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After studying this chapter, the students will be able to:

&

the topics of this grade].

@ ¢ ¢ e @ @ @

uncertainties]

&

expenmeantal and numerical results,

Ehysics is the most fundamental branch of
¥ physical sciences. It provides the basic
principles and laws which help to understand the
mysteries of other branches of sciences such as
astronomy, chemistry, geclogy, biology and health
sciences. The tools. techniques and products of
Physics have transformed our dreams into
realities. The comforts and pleasures added In our
lives are fruitful results of science, technology
and engineering in everyday life.

The information technology has entirely changed
the outlook of mankind. The fast means of
communication have brought people of the entire
world in so close contact that the whole world has
become a global village.

Make reascnable estimates of value of physical guantities [of those guantities that are discussed in

Use the conventions forindicating units, as setoutin the Sl units.

Exprezs derived units as produets or quotients of the 51 base units

Analyze the homogeneity of physical equations [Through dimensicnal analysis)

Derive formulae in simple cases [Through using dimensional analysis)

Analyze and critique the acouracy and precision of data collected by measuring instruments

Justify why all measurements conlain some uncertainty.

Assess the uncertalnty in a derived quantity [By simple addition of absolute, fractional or percentage

Quote answers with correct scienlific notations, number of significant figures and wnits in all

Think over!

=

Computer chips are made from sllicon,
which is-obtained from sand. llisup to us
whether we make a sand castle or &
computeroutofit,

Physics is an experimental science and the scientific method emphasizes the need of
accurate measurement of various measurable physical quantities. This chapter
stresses in understanding the concept of measuring technigues and recording skills.
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1.1 PHYSICAL QUANTITIES AND THEIR UNITS

The foundation of physics depends on physical quantities in  Areas of Physics
terms of which the laws of Physics are expressed. Therefore, Mechanice '
these quantities have to be measured accurately. These are Heat & thermodynamics
mass, length, time, velocity, force, density, temperature, glsﬁmawhsm
electric current, and numerous others. Sotind

, i i , . Hydrodynamics
Physical quantities are often divided into two categories: base Special relafivity
guantities and derived quantities. Derived quantities are those ~ Seneal mialvily

; g z Quantum mechanics

which depend on base quantities. Examples of derived  atomic prysics
quantities are velocity, acceleration, force, etc. Base quantities m;g::ﬂl:hi:ﬂﬁ
are not defined in terms of other physical quantities. The base  soiid state physics

b i ; I Particle physics
qugntlhes are the Indffpendent Ehysmal quantluals in tarmg of Hplasskint s
which the other physical guantities can be defined. Typical  Superfiuidity

it i Plasma physics

examples of base quantities are length, mass and time. Magnethisiommamios
The measurement of a base quantity involves two steps: first, ~ Space physics
the choice of a stand{?rd‘ and secqnd. the establish marr'.t of a Interdisciplinary
procedure for comparing the guantity to be measured with the areas of Physics
standard so thal a number and a unit are determined as the Asirophysice
measure of that quantity. Biophysics

Measurements must be reliable and accurate so that they can

Chemical physics
Enginganng physics

be used, easily and effectively. ﬁiﬁfé‘fﬁms
1.2 INTERNATIONAL SYSTEM OF UNITS 2 el

In 1860, an international committee agreed on a set of definitions and standards to

describe the physical quantities. The system that was established is called the Systern

International (S1).

Sl units are used by the world's scientific community and - it

by almost all nations. The system international (Sl) Em Sl Unit | Symbol
consists of two kinds of units: base units and derived | gngm metre m
units, Mass kiogram | kg
Base Units g'"ﬂm el | 5
There are seven base units for physical guantities s ik d
namely: length., mass, time. temperature, electric Themodmamic ok i
current, light or luminous intensity and amount of _lemperaturs

substance (with special reference to the number of };ﬁ"ﬁw o | candela| cd
particles). Prefixes such as milli, micro, kilo, etc. may be  “a ol of

used with them to express smaller or larger quantities. substance | ™% | Mo

The names of base units for these physical quantities together with symbols are listed in
Table 1.1.
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Derived Units
Derived units are those units | : ﬁlﬁ*‘lﬂ: i

which depend on the base . Unit Symbol | In terms of base
un!ts. Sr::rnle ﬂfl the derived  guantity unils
Lnits ar‘e given in Table. 1.2. Plane angle radian rad dimensionless
The units of plane angle and .
solid angle have also been Solid angle steradian -1 dimensionless
included in the list of derived  Force newton N kg m s
units since 1995. Wark joule J Nm=kgm?s?
In addition to base and _Power watt w J &' =kgm 57
derived units, the Sl permits  Electric charge coulomb c As.
the use of certain additional  pressure pascal Fa N me = kg m 52
units, including:
= The ftraditional mathematical units for measuring
angles (degree, arcminute, and arcsecond).
«  The traditional units for standard time are (minute, [ @interesting information B ||
hour, day, and year). Mass (ka)
= The logarithmic units bel {and its multiples, such as the L ; Elrzctgﬂ"
f il n
decibel). 10% | Urarium atom

= Two metric units commonly used in ordinary life: the litre

. DA molecule
for volume and the tonne (metric ton ) for large masses.

10"

*  Two non-metric scientific units are atomic mass unit (1) 10" |

Cell
and the electron volt (eV). oo L
= The nautical mile and knot; units traditionally used at
seaand in meteorology. 0° F * Mozquile
+ The acre and hectare, common metric units of land area. 107 ..Q Book
= The barisa unit of pressure and it is commonly used as S _ willls Car
the millibar in meteorology and the kilobar in i QE :
engineering. R P——
= The angstrom and the barn, units used in physics and w0 ‘m
astronomy. - Maunt Everest
Scientific Notation Ll

Mumbers are expressed in standard form called scientific 12"
notation, which employs powers of ten. The internationally
accepted practice is that there should be only one non-zero
digit left of dammal Thus, the number 134.7 should ba Order of magnitude of some.
writtenas 1.347 x 10° and 0.0023 be expressed as 2.3x 10,  masses.

0" L Sun
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Prefixes

Most prefixes indicate order of magnitude in steps of 1000 | Table 1.2
and provide a convenient way to express large and small |_Seme Prefixes for Powers of Ten
numbers, to eliminate non-significant digits. Sl alse Factor  Prafix  Symbol

includes four of the other prefixes to accommodate 10" afio a
usage already established before the introduction of S| 10.-1: D !
(Table 1.3). They are centi-(10?), deci-(10"), deka-(10") 1o, ik ;
and hecto-(10). 1 i ’
Conventions for Using S1 Units :gj e "
Use of S| units requires special care, more particularly in W': eql d
writing prefixes, Some points to note are: :g:. ::f'ﬂ d:
1. Each S| wnit is represented by a symbol not an 10° kilo K
abbreviation. These symbols are the same in all languages. “'-‘: mega M
Hence, correct use of the symbeol is very important. :E,: ?3: ?
For example: For ampere, we should use "A" not  4g" peta p
“amp”; for seconds, "s" not"sec”, SInot S.1. 10" £x3 =

2. Fu“ I'IEI:ITI'F} Df IJI'Iit CII]E‘-S ﬂﬂi hEgiﬂ With Gﬂﬂ'ltal IEttEr, lq Far yﬂur infarmation EI
For example: newton, metre, etc., except Celsius.

Interval (s)
3. Symbals appear inlowercase. Ageolhaunverse g, 10"
For example: ‘m" for metre, "s" for second, etc., Age of the Earth 1.4x10"
exception "L" for litre. O year 3.2x10°
O, Sk One day B Bx 10!
4. Symbols named after scientists have initial letters .. petween i
ﬂapital. narmal heartbeals Bx10
. o - Perind of audible
Forexample: “N" for newton, “Pa" for pascal, "W" for  sound waves 1%
Period of typical
watt. S bt G %107
5. Symbols and prefixes are printed in upright (roman)  Period of vibration
t U’@-ﬂ atﬂmln-ﬂ 'TH"'D'”
style regardless of the type style in surrounding text. solid
For example: a distance of 50 m. e o
6. Symbols donottake plural form, Approximate Values of Some
Time Intervals

For example: Tmm, 100 mm, 1 kg, 60 kg.

7. Mo fullstop or dot is placed after the symbol except at -! Do you know? E-

the end of the sentence. Mass can be thought of as a form

: : . , of znergy. In affect, the mass s
8. Prefixis written before and without space to base unit.  pighiy ﬂﬂﬂmmd form of energy,

Einstein's famous equation, E=mc’

Forexample: ‘mL"notmL or "'ms" notms.

maans:
9. Base units are written one space apart. Leave aspace  Energy = mass x (speed of light)’
even between the number (value) and the symbol. According to this equation 1kg

. mass is actually 2x10" J of enargy.
Forexample: 1kg, 10ms’, etc. :" chenaTey
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10. Compound prefixes are not allowed:
Forexample: 1ppuF should be 1 pF.
11. When base unit of multiple is raised to a power, the power applies to whole multiple
and not to base unit alone.
Forexample: 1km’ =1 (km)’ =1x(10"m)* = 1x10° m".
12. Use negative index notation (m s"} instead of sclidus (m/s).
13. Use scientific notation, that is, one non-zero digit left of decimal.
Forexample: 143.7=1.437x10".
14. Do not mix symbols and names in the same expression.
Forexample: metre persecond orm s , not metre/sec or m/second.

15. Practical work should be recorded in most convenient units depending upon the
instruments being used.

For Example: Measurements using screw gauge should be recorded in mm but the
final results must be recorded to the appropriate base units.

16. System International do not allow the use of former CGS System units such as dyne,
erg, gauss, poise, torr, etc.

1.3 UNCERTAINTY IN MEASUREMENT

You can count the number of pages of a book exactly but measurement of its length
needs some measuring instrument. Every instrument is calibrated to a certain smallest
division mark on it and this fact puts a limit regarding its accuracy. When you take a
reading with one instrument, its limit of measurement is the smallest division or
graduation on its scale. Hence, every measured gquantity has some uncertainty about its
value. When a measurement is made, it is taken to the nearest graduation or marking on
the scale. You can estimate the maximum uncertainty as being one smallest division of
the instrument. This is called absolute uncertainty. It is one millimetre on a metre rule
that is graduated in millimetres. For example, if one edge of the book coincides with
10.0 cm mark and the other with 33.5 cm, then the length with uncertainty is given by

(33.5£0.05)cm-(10.0 £ 0.05) ecm =(23-5+0.1) cm
It means that the true length of the book is in between 23.4 em and 23.6 cm. Hence, the

maximum uncertainty is £0.05 cm, which is equivalent to an uncertainty of 0.1 cm.
Infact, itis equal to least count of the metre rule. Uncertainty may be recorded as:

Absolute uncertainty
Measured value

: Absolute uncertain
ar Percentage uncertainty = - ty

Fractional uncertainty =

* 100%
Measured value

Uncertainty in Digital Instruments

Some modern measuring instruments have a digital scale. We usually estimate one
-______________________________________________________________W
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digit beyond what is certain: with a digital scale, this is reflected in some fluctuations of
the last digit. If the last digit fluctuates by 1 or 2, write down that last digit. If fluctuation is
more than 2 or so in the last digit, it may mean that the reading is being influenced by
some factor such as air currents. Regardless of the reason, a large fluctuation may
mean that the displayed digit is not really significant.

The indication of uncertainty in a recorded value has been simplified using significant
figures. If a measurement is recorded using the knowledge of significant figures, thenits
last digit, which is an estimation, is an indication of the accuracy of the recorded value.

1.4 USE OF SIGNIFICANT FIGURES

The number of digits of a measurement about which we Idpm your infmmmiunu
do feel reasonably sure are called significant figures.
Infact, they reflect the use of actual instrument used for
that measurement. While using a calculator, the result of

Distance {m)

10" [
any calculation contains many digits after the decimal |+ Diametsr of
point. The additional digits may mislead another person o g ;i'::::m
who uses those figures into believing them. Hence, they ' [ " an aiom
are to be rounded off to the correct number of significant [ ol
figures. This can be done by keeping in view the 1w ’ person
uncertainty or the least count of the instrument while ' @ el
recarding observations and also quoting results of any 10" rDhiBsEgnce o
calculations to the correct numbers of significant figures. ! Dlsba:; —_—
Itis better to quote the result in scientific notation to avoid e nearest star
o . S Diameter of tha
any ambiguity regarding the number of significant figures. | Mifley Way
iaki i i i ! Distance to the
For example, weighing the same object with different 1w b il
balances:
Electronicbalance : mass=3.145+0.001¢g Order of magnitude of some
distances
Leverbalance : mass=3.1£0.19g

Usually, the uncertainty + 0.001 g or £0.1 g is dropped, and it is understood that the
number quoted has an uncertainty of at least 1 unit in the last digit. All digits which are
guoted are called significant figures.

In any measurement, the accurately known digits and the
first estimated or doubtful digit are called significant figures.

Proper use of significant figures ensures that we correctly represent the uncertainty of
our measurements. For example, scientists immediately realize that the reported mass
3.145 g is more accurate than a reported mass of 3.1 g, reflecting the use of a better or
more precise instrument. As we improve the quality of our measuring instrument and

techniques, we extend the result to more and more significant figures and
-______________________________________________________________W
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correspondingly improve the experimental accuracy of the result.
Working with significant figures
(i) Counting significant digits

(a) Al digits 1,2,3,4,5,6,7,8,9 are significant. However, zeros may or may not be
significant. In case of zeros, the following rules may be adopted:

{b)  Azerobetween two significant figures is itself significant.

(c) Zeros to the left most significant figure are not significant. For example, none of
the zeros in 0.00467 or 02.59 are significant.

(d)  Zeros to the right of a significant figure may or may not be significant. In decimal
fraction, zeros to the right of a significant figure are significant. For example,
all the zeros in 3.570 or 7.4000 are significant. However, in integers such as
8, 000 kg, the number of significant zeros is determined by the precision of the
measuring instrument. If the measuring scale has a least count of 1 kg, then
there are four significant figures written in scientific notation as 8.000 x 10° kg. If
the least count of the scale is 10 kg, then the number of significant figures will be
3written in scientific notation as 8.00 x 10" kg and so on.

(e) When a measurement is recorded in scientific notation or standard form, the
figures other than the powers of ten are significant figures. For example, a
measurement recorded as 8.70 x 10" kg has three significant figures.

(ii)  Muitiplying ordividing numbers

Keep a number of significant figures in the product or quotient not more than that

contained in the least accurate factor i.e., the factor containing the least number of

significant figures. For example, the computation of the following using a calculator, gives
5.348 =10 ° = 3.64 » 10" 3
1.336 =Rty Remember Thumb Rule

As the factor 3.64 x 107, the least accurate in the above pgrcaiculation of end result:

calculation has three significant figures, the answer should . Addition / Subtraction: same

be written to three significant figures only. The otherfigures  precision,

are insignificant and should be deleted. While deleting the = Multiplication / Bivision: same

figures, the last significant figure to be retained is rounded ~ 26curacy (Same number of

; ; significant figures),
off far which the following rules are followed:

(a) If the first digit dropped is less than 5, the last digit refained should remain
unchanged.

{b) Ifthefirst digitdropped is more than 5, the digit to be retained is increased by one.

(c) [fthe digit to be dropped is 5, the previous digit which is to be retained is increased
by one if it is odd and retained as such if it is even. For example, the following
numbers are rounded off to three significant figures as follows. The digits are
deleted one by one.
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43.75 is rounded off as 43.8 Thumb Rule for Uncertainty
b6 8546 is rounded off as 56.9 For average value of many readings:
73.650 isroundedoffas 738 | & Mesn devialen fromian averg
value:
64.350 is rounded off as 64.4 « Periodic Uncertainty:
Following this rule, the correct answer of the Divide least count of timing device

. S s of oscillations.
computation given in section {ii)is 1.46 x 10", ST e

(iii) Inadding orsubtracting numbers - Ouick Quiz -

The number of decimal places retained in the 1 give the correct number of significant
answer should be equal to the smallest number of  figures for 0,0054 m, 0.03030 m,
decimal places in any of the quantities being added  40.0m, 0.5m, 8.20x10'm.

or subtracted. In this case, the number of significant 2 Give the answer to the apprapriate
figures is not important. It is the position of decimal  number of significant figures.

that matters. For example, suppose we wish to add  2602kg+36.02kg+54.1kg="7

the following quantities expressed in mefres. 3.Give the answer o the appropriate
(a) 72.1 (b)  2.7543 nLmBerpEspnficant figur=s.
: -ZAakg="7
3.42 4.10 s ,
4.Give the answer 1o the appropriate

0.003 1.273 number of significant figure.

75.523 8.1273 245%10°mx246m3.6m=2
Correctanswer. 75.5m 8.13m

In case (a), the number 72.1 has the smallest decimal places, thus the answer is
rounded off to the same position which is then 75.5 m. In case (b), the number 4.10 has
the smallest number of decimal places and hence, the answer is rounded off to the same
decimal position whichisthen 8.13 m.

Limitations of Significant Figures

Significant figures deal with only one source of uncertainties that inherent in reading the
scale. Real experimental uncertainties have many contributions, including personal
errors and sometimes hidden systematic erfors. One cannot do better than that what the
scale reading allows, but the total uncertainty may well be more than what the significant
figure of the measurements would suggest.

1.5 PRECISIONANDACCURACY

The terms precision and accuracy are frequently used in Remember Thumb Rule
physics measurements. They should be distinguished | o cion: Less absslute
clearly. The precision of a measurement is determined by the uncertainty.
instrument or device being used. The smaller the least count « Accuracy: Less % age
the more precise is the measurement. Accuracy is defined uncertainty.

as the closeness of a measurement to the exact or accepted value of a physical quantity.
It is expressed by the fractional or percentage uncertainty. The smaller the fractional or
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percentage uncertainly, the more accurate is the
measurement.

For example, the length of an object is recorded as
25.5 cm by using a metre rule having smallest division in
millimetre. Its precision or absolute uncertainty (least
count}=+0.1cm.

b Co— o 01em -
Fractional uncertainty 255 om 0.004

p o 01em > B = d
Percentage uncertainty 555 om 100% = 0.4%

Another measurement taken by Vemier Callipers with
leastcount 0.01 cmis recorded as 0.45 cm. lthas precision
or absolute uncertainty (least count)=+ 0.01 cm.

Fractional uncertainty = _0-1¢m =0.02
0.45 cm

Percen | —] __QJ_ET__ o= 29

ercentage uncertainty ARG «100% = 2%

Thus, the reading 25.5 cm taken by metre rule is aithough
less precise but is more accurate having less percentage
uncertainty or error.

Whereas the reading 0.45 cm taken by Vernier Callipers is
more precise but is less accurate. In fact, it is the relative
measurement which is important. The smaller a physical
guantity, the more precise instrument should be used. Here
the measurement 0.45 cm demands that a more precise
instrument, such as micrometer screw gauge, with least
count 0.001 cm, should have been used. Hence, we can
conclude that:

A precise measurement is the one which has less
precision or absolute uncertainty and an accurate
measurement is the one which has less fractional or
percentage uncertainty.

We can never make an exact measurement. The best we
can do is to come as close as possible with in the limitation
ofthe measuring instrument.

1.6 ASSESSMENT OF TOTAL
UNCERTAINTY IN THE FINAL RESULT

Knowing the uncertainties in all the factors involved in a
calculation, the maximum possible uncertainty or error in
the final result can be found as follows:

Chapter| Mo e —
wNAphaTy ' Migasuremen

I 8l For your information §j l

We use many devicas 10 measiire
physical guantities, such as length,
time, and temperature, They all
have same imit of pracision.

@ For your information

These are not decoration pieces
of glass bul are the earllest
known -exguisite and sensitive
thermometers, built by the
Accademia del Cimento (1657-
1667}, In Florence. They contained
aleohol, some timas coloured red
for saslerraading
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1. Foraddition and Subtraction
l] For your infurmﬁt'iarr_ﬂ
Absolute uncertainties are added. For example, the )
: o Colour printing uses just four
distance between two positions x, =154 £ 0.1 cm colours—cyan, magenta, yeliow

and x,=25.6cm+ 0.1 cmis recorded as: and btack to produce the enlire

= ¥ .y = range of colours. All the colours.in
B x" Wee D.Et.‘.ml this book have been made from
and addition of two lengths is: just these four colours.

f,=8.5x0.1cmand/,=12,6+0.1 cmrecorded as.

f={+#{,=21.1202cm

2. Formultiplication and division

Percentage uncertainties are added. For example, the maximum possible uncertainty in

the value of resistance R of a conductor determined by the potential difference Vapplied
across the conductor resulting in current flowing through it is estimated as under;

Let V=34201V Thumb Rule for Total Uncertainty
[ = 0.68+0.05 A » Foraddition and subtraction:

] R = V Absolute uncertainties are added.
using A 04V » For multiplication and division:
Percentage uncertainty in V = m ¥ 100% = 3%  Percentageuncerainties are added.

6{}5 A + For power factor:

Percentage uncertaintyin /= m = 100% = 7%, Powerfactor x Percentage unceriainty
Hence, total percentage uncertainty inthe valueof R is 347 =10%

The value of R will be written as: u For your ktfoemation ._I

34V
R="4eaa - 200hm Travel time of light

Hence, R = 5.0 £ 0.5 ohms, uncertainty being an Moon to Earth 1min20 s
estimate only, is recorded by one significant figure., Sun to Earth 8min20s

3. ForPower Factor Beotb-tmt snes
The percentage uncertainty is multiplied by the power factor in the formula. For
example, the calculation of cross-sectional area of a cylinder of radius r=1.25 cm using
formula for Area A = nf is given by the %age uncertainty which is A = 2 x %age
uncertainty in radius r. As uncertainty is multiplied by power factor, it increases the
precision demand of measurerment. When the radius of a small sphere is measured as
1.25 cm by Vernier Callipers with least count 0.01 cm, then

The radius ris recorded as r=125+0.01cm
%hage uncertainty in radius ris r= .?,_g.%_ « 100% = 0.8%

I

Total percentage uncertaintyinarea A = 2x0.8=1.6%
Thus A= art

=3.14(1.25)" = 4. 906 cm” with 1.6% uncertainty
F_____________________________________________________________________________________________________________________9
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Thus, the result should be recordedas A= 4.91+0.08cm’

{ Example 1.1 | The length, breadth and thickness of a metal sheet are 2.03 m, 1.22 m
and 0.95 cm respectively. Calculate the volume of the sheet correct up to the
appropriate significant digits.

fsolution| Given Length =2.03m
Breadth b=1.22m
Thickness h=0.95cm=0.95x10"m
Volume V=ixbxh=2.03mx1.22mx0.95x10"m
=2.35277x10"m’

As the factor 0.95 em has minimum number of significant figures aqual to two, therefore,
volume is recorded up to 2 significant figures, hence, V=2.4x 10°m’

1 Example 1.2 | The mass of a metal box measured by a lever balance is 3.25 kg. Two
silver coins of masses 10.01 gand 10.02 g measured by a beam balance are added to it.
What is now the total mass of the box correct up to the appropriate precision?

_@ Solution ill

1]

Total mass when silver coins are addedtobox = 3.25kg+0.01001 kg +0.01002 kg
3.27003 kg

Since least precise mass is 3.25 kg, having two decimal places, hence, total mass
should be reported to 2 decimal places which is the appropriate precision.

Thus T::ital mass=3.27 kg

1]

Vernier Ca]hpers of least count 0.01 cm are 1.25 cm and 3.35 cm, respectively.
Calculate the volume V of the eylinder and uncertainty init.

@solutionh| Given

Diameter d =1.25 cmwith leastcount0.01 cm

Length f=3.35cmwith least count 0.01 cm

Absolute uncertainty in length =0.01cm

Ysage uncertainty inlength =(0.01cm/3.35¢cm) = 100% = 0.3%

Absolute uncertainty indiameter =0.01cm

%age uncertainty in diameter =(0.01em/1.25em) = 100%=0.8%
As Volume = wr?f = _‘I‘f f

Total uncertainty in V= 2 (%6age uncertainty in diameter) + (Yoage uncertainty in length)
=2x08%+0.3%=19%

Then V=3.14 x (1.25 cm)’ = 3.35 cm/4 = 4.1089842 cm’ with 1.9 % uncertainty

Thus V=(4.1140.08)cm’

where 4.11em’ is calculated volume and 0.08 cm’ is the uncertainty init.
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1.7 DIMENSIONS OF PHYSICAL
QUANTITIES

Any physical quantity can be described by certain
familiar properties such as length, mass, time,
temperature, electric current, etc. These measurable
properties are called dimensions, Dimensions deal with
the gualitative nature of a physical quantity in terms of
fundamental quaniities. The guantities such as length,
depth, height, diameter, light year are all measured in
metre and denoted by the same dimension, basically
known as length given by symbol L written within square
brackets [L]. Similarly, the other fundamental quantities,
mass, time, electric current and temperature are
denoted by specific symbols [M], [T], [A] and [8],
respectively. These five dimensions have been chosen
as being basic because they are easy to measure in
experiments.

The dimensions of other quantities indicate how they
are related to the basic gquantities and are combination
of fundamental dimensions. For example, speed v is
measured In melres per second, so it has the
dimensions of length [L] divided by time [T ].

M= [LYTI= (LT =L
Asthe accelerationa= Av/ Al

Dimensions of acceleration are

[al=I/ [T1= LTV [T]=[LTT]
Also, dimensions of force can be written as

[F1={m]{al= M [LT ] = MLT"]
By the use of dimensionality, we can check the
homogeneity (correctness) of a physical equation, and
also, we can derive formula for a physical quantity.
Homogeneity of Physical Equations

The correctness of an equation can be checked by
showing that the dimensions of quantities on both sides of
the equation are the same. This is known as principle of
homogeneity,

Suppose a car starts from rest (v = 0) and covers a
distance S in time ¢ moving with an acceleration a. The

l_ﬁ Interesting information I
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equation of motion is given by, B G VIR
S = yt+gat
or S = ; Efz

Numerical factors like 1/2 have no dimensions, so they
can be ignored. By putting the dimensions of both sides
of the equation:
[S]= [al[t"]
Writing the symbols of dimensions [L]= [LT “][T "]
[L]= LT7T7)
or [L]= [L]
This shows that dimensions on both sides of equation

are the same, therefore, the equation is dimensionally
correct.

Derivation of aFormula Pendulum .
(regulating device)

Dimensionality can be used to derive a possible formula
for a physical quantity by correct estimation of various The device which made the
factors on which the quantity depends. panduium elock practical.

(Example 1.9 B Derive a formula for the centripetal force required to keep an object
moving along a circle with uniform speed. Assuming that centripetal force depends on
mass of the object, radius of the circle and uniform speed.

(solution ) As force depends on mass m of the object, radius rof the circle and uniform

speed v, we can write:

a be
Famvr

F = (constant) MV (i)

where the exponents (powers) a, b and ¢ are 1o be determined. By the principle of
homogeneity, the dimensions on both sides of the equation should be the same. Since,
constant has no dimension so by ignoring it, we write the above equation in terms of
dimensions as,

[F1 = [m"1V]IF]
[MLTI:I = [M‘][UTT[L}“ | qﬂ Beware! B-EL
[MLT] = [M*]JILT')ILY Calculators are designed lo
yield a3 many digits as the
T o= IMEE=ETS] o (ii) Moty of e Eaiaio chip
permits. Hence, be sure lo
Comparing the powers of dimensions on both sides round off the final answers of
of the above equation, we have calculations down o correct
number of significant figures.

a=1
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b+e =1
=h =0
Solving the above equations, wehavea=1,b=2,c=-1

Putting the values of 8, band cin equation (i}, we have
F=(constant) mv'r’
or F=(constant) mv'/r
The numerical value of the constant cannot be determined by dimensional analysis.

However, it can be found by experiments. In the above equation, numerical value of the
constanthappens to be 1", so the equation reduces to:

F=mv/r
Limitations in Dimensional Analysis
The dimensional method cannot identify where an equation is wrong. Even if an
equation is proved correct, we can only say the equation might be correct, for the reasaon
that the method does not provide a check on any numerical factor or constant. That can

only be determined by experiments or plotting some suitable graph between the
variables.

A A

|@ Multiple Choice Questions |

Tick (v ) the correct answer.
1.1 The purpose of study and discoveries in Physics is:
(a) theprobing of interstellar spaces
(b} the betterment of mankind
{c) thedevelopmentof destructive technology in warfare
(d) developmentinaesthetics forthe world

1.2 The length of a stesl pipe is in betwaen 0.7 mto 0.8 m. Identify from the following, the
appropriate instrument to be used for an accuracy of 0.001 m.

