

Synchrotron
Accelerators

System

System International

Systematic Error

Terminal Velocity
Tesla
Thermal Energy

Thermal Equilibrium

Thermal Equilibrium

Thermodynamic
Work
Thermodynamics
Torque

Total Internal
Reflection
Trajectory
Translational
-Equilibrium
Transverse Wave

Trough
Tui bulent Flow
Uncertainty

A physical quantity that has magnitude only.
The condition in which a body has zero angular acceleration.

To extract work from a system two reservoirs at different temperatures are
necessary so that heat can flow between them. _
The number of accurately known digits and first doubtful digit are called
significant figures.
A motion of a body in which acceleration is directly proportional to
displacement from mean position and is always directed towards the mean
position.

A solenoid is a coil of insulated or enameled wire.
When the disturbance is propagated in all directions from a point source.

An electrical charge built up due to friction between two dissimilar materials.
The superpaosition of two waves of same frequency but moving in opposite
direction.

The solid angle subtended at the centre of a sphere by an area of its surface
equal to the square of the radius of the sphere

The quantitative measure of deformation in a body.

The area under the force-extension graph represents the strain energy in the
deformed material.

It is the applied force per unit area of the solid.

An electrical component used for connecting, breaking, or changing the
connections in an electrical circuit.

These are devices to accelerate the atomic sized particles in circular path.

A thern.cdynamic system fs the portion of universe under study.

The international agreed system of units used almost over.

Systematic error is associated with faulty equipment or a flawed experiment
design.

Maximum constant velocity of an object falling vertically downward.

It is SI unit of magnetic flux density.

The energy of a system possessed due average kinetic energy of its molecules.
When two systems are at same temperature they are called in thermal
equilibrium with each other.

The state in which net flow of heat is zero.

In thermodynamics when gas is the working substance the work is equal to the
product of pressure and the change in volume of the system.

The study of transfer of heat energy.

Torque is the twisting force that tends to cause rotation.

When the angle of incidence increases by the critical angle, then the incident
light in spite of leaving the medium is reflected back in the same medium.
The path followed by a projectile.

A body moving with uniform velocity, hence moving with zero linear
acceleration.

The wave in which the particles of the medium vibrate perpendicular to the
propagation of wave.

The portion of a transverse wave where the particles are below mean position.
Disorderly and changing flow pattern of fluids.

The range of possible values within which the true value of the measurement

lies
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Unit Cell It is the basic unit of a crystalline solid which has all the properties of the

o _ entire crystal.
|_Unlt_'fuctnr A vector of zero magnitude used for the direction. AL
Vector Product The product of two vectors that result into a vector quantity.
Ivmrﬂ,l.lmﬁty 'Aphysicalqunnmywhlchreanesbuthm;nfmdeanddlm:thorlHI
_| complete discerption.

Velocity Selector | Velocity selector is a device with a perpendicular arrangement of electric and
_._magnetic fields which is used as a velocity filter for charged particles.

\Volt _ The unit of measurement of force used to produce an electric current.
WAndZBosons | They are the mediator for weak nuclear force. M _ ]
| Watt _A unit for measuring electric power. S :
. Wave-Front A surface over which the phase of the wave is constant. :

W:wlurrl,th ' The distance between successive crests of a transverse wave,

| ' Weber | Itis Sl unit of magnetic flux.

wark urki:theenmwtmnsfermdtnnrfmnmobjectﬂathupp!ﬂﬂmuffm |

| long a displacement.
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