(a) Amicrometer screw gauge () Ametrerule
{c} Atenmetres measuringtape (d) AVemier Callipers

1.3 The diameter of a steel ball is measured using a
Vernier Callipers and its reading is shown in the |]|’”"i”"l”' I

llli 1I|tlllllIilFI-IlIII!I[IJI

figure_What is the diameter of the steei ball? a & epy
(a) 1.30cm (b) 1.39cm
(c) 1.40cm (d) 1.31cm
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1.4 The figure shows the reading on a micrometer screw
gauge used to measure diameter of a thin rod. One
complete tum of the thimble is0.50 mm and there are
50 lines on the circular scale. The diameter of the rod is:
(a) 3.67 mm (b) 3.17mm (c) 4.17mm (d) 4.20mm

1.5 The number of significant figures of a measurement are defined as:

(a) theyreflectthe accuracy of the observation ina measurement
(b) they arethe figures which are reasonably reliable

(c) they are the accurately known digits and the first doubtful digit of a
measurement

(d) alloftheabove
1.6 The numberof significant figures in the measured mass 2500.0 kg is:

(a) two (b) three (¢} four (d) five
1.7 Thesum 12kg+2.02 kg + 5.1 kg according lo appropriate precision is:

(a) 19kg {(b) 19.0kg (c) 19.1kg (d) 19.12kg
1.8 The answer to appropriate precision for the subtraction (1.126-0.97268) is:

(a) 0.15 (b) 0.153 {c) 0.1533 (d) 0.15332
1.9 The answer of the product (2.8723x1.6) to the appropriate number of significant

figuresis:

(a) 4.59568 (b) 4.595 (c) 4.59 (d) 4.6

1.10 The answer to the mathematical division (45.2 = 6.0} in appropriate number of
significant figures is:
(a) 7.5 (b) 7.53 (c) 7.533 (d) 7.5333

1.11 The answer (o the following mathematical operation 244 m x 100 m / 5.0 m to the
appropriate number of significant figures is:

(a) 4880m (b) 4900m (c) 4.88x10°m  (d) 4.9x10°m
1.12 The ratio of the dimensions of force and energy Is:
(@ T (b) T (€) L (d) L'

1.13 Identify which pair from the following does not have identical dimensions.
(a) Workandtorque
(b)  Angularmomentum and Planck's constant
(¢) Momentofinertia and moment of force
{d) Impulseand momentum

1.14 The following figures are of the same
Vernier Callipers. Figure (1) shows the
reading when the jaws are closed while




Physics '!:I) ¥ fhﬂr-‘mr@ Meawrﬂ'mentiP

Fig. {(2) shows the reading when a solid cylinder is placed between the jaws. The
length of the cylinder is:

(a) 3.26cm {b) 3.30cm (c) 3.34cm (d) 4.20cm

1.15 The least count of an instrument determines:

(a) precision of a measurement

(b) accuracy of a measurement

(¢} fractional uncertainty of a measurement
(d) percentage uncertainty of ameasurement

1.16 A measuring tape has been graduated with a minimum scale division of 0.2 cm.

T:3
1.2

1.3

1.4

1.5

1.6

1.7

1.8

i

1.2

1.3
14

The allowed reading using this tape may be:
(a) 80.5cm (b) B0.Bcm (c) B0.65cm (d) 80.7ecm

@ Short Answer Questions D

What are base units and derived units? Give some examples of both these units.
How many significant figures should be retained in the following?

(i)  Multiplying or dividing several numbers ({ii) Adding or subtracting numbers
How is the Vernier scale related to the main scale of a Vernier Callipers?

Whatis meantby L.C. of the Vernier Callipers?

Write the following numbers in scientific notation:

a) 1437 (b) 206.4x10°

Write the following numbers using correct prefixes:

(a) 580x10°g (b) 0.45x10°s

Kinetic energy of a bady of mass m moving with speed vis given by 1./2 mv". What
are the dimensions of kinetic energy?

How many significant figures are there in the following measurements?

(i) 37km (i) 0.002953m (i) 7.50034cm (iv) 200.0m

Write the dimensions of: (i) Planck's constant (ii) angular velocity

| Constructed Response Questions ||
Why do we find it useful to have two units for the amount of a substance, the
kilogram and the mole?
Three students measured the length of a rod with a scale on which minimum
division is 1 mm and recorded as: (i} 0.4235m (i) 0.42 m (iii) 0.424 m, Which record
is correct and why?
Why is the kilogram (not the gram), the base unit of mass.
Consider the equation; P=Q+R
If @ and R both have the dimensions of [MLT], what are the dimensions of P? What
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are the units of Pin 517 If the dimensions of Q@ were different from those of R, could
we determine dimensions of P7?

1.5 Whatistheleastcount of aclock ifit has:
(a) Hour's hand, minute's hand and second's hand

(b) Hour's hand and minute’s hand

1.6 How can the diameter of a round pencil be measured using metre rule with the
same accuracy as that of Vernier Callipers? Describe.

1.7 How would be the readings differ if the screw gauge is used instead of a Vernier
Callipers to measure the thickness of a glass plate? @ 1 2 i F

1.8 Write the correct reading of the length of a solid
cylinder as shown in the figure if there is an error
of +0.02 cm in the Vernier Callipers, M

1.9 There are 50 divisions on the circular scale of a screw gauge. If the head (thimble)
of the screw is given 10 revolutions, then the spindle advances by 5 mm. There is
also zero error as the 2nd division of the circular scale
coincides with the datum line and zero of circular scale is
below the datum line. What is the thickness of a glass slab
as measured by the described screw gauge shown in the
figure?

1.10 What is meant by a dimensionless quantity? Give one example.

1.11 Astudent uses a screw gauge to determine
the thickness of a sheet of paper. The
student folds the paper three times and
measures the total thickness of the folded
sheet. Assume that there is no zero errorin
the screw gauge. The reading of screw
gauge is shown in the figure. Find the
thickness of the sheet.

1.12 Round off each of the following numbers to 3 significant figures and write your
answer in scientific notation.

(a) 0.02055 (b} 46586.5
‘ Eﬁmpréhensiﬁe Questions '|
1.1 What is meant by uncertainty in a measurement? How the uncertainty in a digital
instrument is indicated?

1.2 Differentiate between the terms precision and accuracy with reference fo
measurement of physical quantities.

1.3 (2) What is meant by significant figures? Write two reasons for using them in

measurements. How to find the uncertainty in a timing experiment such as the
-____________________________________________________________________W
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1.4

1.5

I |

1.3

14

1.5

1.6

1.7
1.8

time period of a simple pendulum?

(b) The mass of a solid cylinder is 12.85 g. Its length is 3.35 cm and diameter is
1.25 cm. Find the density of its material expressing the uncertainty in the
density.

Explain with examples the writing of physical guantities into their dimensions. Write

its two benefits.

Check the homogenaeity of the relation:

e B 3
m

where v is the speed of transverse wave on a stretched string of tension T, length ¢
and mass m.

i Numerical Problems EI

Astronomers usually measure astronomical distances in light years. One light year
is the distance that light travels in one year. If speed of lightis 3x 10°ms”, what is
one light year in metres? (Ans: 9:5x10" m)

Write the estimated answer of the following in standard form.
{a) Howmanysecondsaretherein1year?
(b) Howmany years arein 1second?

(Ans:{a)3.2x10's(b)3.1x 10" years)
The length and width of a rectangular plate are measured to be 18.3 cm and
14.60 cm, respectively. Find the area of the plate and state the answer to correct
number of significant figures. {Ans: 267 cm’)
Find the sum of the masses given in kg up to appropriate precision;
(i) 3197 (i) 0.088 (i) 13.9 (iv)3.28 (Ans:20.4 k)
The diameter and length of a metal cylinder measured with the help of a Vernier

Callipers ofleast count 0.01 cm are 1.22 cm and 5.35 cm respectively. Calculate its
volume and uncertainty in it. (Ans:6.2+0.1em’)

Show that the expression; v — v’ = 2a8 is dimensionally correct, where v is the
initial velocity, a is the acceleration and v, is the velocity after covering a distance 5.
Show thatthe famous "Einstein equation” E = me’ is dimensionally consistent.
Derive a formula for the time period of a simple pendulum using dimensional
analysis. The various possible factors on which the time period T may depend are:
(i) lengthofthe pendulum ¢

(i) massofthebobm

(ii} angle which the thread makes with the vertical

(iv) acceleration dueto gravity g. (Ans: T =constant | )
g



. After studying this chapter. the students will be able to:

Differantiate between sealar and vector quantitizs:

Represent avectorin 2-D as two perpendicular components.

Describe the product of two vectors (dot and cross-product) along with their properties.

Derive the equations of motion [For uniform acceleration cases only, Derive from the definitions of
velocity and acceleration as well as graphically)

Solve problems using the equations of metion [For the cases of uniformly accelerated motion ina
straight line, including the motion of bodies falling in & uniform gravitational field without air
resistance. This also includes situations where the equations of motion need 1o be resolved into
vartical and horizontal companants for 2-D motion]

4 Evaluate and analyse projectile mation in the absence of air resistance

[This Includes solving problems making use of the below facts:

(i} Horizontal component(V, Jof velocity is constant.

(i} Acceleration isinthe verlical direction and is the same as that of a vertically free falling object.

{iiiy The horizontal motion -and verfical motion are independent of each other, Situations may
require students lo determine for projectiles:

- Howhighdossitge?
- Howfarwould it go along the level land?
= Where would it be after a given fime?
- Howlong willit ramain in flight?
Situations may also requires sludents to calculate for a projectile Bunched from growund haightth&
- launch angle that results in the maximum range,
- relation between the launch angles that result in the same range. |
% Pradict qualitatively how air resistance affects projectile motion, [This includes analysis of both the
horizontal component and vertical component of velacity and hence predicting qualitatively the
range of the projectile.]
< Apply the principle of conservation of momenturm to solve simple problems [Including slastic and
inelasiic interactions betwaen objects in both ane-and two dimensions.
Knowledge of the concept of coefficient of restitution is nof required.
Examples of applications include:
- karate chops lo break a pile ef bricks
- carcrazhes
- ball &bat

- the motion under thrust of a rocket in a straight line considering short thrusts during which the
mMass remains constant]

4  Predict and analyse motion for elastic collisions [This includes making use of the fact that for an
slastic collision, tolal kinstic energy is conserved and the refalive speed of approach |s equal o the
relative speed of separation|

& ._Ju15tify how the momentum of a closed system s always conserved, some changs in kinetic energy
may take place.

——--—--—-—-———---e—e-----meee-----s-——

& & & &

&
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BASIC CONCEPT OF SCALARS AND VECTORS

Scalars and vectors are basic concepts in physics. Many problems in physics require to
distinguish between scalar and vector guantities to apply the correct mathematical and
conceptual approaches. Understanding scalars and vectors help us to grasp how
Physics applies to real-world situations, such as calculating the total distance travelled
{scalar) or determining the magnitude and direction of force (vector). Learning these
concepts develops critical thinking and problem-solving skills. This chapter is primarily
concemned with vector algebra and its application in uniform accelerated motion, in a
straight line, motion of freely falling bodies in uniform gravitational field, projectile
motion, and interaction between objects in one and two dimensions.

2.1 SCALARS

Scalars are physical quantities that are described solely by a magnitude (size or
amount) without any mention of direction, Thus, scalars are directionless and can be
fully characterized by a single number and its associated unit.

Examples:

Mass: The amount of matter in an objecl. For example, 2 kg.

Distance: The total length of the path travelled by an object irrespective of the
direction. Forexample, 50 m.

Speed: The rate at which an object covers distance. Forexample, 40 km b,

Time: The duration between two events taking place. Forexample, 205,

Energy: The capacity to dowork. Forexample, 25 J.

Temperature: A measure of the average kinetic energy of particles in a substance. For
example, 20°C.

2.2 VECTORS

Those physical quantities which require magnitude as well as direction for their
complete specification are known as vectors.
Examples:

Displacement: The change in position of an object. It has length, a distance
{magnitude) and a direction (e.g. 10 mtowards west).

Velocity: The speed of an object in a particular direction (e.g., 50 km h'' towards
west),

Acceleration: The rate of change of velocity that occurs in either speed or direction or
both (e.g., 10 ms* upward).

Force: A push or pull acting on an object, determined by its magnitude and
direction (e.g; 20 N to the right)
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Graphical Representation of a Vector

A good way to represent a vector quantity is to use a vector diagram, in which vectors
are often represented by arrows. The length of the arrows indicates the magnitude and
the head of the arrow shows the direction of the vector. Vectors are typically denoted by
bold face letters (e.g; V, F) or an arrow above symbol {E}_

Rectangular Components of a Vector
A component of a vector is its effective value in a given direction. A vector may be
considered as the resultant of its component vectors along the specified directions. Itis

usually convenient to resclve a vector into its components along the mutually
perpendicular directions. Such components are called rectangular components.

Let there be a vector A represented by a line OP making

an angle 8 with the x-axis. Draw projection OM of vector A rF

on x-axis and projection ON of vector A on y-axis as shown [

in Fig.2.1. Projection OM being along x-direction is ;
represented by A, and projection ON along y-direction is :
represented by A,. By applying head totail rule: prl“ =

AR (B

Thus, A and A are the comoponants of vector A. Since these are at right angles to each
other, they are called rectangular components of A. Considering the right angled
triangle OMP, the magnitude of A, or x-component of A is:

A, BACHER L5 v aessvarl o)
And the magnitude of A, or y-component of A is:
ASASING s [253)

Determination of a Vector from its Rectangular Components

If the rectangular components of a vector as shown in Fig.(2.1) are given, we can find
outthe magnitude ofthe veclor by using Pythagorean Theorem.

Inthe right angle AOMP
(OPY = (OMY + (MP)*
or A B A e (2.4)
or A= fA + A
. i MP A
The direction @ is given b tanf= —— = _¥
g i) an oA

or f= tan’ {:—") ................. (2.5)
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{ Example 2.1 }| Find the angle between two forces of equal magnitude when the
magnitude of their resultant is also equal to the magnitude of either of these forces.

@ solutionl|  Let 0 be the angle between two forces F, and F, , where F, is along the
x-axis. Then x-component of their resultant will be:

R,=F,cos 0°+F, cos B
R.=F,+F,cosbh

And y-component of their resultant is R Fi
R, =F, sin 0+ F,sind
R, =F,sinb F
TheresultantRisgivenby R'= R, +R;
As R=F=F.=F
Hence F* = (F+Fcos0) +(Fsin0)’
F* = F* +Fcos0+2F cos0+F sin0
or 0 = 2F*cos0+F" (cos'0+sin’0)
or 0 =2F cosB+F ,0=F"(2cos0 +1)
As. F=0, =0 Zcos0+1=0
or cos =-0.5
or 0 =cos'(-0.5) = 120°

2.3 PRODUCT OF TWO VECTORS

There are two types of vector multiplications. The product of these two types are known
as scalar product and vector product.

If the product of two vectors results in a scalar quantity, it is
called scalar product while if the product of two vectors
results in a vector quantity, itis called vector product,

Scalar or Dot Product
The scalar product of two vectors A and B is wrilten as A.B and is defined as:

AB=ABCOSO.......cov...... (2.6)

where A and B are the magnitudes of vectors Aand Band 6 is
the angle between them,

For physical interpretation of dot product of two vectors A and
B, these are first brought to a common erigin (Fig.2.2-a) then,
A.B =A(projectionofBon A)

S Fig. 2.2 (a)
-__________________________¥

& Beosd >
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A.B = A (magnitude of component of B in the direction of A ), Fig.2.2(b)
=A(BcosfB) =ABcost
Similarly B.A= B(Acos 0)=BA cos i

This type of product when we consider the work done by
a force F whose point of application moves a distance din
a direction making an angle & with the line of action of F, Fig 220
asshownin Fig. 2.3. F

Work done = (Effective component of force in the :
direction of motion) x Distance moved :
|

=(Fcos0)d =Fdcos D | _Foose
Using vector notation; Fig. 23
F.d = Fdcos i =Work done
Characteristics of Scalar Product

1. Since A.B=ABcostand B.A=BAcosi=ABcost, hence, A.B=B.A. The arder of
multiplication is irrelevant. In other words, scalar product is commutative.

2. Thescalar product of two mutually perpendicular vectors (8= 80) is zero.
A.B=ABcos90'=0
3 The scalar product of two parallel vectors is equal to the product of their magnitudes.
Thus, for parallel vectors (4 =0").
A.B=ABcos(0'=AB
For antiparallel vectors (8 = 180" )
A.B=ABcos180'=-AB
4 The self product of a vector Alis equal to square of its magnitude.
AA=AAcos (' =A°
Scalar product of two vectors A and B in terms of their rectangular components

AB=AB+AB+AB, ............(2.7)

&n

Equation (2.6) can be used to find the angle between two vectors. Since,
AB=ABcosti=A B +A B +A. B,

AB, +A,B, +AB,

osH=
Therefore cos AB
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Vector or Cross Product
The vector product of two vectors A and B, is a vector which is defined as:

AxB=ABSINOR ...c.o.o............{2.9) A

AXB
where A Is a unit vector perpandicular to the plane ;T
containing A and B as shown in Fig. 2.4 (a). Its direction
can be determined by right hand rule. For that purpose,

place together the tail of vectors A and B to define the e B
plane of vectors A and B. The direction of the product / {(V
vector is perpendicular to this plane. Rotate the First A

vector A into B through the smaller of the two possible

angles and curl the fingers of the right hand in the Fig. 2.4{a)

direction of rotation, keeping the thumb erect. The direction of the product vector will be
along the erectthumb, as shown in the Fig 2.4 {b). Because ofthis directionrule, BxA s
avector opposite in signto Ax B (Fig. 2. 4-c). Hence,

< -
< tl 'y - -
A
' B XA
Fig. Z.4{b) Fig. 2.4(c) Fig. 24{d:|

Characteristics of Cross Product
1. Since Ax Bisnotthe same as B x A, the cross productis non commutative. so,
AxB = BxA
2. The cross product of two perpendicular vectors (8 = 807} has maximum magnitude.
AxB=AB sin90°n =ABn
4. The cross product of two parallel or anti-parallel vectors is a null vector, because for
such vectors 6§ =0"or 180°. Hence,
AxB=ABsin0’n =0 or AxB=ABsin180°n =0
As a consequence AxA=0 (6 =07

4. The magnitude of A x B is equal to the area of the parallelogram formed with Aand B
-________________________________________________________W
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as two adjacent sides (Fig.2.4-d).
Examples of Vector Product

|, When a force F is applied on a rigid body at a point whose position vector is r from
any point on the axis about which the body rotates, then the turning effect of the
force called the torque tis given by the vector product of rand F.

t=rxF

ii.  Theforce F ona particle of charge g and velocity vina magnetic field of strength B is
given by vector productof v and B.

F=qg(vxB)

2.4 EQUATIONS OF MOTIONS

Equations of motion can be used to describe the motion of an object in terms of its three
kinematic variables: velocity v, position S and time t. There are three ways to pair these
variables up: velocity-time, position-time and velocity-position. In this order, they are
called first equation of motion, second equation of motion and third equation of motion,
respectively.

These equations of motion can only be applied to those objects, which are moving in a
straight line with constant acceleration.
Derivation of First Equation of Motion

Suppose a bedy is moving with uniform acceleration along a straight line with an initial
velocity v, . Suppose its velocity changes from initial value v, to a final value v, in time
interval . Then the acceleration produced in the body during this time interval is given as;

ae Ve=¥
, , =it
Rearranging, we can write
v,-v, = at
v.=vitat. oo (2.17)

This is the first equation of motion. It correlates the final velocity attained by a body with
initial velocity and the time interval ¢, when moving with constant acceleration a.

Derivation of First Equation of Motion By Graphical Method

First equation of motion can be derived using velocity-time graph for an object maving
with initial velocity v final velocity v.and constant acceleration a.

Let the velocity of a body at peint Abe v which changes to v, at peint B in time interval { as
shown in Fig.2.5. A perpendicular BD is drawn from point B to x-axis and another
perpendicular BE from B on y-axis, such that
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OA=y =Initial velocity of the body

OE = DB = v = Final velocity of the body E
From the graph, it can observed that; I
DB=DC +CB $
OB=0A+CB (As OA = CD) ‘"‘
o Tims —> D
Therefore e 3R 6 S PR Py g Fig. 2.5: Velocity-Time Graph

The value of CB in the above equation can be determined by taking the slope of line AB,
which is equal to acceleration a.

CB
~ AC
As AC=t
So a= 224
t
or HE = B (2.13)

Combining Egs. (2.12)and (2.13), we have
v,= v +at

This is the first equation of motion.
Derivation of Second Equation of Motion

Suppose a body is moving with uniform acceleration a along a straight line with an initial
velocity v, which become v, after time interval f. Let it covers adistance 5 in a particular
direction during time ¢, then using the definition of velocity as rate of change of
displacement, we can write

Velocity = Displacement/ Time
or Displacement = Velocity x Time

If velocity of the body is not canstant, we can use average velocity instead of velocity.

Thus Displacement = Average velocity x Time
Initial velocity + (Final velocit
Displacement = ( }';2 { ) % Time
S = W *v) ; Yy t
Using first equation of motion, s = M xt
_(2v +at)
S = p— e Xt
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25=2vt+at’
S=vt+ S at (2.14)

This is the second equation of motion.
Derivation of Second Equation of Motion by Graphical Method
Second equation of motion can be derived using velocity-time

graph for a body moving with initial velocity v, which attainsa E

final value v, in time interval £ While moving with constant T

acceleration a , it covers a displacement Sintime £. g

It can be seen from the graph that distance travelled by the A

bﬂdyis.s:uxfn o . Time —2» 0o
Also S=Areaof the figure OABD Fig. 2.6: Velocity-Time Graph

S = (Area of the rectangle OACD) + (Area of the triangle ABC)
S = (OAXOD)+ % (AC x BC)

As OA=v and OD=AC=1. S0, the above equation becomes.
S=vxt+3(t x BC)

Here BC = at (From graphical representation of first equation of motion). By putting this
value in the above equation, we have

S= vit+ %{Ixai‘}
S—vt+1aii
=ik =

This is the second equation of motion.
Derivation of third equation of motion

Consider a body moving along a straight line with an initial velocity v which attains a final
value v, in time {. Let the displacement of the body be 5 during this time interval. Then,
we can write:

Disgiaazient =( Initial velacity ; Final \relumtyf] Time
5= iv‘ ; ) st
e E S AL T e e S ey 3
Using the first equation of motion:
v, = v+ at
=, 1'{..!' = Il’lll'
or f = 3
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Putting the value of t in Eq. (2.15)

25 =(y, +w)(~—")

2a8 = ' - v*
This is the third equation of maotion.
Derivation of third Equation of Motion by Graphical method

In the speed-time graph shown in the figure, the total distance S travelled by a body is
given by the area OABD under the graph, such that

= ! (Sum of parallel sides) x Height

5=

2
%{om BD) «OD

Since OA=v, BD=v, and OD=t
The above equation becomes:

S=%{v,+v,)xt

e elaciny — M

From first equation of motion,

v Vv o g —3 [B)
t = ; ! Fig. 2.7: Velocity-Time Graph
Putting t in above equation
S = 1(1{ + ) ('U;. B Vl]
2 [ ) ﬂ
] Vo=V
ar S-E{v"“ 'I{,}(f . I}
ZRS S Ve (2.186)

This is the third equation of motion.

The equations of motion are useful in solving the problems relating to linear motion with
uniform acceleration, when an object moves along a straight line. If its direction of
motion does not change, then all the vector quantities can be manipulated like scalars.
In such cases, initial velocity is laken as positive. A negative sign is assigned to
guantities where direction is opposite to that of initial velocity. In the absence of air
resistance, all objects in free fall at the surface of the Earth, move towards the Earth
with a uniform acceleration. This acceleration is known as acceleration due to gravity,
denoted by g and its average value at the Earth surface is taken as 9.8 m s” in the
downward direction. The equation for uniformly accelerated motion can also be applied
to free fall motion of the object by replacing aby g.
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{Example 2.2 | Acartravelling at 10 m s accelerates uniformally at 2 m s”. Calculate
its velocity after 5 s.

dsolutiond| v=70ms’
a=2ms’
t=5s
v,=7
Using first equation of motion, we can write
v,=v +at

v=10ms '+2ms x5s
v,=10ms ' +10ms’
vi=20ms’

2 ms*for 4 seconds. Find the displacement of the car.
! Solution b
v=15ms’
a=2ms"*
t=ds
Displacement S=7
By using 2nd eguation of motion

1
§= 1.¢1+§a!2

Putting the values

S=(15ms’'x4s)+ %{z ms?)(4 sy’

S=T76m
{ Example 2.4 J}| In a short distance race, a contestant in a car starts from rest and
reaches the velocity of 300 km h', after covering a distance of 0.45 km at a constant
acceleration. Find this constant acceleration.

@ SclutionB|  |nitial velocity=v,=0

Final velocity = v,=300 kmh'

= 300=1000 me"
60 =60
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! L8 !

=83.33Ims"

Distance covered = § = 0.45 km = 0.45 x 1000 m = 450 m
Using third equation of motion, we have

v — v° =2a8

(83.33m s') — (0 =2xax450 m

s 694388 m s°
900 m
a=772ms~*

2.5 MOTION UNDER GRAVITY

A body falling freely under the action of gravity is the most familiar example of uniformly
accelerated rectilinear motion. According to Gallio, all bodies fall freely (in vacuum)
under the acceleration due to gravity, denoted by ‘g". Its experimental valueis 2.8 ms”in
S| units. This means that different bodies, when allowed to fall from the same height,
strike the ground with the same velocity. As regards the sign of g, it is taken positive fora
falling body (when initial velocity is zero) and negative for a body projected vertically
upward (when initial velocity is not zero).

The equations of motion for a freely falling body, on putting a = g, become
v, = v + gt
1 .
S=h=vt+_gt
[ 2 g
v - v* = 2gh

{ Example 2.5 || An iron ball of mass 1 kg is dropped from a tower. The ball reaches the
ground in 3.34 s. Find: (a) the velocity of the ball on striking the ground, (b) the height of
the tower.

W solutionB|  Since the ball is falling under the action of gravity, we shall putta =g in
equations of motion.

Mass of the ball m=1kg
Time taken to reach ground t = 3.34 s
Initial velocity v=0
Final velocity v, =

Accelration a=g=98ms"’
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{a) Using first equation of motion:

v,=w +gt
v,=0+(9.8ms”) (3.345)
v=327ms’

(b} Using third equation of motion:
Vi’ =2gh
(32.7ms’) - (0)=2x98ms x h

h - 1069.29 m’ s°
196 ms*

h= 5456 m

2.6 PROJECTILEMOTION

Uptill now we have been studying the motion of a particle along a straight line i.e., motion
in one dimension. Now we consider the motion of a ball, when it is thrown horizontally
from certain height. Itis observed that the ball travels forward as well as falls downward,
until it strikes something such as ground. Suppose that the ball leaves the hand of the
thrower at pointA{Fig 2.8-a) and that its velocity at that instant is completely

haorizontal. Let this velocity be v_. According to Newton's ¥

first law of motion, there will be no acceleration in
horizontal direction, unless a horizontally directed force
acts on the ball. lgnoring the air friction, only force
acting on the ball during flight is the force of gravity,
There is no horizontal force acting on it. So, its
horizontal velocity will remain unchanged and will be v,
until the ball hits the ground. The horizontal motion of
ball is simple. The ball moves with constant horizontal
velocity component. Hence, horizontal distance x is
given by

Fig. 2.8(a)

The vertical motion of the ball is also not complicated. It
will accelerate downward under the force of gravity and
hence a = g. This vertical motion is the same as for a
freely failing body. Since initial vertical velocity is zero,
hence, vertical distance y, using Eq. 2.14 is given by
s [
y=35 gt ® Fig. 2:8(b)
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It is not necessary that an object should be thrown with some initial velocity in the
horizontal direction. A football kicked off by a player; a ball thrown by a cricketer and a
missile fired from a launching pad, all projected at some angles with the horizontal, are
called projectiles.

Projectile motion is two dimensional motion
under constant acceleration due to gravity.

In such cases, the motion of a projectile can be studied easily by resolving it into
harizontal and vertical components which are independent of each other. Suppose that
a projectile is fired in a direction angle 8 with the horizontal by velocity v, as shown in
Fig.2.8{b), Let components of velocity v, along the horizontal and vertical direclions be
v.costl and v sind, respectively. The horizontal acceleration is a, = 0 because we have
neglected air resistance and no other force is acting along this direction, whereas the
vertical acceleration is a, = g. Hence, the horizontal component v, remains constant and
atany time t, we have

e T (2.18) [ @interesting information |

Mow we consider the vertical motion. The initial vertical
component of the velocity is vsint in the upward
direction.

The vertical component v, at any instant t can be
determined by considering the upward motion of
projectile as free fall motion {a, = —g). Using 1st
eqguation of motion;

Vi = Vi sintl— gi {2.19)

The magnitude of velocity at any instant is:

V= h-'ui; + l.fﬁ, .......... (2.20)

) i ) A pholograph of two balls released
The angle ¢ which this resultant velo{;:ty makes with the simultanesusly fram a mechanism that

1 . allows one ball to drop freely while the
horizontal can be found from olhisr 16 projscted-horzontaly, A arty

V; tima the lwo balls are at the same level
tan 4 = ¥ R {22‘! } Le., thelr verical displacementz are
Vi, aqual

In projectile motion one may wish to determine the height to which the projectile rises,
the time of flight and horizontal range. These are described below.

Height of the Projectile

In order to determine the maximum height the projectile attains, we use the eguation of
motion:
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Z2aS=v -V

As body moves upward, a = - g, the initial vertical velocity v, = v,sin8=vas v, =0 =v,
because the body comes to rest after reaching the highest point. Since

S =height=h
-2gh=0-v"sin't

or RSt (2.22)

The height of projectile will be reduced in presence of air resistance. In the presence of
airresistance, the upward velocity of the projectile will decrease and hence its height will
also decrease during time t.

Time of Flight

The time taken by body to caver the distance from the place of its projection to the place
where it hits the ground is called the time of flight.

This can be obtained by taking S = h =0, because body goes up and comes back to the
same level, thus covering no vertical distance. If the body is projecting with velocity v,
making angle 8 with the horizontal, then its vertical component will be v sintl. Hence, the
equation of motion is:

_ Y. 3
S = vi+2gt
i zg
0= vsindt-1lgt
2
¢ = 2”;“"9 e (2.23)

where tis the time of flight of the projectile when itis projected from the ground.
Range of the projectile
Maximum distance which a projectile covers in the horizontal direction is called the

range ofthe projectile. e m
To determine the range R of the projectile, we multiply the
horizontal component of the velocity of projection with
total time taken by the body to hit the ground after leaving
the point of projection. Thus,

R='I.n"r'x w !

Ranoe
v, cost % 2V, sind Far an angle lsss than 45" the

ar R= height reached by the projsctils and
g the range both will be fess, When the

W _ anifde of projectibs ks larger than 457,

ar R= é. 2 sinficosi this height attained will Be more bul

tha range s again less:
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As 2 sin B cosf =sin 20, thus, the range of the projectile depends upon the velocity of
projection and the angle of projection.

Therefore R= :Tf s 28 . (2.24)

Formaximum range R, the factorsin20=1, so

20=sin"(1) or 20=90° or ©0=45"
Air resistance will slow down projectile forward motion, reducing its velocity v, The
reduction in v will resultin a decrease in the range of projectile.
Furthermore, air resistance is not constant throughout the flight of the object. As the
object slows down, the air resistance experienced by it also decreases. This means that
the object retards more slowly and accelerates more slowly as it falls down. This results

in a trajectory that is not perfectly parabolic but is skewed, with steeper descent than
ascent.

Qexample 2.6 B A ball is thrown with a speed of 30 m s” in a direction 30° above the
horizon. Determine the height to which it rises, the time of flight and the horizontal range.

@ sotution)| Initially
v,=vcost=30ms' xcos30°=2598ms"
v,=v,sind =30 ms' xsin30° =15ms’
Asthetimeofflight, is

p 2v

—+sinB l-ﬂ For your information '—rl
g

2x30ms’
98ms”
2%x15ms’

So = e =3.1s
88ms

[}

Ideal Fath

= (0.5)

A In the presance of ar friction the
Height ho MG 0 trajectory of a high speed projectie
29 falls-short of a parabolic path.
(30m s (0.5)
19.6 ms*®
h= 11.5m

So

w2 v’
Range R= —El;—siniﬂ = jslnﬁu“

_ (30ms') x 0.866
9.8ms*
= 79.53m

So R




1 Physics !y m”,mm@ Force and Motion F

2.7 MOMENTUM

We are aware of the fact that moving object possesses a quality by virtue of which it
exerts a force on anything that tries to stop it. The faster the object is travelling, the
harder it is to stop it. Similarly, if two objects move with the same velocity, then itis more
difficult to stop the massive of the two. Newton referred to this property as "momentum”,
a vector quantity defined as the product of an object's mass and velocity. This term is
now called linear momentum p of the body and is defined by the relation:

BEmy a2 25)

In this expression, v is the velocity of the mass m. Linear momentum is, therefore, a
vector quantity and has the direction of velocity. The S| unit of momentum is kilogram
metre persecond (kgms'). It can also be expressed as newton second (N s).

Momentum and Newton's Second Law of Motion

Consider a body of mass m moving with an initial velocity v. Suppose an external force F
acts upon it for time { after which velocity becomes v,. The acceleration a produced by

this force is given by gg Point to pnnﬂer!j!

v, -V,
a= -t i
t
By Newton's second law, the acceleration is given as:
F
8= —
m

Equating the two expressions of acceleration, we have

F_ %=Y%

- =
or Fxt=mv,—mV, ... (2.26)
where my, is the initial momentum and mv, is the final (k) g second
momentum of the body. d¥hiah; it yoe i e, abcve

silisations (8] or (b} and think why?
The equation (2.26) shows that change in momentum is
equal to the product of force and the time for which force is M-M
applied. This form of the second law is more general than the ©&n 8 maving object experience
i . impulse?

form F =ma, because it can easily be extended to account for
changes as the body accelerates when its mass also Do you know?
changes. For example, as a rocket accelerates, itloses mass :

; : , . Your hair acts like a crumple
because its fuel is burnt and ejected to provide greater thrust. _ . your skull. A forca of

FromEqg. (2.26) 5 N might be enough ta fracture
= My, — My, your naked skull (cranium), but

! with & covering of skin and hair,
Thus, second law of motion can also be stated in terms of a force of 50 N would be
momentum as: naeded.
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Time rate of change of momentum of a body is equal to the applied force.

Impulse

Sometimes we wish to apply the concept of momentum to cases where the applied force
is not constant, it acts for very shorl time. For example, when a bat hits a cricket ball, the
force certainly varies from instant to instant during the collision. In such cases, it is more
convenient to deal with the product of force and time (F x {) instead of either quantity
alone. The product of average force F that acts during time tis called impulse given by

Impulse= Fx t=mv, =mv, .......c.ec.c (2.27)

{ Example 2.7 B A 1500 kg car has its velocity reduced from 20 ms'to 15ms’in 3.0 5.
How large was the average retarding force?

@ solutienl|  Usingthe Eq. (2.27)

Fxt = mv,—
Fx30s= 1500kgx15ms’'—1500kgx20ms’
or F =-2500kgms”
=-2500N= —2.5kN

The negative sign indicates that the force is retarding one.

Law of Conservation of Momentum
Let us consider an isolated system, It is a system _v

on which no external agency exerts any force. For Q O
example, the molecules of a gas enclosed in a

glass vessel at constant temperature constitute an

isolated system. The molecules can collide with

one another because of their random motion, but
being enclosed by glass vessel, no external

agency can exert a force on them,

Consider an isolated system of two smooth hard Fe— —»F
interacting bhalls of masses m, and m,, moving
along the same straight line, in the same direction,
with velocities v, and v, respectively, Both the balls
collide and after collision, ball of mass m, moves

v, v
with velocity v; vand m, moves with velocity vi in == =
the same direction as shown in Fig. (2.9). Q O
Ta find the change in momentum of mass m,, m, i,

Using Eq. (2.27) as: Fig. 2.9
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Do you know?

F xt=my, - mv,

Similarly, for the ball of mass m,, we have

]
Fxt=myv, - myv,

Adding these two expressions, we have
(F +F.l }f =~ {m1vl1 = m1'v'1]|+ {mxvi' m;j-vg}

Since the action force F is equal and opposite to the
reaction force F', wehave F' ==F,or F+F'=0sothe

left hand side of the equation is zero. Hence, When a moving car stops quickly,

the passengers move forward
towards the windshield. Seatbelts

In other words, change in momentum of 1stball + change ¢hange the forces of motion and
; " bl prevent the passengers from
in momentum of the 2™ ball is zero. moving. Thus, the chanca of injury

or  (mVv,+my,) = MY+ mv) . {(2.28) = prestifreriicad:

0= (mvi—my, }+ (mv.,— m,v,)

Which means that total initial momentum of the system before collision is equal to the
total final momentum of the system after collision. Conseguently, the total change in
mormentum of the isolated two ball systemis zero.

For such a group of objects, if one object within the group experiences a force, there
must exist an equal but opposite reaction force on other abject in the same group. As a
result, the change in momentum of the group of objects as a whole is always zero. This
can be expressed in the form of law of canservation of mementum, which states that:

The total linear momentum of an isolated system remains constant.

In applying the conservation law, we must notice that the momentum of a body is a vector
quantity.

{ Example 2.8 |} Two spherical balls of 2.0 kg and 3.0 kg .! Do you know?
masses are moving towards each other with velocities of
6.0 ms' and 4 m s, respectively, What must be the
velocity of the smaller ball after collision, if the velocity of
the bigger ballis 3.0ms'?

{|solution}|  As both the balls are moving towards one

another, so their velocities are of opposite sign. Let us
suppose that the direction of motion of 2 kg ball is
positive and thalof the 3 kg is negative.

The momentum of the system before collision is:
= - 4, Amotorcycle's safety helmeat is
my, tmy, =2kgx6ms +3kgx{-4ms’) o504 gu as fo !eyntend the

12kgm s'—12 kgms =0 time of any collision to prevent
SErious injury.
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Momentum of the system after collision = myv, +m.v;

=2kgxv;+3 kg=(-3)ms’
From the law of conservation of momentum

Momentum of the system| | Momentum of the system
before collision ~ | after collision

0 = 2kgxv.— 9kgms''
vy, = 45ms’

2.8 ELASTICANDINELASTIC COLLISIONS

When a tennis ball is dropped on the floor vertically, it may not rebound to its initial height.
It is because, a portion of K_E. is lost, partly due to friction as the molecules in the ball
move past one another when the ball distorts and partly due to its change into heat and
sound energies. Similar is the case when two tennis balls collide with certain velocities,
their final kinetic energy may be less than the total initial kinetic energy.

A collision in which the K.E. of the system is not
conserved, is called inelastic collision,

Under certain special conditions, no kinetic energy is lost in the collision or impact on
hitting the floor. Such type of collision is said to be elastic collision.

For example, when a hard ball is dropped onto a marble floecr, it rebounds to very nearly
the initial height. It loses negligible amount of energy in the collision with the floor. Itis to
be noted that momentum and total energy are conserved in all types of collisions.
However, the K.E. is conserved only if it is an elastic collision.

Elastic Collisions in One Dimension
Consider two smooth, non-rotating balls of masses m, and

W, L
— —»
m, moving initially with velocities v, and v, respectively, in O
the same direction. They collide and after collision, they <&

move along the same straight line without rotation. Let their 2l &
velocities after the collision be v', and v’, respectively, as Befare collision
shown in Fig.(2.10).

¥ Vi
We take the positive direction of the velocity and momentum — T
to the right. By applying the law of conservation of Q O
momentum we have

Ty T

(v, + mivﬁ.} . {m1v; 1 mfu'ﬂ} After collisian
A=V = M (V= W) i (2.29) Fig. 2.10

As the collision is elastic, so the K.E. is conserved. From the conservation of K.E.,
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1 33 o 1

we have —my+=mN; = — U v/ -m,v,’
2 2 2 ?
ar my (v =v’) = m, v - V)
or m(v,+ v (v, =v )= m(v) +v)(w-v) ... (2.30)

Dividing Eq. (2.29) by (2.30)

(v, +v) 1=(v +) e {2.31)
or (v, - w) =(v -w')= -(v-v)
We note that, before collision (v, — v.) is the velocity of first ball relative to the second ball.
Similarly (v', —v'.) is the velocity of the first ball relative to the second ball after collision. It
means that relative velocities before and after the collision has the same magnitude but

are reversed after the collision. In other words, the magnitude of relative velocity of
approach is equal to the magnitude of relative velocity of separation.

In equations (2.29) and (2.30) m,, m., v, and v, are known quantities. We solve these
equations to find the values of v, and v which are unknown. The results are

case (i)
. m,— m 2m
W N T L rT— (2.32) v. v,
m,+ m, m, + m, . 6
. 2m m,—m Q
V) R T ki) (2.33) moom
m, + m, m; i3 m, Before collision

There are some cases of special interest, which are discussed below: = o
(i) When m,=m, O O

From Eq. (2.32)and (2.33), we find that m’:; . My
coilision

v o=y Fig. 2.1

and v, =V, {as shown in Fig. 2.11) cise (i i
' a

(ii) When m,=m.and v,=0 Q O
In this case, the mass m, be at rest, and v. = 0, then =g m,
Egs. (2.32) and (2.33) give Before collision

v =0 ; v = virl wae=m
When m, = m, then ball of mass m, after collision will come to a O O
stop and m, will take off with the velocity that m, originally had, 0 T
as shown in Fig.(2.12). Thus when a billiard ball m,, moving on After collision

Fig. 2.12
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a table collides with exactly similar ball n1, at rest, the ball case (iii) o
m, stops while m. begins to move with the same velocity, e Al
with which m, was moving initially. Q O
(iii)  When a light body collides with a massive & m,
body at rest Befora collision
v, = =¥, v, =0
In this case initial velocity v, = 0 and m,>>m,. Under these +—
conditions m, can be neglected as compared to m,. From 9 0
Eqg.(2.33)and (2.32), wehavev, =-v,andv, =0. ' m,
After collisio
The result is shown in Fig.(2.13). This means that m, will Fig. 2.13 v
bounce back with the same velocity while m, will remain case (iv)
stationary. This factis used of by the squash player. v
2 Gl
(iv) When a massive body collides with light vo
stationary body m,
m,
In this case, m,>>m,and v, =0, so m, can be neglected in Before collisio
Egs.(2.32) and (2.33). This gives v! = v, and v', = 2v.. "':j:' v, = 2y
Thus, after the collision, there is practically no change in =
the velocity of massive body, but the lighter one bounces ?
off in the forward direction with approximately twice the m '
velocity of the incident body, as shownin Fig.(2.14). Fig. 2.14 After collision
2.9 INELASTIC COLLISIONIN ONE DIMENSION
Consider two bodies having masses m, Before collision m,

and m., moving with velocities v, and v,, = v, g ) v,
along the same line such that v, > v,. In O_’

such a case m, is regarded as projectile

and m, as target. After time t both the ARer collision

bodies make inelastic collision and stick —
together. Let their combined mass

become m, + m, which moves with final

velocity v, after collision. Fig. 2.15

I, 4,

Since the collision is perfectly inelastic, the total momentum of balls is conserved. Using
law of conservation of momentum.

Total momentum of system before collision = Total momentum of the system after collision

mv, M, = (M my )V,

Ty by, (2.34)

v, =
omtm, | om+m,

Which gives the comman velocity of the body after inelastic collision.
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In a special case when the target m_ is atrest, v, = 0, the above equation becomes:

m1
v = v,
m,+m,
it shows that velocity of m, is reduced by the massratioi.e., T‘ .
m+m,

{ Example 2.9 | A70 g ball collides with another ball of mass 140 g. The initial velocity
of the first ball is 9 m s~ to the right while the second ball is at rest. If the collision were
perfectly elastic. What would be the velocity of the two balls after the collision?

@ solution |
m,=70g v,=9ms’ v,=0

m,=140g vi=7 Vi =
We know that:
w = m,—m, v,
m,+ m,
70 g-140 g ’ 4
———— | x9ms ==-3ms
70 g +140 g] ’
S 2m,
vy =
¥ m,
2x70g "
g |g—————=—]x9ms
T0g+140 g )
= 6ms’
2.10 ELASTIC COLLISION IN TWO DIMENSIONS
Consider the motion of two balls of mass m, v 2
and m, in a straight line with velocities v, and v, P
respectively undergoing an elastic collision with each hi 1-5» Aj s
otheras showninFig. 2.16 "r;-" Eﬂ\& e
’ m,

Assume the bodies move off in different directions -

after collision with velocitiesv', and v'. making angles c v
F i i Fig. 2.18

8, and 0, respectively with x- axis.

As, the collision is elastic, so we apply both the laws of conservation of momentum and
law of conservation of kinetic energy. Momentum is a vector quantity, we resolve it into
its rectangular components and apply the law of conservation of momentum along both
axes.
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Momentum conservation along x-axis is:

Momentum before collision = momentum after collision
my,+tmyv,=m v, costh, +mv; cosh..............[2.35)
Momentum conservation along y-axis:
Momentum before collision = Momentum after collision
0 = m, v sinB,-mvi sind, ..o {2.36)
Conservation of Energy
Kinetic Energy before collision = Kinetic Energy after collision
% my; + %maxff = %m,v:z + -;-mzv‘: .................. (2.37)
These equations (2.35 to 2.37 ) are useful in salving problems about elastic collisions in

two dimensions.

2.11 INELASTIC COLLISION IN TWO DIMENSIONS

The macroscopic collisions are generally inelastic and do not conserve Kinetic energy.

The perfect inelastic collision is one in which the colliding objects stick together to make
asingle mass after collision. Its analysis can be carried out asfollows:

Let us take two balls having masses m, and v,

m, moving with velocities, v, and v,,

respectively, in a two-dimensional xy- a - 2

plane. Assume that the first body is moving — A | ¥

along the x-axis while the second body
moves in a direction, making an angle B
with x-axis. Both the bodies collide at the
origin as shown in the figure 2.17. Fig. 217

m.

After collision, bodies stick together, having combined mass M =m, + m,, which moves
with velocity v, , making an angle ¢ with x-axis.

Momentum in the X-direction:
Y, & MM, COS0 = ML COBE ....voccmisimscrmmmmsnssesans (2.38)

Momentum in the y-direction:
0 + m,v, sint =

I
=
=
@
=
=,

Equation 2.38 and 2.39 can be used to find the final velocity.
Kinetic Energy

Since collision is inelastic, the kinetic energy of colliding system is not conserved. The
loss of kinetic energy is computed as follows:
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Initial Kinetic Energy

The total initial kinetic energy K. E of the system before the collision is:
1 1
(K.E);-= Em,vf + Emz"‘: ............. (2.40)
Since K.E. is a scalar quantity, so velocities involving in the formula of K.E. does not
require to break velocities into their components.

Final Kinetic Energy
The total final kinetic energy K.E, after the collision (when the ohjects stick together) is:

(KE), = %Mv,z i)

where v,is magnitude of the final velocity which can be calculated from Eq. (2.41).

Energy Loss in the Collision

Since the collision is inelastic, thereis alossin kinetic energy, represented by AK.E.
AK.E. =(K.E.),- (K.E.),

This lost kinetic energy is transformed into other forms of energy, such as heat, sound, or
in deformation.

Some examples of an inelastic collision:

(1) When a karate chop breaks a pile of bricks, it's an example of an inelastic collision.
In this type of collision, the objects involved don't bounce back after impact. Instead,
some of the energy from the strike is absorbed by the bricks, converting into heat,
sound, and the force needed to break them. This means the energy goes into
breaking the bricks rather than causing the hand to rebound. If the Karate chop is
not perfectly vertical and involves some herizontal motion, the momentum transfer
and the resulting forces will have both horizontal and vertical components.

(il In a car crash, the collision is an inelastic nature. When the vehicles collide and
absorb the impact energy, causing them to crumple and deform. This energy
absorption slows down the cars, stopping themn from bouncing back. Most of the
kinetic energy is lost, turning into heat, sound, and damage to the vehicles.

(i) Inreal-world collisions, a ball and bat show an inelastic behaviour. When the bat hits
the ball, some of the kinetic energy is lost because the ball deforms, and energy is
also converted into heat and sound. Even though the bat is rigid, it does not transfer
energy perfectly and absorbs some energy itself. The ball compresses upon
impact, which leads to further energy loss. Consequently, not all of the initial kinetic
energy is conserved, making the collision overall an inelastic.
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2.12 ROCKET PROPULSION

Rockets move by expelling burning gas through engines at
their rear. The ignited fuel turns to a high pressure gas
which is expelled with extremely high velocity from the
rocket engines (Fig. 2.18). The rocket gains momentum
equal to the momentum of the gas expelled from the
engine but in opposite direction. The rocket engines
continue to expel gases after the rocket has begun moving
and hence rocket continues to gain more and more
momentum. So, instead of travelling at steady speed the
rocket gets faster and faster so long the engines are
operating.

A rocket carries its own fuel in the form of a liquid or solid
hydrogen and oxygen. It can, therefore work at great

heights where very little or no air is present. In arder to b

— iligguild

provide encugh upward thrust fo overcome gravity, a hydrogen)
typical rocket consumes about 10000 kg s’ of fuel and liequich
ejects the burnt gases at speeds of over 4000 ms . Infact, Racygen
more than 80% of the launch mass of a rocket consists of _
cambusiion
fuel only. One way to overcome the problem of mass of fuel " chamber
is to make the rocket from several rockets linked together.
When one rocket has done its job, it is discarded leaving
others to carry the space craft further up at ever greater
speed.
If m is the mass of the gases ejected per second with
; ) : |
velocity v relative to the rocket, the change in momentum
per second of the ejecting gases is mv. This equals the Fig. 2.18
thrust produced by the engine on the body of the rocket.
So, the acceleration 'a’ of the rocketis Fuel and oxygen mix In the
combustion chamber. Hol
mv gases exhaust the chamber
a= Y e {2.42) at a very high velocity. The

gain in momentum of the

. ) gases equals the gsin in

where M is the mass of the rocket. When the fuel in the momentum of the rocket.
rocket is burned and ejected, the mass M of rocket The gas and rocket push

i3 against each other and
decreases and hence the acceleration increases, n.im_m onposie difections:
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| AN

|@ Muitipie Choice Questions |

Tick (') the correct answer.
21 The angle at which dot product becomes equal to cross produch:

(a) 65° (b) 45° (c) 76 (d) 30°
2.2 The projectile gains its maximum height at an angle of:

(a) O° (b) 45° () 80° (d) 90°
2.3  The scalar product of two vectors is maximum If they are:

(a) perpendicular  (b) parallel (c) at 30 (d) at 45"

24 The range of projeclile is same for two angles which are mutually:
(a) perpendicular (b) supplementary
(c) complementary (d) 270°

25 The acceleration at the top of a trajectory of projectile is:

(a) maximum (b) minimum (c) zero d) g
26 S| unit of impulse is:
(@) kgms”’ (b) Nm {c) Ns (d) Nm’
27  The rate of change of momentum is:
(a) force (b) impulse (¢) acceleration (d) power
28 As rockel moves upward during its journey, then its acceleralion goes on:
(a) increasing (b) decreasing

(c) remains same  (d) it moves with uniform velocity
28 Elastic collision invalves:
(a) loss of energy
(b) gain of energy
(c) no gain, no loss of energy
(d) no relation between energy and elastic collision
_‘ Short Answer Questions E|

2.1 State right hand rule for two vectors with reference to vector product.
2.2 Define impulse and show how it is related to momentum.
2.3 Differentiate between an elastic and an inelastic collision.

2.4 Show that rate of change in momentum is equal to force applied. Also state
MNewton's second law of maotion in terms of momentum.

2.5 State law of conservation of linear momentum. Also state condition under which it
holds.
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2.6 Show that range of projectile is maximum at an angle of 45°.
2.7 Find the time of flight of a projectile to reach the maximum height.
2.8 The maximum horizontal range of a projectile is 800 m. Find the value of height

2.1
2.2

23
24

2.5

2.1
2

2.3

24
25

2.6

2.7

28

2.1

22

attained by the projectile at 6=60".

{ Constructed Response Questions )|

Why does a hunter aiming a bird in a tree miss the target exactly at the bird?

A person falling on a heap of sand does not hurt more as compared to a person
falling on a concrete floor. Why?

State the conditions under which birds fly in air.

Describe the circumstances for which velocity and acceleration of a vehicle are:
{h v is zero but a is not zero

(i} a is zero but v is not zero

(iii) perpendicular to one another

Describe briefly effects of air resistance on the range and maximum height of a
projectile.

|‘ Comprehensive Questions .|

Define and explain scalar product. Write down its important characteristics.

Define and explain vector product of two vectors. Discuss important
characteristics of vector product.

Derive three equations of motion by graphical method.

What is projectile motion? Explain.

Derive the following expressions for projectile motion:

(1} time of flight

(if) height attained

(iii) range for projectile.

Explain elastic collision in one dimension. Show that magnitude of relative
velocities before and after collision are equal.

Explain elastic collision in two dimensions.

Explain an inelastic collision in one and two dimensions,

E Numerical Problems E

The magnitude of cross and scalar products of two vectors are4/3 and 4,
respectively. Find the angle between the vectors. (Ans: 60°)

A helicopter is ascending vertically at the rate of 196 ms'. When itis ata
height of 156.8 m above the ground, a stone is dropped. How long does the
stone take to reach the ground? (Ans: 8.0 8)
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2.3

24

2.5

2.8

2.7

2.8

29

2.10

2.1

2.12

If /A+B| = |A-B|.then prove that A and B are perpendicular to each other.
(Ans: B = 907)
A body of mass M at rest explodes into 3 pieces, two of which of mass M/ 4 each
are thrown off in perpendicular directions with velocities of 3 m s" and 4 m s”,
respectively. Find the velocity of 3rd piece with which it will be flown away.
{Ans: 2.5 m s, opposite to resultant velocity vector of two pieces)
A cricket ball is hit upward with velocity of 20 m s at an angle of 45° with the
ground. Findits:
(a) timeofflight (b) maximum height (c) how far away it hits the ground
(Ans: 285 41 m, 10.2 m)
A 20 g ball hits the wall of a squash court with a constant force of 50 N. If the time of
impact of force is 0.50 s, find the impulse. (Ans: 25N s)
A ball is kicked by a footballer. The average force on the ball is 240 N, and the
impact lasts foratime interval of 0.25 =,
(a2} Calculate change in momentum
(b} Statethe direction of change in momentum
[Ans: {a) B0 N s, (B) In the direclion of farce]
An aeroplane is moving horizontally at a speed of 200 m s at a height of 8 km to
drop a bomb on a target. Find horizontal distance from the target at which the bomb
should be released. (Ans: 8.08 km)
Why does range R of a projectile remain the same when angle of projection is
changed from @ to ' = 90° - 0. Also show that for complementary angles of
projection, theratio /R isequalto 1.
Atrolley of mass 1.0 kg moving with velocity 1.0 m s collides with a similar trolley
atrest:
(1) after collision, the 1" trolley comes to rest whereas the second starts moving

with velocity of 1.0 m s~ in the same direction. Show that it is an example of an
elastic collision.

(il) after the collision, they stick together and move away with a velocity of
0.5ms . Show thatitis an example of an inelastic collision.

A railway wagon of mass 4 x 10" kg moving with velocity of 3 m 57 collides with
another wagon of mass 2 x 10" kg which is at rest. They stick together and move off
together. Find their combined velocity, (Ans:2ms’)

Acar with mass 575 kg moving at 15.0 m s ' smashes into the rear end of a car with
mass 1575 kg moving at 5m s in the same direction.

(a) Whatisthe final velocity if the wrecked car lock together?
(b) How much kinetic energy is lostin the collision?
[Ans: (a) 7.67 ms’, (b)2.11 x 10" J]



After studying this chapter, the students will be able to:
# Express angies inradians

@ Define and calculate angular displacement, angular velocity and angular-acceleration [This involves
useof S=rt, v=ri,w=2x /Ta=rot,and a=v/r o solve problems]

Use equations of angular motion to solve problems involving rotational motions.

Discuss qualitatively motion in a curved path due to a perpendicular forge.

Define and calculate centripetal force [Use £ = mro’, Fa = mv/r |

¢ ¢ ¢ @

Analyze situations involving circular motion in terms of centripetal force [e.q. situations In which
centripetal acceleration fs caused by a tension force, & frictional force, 8 gravitations| force, or &
narmal foree.]

Defing and caleulate everage orbital speed for & satellite. [from the equation v=2rr/ T where risthe
average radius ofthe orbitand T |5 the orbit period; apply this equation to solve numerical problems]
Explainwhy the objectsin orbiting satelltes appearto be weightless.

@&

Describa how ardificial gravity is created to countarweightlessness,

Define and calculate moments of inertia of a body and angular mementum.

Derive and apply the relalion between torgue, moment of inertia and angular acceleration. llustrale
the applications of conservation of angular momentum In real ife. [such as by fiywheels to slore
rotational energy, by gyroscopes in navigation systems, by ice skaters to adjust their angular velocity]
4  Describe how a centrifuge Is used to separate materials using centripetal force

& & & @

Mmung all possible motions of the material bodies, the circular motion is one that
- Mappears to be working in the most of the natural world. Satellites moving in circular
orbits around the Earth, orbital and spin motion of the Earth itself, a car turning around a
curved road, and a stone whirled around by a string are the familiar examples. When
objects movein circular paths, their direction is continuously changing. Since velocity is
a vector quantity, this change of direction means that their velocities are not constant.

In this chapter, we will study, circular motion, rotational motion, moment of inertia,
angular momentum and the related topics.
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3.1 ANGULAR MEASUREMENTS B

Consider an angle subtended at the centre 'O’ of a circle by an arc
‘AB" asshownin Fig. 3.1. Ifthe length of the arc '/AB’is equal to the = A
radius ‘r'of the circle, then the angle is called one radian. Itis the SI

unitof angular measurement and its symbol is “rad”.

Angular Displacement des

Consider the motion of a single particle P of mass m in a circular path of radius r.
Suppose this motion is taking place by attaching the particle P at the end of a massless
rigid rad of length r whose other end is pivoted at the centre O of the circular path, as
shown in Fig. 3.2 (a). As the particle is moving an the circular path, the rod OP rotates in
the plane of the circle. The axis of rotation passes through the pivot O and is normal to
the plane of rotation. Consider a system of axes as shown in Fig. 3.2 (b). The z-axis is
taken along the axis of rotation with the pivot O as origin of coordinates. Axes x and y are
taken in the plane of rotation. While OP is rotating, suppose at any instant {, its position is
OP1, making angle 0 with x-axis. At a later time { + Af, let its position be OPz2making angle
B+ ABwith x-axis (Fig. 3.2-c).

T

P

-

>y

P

Fig. 3.2(a) * Fig. 3.2(b) Fig. 3.2(c)

Angle A@ defines the angular displacement of OP during the time interval At. For
very small values of AD, the angular displacement s a vector quantity.

The angular displacement Ab is assigned a positive sign when the 1
sense of rotation of OP is counter clock wise. ‘&

The direction associated with AB is along the axis of rotation and is
given by right hand rule as shown in Fig 3.2 (d) which states that:

Grasp the axis of rotation in right hand with

o
fingers curling in the direction of rotation; the
thumb points in the direction of angular
displacement. Fig. 3.2(d)

Three units are generally used to express angular displacement, namely degrees,
reveolution and radian. Consider an arc of length 5 of a circle of radius r (Fig. 3.3) which
subtends an angle t at the centre of the circle. Its value in radians (rad) is given as:
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g
r

or S=rft (where# isinradian) ... (3:1)

If OP is rotating, the point P covers a distance $= 2 nrin one
revolution of P. In radian, it would be:
S

2mn
r r Fig. 3.3
Sa 1 revolution = 2 nrad = 360"
{n]
or 1rad = 360 57.3°
2

Angular Velocity

Very often, we are interested in knowing how fast or how slow a body is rotating. It is
determined by its angular velocity defined as the rate at which the angular displacement
is changing with time. Referring to Fig. 3.2(c), if Al is the angular displacement during
the time interval At, the average angular velocity w, during this interval is given by

A0
L B T 3.2
Jity (3.2)
The instantaneous angular velocity « is the limit of the ratio AB/At as Al, approaches to
Zero.

Thus w = Lim 40 (3.3)
w-3n Al
In the limit when At approaches zero, the angular displacement would be infinitesimally
small. So, it would be a vector quantity and the angular velocity as defined by Eq. 3.3
would also be a vector. Its direction is along the axis of rotation and is given by right hand
rule as described earlier.

Angular velocity is measured in radians per second which Is the S| unit.
Sometimes itis alse given in terms of revolution per minute (rpm).

Angular acceleration

When we switch on an eleciric fan, we nctice that its angular velocity goes on increasing
till it becomes uniform. We say that it has an angular acceleration. We define angular
acceleration as the rate of change of angular velocity. If m, and ®, are the values of
instantaneous velocity of a rotating body at instants t and {, , the average angular
acceleration during the interval {,—{, is given by

av =

o = A (3.4)
Lt At
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The instantaneous angular acceleration is the limit of the ratio i—‘;“ as At approaches
zero. Therefore, instantaneous angular acceleration o is given by

o= pim S0 (3.5)

Af =20 At
The angular acceleration is alse a vector guantity whose magnitude is given by Eq. 3.5
and its direction is along the axis of rotation. Angular acceleration is expressed inrad s”.

Till now we have been considering the motion of a particle F on a circular path. The point
P was fixed at the end of a rotating massless rigid rod. Now consider the rotation of a
rigid body as shown in Fig. 3.4. Imagine a point P on the rigid body. Line OP is the
perpendicular dropped from P on the axis of rolation usually
referred as the reference line. As the body rotates, line OP also
rotates with the same angular velocity and angular acceleration.
Thus, the rotation of a rigid body can be described by the
rotation of the reference line OP and all the terms that we
defined with the help of rotating line OPF are also valid for the
rotational motion of a rigid body. Henceforth, while dealing with
rotation of a rigid body, we will replace it by its reference line OF.

Relation between Angular and Linear Velocities

Consider a rigid body rotating about z-axis with an angular
velocity ;v as shown in Fig. 3.5(a).

Imagine a point Pin the rigid body at a perpendicular distance r

from the axis of rotation. OP represents the reference line of the Fig. 3.5a)
rigid body. As the body rotates, the point P moves along a circle A

of radius r with a linear velocity v whereas the line OP rotates I,,,

with angular velocity w as shown in Fig. 3.5 (b). We are
interested in finding out the relation between m and v. As the
axis of rotation is fixed, so the direction of w always remains the
same and w can be manipulated as a scalar. As regards the
linear velocity of the point P, let us consider only its v Ps
magnitude only which can also be treated as a scalar. * Fig. 3.5(b)

PP.=AS .‘ For your information ..
Suppose during the course of its motion, the g A
point P moves through a distance PP, =AS ;
in a time interval At during which reference
line OF covers an angular displacement
AD radian. So, AS and AD are related by
Eq.3.1as: T

Asthe wheel turns through anangla &,
it lays out atangential distance S=ri}.

AS =rAb
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Dividing both sides by At B Point to ponder! B

AS _ A0

==

Al M

........... (3.6)

In the limit when linear At — 0 the ratio AS/At represenis v, B
the magnitude of the linear velocity with which point P is §
moving on the circumference of the circle. Similarly AB/Af

represents the angular velocity o of the reference line OP. You may feel scared at the top
af roller coaster ride in the

So, Eq. 3.6 becomes: amusemen! parks but you
= never fall down even when you
VS0  esisess (3:7) are Lipside down, Why?

&E

From Fig. 3.5(b), it can be seen that the point P is moving along the arc P1Pz. In the limit
when Af — 0, the length of arc P1Pzbecomes very small and its direction represants the
direction of tangent to the circle at point P1. Thus, the velocity with which point P is
moving on the circumference of the circle has a magnitude v and its direction is always
along the tangent to the circle at that point. That is why, the linear velocity of the point P is
also known as tangential velocity.

Similarly, Eq. 3.7 shows that if the reference line OP is rotating with an angular
acceleration «, the point P will also have a linear or tangential acceleration a.. Using
Eq. 3.7 itcan be shown that the two accelerations are related by

a=ra e (3.8)

Eqgs. 3.7 and 3.8 show that on a rotating body, points that are at different distances from
the axis do not have the same speed or acceleration, but all points on a rigid body
rotating about a fixed axis do have the same angular displacement, angular speed and
angular acceleration at any instant. Thus, by the use of angular variables, we can
describe the motion of the entire body in a simple way.

Equations of Angular Motion

The equations (3.2, 3.3, 3.4 and 3.5) of angular maotion are exactly analogous to those
in linear motion if 0, w and o be replaced by S, v and &, respectively. As the other
equations of linear motion were obtained by algebraic manipulation of these equations,
it follows that analogous equations will also apply to angular motion. Given below are
angular equations together with their linear counterparts.

Ve=W + al D=0 +al e {3‘9}
2

2a8= v? =y, 260 =0 0 e (3.10)

$=-.-f;r+% at? B=mjl‘+:—1§uf2...,...,,. (3.11)
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The angular equations 3.9 to 3.11 hold true only in the case when the axis of rotation is
fixed, so that all the angular vectors have the same direction. Hence, they can be
manipulated as scalars.

{ Example 3.1 )| An electric fan rotating at 3 rev s™' is switched off, It comes to rest in
18.0 s. Assuming deceleration to be uniform, find its value. How many revolutions did it
furn before coming to rest?

{ sotution | In this problem, we have T o=vouinow DI
®=30revs', =0 t=180s and u=7 , 0=7

/z,'.__, '
From Eqg. 3.9, we have /

o= Q- _ (0-30)revs” =-0.167 rev s* .
t 1805 \
and from Eq 3.11, we have
1) =[1]‘ir+% U-tz A
=3.0revs'x18.0 s+ (-0.167 revs?) X (18.0 s)* Direction of motion changes
2 continuously in circular motion.

=27 rev

3.2 CENTRIPETAL FORCE

Newton's second law of maotion states that when a force acts
on a body, it produces acceleration in the same direction. A
force acting on a moving body along the direction of its
velocity will change magnitude of the velocity (speed)
keeping the direction unchanged. On the other hand, a
constant force acting perpendicular to the velocity of a body
moving in a circular path will change the direction but
magnitude of velocity (speed) will remain the same. Such
force makes the body move in a circle by producing a radial
{or centripetal) acceleration and is called centripetal force
(Centre seeking) force. Figure 3.6{a) shows a ball tied at the
end of a string is whirled in a horizontal surface. It would not
continue in a circular path if the string is snapped. Careful A
observation shows at once that if the string snaps, when the

ball is at the point A, in Fig. 3.6 (b), the ball will follow the Fig. 3.6(b)
straightline path AB which is tangent AB at pointA.

Thus, a force is needed to change the direction of velocity or motion of a body
continuously at each paint in circular motion moving with uniform speed. The force that
does not alter speed but only direction at each point is a perpendicular force which acts
along the radius of the circular path. This force always pulls the object towards the centre
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of the circular path. Its direction is perpendicular to the tangential velocity at each paint.
The force needed to bend the straight path of the particle
into a circular path is called the centripetal force.

For a body of mass mmaving with velocity vin a circular path of radius r, centripetal force
F_is given by

F=ma, =T .. (3.12)
where a = v’/r is the centripetal acceleration and its direction is towards the centre of the
circle. As v=rum. so the above equation becomes:

F.=mr e (3.13)

-

f Example 2.2 B |f g CD spins at 210 rpm, what is the Do you know?
radial acceleration of a point on the outer rim of the CD?
TheCDis 12 cmindiameter,

[SolutionD|  We convert 210 rpm into a frequency in
revolutions per second (Hz).
rev 1 min
Thus f=21 . —
238 min 60 s

For each revolution, the CD rotates through an angle of 2r
radians. The angular velocity is:

=35 rz“' = 35 Hz

w=2nf=2rrad « 35" =70 xrads’

The radial acceleration Is:
a=wr=(7.0nrads'y’x0.06m = 29ms”

{ Example 3.3 § Aball tied to the end of a string, is swungin a
vertical circle of radius runder the action of gravity as shewn cCurved flight at high speed
in Fig. 3.7. What will be the tension in the string when the ball requires a large centripetal

- = - . : . force thal makes the slunt
is at the point A of the path and its speed is v at this point? dangerous even if the air

| Selution 3| For the ball to travel in a circle, the force acting planesarenotso close.
an the ball must provide the required centripetal force. In this
case, at point A, two forces act on the ball, the pull of the
string and the weight wofthe ball. These forces actalong the
radius at A, and so their vector sum must furmish the required

centripetal force. We, therefore, have

mvz

T+ws= 7 as w= myg, therefore,
2 ] R
v
= g -mg=m|—-—g
) Fig, 3.7

if v?

=g, then T will be zero and the centripetal force is just equal to the weight.
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Examples of centripetal force

In every circular or orbital motion, centripetal force is needed which is provided by some
agency.

1. When a ballis whirled in a horizontal circle with the help of a string, then tension in the
string provides necessary centripetal force.

2. Foranobject placed on a turntable, the friction is the centripetal force.
3. The gravitational force is the cause of the Earth orbiting around the Sun, Moon and

artificial satellites revolving around the Earth. —
.g Tidbits E.

4. A ncormal or perpendicular magnetic force compels a
charge particle moving along a straight path into a |
circular path.

5. When a vehicle takes turn on a road, it also needs
centripetal force which is provided by the friction R e

e Banked fracks are needed for

between Ithe tyres and the.rulad, Ifthe roadis sllpp?w, R, (el e talar o8 ey

then at high speed, the friction may not be sufficient ihat friction alone cannat provide

enough to provided necessary centripetal force. energy for ceniripetal force.

Hence, vehicle will not be able to take turn and may skid or may even be toppled. To
overcome this difficulty, the highway road is banked on turns. Thatis, the outer edge

ofthe track is kept slightly higher than that of the inner edge.
Applications of Centripetal Force
We know that an object moves in a circle because of centripetal
force. If the magnitude of applied force falls short of required
centripetal force then the object will move away from the centre

of the circle. The centrifuge (Fig. 3.8-a) functions on this basic

principle. U
Centrifuge: It is one of the most useful ~ '
laboratory device. It helps to separate out —

denser and lighter particles from a mixture. The Fig. 3.2 {a)

mixture is rotated at high speed for a specific

time. In a laboratory setup, sample tubes are (_
used where the denser particles will settle at
the bottorn and lighter particles will rise to the
top of the sample tubes (Fig. 3.8-b).

Fig. 3.8 {b)

The dryer of the washing machine also functions on the
principle of centrifuge. The dryer consists of a long cylinder with
hundreds of small holes on its wall. Wet clothes are piled up in
this cylinder, which is then rotated rapidly about its axis. Water
moves outward to the walls of the cylinder and thus, drained out
through the holes. In this way, clothes become dry quickly.
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Cream separator is another practical device which is used to separate
cream form the milk. In this machine, milk is whirled rapidly. Since milk
is a mixture of light and heavy particles, when it is rotated, the light
particles gather near the axis of rotation whereas the heavy particles
will go outwards and hence, cream can easily be separated from milk.

3.3 ARTIFICIAL SATELLITES

Satellites are objects that orbit in nearly circular path
around the Earth. They are put into orbit by rockets and are Fig. 3.10
held in orbits by the gravitational pull of the Earth. The low [ For your information B]
flying Earth satellites have acceleration 9.8 m s~ towards e e

the centre of the Earth. If there is no gravitational pull, they 40,000 km h' escape
would fly off in a straight line along tangent to the orbit, ¢

When the satellite is moving in a circle, it has an

acceleration —hf . In a circular orbit around the Earth, the e -
centripetal acceleration is supplied by gravity and we have /

W
Q:? .......... {314} 27,000 km i 000 km b
circular orbit efiptical orbit
where v is the corbital velocity and R is the radius of the Satelltes Orbits

Earth (6400 km). From Eqg. 3.14, we have

Do you now?

o= glgh Newton had predicated about
! o & the artificlal satellites, 300 years
h \IIQ,Bms x84x10"m ago. The above figure has been
—79x10°ms”' =78kms’ taken from his well-known

cia T ; : book “Principia Mathematica™,
This is the minimum velocity necessary to put a satellite According to this book, if an

into the orbit, called the critical velocity. The period T IS  objectis thrown horizontally with

given by a parlicular speed from a place
6400 km which s sufficiently high, it wil
== 28y o 2%3.14 x T start revolving around the Earth,

. ms

= 5060 s = 84 min approx.

If, however, a satellite in a circular orbit is at a distance h
much greater than R above the Earth's surface, we

must take into account the experimental fact that the
gravitational acceleration decreases inversely as the Earth
square of the distance from the centre of the Earth :

A

(Fig. 3.11).

W
The higher the satellite, the slower will be the required h==R @
speed and longer it will take to complete one revolution
around the Earth. Fig. 2.1
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Orbital Velocity

Figure 3.12 shows a satellite going round the Earth in a
circular path. Let the mass of the satellite be m, and visits
orbital speed. The mass of the Earth is M and rrepresents
the radius of the orbil. A centripetal force m v /ris required
to hold the satellite in the orbit. This force is provided by the
gravitational force of attraction between the Earth and the
satellite. Equating the gravitational force to the required
centripetal force, we have Fig. 3.12

Gm, M =ﬁti -_Eq Tidbits f&.

e r ; :
The moment you switch on your

M mabile phone, your location can
or V= |'—— (3.15) be tracked immediately by
r global positioning system, '

This shows that the mass of the satellite is unimportant in
describing the satellite's orbit. Thus, any satellite orbiting M’_E_
at distance r from the Earth’s centre must have the orbital
speed given by Eq. 3.15. Any speed less than this will
bring the satellite tumbling back to the Earth.

{ Example 3.4 & An Earth satellite is in circular orbit at
distance of 384,000 km from the Earth's surface. What is its
period of one revolution in days? Take mass of the Earth
M= 6.0 x 10 kg and its radius R = 6400 km,

ﬁ‘iu!uhnn%{-:

As r=R+h= (6400 + 384000) km = 390400 km

Using v= [OM - [667x10" N m’kg? x 6 x10%kg _
Vr 390400 km In 1984, at & height of 100 km

= 1 above Hawaii island with a

Al = hUE2 A speed of 29000 km h' Bruce

50 McCandless slepped into

T =28 5014 x300400kmx L T B8 O e et human
RS XROXLES  satellite of the Earth,

= 27.7 days
Weightlessness in Satellites Do you know? DI

When a satellite is launched by a rocket in its desired orbit Your welght slightly changes
around the Earth, then it has been observed practically that when the velocity of the

g LB h tellit : iahtl elevalor changes at the start
everything inside t. e faa ellite exgenances weighllessness 4o and of a ride, not during
because the satellite is accelerating towards the centre of the rest of the ride when that

the Earth as a freely falling body. VElpeity s Qenstant:
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Consider a satellite of mass M revolving in its orbit of 4
radius r around the Earth. A body of mass m inside the i . R=0N

1 = W
satellite suspended by a spring balance from the ‘/"’/
ceiling of the satellite is under the action of two forces y

- ..: r’ ‘-‘Ir
That is, its weight mg acting downward, while the
supporting force, called normal force F, or tension in T i _em

F=omy
the spring acting upward, as shown in Fig. 3.13. Their = i
resultant force is equal to the centripetal force required e S d
by the mass m which is acting towards the centre of the s i
Earth, and is expressed as: B Senyouieir
E. =mg=F .. (3.16) When a bucket full of water Is
e rapidly whirled in a vertical
F = circular path, water does not
where b r fall out even if the bucket Is
a ; :
v inverted at the maximum
Hsnes =mg=F e (2:15-8) height. Why s it so?

It may be noted that the centripetal force responsible for the revolution of the satellite of
mass M around the Earth is provided by the grawtatmna! force of attraction between the
Earth and the satellite. =y

o= F
r
v.‘
g= -
Hence, Eq. 3.16(a) becomes
mg=mg-F,
or E =0 Astronaut floating inside the cabin of a spaceship.

This shows that the supporting force which is acting on a body inside the satellite is zero.
Therefore, the bodies as well as the astronauts in a satellite find themselves in a state of
apparent weightlessness.

Artificial Gravity

In a gravity free space, there will be no force that will push anybody to any side of the
spacecraft. If this spacecraft is to stay in the orbit over an extended period of time, the
weightlessness may affect the performance of the astronauts present in that spacecraft.
To overcome this difficulty, an artificial gravity can be created in the spacecraft. This
could enable the crew of the space ships to function in an almast normal manner. For
this situation to prevail, the spaceship is set into rotation around its own axis. The
astronaut then is pressed towards the outer rim and exerts a force on the "floor’ of the
spaceship in much the same way as on the Earth.

Consider a spacecraft of the shape as shown in Fig. 3.14. The outer radius of the

3
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spaceship is R and it rotates around its own central axis —_—
with angular speed (o, then its angular acceleration a_is

8, =R’
2 - . . .
Butw = -—fE where { is the period of revolution of spaceship

) 2
d. = R{Z_Fi_f =R 4TE—

Hence 2 _!'2

As frequency £ = 1/t, therefore, .

dr :R4H2 f‘?
or P=-B_  or  f=LJ)%
A R 2ty R

As described above, the force of gravity provides the
required centripetal acceleration, therefore,

.= 4 4

1 |g The surface of the rotati
So f=—0uul= oo 3.17 SR S R TG
2R\ R { ) space-ship pushes on an object

with which it is in contact and

: : : theraby provides ihe ceniripetal
When the spaceship rotates with this frequency, the force nisedac o kesp the abject

artificial gravity like the Earthis provided to the inhabitarts movingon a circular path,
of the spaceship.

3.4 MOMENT OF INERTIA

Consider a mass m attached to the end of a massless rod as
shown in Fig. 3.15. Assume that the bearing at the pivot
paint O is frictionless. Let the system be in a horizontal plane.
Aforce Fis acting on the mass perpendicular to the rod and
hence, this will accelerate the mass according to:

F=ma
In doing so,the force will cause the mass to rotate about 0. gig 345
Since tangential acceleration ar is related to angular tyg foree F causes a torque

acceleration o by the eguation. about the axis © and gives
ar=ro the mass m an angular
acceleration « about the pivot

So F=mra paint.

As turning effect is produced by torque t, it would, therefore, be better to write the
equation for rotation in terms of torque. This can be done by multiplying both sides of the
above equation by r. Thus,

rF = T=torque = mru
which is rotational analogue of the Newton's second law of motion, F = ma.

Here F is replaced by t, a by « and m by mr”. The quantity mr is known as the moment
e ¢
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ofinertia and is represented by /. The moment of inertia plays Do you know?
the same role in angular motion as the mass in linear motion.
It may be noted that moment of inertia depends not anly on
mass mbutalsoonr’.

Most rigid bodies have different mass concentration at
different distances from the axis of rotation, which means the
mass distribution is not uniform. As shown in Fig. 3.16(a), the : ,
rigid body is made up of n small pieces of masses ms, mz,.... ” v J
at distances r, , r, ,..... from the axis of rotation O. Let the Jwa eyiinders of equal mass.
body be rotating with the angular acceleration o, so the The one with the larger

magnitude of the torque acting on m1 s ﬂ;fmmg*:;l ":':rfiam Qlosiee

ﬁFor your info rmatinni '

Momends of inerie of varous

Ty = r 12 4
Similarly, the torgue on m:z is

2 :
Ta= Ml Oy bodiss about asis AN
: A
R i T e >
X
Thin Rod
[ =y mL
A
Fig. 3.16 ih) =7
Each small piece of mass within a large. rigid bedy undergoes the )
same angular acceleration about the pivot point. L) E
Thin ring or Hoop
Since the body is rigid, so all the masses are rotating with the I= mr'
same angular acceleration .
Total torque Tita is then given by =
2 2 2
T total ={m1r1 + mMarlz +..,,+r.'r:-nrn}|u A

Solid disc or cyclinder

=( Zmnt)a

or = o (3.18) .

where | is the moment of inertia of the bedy and is
expressed as

P=Nme i (3.19)
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3.5 ANGULAR MOMENTUM

We have already seen that linear momentum plays an important role in translational
motion of bodies. Similarly, another quantity known as angular momentum has
important role in the study of rotational motion,

A particle is said to possess an angular momentum about a reference axis if it
so moves thatits angular position changes relative to that reference axis.

The angular momentum L of a particie of mass m moving
with velocity v and momentum p (Fig. 3.17) relative to the
origin Ois defined as:

L=rxp (3.20)

where r is the position vector of the particle at that instant
relative to the origin O. Angular momentum is a vector Fig. 3.17
quantity. Its magnitude is:

L =rpsint = m rvsinb

'QFW your information § l

L

.

where 0 is the angle between r and p. The direction of Lis
perpendicular to the plane formed by r and p and its sense |
is given by the right hand rule of vector product. Sl unit of E'—
angularmomentumiskgm’s ' orJs. |

I

If the particle is moving in a circle of radius rwith uniform
angular velocity o, then angle between r and tangential
velocity is 90°, Hence,

L=mrvsin90°=mrv (a) fbi
The sphere In (a} is rotaling in
But V=rom Hence L=mrw the sense given by the gold

N:Itw consider a symmetric rigid body mtat_ing Iabnuta fixed :ﬁ;ﬁiﬁ:ﬁ:?ﬂ?ﬁgﬂ
axis through the centre of mass as shown in Fig 3.18. Each g be upward along the
particle of the rigid body rotates about the same axis in a rolational axis, as shown by
circle with an angular velocity ., The magnitude of the he right-hand rulein(b).

angular momentum of the particle of mass m is m, v, r.about
the origin O. The direction of Li is the same as that of m.
Since v, = r m, the angular momentum of the ith particle is
m, r'ey. Summing this over all particles gives the total

angular momentum of the rigid body.
L= {Zm, i) e=lo
I':"l

where / is the moment of inertia of the rigid body about the
axis of rotation.
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{ Example 3.5 )| The mass of Earth is 6.00 x 10™ kg. The distance r from Earth to the
Sun is 1.50 x 10" m. As seen from the direction of the North Star, the Earth revolves
counter-clockwise around the Sun. Determine the orbital angular momentum of the
Earth about the Sun, assuming that it traverses a circular orbit about the Sun once a
year(3.16 x10's).

{ solution | Tofind the Earth's orbital angular momentum, we must first know its orbital
speed from the given data. When the Earth moves around a circle of radius r, it travels a

distance of 2nrin one year. Its orbital speed v, is thus, . 2anr
QOrbital angular momentum of the Earth = L_=mv,r

B anrim

ot

_ 2m(1.50 x10"'m)* x(6.00 X10*kg)

- 3.16X10"s

L=267x10"%kgm*s™
The sign is positive because the revolution is counter clockwisea.

3.6 LAW OF CONSERVATION OF ANGULAR MOMENTUM

The law of conservation of angular momentum states  [JJi_Do vouknow?
that if no external torgue acls on a system, the total If you try i sit on & bike at rest, it

L

angular momentum of the system remains constant. falis. But if the bike is maving,
the anguiar momentum of the
L..=L,+L,+ ....=constant spinning wheel resisis any

. ; tendency. to change and helps
The law of conservation of angular momentum is one ofthe |5 keep the bike upright and

fundamental principles of Physics. It has been verified from stable.

the cosmological to the sub microscopic level. The effect of

the law of conservation of angular moementum is readily .! Do you know?
apparent if a single isolated spinning body alters its moment
of inertia.

If a body of moment of inertia /, spinning with angular speed
my alters its moment of inertia to /. , then its angular speed w,
also changes so that its angular momentum remains
constant.

Hence low, =L,
The angular momentum is a vector quantity with direction
along the axis of rotation. Hence, the direction of angular

momentum along the axis of rotation also remains fixed.
Thisisillustrated by the fact given below:

_— : . r . The ball's speed Incfeases as
The axis of rotation of an object will not change is the string wraps around the

orientation unless an external torque causes it todo so. finger.
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This fact is of great importance for the Earth as it moves around the Sun. No other
sizeable torque is experienced by the Earth, because the major force acting on it is the
pull of the Sun. The Earth's axis of rotation, therefore, remains fixed in one direction with
reference to the universe around us,

Examples of conservation of angular momentum
A man diving from a diving board
A diver jumping from a springboard has to take a few

somersaults in air before touching the water surface, as !f? -
shown in Fig.3.19. After leaving the springboard, he A ;

curls his body by rolling arms and legs in. Due to this,
his moment of inertia decreases, and he spins in midair
with a large angular velocity. When he is about to touch
the water surface, he stretches out his arms and legs.
He enters the water at a gentle speed and gets a
smooth dive. This is an example of the law of

conservation of angular momentum. Fig. 3.19

The spinning ice skater A man diving from a diving board.

An ice skater as shown in Fig.3.20 can increase his ! — large | —small
w— small w— |arge

angular velocity by folding arms and bringing the
stretched leg close to the other leg. By doing so, he
decreases his moment of inertia. As a result, angular
speed increases. When he stretches his hands and a
leg outward, the moment of inertia increases and hence
angular velocity decreases.

A person holding some weight in his hands

standing on a turntable. Angular  fMoment uf) (ﬂmgutsr
. momantum = | Ineria veiocity
A person is standing on a turntable with heavy mass b Py

(dumb-bell) in his hands stretched out on both sides as  Fig. 3.20
shown in Fig. 3.21. As he draws his hands inward, his An ice skater using angular momentum

-k

-1-?'_:” your infurmatlnnm

It has been neticed thal when ice on the
polar caps of Earth melts and water flows
away in the form of iver; the moment of
inertia of water and hence that of Earth

(a) (b) aboul its axis of rotation increases due to

: conservalion of angular momentum;
i Hence, the angular velocity of Earth wil
Man with masses in his hands on a turntable. decrease, therefore, the duration of day

Conservation of angular momentum requires that as the

man pulls his arms in, the angular velocity increases, IcrBaRoR aigINLY,
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angular speed at once increases. This is because the moment of inertia decreases on
drawing the hands inwards, which increases the angular speed.

FlyWhEEl fiﬁr.f-"ulnt to pundm

Flywheel is a mechanical device which consists of a heavy
wheel with an axle (Fig. 3.22). It is used to store rotational
energy, smooth out output fluctuations and provides
stability in a wide range of applications such as bicycles
and other vehicles, industrial machinery, gyroscopes,
ships and spacecrafts.

m Do you know?

The fiywhesl called the balance
wheel regulates the time keeping
mechanism in mechanical clocks
and watches by maintaining
controlied oscillations rate.

Why does the coasling rotaling
system slow down as water drips
Fig. 3.22: Aflywhes into the beaker?

When a fly wheel spins, its angular momentum
resists changes to its orientations, maintaining
stability. This is useful in systems that need precise
control over their orientation without external
interference.

The Gyroscope

Agyroscope is a device which is used to maintain its
orientation relative to the Earth’'s axis or resists
changes in its orientation. It consists of a mounted
flywheel pivoted in supporting rings as shown in
Fig. 3.23. It works on the basis of law of
conservation of angular momentumn due to its large
moment of inertia. When the gyroscope spins at a
large angular speed, it gains large angular
momentum. It is then difficult to change the
orientation of the gyroscope's rotational axis due to
its large moment of inertia. A change in orientation
requires a change in its angular momentum. To
change the direction of a large angular momentumn,
a corresponding large torque is required. Even if
gyroscope is tilted (Fig. 3.24), it still keeps levitated
without falling. Hence, it is a reason why a
gyroscope can be used to maintain orientation. The
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main applications of gyroscopo are NI o poricr

in the guiding system of aeroplanes, o i move around the Sun in sliptical orbits with Sun
submarines and space venicles N siyated at one of its fosi, thus, distance of a planet from
order to maintain a specific direction  the Sunis not constant when itis nearer the Sun, its orbital
in space to keep steady course. velocity increases automatically, Why?

! A A

auesrion: DI

Multipie Choice Questions [

Tick (¥') the correct answer.
3.1 The ratio of angular speed of minute's hand and hour's hand of awalch is:

{(a) 1:6 (b) 6:1
(c) 1:12 {d) 12:1
3.2 Aboay travelling in a circle at constant speed:
{a) has constant velocity {b) hasaninward radial acceleration
(c) is not accelerated (d) has anoutward radial acceleration

3.3 A stone al the end of leng string is whirled in vertical circle al a constant speed.
The tension in the string will be minimum when the stane is:

(a) atthe top of the circle {b) half way down

{c) atthe bottom of circle {d) any where inthe circle
34 Every point of rotating rigid body has:

(a) same angular velocity (b) same linear velocity

{c) same linear acceleration {c) same linear distance
3.5 The minimum velocity necessary to put a satellite into the arbit is called:

{a) terminal velocity {b) critical velocity

{c) artificial velocity {d) angular velocity

3.6  Anastronaul is orbiting around the Earth in alarge capsule. Then,
{a) he will be in a state of weightlessness with respect to capsule
(b) he is freely falling towards the Earth
{c) a ball projected at an angle has a straightline path as observed by him
{d) all the above

37 An abject in uniform circular motion makes 10 revolutions in 2 seconds. Which of
the following statement is true?

{a) ltsperiodis2.0s {b) Its periodis 20 s
(e) Its frequency is 5 Hz (d) Its frequency is 0.2 Hz
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3.10

3.1
3z
33
3.4

3.5
3.6

3.7

3.8

3.9

3.1

12

A man inside the artificial satellite feels weightiessness because the force of
attraction due to the Earth is

{(a) zero at pole

(b) balanced by the force of attraction due to the moon

{c) equal to the centripetal force

(d) non-effective due to some particular design of the satellite

A bottle of soda water is grasped from the neck and swung briskly in a vertical
circle. Near which portion of the bottle do the bubbles collect?

{a) Near the bottom {b) In the middle of boitle

(c) Bubbles remain distributed throughout the volume of the bottle.
(d) Mear the neck of the bottle

The moment of inertia of body depends upon:

(a) mass of the body and its distribution about axis of rotation

(b) volume of the body

{c) kinetic energy of the body

{d) angular momentum of the body

|§_ Short Answer Questions -E

State second law of motion in case of rotation,

What is the effect of changing the position of a diver while diving in the pool?
How do we get butter from the milk by using centrfuge?

Mass is a measure of inertia in linear motion, What is its analogue in rotational
motion? Describe briefly.

Why is it harder for a car to take turn at higher speed than at lower speed?
What are the benefits of using rear wheels of heavy vehicles consisted of double
tyres?

When a moving car turns around a corner to the left, in what direction do the
occupants tend to fall? Explain briefly.

Why is the acceleration of a body moving unifarmly in a circle, directed
towards the centre?

How does an astronaut feel weightlessness while orbiting from the Earth in a
spaceship?

'@ Constructed Response Questions |

If angular velocity of different particles of a rigid body is constant, will the linear
velocity of these particles be also constant?

Aloaf of bread is lying on rotating plate. A crow takes away the loaf of bread and
the rotation of the plate increases. Why?
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3.3

Why do we tumble when we take the sharp turn with large speed?

What will be time period of a simple pendulum in an artificial satellite at a certain
height?

Is the motion of a satellite in its orbit, unifarm or accelerated?

What are the advantages that radian has been preferred as Sl unitto degree?

In uniform circular motion, what are the average velocity and average
acceleration for one revolution? Explain.

In a rainstorm with a strong wind, what determines the best position to hold an
umbrella?

A ball is just supported by a string without breaking. If it is whirled in a vertical
circle, it breaks. Explain why.

How is the centripetal force supplied in the following cases:
{a) a satellite orbiting around the Earth?
(b} acartakingaturnanalevelroad?

|@ Comprehensive Questions |

What is meant by angular momentum? Explain the law of conservation of
angular momentum with daily life examples.

Show that orbital angular momentum is; L = lw.

Define moment of inertia. Prave that torque acting on rotating rigid body is
equal to the product of its moment of inertia and angular acceleration.

What are artificial satellites? Calculate the minimum time period necessary to
put a satellite into the orbit near the surface of the Earth.

Define orbital velocity and derive an expression for the same.

Write a note on artificial gravity. Derive an expression for frequency with which
the spaceship rotates to provide artificial gravity.

Prove that; {i) v=rm  and {il) a=ra

_‘ Numerical Problems .I

A laser beam is directed from the Earth to the moon. The beam spreads over a
diameter of 2.50 m at the moon surface. What is divergence angle of the beam?

The distance of moon from the Earth is 3.8 x 10°m. (Ans. 6.6x10 rad)
A car is moving with a speed of 108 km h'', If its wheel has a diameter of 60 cm,
find its angular speedinrad s’ andrevs . (Ans: 100rads ', 16revs )

An electric motoris running at 1800 rev min . On switching off, it comes to restin
20 s If angular retardation is uniform, find the number of revolutions it makes
before stopping. (Ans: 300 rev)
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3.5

3.6

a7

3.8

3.9

A string 0.5 m lang holding a stone can withstand maximum tension of 35.6 N.
Find the maximum speed atwhich a stone of 0.5 kg mass can be whirled with itin
avertical circle, (Ans:5.5ms’)
The flywheel of an engine is rotating at 2100 rev min” when the power source is
shut off. What torque is required to stop it in 3 minutes? The moment of inertia of
the flywheel is 36 kg m”. (Ans: 44 N m)
What is the moment of inertia of a 200 kg sphere whose diameteris 60 cm?

(Ans: 7.2 kg m')

A satellite is orbiting the Earth at an altitude of 200 km. Assuming the Earth's
radius is 6400 km, calculate the orbital speed of the satellite.  (Ans:7.77kms )

A space station has a radius of 20 m and rotates at an angular velocity of
0.5 rad s'. What is the artificial gravity experienced by the astronauts on the
space station? {Ans:5ms")
Abicycle wheel has an angular momentum of 10 kg m” s~ and angular velocity of
2rads . Find the value of its moment of inertia. (Ans: Skgm)
A diver comes off a board with arms straight up and legs straight down, giving
him a moment of inertia of 18 kg m" about his rotation axis. Then tucks into a
small ball, decreasing his moment of inertia to 3.6 kg m". While tucked, he
makes two complete rotations in 1.0 second. If he had not tucked at all, how
many revolutions would he have madein 1.5 s from board to water?

(Ans: 0.6 rev)



After studying this chapter, the students will be able to:
Derive the formula for kinetic energy [using the equations of motion]

Derive an expression for absolute potential energy of a body at a certain position in the
gravitational field [including escape velocity]

% Deduce the work done from force-displacement graph.
4 Differentiate between conservative and non-conservative forces.
© State and use the work - energy theorem in a resistive medium to solve problems.

% @

mnm is often thought in terms of physical or mental effort. In Physics, however, the
‘W ¥ termwork involves two things (i) force, and (i) displacement. We shall begin with
a simple situation in which work is done by a constant force.

41 WORK DONE BY A CONSTANT FORCE

Let us consider an object which is being pulled by a constant force F. The force displaces
the object through a displacement d in the direction of force. In such a case, work Wis
defined as the product of the magnitude of the force F and magnitude of the displacement
d. This can be written as: Force.

W= Fd (4.1)

Equation (4.1) shows that if the displacement is zero, no
work is done even if a large force is applied. For example,
pushing on a wall may tire your muscles, but work done
iszeroasshowninFig.4.1.

.

The force applied on a body may not always be in the
direction of force as shown in Fig. (4.2). If the force F
makes an angle 0 with the displacement d (Fig. 4.3), the
work done is equal to the product of the component of
force along the direction of the displacement and the
magnitude of displacement, Then
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W= (Fcosd)d = Fdcost .--.oooee (4.2)

or W=F.d ... (4.3} T

Equation (4.3) shows that work is a scalar quantity.

i

F
The unitof work is joule (J). From Eq. (4.1), we have !
|

) )

W

1d=1Nm

Foostl
d —
When a constant force acts through a distance d, the Fig. 4.3

event can be plotted on a simple graph (Fig. 4.4). The 4
distance is normally plotied along x-axis and the force
along y-axis. As the force does not vary, in this case, the
graph will be a horizontal straight line. If the constant
force F (newton) and the displacement d (metre) are in
the same direction, then the work done is Fd (joule).
Clearly shaded area in Fig. 4.4 is also Fd. Hence, the
area under a force-displacement curve can be faken as
to represent the work done by the constant force. Incase 4 dtanoe
the force F is not in the direction of displacement, the d
graphis plotted between Fcosfand d. Fig. 4.4

—>* Foce F 0

W
]
W

i

From the definition of work, we find that:

i) Work is a scalar quantity.

(ii) If =907, work is done and itis said to be positive work.
(iii) If8=90", nowork is done.

{iv) If6 =907, the work done is said to be negative.

(v) Slunitofwork is N m, also known as joule (J).

42 WORKDONEBYAVARIABLE FORCE

In many cases, the force does not remain constant during the process of doing work. For
example, as a rocket moves away from the Earth, work is done against the force of
gravity, which varies as the inverse square of the distance from the Earth's centre.
Similarly, the force exerted by a spring increases with the amount of stretch. How can we
calculate the work done in such situations?

Figure 4.5 shows the path of a particle in the x y plane as it moves from point P to point Q.
The path has been divided into n short intervals of displacements Ad,, Ad,, ......., Ad
andF,, Fi......, F,are the forces acting during these intervals, respectively.
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During each small interval, the force is supposed
to be approximately constant. So, the work done
for the first interval can then be written as

AW, =F,.Ad,=F, costl, Ad,

and in the second interval

Fig. 4.5
AW, =F,.Ad,=F, cosl,Ad, A particle acted upon by a
variable farce, moves alon
and so on. The total work done in moving the the path shown from point P :g
object can be calculated by adding all these terms. pointQ.
W_ =AW, +AW,+.......+AW,
¥
=F cost, Ad,+ F cost, Ad,+......+ F cost, Ad, T
i T 1 Foosa,
or W= ZFRcosHAd Ll (4.4)
=1 =
= -
We can examine this graphically by plotting F cos () e

verses d as shown in Fig. 4.6. The displacement d

a
=

has been sub-divided intc the same n equal PAd, Ad;  Ad M0
intervals. The value of F cos {} at the beginning of B
eachintervalisindicated in the figure. g4

Now the i" shaded rectangle has an area F, cos 8, Ad which is the work done during the
i" interval. Thus, the work done given by Eq. 4.4 equals the sum of the areas of all the
rec,tangies. If we sub-divide the distance into a large number of intervals so that each Ad
becomes very small, the work done given by Eq. 4.4 becomes more accurate. If we et
each Ad to approach zero, then we obtain an exact result for the work done, such as:

Wi = Limit % F cos0,Ad, .......... (4.5)
Ad=¥0 =1
If this limit Ad approaches zero, the total area of all
the rectangles (Fig. 4.6) approaches the area
between the Fcosb verses d curve and x-axis from
P to Q as shown shaded in Fig. 4.7.

Thus, the work done by a variable force in moving a

Feasyg —»
/‘n
A [

particle between two points is equal to the area @ d_5
under the F cosfl verses d curve between the two :
points P and Q as shown in Fig. 4.7. e b

W Example a1 | Aforce F acting on an object varies with distance d as shown in Fig. 4.8.
Calculate the work done by the force as the object moves fromd=0tod=6m.

W seiutionl The work done by the force is equal to the total area under the curve from
d =0to d =86 m. This area is equal to the area of the rectangular section from d=01o
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d=4m, plus the area of triangular section from d =4 mto
d=6m,

Hence
Work done represented by the area of rectangle =4 mx 5N
d{m)—>
=20Nm=20 o
Fig. 4.8

Work done represented by the area of triangle = % X2mx5N

=5Nm=5J
Therefare, the total work done =20J+5J=25

4.3 CONSERVATIVEAND NON-CONSERVATIVE FORCES

Conservative Forces

The space around the Earth in which its gravitational force acts on a body is called the
gravitational field. When an object is moved in the gravitational field, the work is done by
the gravitational force. If displacement is in the direction of gravitational force, the work is
positive. If the displacement is against the gravitational force, the work is said to be
negative.

There is an interesting property of the gravitational
force that when an object is moved from one place to
another, the work done by the gravitational force does
not depend on the choice of the path. Let us explore it.

Consider an object of mass m being displaced with
constant speed from point A to B along various paths
in the presence of a gravitational force (Fig. 4.9). In
this case, the gravitational force is equal to the weight
mg of the object.

The work done by the gravitational force along the path 1 (ADB) can be split into two
parts {path AD and path DB). The work done along AD is zero, because the weight mgis
perpendicular to this path, whereas the work done along DB is (—mgh) because the
direction of mgis opposite to that of the displacementi.e., 1= 180", Hence, the work done
in displacing a body from Ato B through path 1 is:

Wi =0+ (-mgh) =- mgh

If we consider the path 2 (ACB), the work done along AC is also (-mgh). Since the work
done along CB is zero, therefore,

W,..=-mgh +0 =-mgh

Now consider path 3, i.e., a curved one. Imagine the curved path to be broken down into a
F_____________________________________________________________________________________________________________________9
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series of horizontal and vertical steps as shown in
Fig. 4,10, There is no work done along the herizontal
steps, because mg is perpendicular to the displacement
for these steps, Work is done by the force of gravity only
along the vertical displacements. During the segment CD,
mg is net negaltive; it is positive. But here all Ay elements
are negative, so the products of mg and Ay for all the
elements will again be negative. Therefore, we canwrite: o 4 44

We=-mgldy, + Ay, + Ay, + .o HAY,) A smogth path may be replaced

by a series ol infinitesimal x and

As Ay, + A, + Ayt +Ay,=h y displacements. Work is done
Herica w.qs = _mg h anly during the y displacements.

The net amount of work done along the curved path AB is still {-mgh). We conclude from
the above discussion that:

Work done by gravitational force is independent of the path followed.

Can you prove that the work done, along a closed path, such as ACBA or ADBA
(Fig. 4.9), by the gravitational force is zero?

If the work done by a force in moving an object between two points is
independent of the path followed or the work done in a closed path
be zero, the force is called a conservative force,

As shown above, the gravitational force is a conservative force, other examples of
conservative force are electrosiatic force and elastic spring force.

Non-Conservative Forces
Alltypes of forces are not conservative forces.

Aforce is non-conservative if the work done by it in moving an object
between two points orin a closed path depends on the path of motion.

The kinetic frictional force is a non-conservative force. When an object slides over a
surface, the kinetic frictional force always acts opposite to the motion and does negative
work equal in magnitude to the frictional force multiplied by the length of the path. Thus,
greater amount of work is done over a longer path between any two points. Hence, the
work depends on the choice of path. Moreover, the total work done by a non-
conservative force in a closed path is not zero.

Other examples of non-conservative force are air resistance, tension in a string, normal
force and propulsion force of a rocket.

4.4 POWER

In the definition of work, it is not clear, whether the same amount of work is done in one
second or in one hour. The rate, at which work is done, is often of interest in practical
applications.
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Power is the measure of the rate at which work is being done.

If work AW is done in a time interval Af, then the average power Pav during the interval At
is defined as:

— AW
Pu=om i (4.6)

If work is expressed as a function of time, the instantaneous power P at any instant is

defined as.
AW

P=Limil == ciiiiiiniiienimsissennsanne (T
argﬂ At i,

where AW is the work done in short interval of time AL

Since AW = F.ad
Hence p - F.Ad _ g Ad
At At
Since ’j‘—d:v
At
Hence B S BN s e R e (4.8)

Thus, power may also be defined as the scalar productof Fand V.

The S1 unit of power is watt, defined as one joule of work done in one second.

Sometimes, for example, in the electrical measurements, R For your information l
the unit of work is expressed as watt second, However, a

Approximate Powers

commercial unit of electrical energy is kilowatt-hour, Device Power (W}
One kilowatt- hour is the work done in one hour by an -JumboJatAicralt 1310
2 : GCarat 90 km h 1.1%10
agency whose power is one kilowatt. Elsotrie hastat 210°
Therefore 1kWh=1000Wx3600s Coloured TV 120
Fiash light {twa cells) 1.5
or 1kWh=36x10"J=3.6MJ Pocket caloutator  7.5x10°

il Example 2.2 §| A 70 kg man runs up a long flight of stairs in 4.0 s. The vertical height of
the stairs is 4.5 m. Calculate his power output in watts.

@ Solution Work done = mgh m Do you know? _

_ mgh It takes about 9x10° J of energy to
Power = ST make a car and the car then uses
about 1x10'* J of energy from patrol
P 70 kng,Bms"xaLEm in its life time.
4s

P=77X10 kgms =7.7%X10 W
4.5 ENERGY

Energy of a body is its capacity to do werk. There are two basic forms of energy:
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(1) Kinetic energy (i) Potential energy

Kinetic energy is the energy possessed by a body due to its motion and potential
energy is the energy possessed by a body due to its changed position.

The kinetic energy and the potential energy both are the kinds of mechanical energy.
Kinetic Energy

Let us derive a formula for the kinetic energy of a moving body. Consider a car running
with a constant speed on a road. If its engine is switched OFF, it will still cover some
distance before stopping. As long as it is moving, it is doing work against the force of
friction of the road. In other words, during this interval, it will exert a force equal in
magnitude to the force of friction . Let the distance travelled before coming to restbe d,
then the work done by the car would be fd. This work is done by the car due to its motion,
The ability of a body to do work due to its motion is its kinetic energy. Therefore, kinetic
energy of the caris equal to fd. The acceleration can be found by using Newton's second
law of motion, i.e.,

F=ma
As the car slows down and finally stops, its acceleration a is negative because it is
produced by force of friction  acting apposite to the direction of motion. Thus,

f=-ma
S
or -

We can now determine the value of (fd ) by using the third equation of motion, i.e;

2a85= vf ~if
Here, Initial velocity v, =v [l €For your information ||
Final velocity v,=0 Approximate Energy Values
Distance S=d T Eneeay &)
Ascaiatsi __if Burning 1 ton coal 30x10"
Sl 4="m Buming 1 litre petrol  5x10°
Putting values in the above equation of motion, we have K.E. of a car at 1%10°
) . a0 km h'
2x EJ d=0-v Running Person at ax10’
f , - 10kmh :
= :? my Fission of one atom 1.8x10
of uranium

As fdis equal to the kinetic energy of body, therefore, K.E.of a molecule of air 6x10

Kinetic energy = jzvm v (4.9)
Since, kinetic energy is equal to work which the body is capable of doing, so the unit of
kineticenergy must be that of work, i.e. joule {J).

| Example 4.3 §| A car weighing 18620 N is running with a speed of 16 m s . Brakes are
applied and it is brought to rest in a distance of 80 m. Determine the average force of
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friction acting on it.

@ solution
Given that v=16ms , d=80m,w=18620Nandf=7
The kinetic energy of the car is equal to the work done by it before stopping, i.e.,
%mvz = fd
Here m:ﬂ".:M,:muukg
g 98ms’

Putting the value in the above equation, we have
%xmﬂﬂ kgx (16 ms'y = =80

ar F=3040N

Potential Energy

The potential energy is possessed by a body because of its position in a force field, e.g.
gravitational field or because of its constrained state.

The energy stored in a compressed spring is the potential energy possessed by the
spring due to its compressed or strefched state. This form of energy is called the elastic
potential energy.
Absolute Potential Energy N~
-1
The absolute gravitational potential energy of an object
ata certain position is the work done by the gravitational :
force in displacing the object from that position to infinity 41
where the force of gravity becomes zero. 47

[
2

=

-1

The relation for the calculation of the work done by the
gravitational force or potential energy is mgh, which is true
only near the surface of the Earth where the gravitational
force is nearly constant. But if the body is displaced through
alarge distance in space, letit be from point 1 to N (Fig. 4.11)
in the gravitational field, then the gravitational force will not
remain constant, since it varies inversely to the square ofthe
distance.

S ————

e e o

In order to overcome this difficulty, we divide the distance
between points 1 and N into small steps each of length Arso
that the value of the farce remains constant for each small
step. Hence, the total work done can be calculated by adding
the work done during all these steps. If r, and r, are the Fig. 4.11

distances of points 1 and 2 respectively, from the centre O of the Earth (Fig. 4.11.), the

>
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work done during the first step i.e., displacing a body from point 1 to point 2 can be
calculated as below. The distance between the centre of this step and centre of the
Earth will be:

]
As o= =Ar then Fo=ry +AT
HE‘HW r:mz r;+-ﬁ—r Sk i {4'1{]}
2 2
The gravitational force F at the centre of this step is:
Mm

F=b (4.11)

— e
where m = mass of an object , M = mass of the Earth
and G = Gravitational constant

Squaring Eq. 4.10

T .
e [r? T3 ] There is more energy reaching
. Earth in 10 days of sunlight
. Ar (ArY than in all the fossil fuels on the
£S5 F 2"??+L?J Earth.

As (ArY << %, so (Ar) can be neglected as compared to r’.
Hence s A
Putting the value of Ar=rn—n,

F=n E(E-R)=nn

Hence, Eq. 4.11 becomes

B @M A
5

As this force is assumed to be constant during the interval Ar, so the work done is:

W, = F.AF = FArcos 180° = - GMm .;—‘:—:_

152
The negative sign indicates that the work has to be done on the body from point 1 to 2
because displacement is opposite to gravitational force. Putting the value of Ar, we have

Wy, =-GMm 220
AT
_ 1 1
or Wys; =-GMm | ———
5 B
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Similarly, the work done during the second step in which the body is displaced from point
2to3is:

-~
1 7

Wy 35 =-GMm | ——— .

g Lr? fjj -i Tidbit F.

More coal has been used since

and the work done in the last step is: 1845 than was used in the whole
1 1) of history before that.
Wy, sy =-GMmM |—=— ‘
g T )

Hence, the total work done in displacing a body from point 1 to N is calculated by
adding up the work done during all these steps.

Wi = Wi + Woaa+ L. + W3y
i et e S
1 1 2 2 E -1 L)
On simplification, we have 3 - -
Wi =- GMm —1"— -1‘\!
f rr.')'

If the point N is situated at an infinite distance from the Earth, then

1 _1
= X S0 —=— =

h =
GMm
]
This total work by definition is the absclute potential energy (P.E) as stated earlier
represented by U.

Hence Wista = =

¢ At
r
This is also known as the absolute value of gravitational potential energy of a body at

a distance r from the centre of the Earth.

MNote that when rincreases, U becomes less negative i.e., Uincreases. It means when
we raise a body above the surface of the Earth, its P.E. increases. Therefore, if we want
ta raise the body up to infinite distance, we will have to do work on it equal to EEE , S0
thatits P.E. becomes zero.

MNow the absolute potential energy on the surface ofthe Earthis found by putting

r=R{Radius of the Earth), so

Absolute potential energy = U, == i (4.13)

R

The negative sign shows that the Earth's gravitational field for mass mis attractive. The

above expression gives the work or the energy required to take the body out of the
-______________________________________W
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Earth's gravitational field, where its potential energy with respectto Earth is zero.
46 ESCAPE VELOC|TY l‘Fnr your inl'orma:iun'-l

It is our daily life experience that an object projected Some Escape speeds (km £)
upward comes back to the ground after rising to a certain  Heavenly body Escape spead

height. This is due to the force of gravity acting downward.  Maon 24
With increased initial velocity, the object rises to the  Mercury 4.3
greater height before coming back. If we go on increasing Mars 50
=Lt : . il Venus 0.4
the initial velocity of the object, a stage comes when it will 5 s
not rlratu mtothe ground. Itwillescape from the influence of ;.0 204
gravity. Neplune 254
The initial velocity of an object with which it Saturn 370
goes out of the Earth's gravitational field, is uRie 6

known as escape velocity.

The escape velocity corresponds to the initial kinetic energy gained by the body, which
carries itto an infinite distance from the surface of the Earth.

Initial K.E. = ; mv2,

We know that the work done in lifting a body from Earth's surface to an infinite distance is
equal tothe increase in potential energy.

Incerase in PE. = 0-(- G%”} =G M;;
where M and R are the mass and radius of the Earth respectively. The body will escape

out of the gravitational field if the initial K.E. of the body is equal to increase in PE. Then

y (T Mm
_ |2GM
or Vase = B (4.14)
GM GM
As g= R or gR = )
Hence Vs = 4/ 20R s {4.15)

The value of v comes out to be approximately 11 km s™.

BB

4.7 WORK-ENERGY THEOREM

Whenever work is done on a body, it increases its energy. For example, if a force Facts
on a body of mass m, initially moving with velocity v , through a distance d and
increases its velocity to v, , then the acceleration praduced will be;

2ad =i — v}




q Physics D) :_:_me@ Work, Encrgy and Fower[®

1 :
ar a= - — V) (4.18)

From the second law of motion:

F=ma
of 5= % .......... 417y s IR
CompaﬁngFEqs.14,1E and 4.17, we have f;tzﬁfhf:aﬁ :::::g
= = 'fd- {y; = |,,:_=j 173 litre: of petral.
or Fd= ;—mv: —%mvf (4.18)

This expression is the work-energy theorem. It states that:

The change in kinetic energy of an object is equal to the work done
on it by a netforce.
1

W = Change in kinetic energy = (K.E), - (K.E), = izmk‘,i = m!-ﬁ1

This is also known as work-energy principle.

The work-energy theorem is applicable for any direction of the force relative to the
displacement. For instance, an object with kinetic energy can perform work if it is
allowed to push or pull on another object. In this case, the work will be taken as negative
and the kinetic energy of the object will decrease. The theorem remains valid even if the
force may vary from peint to point.

{Example 4.4 | A motorcycle rider weighing 60 kg is coasting
down a 24° slope, The weight of motorcycle is 30 kg, Atthe top of
the slope, the speed of motorcycle is 3.2 m 5. If the kinetic
frictional force is 100 N, what will be the speed of the motorcycle
72 m downhill?

U selution | The normal force F, is balanced by the component of weight (mgcos24”)
perpendicular to the slope, Let the kinetic frictional force is f, then the net force Fis:

F= mgsin24"—f where m=totalmass=60kg+30kg=90kg
or F= (90kg=<9.8ms™ x0.4) -100N
F= 252.8N

Wokdone W =Fd=252.8Nx=72m=18201.6J

As work is positive, so applying work — energy theorem,
W= (KE) - (KE.)

o

Form here,
(KE.) =W + (KE.),
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Putting the values, we have
1 I
—mv = W+—mv
2 g

%xﬂﬂkngf - 18201J +.-|2—1-¢9U kg x(3.2m ")

2

This gives, v, = 4147m's’

or v, = y4147m's’ = 204ms’

4.8 INTERCONVERSION OF POTENTIAL ENERGY AND

KINETIC ENERGY

Consider a body of mass m at rest, at a height / above the PE=mgh

surface of the Earth as shown in Fig. 4.12. At position A, the KE=0 1I.m- A
body has PE. = mgh and K.E. = 0. We release the body and |
asitfalls, we can examine how kinetic and potential energies x Y
associated with itinterchange.
Let us calculate PE. and K.E. at the position B when the . | h
body has fallen a distance x, ignoring air friction. ii_ maity g
LE = mgx
MNow, height from the ground is (h-x), sathat | Y
PE. = mg (h-x) ageg X ‘
and KE. = lmvé' K SIS G
£ Fig. 4.12
Velocity vu, at position B, can be calculated from the relation,
'v.'rz = H-E + 295
as VsV, vw=0 , S=x
v =0+ 2gx
v‘; = 2gx
Tharafore KE.= ;m (2gx)
= mgx
Total energy at position B = PE. + K.E.
Total energy =mg(h-x)+mgx=mgh ... (4.19)
At position C, just before the body strikes the Earth, PE. =0 and K.E. = %mvg .

where v. can be found out by the following expression.
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v:—v +2gh=2gh as w=0 \

1

i.e., K.E = mv,f = — mx 2gh = mgh

1 ¥
2 2 |

Thus, at point C, kinetic energy is equal to the original value of the : i,
potential energy of the body. Actually, when a body falls, its III -
velocity increases i.e., the body is being accelerated under the ¥ T |
action of gravity. The increase in velocity results inthe increase in : |
its kinetic energy. On the other hand, as the body falls, its height '
decreases and hence, its potential energy also decreases. Thus, l
we see (Fig. 4.13) that:

Lossin PE. = GaininK.E

mg (h, — ha) = %m{vf e e (4.20)

where v, and v, are he velocities of the body at the heights h, and h, respectively. This
result is true only when frictional force is not considered.

If we assume that a frictional force f is present during the downward motion, then a part
of P.E. is used in doing work against friction equal to f . The remaining PE. = mgh—Tfh
is converted into K.E.

1
Hence mgh —fh= > mv®
or mgh=%mv2+fh e 21
Thus Loss in PE. = Gain in K.E. + Work done against friction
Conversely,

Loss of K.E. = Gain in PE. + Work done agains! friction

|| Exampie 4.5}

A car welghing 1100 kg is moving with a velocity of 12 m s'. When it is at point P, its
engine stops. If the frictional force is 120 N, what will be its velocity at point Q7 How far
beyond Q willit go before coming to rest?

|@ solution B
The kinetic energy possessed by the car at point P will 3 -
partly be converted into P.E. and partly used up in doing oA 1 5m

work against friction as it reaches point Q. Therefore,
Loss of K.E.= Gain in PE. + Work against friction
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%m{uf— V') = wh+fd

%muﬂ kg (144 m*s*— ¥) = (1100 kg x9.8 m s 1.5m) +120 Nx24 m

550 kg (144 m* s*— ") = 16170 kg m* s* + 2880 kg m’ s
o 16170 kgm’s™ + 2880 kgm’s”
(144 m's” -~ v ) = 550 ka
v = 144m’'s’ - 346 m s’ = 109.4 m' s*
Velocity at point Q, ¥ =v/1094m°s® =10.5ms’

Now if the car stops al point R, then using the formula:

1 @l
L —fS
my

%xﬁ{m kg x109.4 m*s® = 120 kg ms* xS

=346m s’

S =501 m approximately

| Exampie 4.6 §| An object of mass 3 kg falls from a height of 15 m. If it strikes the
ground with a velocity of 16 m s, calculate the average frictional force of the air.

' Lossof PE= Gainin K.E. + Work done against friction

@ solution

v =0, mgh =%mv’ +fh

3kgx 9.8 ms? x15m = %.r_chg{'lE ms'F+Fx156m

441 kgm's® = 384 kgm's® + 15mxf

_ 441kgm’'s’— 384 kgm's®
15m

: A A

'@ Multiple Choice Questions |
Tick (¥') the correct answer.

or f

-38kgms® =38N

4.1 A1 kg mass has potential energy of 1 joule relative to the ground when it is at a
height of:
{a) 0.102m b) 1m (c) 9.8m (d) 32m

4.2 An iron sphere whose mass is 30 kg has the same diameter as an aluminium
sphere whose mass is 10.5 kg. The spheres are simultaneously dropped from a
cliff. When they are 10 m from the ground, they have identical

(a) accelerations (b)momentums (¢) potential energies(d) kinetic energies



Physics 'l @ | (hapter @. Work, Energy and Puw&rr

4.3 Abody atrestmay have:
(a) speed (b) velocity (c) momentum (d) energy

4.4 The height above the ground of a child on a swing varies from 0.5 m of his lowest
pointto 1.5 mathis highest point. The maxzimum speed of the child is approximately;

(@) 1.5ms’ (b) 44ms’
(c) 9.8ms’ (d) Dependsuponchild's mass

4.5 When a hall is thrown vertically upward and then falls back to the ground, which
force canbe considered conservative in this scenario?

(a) Airresistance (b) Gravity
{c) Friction betweenballandair (d) Contactforce with hand
4 6 According to work-energy principle in linear motion, the work done on bady is equal

to:
(a) changeinK.E. {b) changeinFE.
{c) zero (d) sumofK E and PE.
4.7 Powerofalampis8W,. How much energy does alamp give outin 2 min?
(a)y 124 (b) 20J (c) 3J (d) 720J

4.8 Adry battery can deliver 3000 J of energy to a 2 W small eleciric motor before the
battery is exhausted. For how many minutes does the batlery run?

{a) 1500 min {b) 100 min {¢) 50min (d) 25min

4.9 The kinetic energy acquired by a mass m after travelling a fixed distance from rest
under the action of a constant force is directly proportional to;
(a) ¥ym (b) 1m () m (d) independentofm

4 10 Abody moves a distance of 10 m along a straight line under the action of 5 N force. If

the work done is 25 J, the angle which the force makes with the direction of motion of
the bodyis:

(ay 0 (b) 30° {c) 60° (d) 90

Short Answer Questions El

4.1 Why is electrical power required at all when the elevator is descending? Why
should be there a limit on the number of passengers in this casa?

4 2. Abody is being raised to a height H from surface of the Earth. What is the sign of
work done by both (body and the Earth)? Justify.

4.3 Abody falls towards the Earth in air. Will its total mechanical energy be conserved
during fall? Justify.

4.4 Calculate power of a crane in kilowatt which lifts a mass of 1000 kg to a height of
100 min 20 second.
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4.5

4.6
4.7

4.8

4.9

A trolley of mass 1500 kg carrying sand bags of 500 kg is moving uniformly with a
speed of 40 km h' on a frictionless track. After some time, sand starts leaking out of
whole sand bags on the road at a rate of 0.05 kg 5. What is the speed of the trolley
after entire sand bags are empty?

Give absolute and gravitational units of work in M.K.S and C.G.S systems.

A body dropped from a height of H reaches the ground with a speed of 1.2 /gH.
Calculate work done by air friction.

Abicycle has a K.E. of 150 J. What K.E. would the bicycle have ifit had:
(i) samemassbuthasspeeddouble?
(ii} threetimes massand was moving with one half of the speed?

What will be the effect on K.E. of the body having mass m, moving with velocity v
when its momentum becomes double? Justify.

4.10 Does the international space station have gravitational PE. or kinelic energy or

4.1
42
43

4.4

4.5

4.1
42

4.3
4.4
4.5
4.6

both? Explain,

m Constructed Response Questions E|

When will you say that aforce is conservative? Give two conditions.
Alight and a heavy body have same linear momentum, which ane has greater K.E. 7

A motorcycle is running with constant speed on a horizontal track. |s any work being
done on the motorcycle, if no net force is acting on it?

Aforce acts on a ball moving with 14 m s’ speed and brings its speedto 6 m s . Has
the force done positive or negative waork? Explain your answer,

A slow roving truck can have more kinetic energy than a fast moving car. How is
this possible?

Why work done against friction is nen-conservative in nature? Explain briefly.

Does wind contain kinetic energy? Explain.

'@ Comprehensive Questions )|

Define K.E. and derive an expression for the same.

How is work done by a:

(I} constantforce (ily variable force?

Define conservative field. Show that gravitational field is conservalive in nature.
What is meant by absolute P.E.? Derive an expression for absolute P.E.

State and explain work-energy theorem in a resistive medium,

Define escape velocity, Show that an expression for escape velocity can be
expressed as v2Rg, where R and g denote radius ofthe Earth and acceleration due
to gravity, respectively. Also find its numerical value near the surface of the Earth.
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@ Numerical Problems |

4.1 A machine gun fires 6 bullets per minute with a velocity of 700 m s, If each bullet
has a mass of 40 g, then find power developed by the gun? (Ans: 980 W)

4.2 Afamily uses 10 kW of power. Direct solar energy is incident on horizontal surface at
an average rate of 300 W per square metre. If 75% of this energy can be converted
into useful electrical energy, how large area is needed to supply 10kW?

(Ans: 44 44 m™)

4.3 The mass of the Earth is 6.0 x 10™ kg and mass of the Sunis 1.99 x 10" kg. The Sun
is 160 million km away from the Earth. Find the value of gravitational FE. of the
Earth. {Ans:=-4.97 x10%.J)

4.4 An object weighing 98 N is dropped from a height of 10 m. Its speed just before
hitting the ground is 12 ms”'. What is the frictional force acting on it? (Ans: 26 N)

4.5 A75wattfanis used for 8 hours daily for 30 days. Find:
{iy energyconsumed in electrical unils
(iiy electricity bill if one unit costs Rs. 22.57 [Ans: (i) 18 units (ii) Rs. 405]
4.6 If an object of mass 2 kg thrown up from ground reaches a height of 5 m and falls
back to the Earth (neglecting air resistance), calculate:
(i) work done by gravity when the object reaches at 5m height.
(i) work done by gravity when the object comes back to the Earth.
{iii) total work done by gravity in upward and downward maotion. Also mention
physical significance of the result.
[Ans: (i)-28d (ii)+98d (iii)0Jwork done ina closed path in a conservative field is zero|
4.7 An electrical motor of one horse power is used to run a water pump. Water pump
takes 15 minutes to fill a tank of 400 litres at a height of 10 m (1 hp 746 watts). Find:
(a) actualinput work done by electric motor to fill the tank
(b) actual output work done [Ans:{a) 671.4kJ, (b) 39.2kJ]
4.8 Apassenger just arrives at the airport and dragging his suitcase to luggage checks
in at the desk. He pulls strap with a force of 200 N at an angle of 45 to the floor to
displace it 50 m to the desk. Determine the value of work done by him on the

suitcase. (Ans: T kJ)
4.9 A1200 kg caris running at a speed of 40 km h'. How much power will be expended
byittoaccelerateat2ms”? {Ans: 26.67 kW)

4.10 A200 g apple is lifted to 10 m and then dropped. What is its velocity when it hits the
ground? Assume that 75% of work done in lifting the apple is transferred to K.E. by
the time it hits the ground. (Ans:121ms’)



After studying this chapter, the students will be able to:

Distinguish between the structures of crystalline, amorphous, and palymeric solids.

Descrive that deformation of salids in one dimension [That it is caused by a force and that in one

dimension, the deformation can be tensile or comprassive, |

Define and use the lerms siress, strain and the Young's modulus

Describe an experiment to determine the Young's modulus of a metal wire.

Describe and use the terms elastic deformation, plastic deformation and elastic limit

Justify why and apply the fact that the area under the lorce-extension graph represents the work done

Detarmine the elasfic potential energy of a materizl [That is deformed within its Ilmrt of

proporticnality from the area under the force-extension graph. Also stale and use Eﬂ.. a2k k' for a

material deformed within its limit of proportionality]

State and use Archimedes’ principle and flotation

Justify how ships are engineered le fival in the sea

Define and ﬂphiy the terms: steady (streamline or laminar) flow, incompressible flow and nen -

viscous flow as applied to the motion of an ideal fuid.

State and use equation of continuily to solve problems

Explain that squeezing the end of a rubber pipe results In increase In flow velocity

Justify that the equation of continuity is  form of the principle of conservation of mass.

Justify thal the pressure differenee can arise from different rates of flow of a luid [Bernoulli effect]

Explain and apply Bernoull's equation for horizontal and vertical Nluid flow,

Explain why real fluids are viscous Nuids.

Describe how viscous forces in afluid cause a retarding force on an object moving through L

Cescripe super fluidity [As the state in which a liguid will experience zero viscosily. Students should

know the iImplications of 1his slate .q. this allows for super flulds (o creap over the walls of containers

o 'emply’ themselves. It also implies that I you stir a superfiuid, the vortices will keep spinning

indefinitely.]

& Analyzs the real-warld applications of the Bemoulli effect [For example, alomizers in perfume battles,
the swinging trajectory of a spinning cricket ball and the-liftof a spinning goll ball (the Magnus effect),
the use of Yenture ducts in filter pumps and carenginesrs to adjust the flow of fluid. etc.]

¢SS0 49

@esseseseese a8

M aterials have specific uses depending upon their characteristics and properties,
‘A such as hardness, ductility, malleability, etc. What makes a metal hard and other
soft? It depends upon the siructure, the particular order and bonding of atoms and
molecules in a material. Similarly, the study of fiuids in motion is relatively complicated
but analysis can be simplified by making a few assumptions. 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 is the basis of Bernoulli's equation.
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5.1 CLASSIFICATION OF SOLIDS lgFur pcurinrmmaﬁunpl
Crystalline Solids

In crystalline solids, there is a regular arrangement of atoms
and molecules. The neighbours of every molecule are
arranged in a regular pattern that is consistent throughout the
crystal. Thereis, thus, an ordered structure in crystalline solids.

Most solids, like metals and ceramics have a crystalline

structure. This means their atoms, molecules or ions are

arranged in a regular pattem. The arrangement of

molecules, atoms or ions within all types of crystalline solids

can be studied using various technigques such as X-ray

Diffraction (XRD) and Transmission Electron Microscopy

(TEM). It should be noted that atoms, molecules or ions in a

crystalline solid are not static. For example, each atom in a

crystal vibrates about a fixed point with an amplitude that Giassy and crystalline-solid-
increases with rise in temperature. It is the average atomic Shert and leng-range order.
positions which are perfectly ordered over large distances. | €For your information ) |

The cohesive forces between atoms, molecules or ions in  Sedumion  Ghiasne ion
crystalline solids maintain the strict long-range order inspite of
atomic vibrations. For every crystal, however, there is a
temperature at which the vibrations become greater that the
structure suddenly breaks up., and the solid melts. The
transition from solid (order) to liquid (disorder) is, therefore,
abrupt or discontinuous. Every crystalline solid has a definite
melting point e.g., Quartz, Calcite, Sugar, Mica, diamond, etc. i
Amorphous or Glassy Solids NaCl crystal lattice

The word amorphous means without farm or structure. Thus, inamorphous solids there
is no regular arrangement of molecules like that in crystalline solids. We can, therefore,
say that amorphous solids are more like liguids with the disordered structure frozen in.

For example, ordinary glass, which is a solid at ordinary temperature, has no regular
arrangement of molecules. On heating, it
gradually softens into a paste like state
before it becomes a very viscous liquid at
almost 800°C. Thus, amorphous solids
are also called glassy solids. This type of
solids has no definite melting point e.g.,
plastic, glass, fused silicon, etc.

Crystalline solids Amorphous solids

Polymeric Solids

Polymers are solid materials with a structure that is intermediate between order and
disorder. They can be classified as partially or poorly crystalline solids.
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Polymers form a large group of naturally cccurring and synthetic materials. Plastics and
synthetic rubbers are termed as polymers because they are formed by polymerization
reactions in which relatively simple molecules are chemically combined into massive
long chain molecules, or three-dimensional structures. These materials have rather low
specific gravity compared with even the lightest of metals, and yet exhibit good strength

to WEight ratio. liFnr yaur |nfurm.1rll;1n!I

Polymers consist wholly or in part of chemical combinations of
carbon with oxygen, hydrogen, nitrogen and other metallic or
non metallic elements. Polythene, polystyrene and nylon, etc.
are examples of polymers. Natural rubber is composed in the
pure state entirely of a hydrocarbon with the formula (C.H,)..

5.2 MECHANICAL PROPERTIES OF SOLIDS

Parts of a PYWE malecula

(a) Q

Deformation in Solids E

If we hold a soft rubber ball in our hand and then squeeze it, Fy Y iF
the shape or valume of the ball will change. However, if we F> «F
stop squeezing the ball, and open our hand, the ball will return P AR

to its original spherical shape. This has been illustrated
schematically in Fig. 5.1.

(b} F

Similarly, if we hold two ends of a rubber string in our hands, {c) Q
and move our hands apart to some extent, the length of the Fig. 5.1:
string will increase under the action of the applied force (a)Original rubber bail
exerted by our hands. Greater the applied force, _Iarger will be sfg:ziﬁafm;gbgagy t;ﬁg
the increase in length. Now on removing the applied force, the  hand
string will return to its original length. From these examples, it (¢} Rubber ball after removing
is concluded that deformation (i.e., change in shape, length or ~ O
volume) is produced when a body is subjected to some Eﬁ_ﬁ

@:0

(8] Urstretched unit call

external force,
QO

™

In crystalline solids, atoms are usually arranged in a certain
order, These atoms are held about their equilibrium position,
which depends on the strength of the inter-atomic cohesive 5
force between them. Under the influence of external force, il Unit el under autward
distortion occurs in the solid bodies because of the e e

displacement of the atoms from their equilibrium position and

o j
the body is said to be in a state of stress. After the removal of i
external force, the atoms return to their equilibrium position,
and the body regains its original shape, provided that external
applied force was not too great. The ability of the body to
return to its original shape is called elasticity. Figure 5.2.
illustrates deformation produced in a unit cell of a crystal
subjected to an external applied force.

(2] Unitcedl under trwarnd
applled force

3
i\
&, EJ

(g Unit cell after removing
Applisd force

Fig. 5.2
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5.3 STRESS,STRAINAND YOUNG'S MODULUS

The results of mechanical tests are usually expressed in terms of stress and strain,
which are defined in terms of applied force and deformation,

Stress

It is defined as the force applied per unit area to produce any change in the shape,
volume or length of a body. Mathematically, itis expressed as:
Force (F)
Stress (0) 8 ———————  eaieiens (5.1)

@) Area (A)
The S| unit of stress (g) is newton per square metre (N m*), which is given the name
pascal (Pa). Stress may cause a change in length, volume and shape. When a stress
changes length, it is called the tensile stress, when it changes the volume, it is called the
volume stress and when it changes the shape, itis called the shear stress.

Strain

Strain is a measure of the deformation of a solid when “3 L
stressis applied to it. In the case of deformation in one
dimension, strain is defined as the fractional change
in length. If AL is the change in length and L, is the

" " " " - F
original length (Fig. 5.3-a), then strain is given by ,q‘__} | i i

Shanga bl lengm (ae) e ) X 3
Original length (L) ;

Fig. 5.3{a): Tensila sfrain

Strain (s) =

et Voluma
a0 V- AV

Since strain is the ratio of lengths, it s i
dimensionless and therefore, has no units. If strain F.._i....
£ is due to tensile stress o, it is called tensile strain, X e !
and if itis produced as a result of compressive stress - }—\\.F
o, itis termed as compressive strain. '

In case when the applied stress changes the volume, I
the change in volume per unit volume is known as
volumetric strain as shown in Fig. 5.3 (b), thus i SSthis Y olumane steit

AV
Volumetric strain (s,) = — 7 oo (5.3)

]

Lety be the distance between two opposite faces of a
rigid body (Fig. 5.3-c), which are subjected to shear
stress one of its face slides through a distance Ax,
then shear strain is produced whichisisgiven by

Shear strain (1) = .‘;‘:“_ —tanfh . (5.4)
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However, for small value of angle 8, measured in

radian tanB =08, sothat
Yo e 0aD)

Young's Modulus

The stress applied per unit strain

-1 For your information

Although it s named after the 19th
century Bntish Scientist Thames
Young, the concepl was developed
in 1727 by Leonhard Euller.

: _‘gfﬂt:_‘_ Do —I _'-iﬁr L_ ET i

is called Young's modulus Material | Young's Bulk Shear
Modulus | Modulus | Modulus
. Tensile siress 1°Nm? | 10°Nm® | 10°N m*
e, ¥= . - Aluminium 70 70 30
Tensile strain e 15 . 80
Brass 91 61 36
FA Concrete 25 - -
ve—— — ol (5.6)
ALIL, Capper 110 140 44
Diarmond 1120 540 450
It has the same unit as that of stress i.e., ©Glass 55 Ell 23
N m® The value of Young's modulus of _Ic® 3 g 3
different material is givenin Table 5.1. Lead 15 7.7 28
: ; Mercury 0 27, a
There are1 various meﬁ‘mds_ to determine ~Sieal 500 160 ia
the Yuqu 5 mﬂﬁ:l.llLIS of a wire, One of the Tangeian 390 500 150
method is Searle's method, Water i 37 o

5.4 DETERMINATION OF YOUNG'S MODULUS OF AWIRE

Experimentally, the magnitude of Young's modulus for a
material in the form of wire can be found out mostly with
the help of Searle’s apparatus as shown in Fig. 5.4,

It consists of two wires, reference wire and test wire of
equal lengths of same material having same diameters
attached to a rigid support. Both wires are connected to
horizontal bars (frames F, and F,) at the other ends. Hang
a constant weight to the hook of horizontal bar of
reference wire and hanger on ltest wire so that wire
remains stretched and free from kinks.

Procedure

The following procedure is adopted for finding Young's
medulus of a wire experimentally.

1. Measure the initial length L, of the wire using a metre
scale.

2. Measure the diameter 'd’ of the wire using a screw
guage. The diameter should be measured at several

Spirit
lewel

hanger with

slotted :.’

welghts ———

Fig. 5.4: Searle's apparalus
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different points along the wire and take average.

3. Adjust the spirit level so that it is in horizontal position by turning the micrometer.
Record the micrometer reading to use it as the reference reading.

4. Load the test wire with a further weight, the spirit level tilts due to elongation of the
test wire.

5. Adjust the micrometer screw to restore the spirit level in the horizontal position.
Subtract the first micrometer reading from the second micrometer reading to obtain

the extension of the test wire. -. e
6. Calculate stress and strain from the following formula: , S et bne R e
Stress = M = E = Mg subjected to a same force. Which
Areaofwire A art one will be stretched more?

AL _ Changeinlength

Strain = el andih /
L, Original leng b };gj
7. Repeat the above steps by increasing load on test . '@
wire to obtain more values of stresses and strains. f;' ~ /@
8. Plotthe above values on stress strain graph, itshould | 422
b7 -

be straight line. Now determine the value of slope Y. /
The value of slope is equal to Young's madulus of wire. (O

Straln

5.5 ELASTIC DEFORMATION, PLASTIC DEFORMATION AND
ELASTIC LIMIT

In a tensile test machine, metal wire is extended at a specified deformation rate, and
stresses generaled in the wire during deformation are continuously measured by a
suitable electronic device fitted in the mechanical testing machine. Force-elongation
diagram or stress-strain curve is plotted automatically on X-Y chart recorder. A typical
stress-strain curve for a ductile material is shown in Fig. 5.5.

In the initial stage of deformation, stress is increased
linearly with the strain till we reach pagint A on the o,
stress-strain curve. This is called proportional limit (o,). &
Itis defined as the greatest siress that a material can £
withstand without losing straight line proportionality %
between stress and strain. Hooke's law which states

that the strain (deformation) is directly proportional to

stress (force or load) is obeyed in the region OA. From Sitrain

Ato B, stress and strain are not proportional, Fig. 5.5 Stress-strain curve of a
" : typical ductile material.
Elastic limit

If the load is removed at any point between O and B, the curve will be retraced and the
material will return to its original state. In the region OB, the material is said to be
-____________________________________________________________________W
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elastic. The point B is called the yield point, The value of stress at B is known as elastic
limito..

Plastic Deformation

If the stress is increased beyond the vield stress or elastic limit of the material, the
specimen becomes permanently changed and does not recover its original shape or
dimension after the siress is removed. This kind of behaviour is called plasticity. The
region of plasticity is represented by the portion of the curve from B to C, the point C in
Fig. 5.5 represents the ultimate tensile strength (UTS) o, of the material. The UTS is
defined as the maximum stress that a material can withstand, and can be regarded as
the nominal strength of the material. Once point C corresponding to UTS is crossed, the
material breaks at point D, responding the fracture stress (o).

Ductile substances

Substances which undergo plastic deformation until they break, are known as ductile
substances. Forexample, Lead, copper and wrought iron are ductile substances.

Brittle Substances

The substances which break just after the elastic limit is reached, are known as brittle
substances. For example, glass and high carbon steel are brittle. Moreover, Beryllium,
Bismuth, Chromium are also brittle metals.

il Example 5.1 B| A steel wire 12 mm in diameter is fastened to a log and is then pulled
by a tractor. The length of steel wire between the log and the tractor is 11 m. A force of
10.000 N is required to pull the log. Calculate: (a) the stress and strain in the wire.
(b) how much does the wire stretch when the log is pulled? (E=200x10° Nm™)
&R F 10,000 N & 2
W selution) (a) Tensile stress o = — = ) =88.46 » 10°Nm
A 314(6x107°m )

& B

Tensile strain ¢ = 2 yalsa E = Stmsfs =33‘45 - ":! hom
b Strain Strain

15 —2
Strain = 2946 x10°Nm~ _ 4.4 x1G"

200 x 10° N mi?
4 3
(b) Using the relation; Strain = % or AL = Strainx L= 44 %10 x11m=4.84%10 m

= 200%10 Nm>

5.6 STRAINENERGYIN DEFORMED MATERIALS

When a body is deformed by a force, work is done against elastic restoring force. Itis
stored in it as its potential energy and is equal to the gain in potential energy of the
molecules of a body due to the displacement of these molecules from their mean
positions.

Derivation of Expression for Energy Stored in a Stretched Material
Consider a material in the form of a spring as shown in Fig. 5.6. It is stretched by a
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force F through extension x. As the extension is directly —
proportional to the stretching force within the elastic limit,
therefore the force increases uniformly from zero to F as
shown in Fig. 5.7. Thus, the average force that stretches the
spring through x is1/2F. Hence work done by the siretching
force will be given as:

Work done = Average force = Distance in the direction of the force

W =% e (5.7)
From Hooke's law F= kx)
Therefore, w = {; kx)(x) = ; kx' i
or W = Areaof OPQ 1 1
The work done by the stretching force is stored in the Fig. 5.6
spring as its strained energy and is equal to the potential il
energy stored inits molecules. L

: 1 1
Strained energy stored inthe body E= 5 Fx =§ kx*—(5.8)

The amount of work done In stretching a materal |s equal to the
average force applied multiplied by the distance moved.

Therefare, the area under a force-exlension graph represents the e
work done to stretch the material, Work done to stretch the material is o'
also equal to elastic P E. storad in the material.

W

X
Fig. 5.7

5.7 ARCHIMEDES' PRINCIPLE AND FLOATATION

An air-filled balloon immediately shoots up to the surface when released under the
surface of water. The same would happen if a piece of wood is released under water, We
might have noticed that a mug filled with water feels light under water but feels heavy as
soon as we take it out of water.

More than two thousand years ago, the Greek scientist, Archimedes noticed that there
is an upward force which acts on an object which is kept inside a liquid. As a result, an
apparent reduction in weight of the object is observed. This upward force acting on the
objectis called the upthrust of the liquid. Archimedes’ principle states that:

When an object is totally or partially immersed in a liquid, an
upthrust acts on it equal to the weight of the fluid it displaces.

Consider a solid cylinder of cross-sectional area A and height i immersed in a liquid as
shown in Fig. 5.8. Let h, and h, be the depths of the top and bottom faces of the cylinder
respectively from the surface of the liquid. Then
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BBy =R i (5.9) i e—

P b
* ‘*-..___________.-'
If P,and P, are the liquid pressures atdepths h.and h, n, F,
respectively and p is its density, then using equation ¥
P= pgh of liquid pressure at height h: & f
h
F,=pgh, l i
and P,=pgh, . Z
Letthe force F, be exerted at the top of cylinder by the i
liquid due to pressure P, and the force F, be exerted
at the bottom of the cylinder by the liquid due to P,
en =P A= A Fig. 5.8: Upthrust on a body
™ i AEpah immersed in a liquid |s equal o
and F,=P,A=pgh,A the welght of the liquid displaced.

F, and F. are the forces acting on the opposite faces of the cylinder. Therefare, the net
force Fwill be equal to the difference of these forces. This net force F on the cylinder is
called the upthrust of the liquid. Hence

F.—F, = pgh.A-pgh.A

-ﬁFur your information -

= PIA=A,) +(3-10) Archimedes was born aboul 287 BC,
o in Syracuse on the Island of Sicily. He
or Upthrustofliquid = pgAh was killed by a Roman soldier after
he refused io leave his mathematical
Upthetist = sg Ve .. oceierene- (2 1) work.,

Here Ahis the volume V of the cylinder and is equal to the volume of the liquid displaced
by the cylinder, therefore, pgVis the weight of the liquid displaced. This equation shows
that an upthrust acts on a body immersed in a liquid and is equal to the weight of liquid
displaced, which is Archimede's principle.

{{ Exampl=5.2 || A wooden cube of sides 10 cm each has been dipped completely in
water. Calculate the upthurst of water acting on it.

,ﬂ SDI_urinn. Given

Length of side L =10cm=01m
Volume V=>0U=(01m)=1x10"m
Density of water  p = 1000 kgm™ [ Eancae B
Upthrust F=7 Why does a ship made of
Using Archimede's principle :ﬁ?::gﬁ:kﬂ:;}m
Upthrust of water = pgV

=1000kgm x98ms“x1x10°m =98N
Thus, upthrust of water acting on the wooden cube is 9.8 N.
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Floatation

An object sinks into a fluid if its weight is greater than the upthrust acting on it. However,
an object floats if its weight is equal or less than the upthrust. When an object floats in a
fluid, the upthrust acting on it is equal to the weight of the object. In case of floating
object, the object may be partially immersed. The upthrust is always equal to the weight
ofthe fluid displaced by the object. This is the principle of floatation. It states that:

A floating object displaces a fluid having weight equal to the weight of the object.
Archimedes’ principle is applicable on liquids as well as on gases. We find numerous
applications of this principle in our daily life.

Applications
Following are some important applications of Archimedes’ principle.
1. Hot-air balloon

The reason why hot-air balloons (Fig. 5.9) rise and float in mid-air is
because of the density of the hot-air balloon is less than the
surrounding air. When the upthrust of the surrounded air is more, it
starts to rise. This is done by varying the quantity of hot air in the
balloon.

2. Wooden block floating on water

A wooden block floats on water. It is because the
weight of an equal volume of water is greater than
the weight of the block. According to the principle of
floatation, a body floats if its displaced water is &=
equal to the weight of the body when itis partlally or &

completely immersed in water.

3. Ships and boats
Ships and boats are designed on the same
principle of floatation. They carry passengers and =

goods over water. It would sink in water if its total _F19.510 {3): Aship floating over water
weight becomes greater than the upthrust of water. —

4. Submarine

A submarine can travel over as well as under
water using the same principle of floatation.

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
remains partially above water level, It has a
system of tanks which can be filled with and -
emptied from seawater. When these tanks are  Fig.5.10 [b): Submarine
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filled with seawater, the weight of the submarine increases. As soon as its weight
becomes greater than the upthrust, it dives into water and remains under water. To come
up on the surface, the tanks are made empty from seawater.

{ Example 5.3 §| An empty meteorological balloon welghs 80 N. Itis filled with 10 cubic
metres of hydrogen. How much maximum contents the balloon can lift besides its own
weight? The density of hydrogen is 0.09 kg m”and the density of airis 1.3 kgm’".

ﬂ salution b Glven:

Weight of the balloon w = BON

Volume of hydrogen V = 10m’

Density of hydrogen p, = 0.09kgm"’

Density of air i = 1.3kgm®

Weight of hydrogen  w, =7

Weight of the contents w, =7

Upthrust F = Woeight of air displaced
=p.gV
=13kgm'x98ms x10m’
=1274 N

Weight of hydrogen w, = p\Vg
=0.09kgm’x10m'x 9.8 ms*
=BB2N
Total weight lifted F = w+w, +w,
Ta lift the contents, the total weight of the balloon should not exceed F.
Thus w+w,+w, =F
BON+B882N+w, =1274N
or w, =38.58N

Thus, the maximum weight of 38.58 N can be lifted by the balloon in addition to its own
weight.

5.8 STEADY, NON-VISCOUS AND IDEAL FLUID

Moving fluids have greatimportance. In order to find the behaviour of the fluid in motion,
we consider their flow through the pipes. When a fluid is in motion, its flow can take place
in two ways, either streamline or turbulent.

Streamline or Laminar Flow
The flow is said to be streamline or laminar flow.
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If every particle that passes a particular point, moves along exactly the
same path, as followed by particles which passed that points earlier.

In a steady flow of a fluid, the motion of the particles -

is smooth and regular, as shown in Fig. 5.11. The %_
smooth path followed by fluid particles in laminar — —
flow is called a streamline. The streamline may be

the straight or curved and tangent to any point — e

gives the direction of flow of a fluid. The different Fig. 5.11: Streamlines (laminar flow)
streamlines cannot cross each other,

Example: Afluid flowing in a pipe as shawn in
Fig. 5.12 will have certain velocity v, at F, a
velocity v, at Q and so on. If the velocity of a
particle of the fluid at P, Q and R does not
change with the passage of time, then the flow
is said to be steady flow or streamline flow.

The line PQR which represents the path followed by the
particle is called a streamline. It represents the fixed path /D
followed by orderly processing particles. In streamline flow, all

Fig. 5.12: The velocities of the particles at
different points on streamling.

the particles passing through P also pass through Q and R. |t
means that two streamlines cannot cross each other.

Turbulent Flow

The irregular or unsteady flow of
the fluid is called turbulent flow.

Above a certain velocity of the fiuid flow, the motion of the B @F=: your information I
fluid becomes unsteady and irregular. Under this
condition, the velocity of the fluid changes abruptly as
shown in the Fig. 5.13. In this case, the exact path of the
particles cannot be considered.

Fig. §5.13: Turbulent flow

If two streamlines cross each other, then the particles will
go in one or in the other directions and flow will not be a
steady flow. Such a flow is a turbulent flow. When the flow
is unsteady or turbulent, there are eddies and whirlpools
in the motion and the paths of the particles are
continuously changing.

Ideal Fluid

The behaviour of the fluid which satisfies the following
conditions is called ideal fluid:

Formula Gne racing cars have a
atrasamlinad design.

i : : : T Delphing have streamlined bodies
1. The fluid is non-viscous i.e., there is no frictional lo assist 1helr movemnent in water.

force between adjacent layers of the fluid.
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2. Thefluidisincompressiblei.e., its density is constant.

3. The fluid motion is steady.
Rate of Flow
The rate of flow of a fluid through a pipe is the volume of
the fluid passing through any section of pipe per unittime.
Formula For Rate of Flow -

Consider a fluid flowing through a pipe of area
of cross-section A as shown in Fig. 5.14. Let
the velocity of the fluid be v and it flows through "
the pipe for time t, then the distance covered by - =

the fluid intime is: Wt
Fig. 5.14: Rate of flow of a liguid

f=wvt

where [ is the length of the pipe through which the fluid passes in time £ Volume of the
fiuid passing through the pipeintime{, is:

Ax il =Ayl
Thus  The rate of flow of the liquid = Volume
Time
= ﬁﬂ = Av
t
Rateofflow =Av................... (5.12)

In Sl units, it is measured in cubic metre per second (m’ s'). Sometimes, it is also
measured in litres per second (Ls™).

Steady Flow
If the overall flow pattern does not change with time, the flow is called steady flow.
In steady flow, every particle of the fluid follows the same flow line as its previous particle.

5.9 EQUATION OF CONTINUITY

Statement Ly
The product of cross-sectional area of the pipe and T
the fluid speed (i.e., Av) at any point along the pipe '
is a canstant, This constant is equal to the valume e

flow per second of the fluid or simply the flow rate.

AX

s

Volume

Thus Av = Constant = .
Time

AX,

Consider a fluid flowing through a pipe of non-uniform size. F'9- 5.15: Steady fiow of a fiuid
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The particles in the fluid move along the same lines in a steady state flow as shown in
Fig5.15.

If we consider the flow for a short interval of time Af, the fluid at the lower end of the tube
covers a distance Ax, with a velocity v, , then distance covered by the fluid is:

s Al (5.13) -g_ Sclentific Fact __

Let A, be the area of cross-section of the lower end, then  Euler oblained the conlinuity
. ) ) equation for a incompressible fiuld
volume of the fluid that flows into the tube at A, is: with a large number of terms in
V = AAx, 1752, Later. it was translated by

C. Trues dell from English in 1954,

or vV = AvAl

If p, is the density of the fluid, then the mass of the fluid contained in the shaded region
( through A,)is:

Am. = Volume x Density
or Am,= AV, Al % p,

Similarly, the mass of the fluid that moves with velocity v, through the upper end of the
pipe having cross-sectional area A . in the same time Atis given by

Am, = Av, Al x py
where p, is the density of the fluid flowing out through A . and Am ., indicates small mass.

If the fluid is incompressible and the flow is steady, the mass of the fluid is conserved.
That is the mass flowing into the bottom of the pipe through 4, in a time Af must be equal
to the fluid flowing outthough A, in the same time, Therefore,

R e T (5.14)
So Av, Atxp, = Av,Alxp,
Or A1V~r p' = Aruz p?""Ir--‘l-"l‘?Pff‘-—i1rr+1'li{5l15'}

Equation {5.15) is called the equation of continuity. Since density is constant for the
steady flow of incompressible fluid, therefore, the equation of continuity becomes:

AWy AN (5.16)

Equation (5.16) states that in steady flow, the rate of flow of the fluid inward is equal to
the rate of flow of the fluid cutward.

This equation justifies the conservation of mass of the fluid which is flowing through
apipe.

30 kg of water in 60 s. Calculate the water speed at the outlet. Assume the density of
wateris 1000 kg m "~ and its flow is steady.

Internal diameterof waterhgse D =20mm =0.02m

/@ solution B Radius r =%= ﬂ.ﬂ§ M = 0.01m
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Mass of water m = 30kg -,ﬂ Tidbits i'-
Time taken t =60s
Density of water p = 1000kgm”
Speedof water y= 7
Mass flow persecond m/t = 30kg/60s
= 0.5kgs’
Cross-sectionalarea A = nr’

$

=3.14x(0.01 my’
As the waler falls, it2 speed
=3.14x10"m’ increases and o its Cross sectional
; ; ‘@rea decreases as mandated by the
From equation of continuity, the mass of water cantinuity equation.

discharging per second through area A is:

pAF = Mass/Second .ﬂFur :.rouﬁnl'orm.‘ltinnﬁ!_.
The equation eof confinuity is
i Mass / Second applied to:
pA {i) blood flow in arteries and veins
0.5 kg ' {ii} waterflowin rivers and pipes
v

2 (i) &ir flow in duct and ventilation

1000 kgm” x 344 x 10" m* M I C !

=16ms’
5.10 INCREASEIN FLOWVELOCITY

We can increase the flow velocity of water in a rubber pipe by squeezing it. When we
squeeze the rubber pipe, we decrease the cross-sectional area through which the water
flows. According to the equation of continuity,

Av. =Ayv,
whera A is the cross-secticnal area and v is the flow velocity. By decreasing the cross-

sectional area (A, <A,), the velocity of the water (v,} must increase to maintain the same
flow rate. Therefore, squeezing the rubber pipe increases the flow velocity of fluid.

5.11 BERNOULLI'S EQUATION

The sum of pressure, K.E. per unit volume
and P.E. per unit volume of an ideal fluid
throughout its steady flow remains constant.

As the fluid moves through a pipe of varying cross-
section and height, the pressure will change along
the pipe. Bernoulli's equation is the fundamental
equation in fluid dynamics that relates pressure to

Fig. 5.16: The speed of waler spraying
from the end of a garden hose increases
fluid speed and height. as the hose is squeezed with the thumb.
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In deriving Bernoulli's equation, we assume that the fluid is incompressible, non-viscous
and flows in a steady state manner. Let us consider the flow of the fluid through the pipe
intime t, as shown in Fig. 5.17. o B;

The force on the upper end of e
the fluid is P,A, where P, is the

pressure and A, is the area of
cross-section at the upper end.
The work done on the fluid, by
the fluid behind it, in moving it
through adistance Ax,, will be:

W‘I = FAx, = PAAX,

Similarly, the work done on the
fluid at the lowerend is: Fig. 5.17: An id E::al ﬂm"_f of fluid ﬂ?mugh a non-uniform
W, = - FAX, = -PAAX, cross-section pip at different heights.

where P, is the pressure, A. is the area of cross-section of lower end and Ax, is the
distance moved by the fluid in same time interval ¢, The work W, is taken to be —ve as this
work is done against the fluid force. The net work done will be:

W=Ww, +W,
ﬂr W= P1A1$xq'P-‘qud'Ix;h”....". -—1{5-1?}
If v,and v, are the velocities at the upper and lower ends respectively, then
W ettt B - Il
Av, =Awv, in baseball relate to Bernoulli's
princigle? '
Hence A, t=An t=V (volume)
So T ! o 1" OO SR SOV (- e &
If mis the mass and p is the density, then V = % 5o, Eq. (5.18) becomes:
m
W={H|‘P:}F .................................. (5.19)

A part of this work is utilized by the fluid in changing its K.E. and a part is used in
changing its gravitational PE.

Change in K.E. = AK.E. = %mv;— %mu{“ ............................. (5.20)
Changein PE. = ARE=mgh,—mgh .....coniirrmmesinessains (5.21)

where h,and h, are the heights of the upper and lower ends respectively.
Applying the law of conservation of energy to this volume of the fluid, we have
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Rearranging Eq. (5.22), we have
1 1
R ‘*EP"GZ tpgh, =F + EP"’; + pgh,
This is Bernoulli's equation and is often expressed as:

P+ % pv’ + pgh = constant

5.12 USES OF BERNOULLI'S EQUATION

A number of devices operate by means of pressure difference that results from changes
inthe speed of the fluid.

1.  Aeroplane Wings '
Uplifting of an aeroplane is due to the designing of '
: ——

its wings, which deflect the air so that streamlines
are closer together above the wing than below it as
illustrated in Fig.5.18. We have seen that where
the streamlines are forced closer together, the
speed is faster. Thus, air is travelling faster on the Fig. 5.18: Lift of an aeroplane
upper side of the wing than

on the lower. The pressure will be lower at the top

of the wing, and the wing will be forced upward and Faster air.
the lift of an aeroplane is due to this effect. lowar pressure

2. SwingofaBall =

Deflection force

When a ball is thrown or kicked with spin or the =

ball is made smoother on one side by the bowler =

and remains rough on the other side, the air =

moves faster over rough side and slows over the <
2

smoother (Fig. 5.19). According to Bernoulli's < Slowsr air.

equation, the faster moving air creates lower - E}g’;ﬁ:m

pressure, while the slower moving air creates

higher pressure, this pressure difference 5"‘"”:_"9"3"
0y

generates a sideways force, known as Magnus
effect which causes the ball to curves in the air.

3. Filter Pump

A filter pump has a constriction in the centre, so thal a jet of water from the tap flows
faster here, This causes a drop in pressure near it and air, therefore, flows in from
the side tube. The air and water together are expelled through the lower part of the
pumnp (Fig. 5.20).

e :

Fig. 5.19: Turbulent flow
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Fig. 5:21: Fig. 5.22: A stream of air passin
Fig. 5.20: Turbulentflow Garburetor of an engine NG we g ki

4. Carburetor

The carburetor of a car engine uses a Venturi duct to feed the correct mixture of air and
petrol to the cylinders. Air is drawn through the duct and along a pipe to the cylinders
(Fig. 5.21). Atiny inlet at the side of duct is fed with petrol.

The air through the duct moves very fast, creating low pressure in the duct, which draws
petrol vapours into the air stream.
. 5 Paint Sprayer

A stream of air passing over a tube dipped in a liquid will cause the liquid to rise in the
tube as shown in Fig. 5.22. This effect is used in perfume bottles and paint sprayers.
Actually when the rubber ball of atomizer is squeezed, the air is blown through tube and
it rushes out through the narrow aperture with high speed and it causes fall of pressure,
So, the atmospheric pressure pushes the perfume up leading to the narrow aperture.

6. Venturi Relation
Consider a pipe within which a fluid of density p is A

flowing through different areas of cross-section F?‘ N

as shown in the Fig, 5.23.

Let A, be the cross-sectional area at wide end and

A, be the cross-sectional area at narrow portion. ;
Suppose that v, and v, be the flow speeds atthe &
wide and narrow portions respectively. Pressure

P, and P, indicate the liquid pressure at both
the portions by connecting the limbs of the Fig, 523 Ventur meter
manometer.

As the pipe is placed horizontally, therefore, we consider that average potential energy
is the same at both places while using Bernoulli's equation.

1

Thus, Bernoulli's equation can be written as:
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LI
F#s 2 = Bt 'EFW'E Iﬂlnt:restlng mfnrmatiun'_l
oF PP, - k| v a1 W It is clear from the result of
! s PYs 9 i Bermoull's Equation for horizontal
1 pipe thal “where speedis high, the
of PP = —p(,f V) s (5.23) pressure will be low’”
2 Mathematically,
From the equation of continuity;
q Y P+ ~11-'"-’E= constant
Awvy = Axv; 2
or = 5252_
Ay

As the cross-sectional area A, Is small as compared to the area A, as is clear from the
figure, i.e. A, < A,. So, v. will be small as compared to v.. Thus, the speed of the fluid is
very slow in wider portion of the pipe as compared to the narrow portion, So, we can
neglect v, on the right-hand side of Eq.(5.23). Hence

.1
P-P= ) p‘lfg ................. (5.24)
This is known as Venturi relation, which is used in venturi meter, 2 device used to
measure speed of liquid flow,

 # Torricelli's Theorem

A simple application of Bernoull's equation is
shown in Fig. 5.24. Suppose a large tank of fluid
has two small orifices Aand B on it. Let us find the
speed with which the water flows from the orifice A.

Since the orifices are so small, the efflux speeds v,
and v, will be much larger than the speed v, of the
top surface of water, We can therefore, take v, as
approximately zero. Hence, Bernoulli's equation
can be written as:

A+ pgh=FR+3 F"" + pgh, Fig.5.24:
: A lank containing fiufd wilh a onfice.
But P: = P = Atmospheric pressure

Therefore, the above equation becomes:

This is Torricelli's theorem which states that:

The speed of efflux is equal to the velocity gained by the fluid in
falling through the distance (h, - h,) under the action of gravity.
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Notice that the speed of the efflux of liquid is the same as the speed of a ball that falls
through a height (h, - h,). The top level of the tank has moved down a litlle and the PE.
has been transferred into K.E. of the efflux of fluid. If the orifice had been pointed upward
at B as shown in Fig.6.4, this K.E. would allow the liquid to rise to the level of water tank.
In practice, viscous-energy losses would alter the result to some extent.

5.13 VISCOUSDRAGAND STOKES' LAW For Your Information

Viscosities of Liquids

The frictional effect between different layers of a flowing fluid and Gases at 30°C
is described in terms of viscosity of the fluid. Viscosity  material m‘_-??ﬁ“:*tmi{g}
measures, how much force is required to slide one layer of the o 5615
liquid over another layer. Substances that do not flow easily, Acetone u:zgs
such as thick tar and honey, etc., have large coefficients of  athanol 0.510
viscosity, usually denoted by Greek letter 'n'. Substances Benzene 0.564
which flow easily, like water, have small coefficient of \Water 0.801
viscosities. Since liquids and gases have non zero viscosity, Ethanol 1.000
therefore, a force is required if an object is to be moved PFlasma 18
through them. Even the small viscosity of the air causes a  Slveernn 6.29

large retarding force on a car as it travels at high speed. If you n Do you know? El
stick out your hand out of the window of a fast moving car, you

can easily recognize that considerable force has to be exerted -

on your hand to move it through the air. These are typical
examples ofthe following fact.

An object moving through a fluid experiences a retarding force
called a drag force, The drag force increases as the speed of
the objectincreases,

Even in the simplest cases, the exact value of the drag force is
difficult to calculate. However, the case of a sphere moving
through a fluid is of great importance.

The drag force F on a sphere of radius r moving slowly with
speed vthrough a fluid of viscosity 1 is given by Stokes' law as
under:

= G (5.26) Ach:mney works best when It

s tall and exposed to air
However, at high speeds the force is no longer slmpF:-,f wrmms whmhpmdum the

proportional to speed. pressure at the top and forces

5.14 TERMINAL VELOCITY the upward flow of smoke.

Consider a water droplet having radius rsuch as that of fog falling vertically, the air drag
on the water droplet increases with speed. The droplet accelerates rapidly under the
over powering force of gravity which pulls the droplet rapidly downward due to force of
gravity. However, the upward drag force on it increases as the speed of the droplet
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increases. The netforce on the dropletis
Net force = Weight —Drag force ..............._... (5.27)

As the speed of the droplet continues to increase, the drag force eventually approaches
the weight in the magnitude. Finally, when the magnitude of the drag force becomes
equal to the weight, the net force acting on the droplet is zero. Then the droplet will fall
with constant speed called terminal velocity.

To find the terminal velocity v, in this case, we use Stokes' law for the drag force.
Equating it to the weight of the drop, we have

0 = mg - 6mrv,

L O
¥ = = (5.28)
The mass of the droplet is pV, where V =% nris the volume of the sphere.

Substituting above values in the Eq. (5.28), we have

( Example 5.5 ) Atiny water droplet of radius 0.010 cm descends through air from a
high building. Calculate its terminal velocity. Given that ny forair=19x 10" kg m” s and
density of waterp=1000kgm .

§sotutionB|
r=10x10"m, p=1000kgm”’, n=19x10"kgm’s’
Putting the above valuesin Eq. (5.29)
, _2%9.8ms”x(1.0x10 “m) x1000kgm*
! 9x19x10°kgm s’
Terminal velocity=1.1ms".

5.15 REALFLUIDS AREVISCOUS FLUIDS

Ideal fluid

Itis a fiuid that does not have viscosily and cannot be compressed. This type of fluid
cannot exist practically.

Real fluid

Alltypes of fluids that possess viscosity are termed as real fluids.

Examples: Kerosene oil, castor oil and honey etc.
Comparison of ldeal and Real Fluids

An example of ideal fluid cannot be provided because it does not exist in the real world,
-____________________________________________________________________W
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However, every fluid that we see around us like water, diesel, petrol, honey, etc. are real
fluids. Moreover, differences in viscosity can be found in real life, for example, honey is
more viscous than water. Bernoulli's equation states that the speed of fluid flow is
increased as a result of a simultaneous decrease in the potential energy of the fluid or a
decrease in the static pressure on the fluid. When a fluid is viscous, it essentially refers
to the thickness of the fluid or the friction, the fluid faces while fluid flows. Therefore, ideal
fluids do nol face the opposing force and have a non-viscous flow, while real fluids have
a viscous flow. Ideal fluids are incompressible. Itis not also subjected to surface tension.

5.16 SUPERFLUIDS

Superfluidity is the characteristic property of fluids with zero viscosity i.e., flow is
frictionless. A substance axhibiting this property is a superfluid. Superfluids flow without
loss of kinetic energy. They can flow through incredibly narrow spaces without any
friction.

Superfluidity is achieved in some substances at S—
Tidbit

extremely low temperature. For example, in fluid -‘ ; — i-
dynamics, a vortex is region in a fluid in which the = Farchules increase air resislance

e : {drag) by crealing a large surface
flow revolves around an axial line, which may be " il cointeracts the foree of
straightor curved, The vortices are generally created  gravity. This slows down the persans
at a moving boundary due to frictionless conditions.  fall, aliowing them to land safely,
Vortices move with the fluid and dispersed by the

action of viscosity.

Superfluid helium-4 is the most studied example of
superfluidity. It changes from a liquid to a superfluids B Jidbit ]
just a few degree below its boiling point of -452°F  Superfluids can “climb” up walls and
(-269°C or 4 K). Superfluids helium-4 moving as a  over edges of containers becausa
normal clear liquid, but it has no viscosity, This ey do not experience friction like
means that once it starts to flow, it keeps moving past nam s

any obstacles.

Superfluidity Applications

Currently, there are few practical uses for superfluids. Superfluid helium-4 serves as a
coolant for high-field magnets. Both helium-3 and helium-4 are utilized in advanced
particle detectors. Researching superfluidity also helps us learn more about
superconductivity.

Liquid helium is recognized for its greal thermal conductivity and is used in cryogenic
applications, including cooling superconducting magnets, scientific research, and
medical uses. Additionally, it is employed in industry for leak testing and in the
production of electronic and optical products.
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! Multiple Choice Duestmns

Tick (v ) the correct answer.
5.1 The region of stress-strain curve which obeys Hooke's law Is:

(a) proportionallimit (b} elastic region (c)plasticregion {d) yield limit
5.2 Which of the following is more elastic?

(a) Rubber (b) Wood (c) Sponge (d) Steel

5.3 Which of the following is polymer solid?
(a) Wool (b) Glass {c) Sodium chioride  {d) Copper

5.4 The effect of decrease of pressure with the increase in speed of a fluid in horizontal
pipe is:

(a) Torricelli's effect  (b) Bernoulli's effect (c) Venture's effect (d) Doppler's effect
The pressure will be low when speed of a luid Is:
(a)zero {b) high (c)low (d) constant
5.6 Asperlawof fluid friction for steady streamline flow, the friction;

(a) varies proportionally to velocity of fluid

(b) varies inversely proportional to pressure

{c) does notdepend on pressure

{d)firstincreases then decreases

5.7 If a stone is submerged in waler and it weighs less in water than in air, this
phanomenon is due to:

&
(4]

(a) the reduction of mass in water (b)increase of density in water
(c) buoyant force acting upwards (d) the gravitational force acting upward
5.8 The principle of floatation is a direct application of:
{a) Pascal'slaw (b) Bernoulli's principle
(c)Archimedes' principle (d) Newtan's third law
5.9 Anidealflow of any fluid must satisfy:
(a) Pascallaw (b} Bernoulli's equation
(c) Continuity equationonly {d} Both (b)and (c)
5.10 Thelift force experienced by an aeroplane wings is pnmarily due to:
(a) viscosity of air (b) density of air
(c) pressure difference above and below the wing (d) gravitational force
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§.11In medical field, a venture mask, used to deliver a known oxygen concentration to
patients operalesis based on.

{a) Newton's third law (b) Archimedes' principle
{c) Pascal's law (d) Bernoulli's principle
5.12 Which of the following is a defining charactenstic of a superfluid?
(a) Zero viscosity (b) Infinite density
(c) Zerotemperature {d) Infinite thermal conductivity

I Short Answer Questions b

51 Whatismeantby (i} cohesive force (i) viscosity?

5.2 Differentiate between streamline and turbulent flow of a fluid.

5.3 How does pressure changes with depth in fluids?

54 Howisvariation in pressure related to speed of afluid?

5.5 Howisthe flow rate related to the cross-sectional area and velocity of the fluid?

5.6 How do you study the variation in velocity of a fluid at different points in a hose with
varying diameter?

5.7 How doesan object float or sink according to Archimedes Principle?

58 HowdoesArchimedes reportedly discover the principle that bears his name?

5.9 Why standing near fast moving train is dangerous? Explain briefly.

5.10 What are some potential applications of superfluidity?

5.11 Differentiate between stress, strain and Young's modulus. Write down their Sl units,

| Constructed Response Questions |

5.1 The ratio stress/strain remains constant for small deformation. What will be effect
on this ratio when the deformation made is very large?

5.2 When pure water falls on a flat glass plate, it spreads on the plate while the mercury,
when falls on the same plate gets converted into small globules. Why?

53 Accoerding to Bernoulli's theorem, the pressure of a fluid should remain uniform
in a pipe of uniform radius. But actually, it goes on decreasing. Why is it so?

5.4 Why wings of an aeroplane are rounded outward while flattened inward?

5.5 Whatis the difference in real fluid, ideal fluid and superfluid? Which of these really
exits in the world? Explain.

5.6 Why is the study of superfluids important for advancing our knowledge of low
temperature physics?
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5.1
6.2
5.3
54
5.6
5.6
57
5.8

51

6.2

B3

5.4

5.6

5.7

|@ Comprehensive Questions |

Explainin detail the classification of solids with respect to atomic arrangements.
Whatis Archimedes’ principle? Explain itin detail for finding upthrust.

Justify that mass remains conserved when a fluid flows through a pipe.

Explain the term superfluidity.

State and derive equation of continuity.

State and prove Bernoulli's eguation.

Give some practical applications of Bernoulli's equation.

Define terminal velocity of a body and show that terminal velocity is directly
proportional to the square of radius of the body.

@ Numerical Problems E|

A steel wire of length 2 metres and cross-sectional area of 2 x 107 m' is stretched by
a force of 400 N. If the Young's modulus of steel is 2 x 10" N m”, calculate the

extension of the wire. {Ans: 0.002 m)
A spring with a spring constant 200 N m™ is stretched by 0.5 m. Find the elastic PE.
stored in the spring. (Ans: 25 J)

A copper wire of length 3 metres and cross-sectional area of 1 x 10° m® is subjected
to a force of 500 N. Calculate the stress and strain produced in the wire. (Young's
modulus of copper Y =1.1x10"Nm®) (Ans: 5x10°'Nm~, 0.00455)
A block of wood of mass 10 kg and density of 600 kg m” is floating in water.
Calculate the buoyant force acting on the block. (Density of water= 1000 kgm™.)

(Ans: 98 N)
Water flows through a pipe with a diameter of 0.05 m at a velocity of 2 m s”. If the

pipe narrows to a diameter of 0.03 m, calculate the velocity of water at narrow
section, (Ans:5.56 ms")

Water flows through a horizontal pipe with a velocity of 3 m s’ and pressure of
200,000 Pa at point 1. At the nozzle (point 2), the pressure decreases io
atmospheric pressure 101,300 Pa and the velocity increases to 14 m s . Calculate
the velocity of the water exiting the nozzle. (Density of water = 1000 kg m"”)

(Ans: 1437 ms")
Atank filled with water has a hole at a depth of 5 m from the water surface. Calculate
the velocity of water flowing out of the hole. (Ans:9.9ms")
Calculate the terminal velocity of a spherical raindrop with a radius 0.5 mm faliing
through the air, (nforair=19x10"kgm's", p= 1000 kg m " for water)

(Ans: 2865 ms)
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After studying this chapter, the students will be able to:
Describe the basic assumptions of the kinetic theory of gasses. [Intluding understanding the
lemperalure, pressure and density conditions under which an ideal gas is a good approximation of a
real gas.)
State that regions of equaltemperature are in thermal eguilibrium
Relate arise in temperature of an object to an increase in its internal energy
Apply the equation of state for an ideal gas{expressed as PV = nRT, whera n = amount of substance
{number of moles) and as PV =Nk, T, whare N =number of molecules)
State that the Boltzmann constant kis given by k, =R /N,
Use W = PAVTor 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 the first law of thermodynamics (AL = 0 - W expressed in terms of the increase in
internal energy, the heating of the system (energy transferred to the system by healting) and the work
done on the system]
Explain qualitatively, in terms of particles, the relafionship between the pressure, temperafure and
volume of a gas [Specifically lhe below case:
(a) pressure and lemperature sl constant volume
(b)  volume and temperature at constant pressure
(&) pressure andvolume at s constant temperature
Use the equation, Including a graphical representation of the relationship between pressure and
valume for a gas at constant temperaturs.
Justify how the first law of thermodynamics expresses the conservalion of energy.
Relale arise intemperature of a body lo an increase inilsinternal energy.
State the working principle of aheat engine.
Describe the concept of reversible and irreversible processes:
State and explain the second law of thermodynamics.
State the working principle of Camol's engine
Describe that refrigerator s a heatengine operating in reverse as that of an ideal heat engine.
Explain that an increase in lemperature, increases the disorder of the system.
Explain thatincrease in entropy means degradalion of energy.
Explain thatenergy is degraded during all natural processes,
Identifying that system tends to become less orderly over lime.
Explain that Entropy, S s a thermodynamic gquantity that relates to the degree of disorder of the
particles ina system.
State that the Carnot cycle sets a limit for the efficiency of a heat engine at the temperatures of its heat
reservoirgivenby; Efficiency = 1 Jeimmn

ﬁﬂ.ﬁhl\'ﬁl
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‘hermodynamics is the branch of physics that deals with the relationships and

. conversions between heat and other forms of energy. It encompasses principles
governing the behaviour of systems at macroscopic scales, such as temperature,
pressure, and volume. Thermadynamics thus plays a key role in technology, since
almaost all the raw energy available for our use is liberated in the form of heat. In this
chapter, we shall study the bebaviour of gases and laws of thermodynamics, their
significance and applications.

6.1 ASSUMPTIONS OF THE KINETIC THEORY OF GASES

The kinetic theory of gases is a fundamental theory in physics and chemistry that
explains the behaviour of gases based on the motion of their constituent particles. This
theory provides a macroscopic understanding of gas properties such as pressure,
temperature, and volume. Here are the key assumptions of the kinetic theory of gases.

1. Gas Particles arein Constant, Random Motion

(Gas molecules are in perpetual, random motion. They move in straight lines until they
collide with either another molecule or the walls of the container.

2, Negligible Volume of Gas Particles

The volume of the individual gas molecules is negligible as compared to the total volume
ofthe gas. This means that the particles are considered point masses with no significant
volume.,

3. No Intermolecular Forces

There are no attractive or repulsive forces between the gas molecules. The particles do
not exert any force on each other except during collisians.

4, Elastic Collisions

The collisions between gas molecules, and with the walls of the container are perfectly
elastic. This means that there is no net loss of kinetic energy during collisions. The total
kinetic energy is conserved.

8. Large Number of Particles

A gas contains a large number of particles. This large number allows for the use of
statistical methods to describe the properties of the gas.

6. Average Kinetic Energy is Proportional to Temperature

The average kinetic energy of gas particles is directly proportional to the absolute
temperature of the gas. This implies that as the temperature increases, the speed of the
gas particles alsoincreases.

Pressure due to Particle Coliisions
The pressure exerted by a gas on the walls of its container is due to the collisions of gas
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particles with the walls. The force exerted by the particles during collisions generates
pressure.

8. Time of Collisions is Negligible

The time interval of a collision between gas particles is extremely short compared to the
time between collisions. This assumption simplifies the analysis of particle dynamics.

Limitations of Kinetic Molecular Theory
Real Gases

The assumptions of the kinetic theory hold true for ideal gases, bul real gases exhibit
deviations due to intermaolecular forces and finite molecular volume, especially at high
pressures and low temperatures.

In summary, the kinetic theory of gases provides a macroscopic view of gas behaviour,
linking macroscopic properties like pressure and temperature to the motion of gas
particles, and serves as a foundational concept in understanding thermodynamics and
statistical mechanics.

Equation of State for an Ideal Gas
A gas that obeys kinetic theory of gases is termed as an ideal gas. |deal gas equation is
given by

PV=npRT .......(61)

Here Prepresents pressure, V' is volume, nis number of moles of the gas, R is universal
gas constant (R=8.3145 Jmol K"} and Tis the absolute temperature.

Equation (6.1) implies that product of pressure and volume is directly propeortional to the
absolute temperature for an ideal gas.

Real Gas to Behave Like an ldeal Gas
According to kinetic theory of gases, a gas has no intermolecular interaction and
malecules are far apart from each other. For a real gas to behave like an ideal gas, some

conditions must be satisfied. P.E. of the gas molecules is negligible and this have only
K.E.
Number of moles ‘'n’can be given by

Mass of gas

n= =
Molar mass of gas

So, Eq. (6.1) becomes:PV

I

m

M
MR o  PM=(T)RT
M Vv

f=

M M.
We know that density; P = % . So, p = AT as EIS constant :_p-:_-?

The density of a gas will be low at low pressure and high temperature due to which

molecules of the gas will be at large distance from each other and the intermolecular
-____________________________________________________________________W
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forces will be negligible. So, the real gas behaves like an ideal gas at low pressure
and high temperature.

Ideal Gas Equation in Terms of Boltzmann Constant
From ideal gas equation:

PV =0RT ..ovovivrerens (i)

A mole can be defined as the number of atoms or
molecules per unitAvogadro's number (N, = 6.02 x 10™).

Mathematically;

N ¥
n= W (i} , N is number of atoms or molecules
A
Substituting Eq. (ii) in Eq. (i}, we have
PV = -g—-RT ................. (i) B Foryourinformation D
A Real gases approach Ideal
The term il is termed as Boltzmann constant k;, i.e., ishavioununder,
N, (i) low pressure
() hightemperature
ok (6.2)
N,

Substituting the values of R and N,, we have
k:=1.38x 10" JK'
Substituting Eq. (6.2) in Eq. (iii),
PV=NKs T .cceieiinase (6.3}
Equation (6.3) gives ideal gas equation in terms of Boltzmann constant k..

il Example 6.1 )| One mole of an ideal gas is at a temperature of 300 K. If the Boltzmann
constant is 1.38 x 10% J K, calculate the volume of the gas at a pressure of 1 atom,
[1atm = 101325 Pal]

W solutiond|  We know that:

PV = nRT
R = N,xk, where kF%
Here V = Pﬂ%ﬁ ‘
o 1 mol x 6.02 x 10" mol" x 1.38 x 10" JK' x 300 K
101325 Pa
V = 00245m’

Thus, volume of gas would be 0.0245 m".
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Gas Laws

There are some variables (state functions) which describe quantity of gas which
includes pressure, volume, and temperature (P, V, and T) with change in one variable,
the second variable changes while the third is kept constant. The laws that relate these
variables mutually for an ideal gas are termed as gas laws.

Boyle's Law

This law was introduced by Robert Boyle in 1662, and it provides a relationship between
pressure and volume of a gas at constant temperature. It sates that for a fixed mass of
an ideal gas, the pressure P exerted by a gas varies inversely with volume V occupied by
the gas at constant temperature.

Mathematically; APV
f=]
P e i at constant T
v
P = mnstant% or PV = constant
or PV, = PRV, (P, Vi)
Graphical representation of Boyle's law is shown in Fig. 6.1. ° v

Fig. 6.1
Charles' Law A
Charles’ law relates volume and temperature of an ideal gas for a fixed mass at constant
pressure. This law was formulated in 1870 by a French Physicist Jacques Charles. It
states that the volume of given mass of gas at constant pressure is directly proportional
to the absolute temperature.

Mathematically;

1
V = T atconstantP v
v
— = constant
ar T
v, V,
or =] = 2
T, T,
Graphically, it can be shown in Fig. 6.2. OKor-273°C O T

Fig. 6.
Joseph lussac's Law i

It states that for a fixed mass of an ideal gas, the pressure exerted by a gas varies
directly with absolute temperature of the gas at constant volume.

Mathematically;
F = T alconstantV
or P = constantxT
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i P - constant WP Tl
T P
P_ P
or T = e f-:‘“ Y = constant
1 [ e

Graphically, Josephlussac’s lawis shownin Fig. 6.3.

L

Thermal Equilibrium Fig, 6.3

When two bodies are at the same temperature, the thermal energy (which is related to
the kinetic energy of particles) of each body is equal. As a result, there is no driving force
for heattransfer between them, and thus they remain in thermal equilibrium.

Example

When we put a metal spooninto a hot cup of coffee:

(i) initially, the coffee is hotter than the spoon.

(i) over time, heatflows from the coffee to the spoon.

eventually, the coffee and spoon reach at the same temperature.

Thermal equilibrium is achieved at this point, there is no net heat flow between the
coffee and the spoon, and they are said to be in thermal equilibrium.

6.2 INTERNALENERGY

The sum of all forms of molecular energies (kinetic and -] Do you know?
potential) of a substance is termed as its internal energy.

In the study of thermodynamics, usually ideal gas is
considered as a working substance. The molecules of an
ideal gas are mere mass points which exert no forces on
one another. So, the internal energy of an ideal gas
system is generally the translational K.E. of its molecules.
Since the temperature of a system is defined as the
average K.E. of its molecules, thus for an ideal gas
system, the internal energy is directly proportional to its
temperature.

According to the kinetic theory of gases, the average

kinetic energy of gas molecules is given by
—iih 1 I
<KE=>= —zrkﬁTc-r < —z—mv > = —E—EET

17

__Win

Vibration

e S

A diatomic gas molecule has both
transiational and rotational enargy.
It ake has vibrational energy
‘assaciated with the spring like bond
hetween its atoms.

L

Tidbit

where k. is Boltzmann constant.

Therefore, the rise in temperature of
an object reflects an increase in the
internal kinetic energy of its particles.
This increase in internal energy can

T
Different processes can lead to changes in intemal
energy and temperature, such as healing (adding heat),
adiabatic compression ar expansion (no heat exchange),
or phasa changes (where heat enargy changes the state
of matter without changing temperature},
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occur due to the absorption of heat energy, which
raises the average kinetic energy of the particles and
thus increases the temperature of the object.

6.3 HEATAND WORK

We know that both heat and work correspond to
transfer of energy by some means. The idea was first
applied to the steam engine where it was natural to
transfer heat in and get work out. Consequently, it
made a sense to define both heat in and work out as
positive quantities. Hence, work done by the system on
its environment is considered positive while work done
on the system by the environment is taken as negative.
If an amount of heat Q enters the system, it could
manifest itself as either an increase in internal energy
or as a resulting quantity of work performed by the
systemon the surrounding or both.

We can express the work in terms of directly
measurable variables. Consider the gas enclosed in
the cylinder with a moveable, frictionless piston of
cross-sectional area A as shown in Fig.6.4(a). In
equilibrium, the system occupies volume V and exeris
a pressure F on the walls of the cylinder and its piston.
The force F exerted by the gas on the piston is PA.

We assume that the gas expands through AV very
slowly, so that it remains in equilibrium as shown in
Fig. 6.4(b). As the piston moves up through a small
distance Ay, the work Wdone by the gas is:

W = FAy = PAAy

Since AAy = AV

Hence W =PAV (6.4)

mebimadE A

The work done can also be calculated by area of the curve ©

under P-V graph as shownin Fig. 6.5.

li For your information I—I

Intemnal energy is a function of
state, Consequently, it does not
depend on path but depends on
initiat and final states ofthe system.
Thus, irlermal energy is similar to
the gravitational P.E. So, like the
potential energy, it is the change In
internal energy and not its absolute
value. whichis important.

Fig. 6.4

A gas is sealed in a cylinder by a
weightless, friclionaless piston,
The constant downward applied
force F equals P4, and when the
piston is displaced, downward
workis doneonthe gas.

Constant pressure c

(Changeinvolume) .| B 22

|

Pl Ee---- AV e e
A 8]
Vv, Y v,
Fig. 6.5

Knowing the details of the change in internal energy and the mechanical work done, we
are in a position to describe the general principles which deal with heat energy and its
transformation into mechanical energy. These principles are known as laws of

thermodynamics.
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6.4 FIRSTLAWOF THERMODYNAMICS | Feryeurinformation B

When heat is added to a system there is anincrease in the Hew System 0

internal energy due to the rise in temperature, an increase pasitive
in pressure or change in the state. If at the same time, a

Heat
substance is allowed to do work on its environment by -0 Systemf—s———
expansion, the heat Q required will be the heat necessary negata

to change the internal energy of the substance from U, in
the first state to U/, in the second state plus the work W _>_W W

done on the environment, negatlyve

Thus Q=({UL-uU)+Ww Work
o ”

or Q=AU+W {6.5) pasitive

Thus the change in internal energy AU = U.— U, is defined as - W. Since itis the same
for all processes concerning the state, the first law of thermodynamics, thus can be
stated as,

In any thermodynamic process, when heat Q is added to a system, this
energy appears as an increase in the internal energy AU stored in the
system plus the work Wdone by the system onits surroundings.

1. Conservation Principle: The underlying principie of the first law of
thermodynamics is the conservation of energy. It asserts that while energy can
change from one form to another (such as from chemical potential energy to
thermal energy), the total energy in an isolated system remains constant over time.

2. Wider Applicability: Beyond mechanical systems, the first law of thermodynamics
applies universally to all forms of energy and all types of processes, including
chemical reactions, electrical systems, and nuclear reactions. It provides a
foundational understanding that allows scientists and engineers to predict and
understand energy transformations in various contexts.

The first law of thermodynamics expresses the law of conservation of energy by
affirming that energy is a conserved quantity in isolated systems. It provides a
framework to understand how energy is transferred and transformed within systems
without violating the fundamental principle that energy neither be created nor be
destroyed,

A bicycle pump is a good example of first law of  Thermocouple  Trapped
air i purmp Pistan

thermodynamics. When we pump on the handle : pushed In
rapidly, it becomes hot due to mechanical work [ _ =
done on the gas, raising thereby its internal energy. i \
One such simple arrangement is shownin Fig. 6.6,  piiveitmatear

It consists of a bicycle pump with a blocked outlet. Fig, 6.6
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A thermocouple connected through the blocked outlet allows the air temperature to be
monitored. Thermocouple thermometer can detect a minute variation of the
temperature. When the piston is rapidly pushed, thermometer shows a temperature rise
due toincrease of internal energy of the air. The push force does work on the air, thereby;,
increasing its internal energy, which is shown, by the increase in temperature of the air.

Human metabolism also provides an example of energy conservation. Human beings
and other animals do work when they walk, run, or move. Work requires energy. Energy
is also needed for growth to make new cells and to replace old cells that have died.
Energy transforming processes that occur within an organism are named as
metabolism. We can apply the first law of thermodynamics (AU = Q- W), to an organism
of the human body. Work done will result in the decrease in internal energy of the body.
Consequently, the body temperature or in other words internal energy is maintained by
the food we eat.

{ Example 6.2 }| A gas is enclosed in a container fitted with a piston of cross-sectional
area 0.10 m’. The pressure of the gas is maintained at 8000 N m*. When heat is slowly
transferred, the piston is pushed up through a distance of 4.0 cm. If 42 J heat is
transferred to the system during the expansion, what is the change in internal energy of
the system?

@ seiution ) The work done by the gas is
W=PAV = PAAy=8000 Nm*x 0.10 m* x 4.0 x 10° m
=32Nm=32J

The change in internal energy is found from first law of thermodynamics
AU=Q-W=42J-32J=10J

Isothermal Process

Itis a process which is carried out at constant temperature and hence the condition for
the application of Boyle's law on the gas is fulfilled. Therefore, when gas expands or
compresses isothermally, the product of its pressure and volume during the process
remains constant. If P, , V, are initial pressure and volume whereas P, , V, are pressure
and volume after the isothermal change takes place (Fig. 6.7-a), respectively, then
PV, = RV, Pl==3(R M, T

In case of an ideal gas, the PE. associated with ils
molecules is zero, hence, the internal energy of an ideal T
gas depends only on its temperature, which in this case
remains constant, therefore, AU = 0. Hence, the first law of
thermedynamics reduces to f : "

Constant
Temperature

Q=w Fla. 6.7(a) 1', Vv—  V,
Thus if gas expands and does external work W, an amount of heat Q has to be supplied
to the gas in order to produce an isothermal change. Since transfer of heat from one




1 Physics I}.ﬁ mcnanm Cﬁ Heat and Thl!l'll!:'::lﬂ'_rlmllbln‘.ﬂ_-

place to another requires time, hence, to keep the temperature of the gas constant, the
expansion or compression must take place slowly. The curve representing an
isothermal process is called an isotherm (Fig. 6.7-a).

Ii Brain teaser! ‘l

Adiabatic Process T ———

An adiabatic process is the one in which no heat enters or energy of an ideal gas
leaves the system. Therefore, AQ = 0 and the first law of remain “‘I*““““;d“;fng
thermodynamics gives: =_Al isathemmalexpanslon

Thus, if the gas expands and does external work, it is done at the expense of the internal
energy of its molecules and, hence, the temperature of the gas falls. Conversely, an
adiabatic compression causes the temperature of the gas to rise because of the work
done on the gas.

Adiabatic change occurs when the gas expands or compressed rapidly, particularly
when the gas is contained in an insulated cylinder. The examples of adiabatic process

are:;
P

{i) The rapid escape of air from a burst tyre.

(i) The rapid expansion and compression of air
through which a sound wave is passing.

(i)  Cloud formation in the atmosphere.

As the temperature of the gas does not remain constant,
soit has been seen that;

">

F——

V—> v,
PV' = constant Fig. 6.7(b}

where v is the ratio of the molar specific heat of the gas at constant pressure to molar

specific heat at constant volume (v = Ca ). The curve representing an adiabatic process

is called an adiabat (Fig.6.7-b). ¥

6.5 REVERSIBLEANDIRREVERSIBLE PROCESSES

A reversible process is one which can be retraced in exactly reverse order, without
producing any change in the surroundings. In the reverse process, the working
substance passes through the same stages as in the direct process but thermal and
mechanical effects at each stage are exactly reversed. If heat is absorbed in the direct
process, it will be given out in the reverse process and if work is done by the substance in
the direct process, work will be done on the substance in the reverse process. Hence,
the working substance is restored to its original conditions.

A succession of events which brings the system back to its

initial condition is called a cycle. A reversible cycle is the

one inwhich all the changes are reversible.
Although no actual change is completely reversible but the processes of liquification and
evaporation of a substance, performed slowly, are practically reversible. Similarly the
-____________________________________________________________________W
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slow compression of a gas in a cylinder is reversible m De you know? E.
process as the compression can be changed to expansion
by slowly decreasing the pressure on the piston to reverse
the operation.

If a process cannot be retraced in the backward
direction by reversing the controlling factors, itis an
irreversible process.

All changes which occur suddenly or which involve friction First practical steam-engine was
or dissipation of energy through conduction, convection or gﬁ:ﬁ:ﬁ ?ﬂcg;?: E-:mllit:;::z
radiation are irreversible. An example of highly irreversible 5qund 1829

process is an explosion.

6.6 HEATENGINE

A heat engine converts some thermal energy to mechanical work. Usually, the heat
comes from the burning of a fuel, The earliest heat engine was the steam engine. It was
developed on the fact that when water is boiled in a vessel covered with a lid, the steam
inside tries to push the lid off showing the ability to do work. This observation helped to
develop a steam engine.

The working principle of a heat engine is based on the conversion of heat energy into
mechanical work through a cyclic process. Here is how a heat engine typically operates.
The working principle of a heat engine involves the cyclic transfer of heat energy from a
high temperature reserveir to a low temperature reservoir, with the objective of

converting as much heat as possible inte mechanical
work. This process is governed by principles of
thermodynamics and is essential in various applications
where mechanical energy is required from heat sources.

6.7 SECONDLAWOF THERMODYNAMICS

First law of thermodynamics tells us that heat energy can
be converted into equivalent amount of work, but it is
silent about the conditions under which this conversion
takes place, The second law is concerned with the
circumstances in which heat can be converted into work
and direction of flow of heat.

Before initiating the discussion on formal statement of the
second law of thermodynamics, let us analyze briefly the 5 g

factual operation of an engine. The engine or the system o . S EresEniatian of &
(Fig. 6.8) absorbs a guantity of heat Q, from the heat heaiengine. The engine absorbs
source attemperature T,. It does work W and expels heat  rosis fom o, i catdrsamny
Q, to low temperature reservoir at temperature T,. As the  anddoeswork W
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working substance goes through a cyclic process, in which the substance eventually

returns to its initial state, the change in internal eneray is zero. Hence, from the first law

ofthermodynamics, net work done should be equal to the net heat absorbed. ie.,
w=Q,-Q,

In practice, the petrol engine of a moteor car extracts heat from the burning fuel and

converis a part of this energy to mechanical energy or work and expels the rest to the

atmosphere. It has been observed that petrol engines convert roughly 25% and diesel
engines 35 to 40% available heat energy into work.

The second law of thermodynamics is a formal statement based on these observations.
It can be stated in a number of different ways:

According to Lord Kelvin's statement based on the working of a heat engine:

-ﬂ Tidbits

Itis impossible to devise a process which may
convert heat, extracted from a single reservoir,
entirely into work withoul leaving any change
in the working system.

This means that a single heat reservoir, no matter how
much energy it contains, cannot be made to perform any
work, This is true for oceans and our atmosphere which
contain a large amount of heat energy but cannot be
converted into useful mechanical work. As a consequence
of second law of thermodynamics, two bodies at different
temperatures are essential for the conversion of heat into
work. Hence, for the working of heat engine there must be _ ) _
a source of heat at a high temperature and a sink at low ﬁmﬂa bbogniblodal
temperature to which heat may be expelled. The reason thermadynamics, the process
. o ’ pictured hare is impossible, Heat
for our inability to utilize the heat contents of oceans and  from s source at a single
atmosphere is that there is no reservoir at a temperature ~ lempasatura cannot ba convertad

anliraly into work,
lower than any one of the two.

6.8 CARNOTENGINEAND  CARNOT'S THEOREM

Sadi Carnot in 1824 described an ideal engine using only
isothermal and adiabatic processes. He showed that a
heat engine operating in an ideal reversible cycle
between two heat reservoirs at different temperatures, T
would be the most efficient engine. A Carnot cycle using P
an ideal gas as the working substance is shown on PV
diagram (Fig. 6.9). It consists of following four steps:

1. The gas is allowed to expand isothermally at
temperature T, absorbing heat Q, from the hot Fig. 6.8
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reservoir. The process is represented by the curve AB.

2. The gas is then allowed to expand adiabatically until its temperature drops to T.. The
process is represented by the curve BC.

3. The gas atthis stage is compressed isothermally at temperature T, rejecting heat Q.
to the cold reservoir. The process is represented by the curve CD.

4. Finally the gas is compressed adiabalically to restore its initial state at temperature
T.. The process is represented by the curve DA,

Thermal and mechanical equilibrium is maintained all the time so that each process is
perfectly reversible. As the working substance returns to the initial state, there is no
changeinitsinternal energyi.e.. AU=0.

The net work done during one cycle equals to the area enclosed by the path ABCDA of
the PV diagram. It can also be estimated from net heat AQ absorbed in one cycle.

Q=Q-Q. |@ interesting information§ |
From 1" law of thermodynamics:
Q= AU+W
or W=0Q-Q, (. AU=0)
The efficiency n of the heatengine is defined as:
_ Cutput (Work)
Input (Energy)
_ Q-Q,
Thus = Slar s (6.6)

The energy transfer in an isothermal expansion ar
compression turns out to be proportional to kelvin
temperature, So Q, and Q, are proportional to kelvin
temperatures T, and T, respectively and hence,

Tl _, T 6.7 Enistaiit aridlony e
n e (6.7) Mmgig

The efficiency is usually taken in percentage, in that case:

Percentage efficiency = E— l{f—'—] = 100

T
Thus, the efficiency of Carnot engine depends on the temperature of hot and cold
reservoirs, It is independent of the nature of working substance. The larger the
temperature difference of two reservoirs, the greater is the efficiency, But it can never be
one or 100% unless cold reservoir is at absolute zero temperature ( T,=0K).

Such reservoirs are not available and hence the maximum efficlency is always less than
-____________________________________________________________________W
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one. Nevertheless, the Carnot cycle establishes an upper limit on the efficiency of all
heat engines. No practical heat engine can be perfectly reversible and also energy
dissipation is inevitable. This factis stated in Carnot's theorem:

No heat engine can be more efficient than a Carnot
engine operating between the same two temperatures.

The Carnot's theorem can be extended to state that:

All Carnot's anginas'ﬂpamtihg between the same two temperatures have
the same efficiency, irrespective of the nature of working substance.

In most practical cases, the cold reservoir is near room temperature. So, the efficiency
can only be increased by raising the temperature of hot reservoir. All real heat engines
are less efficient than Carnot engine due to friction and other heat losses.

and exhausts into a low temperature reservoirat 77 "C. What is the maximum possible
efficiency?

@solutionl  Maximum efficiency for any engine operating between temperatures
T.and T,is

%n = nT_n «100% where T;= 427 +273 =700 K
i
and Ta=T7T+273=350K
: T, -T. TOOK-350K _ 350K _ 1

Sa = ! 2 = : =25 — LS =1 =

1 v i il 05 or %n=05x100= 50y
5.9 REFRIGERATDR Higher temperaiure swrroundings
Refrigerator is a device which maintains the |
temperature of a body below that of its surrounding. It H“,‘r‘;“ IR
operates in a cyclic process but in reverse as that of the ..
heat engine as shown in Fig.6.10. A refrigerator absorbs W
heat from a cold reservoir and gives it off to a hot i
reservoir. This shows that in a refrigerator, the work is Gk
done on the system while in a heat engine work is done ﬂa.T
b'.'!" the S}I‘Ef&m. Heatin al ternparatura T,

A refrigerator works on the basis of Clausius statement
of second law of thermodynamics, i.e., a heat engine is | - ismpsraturs comparimsnt
operating in reverse. Heat Q. is drawn from Low Fin. 610

Temperature Reservoir (LTR) T, by compressor and iS A refrigerator transfers heat from &

thrown into High Temperature Reservoir (HTR) T, with '};:;"‘”‘E“"F“'“W“* cofnpariment. fo

' ahar-tempeiaiure surroundings
the help of external work done. The heatrejected to HTRE  with the help of extarnal work. It is
{GH } is QWEI'I by. :r::'a_t angina aperating in ravarsa
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The main purpose of refrigerator is to extract as much heat @, as possible from LTR with
the expenditure of as little work W as possible.

Coefficient of Performance of Refrigerator

The ratio of heat removed from LTR (Q.) to the work done (W ) is called coefficient of
performance of a refrigerator.

A better refrigerator will remove a greater amount of heat from inside the refrigerator for
the expenditure of a smaller mechanical work or electrical energy. The coefficient of
performance of a refrigerator can be given by

Q Q@
E=— =- £
w Q.-Q
The coefficient of performance in terms of temperature, where Qo T is:
T
S AP 6.8)
E= o7 (

Il Example 6.4 })|

Arefrigerator has a coefficient of performance 8. If temperature in the freezer is -23 “C,
then whatis the temperature at which it rejecis the heat?

[@selution Bl
Coefficient of performance E =B
Temperature of cold reservoir (freezer) T, =-23'C=-23+273=250K
Temperature of hot reservoir (room) L =7
Coefficient of performance =_h
-7
Substituting the values g = —2%
' T, =250 K
. 250 K
or 8(T. —250K)= 250K or T,=-250K = 8
or L= 3125 K+250K =281.25K = 825°C

6.10 ENTROPY

The concept of entropy was introduced into the study of thermodynamics by Rudolph
Clausius in 1856 to give a quantitative basis for the second law. It provides another
variable to describe the state of a system to go along with pressure, volume,
temperature and internal energy. If a system undergoes a reversible process during
whichit absorbs a quantity of heat AQ at absolute temperature T, then the increase in the
state variable called entropy S of the system is given by
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_AQ
AS=— leaeta JBE)

Like potential energy or internal energy, it is the change in entropy of the system which is
important.

The change in entropy is positive when heat is added and negative when heat is
removed from the system. Suppose an amount of heat Q flows from a reservoir at
temperature T, through a conducting rod to a reservoir at temperature T. when T,>T..
The change in entropy of the reservoir, at temperature T,, which loses heal, decreases
by Q /T, and of the reservoir at temperature T,, which gains heat, increases by Q/T,. As
T,>T,.s0 Q/T,willbegreaterthan Q/T,.i.e. QIT,>Q/T..

Hence, net change in entropy (Ti —Ti} is positive.
2 1

It follows that in all natural processes where heat flows from one system fo another,
there is always a net increase in entropy. This is another statement of 2" law of
thermodynamics. It states that;

If a system undergoes a natural process, it will go in the direction that
causes the entropy of the system plus the environment toincrease.

ltis observed that a natural process tends to proceed towards a state of greater disorder.
Thus, there is a relation between entropy and molecular disorder. For example, an
irreversible heat flow from a hot to a cold substance of a system increases disorder
because the molecules are initially sorted out in hotter and cooler regions. This order is
lost when the system comes to thermal equilibrium, Addition of heat to a system
increases its disorder because of increase in average molecular speeds and therefore,
the randomness of molecular motion. Similarly, free expansion of gas increases its
disorder because the molecules have greater randomness of position after expansion
than before. Thus, in both examples, entropy is said to be increased.

We can conclude that only those processes are probable for which entropy of the
system increases or remains constant. The process for which entropy remains constant

is a reversible process; whereas for all irreversible processes, entropy of the system
increases.

Every time entropy increases, the opportunity to convert some heat into work is lost. For
example, there is an increase in entropy when hot and cold waters are mixed. Finally,
the warm water cannot be separated into a hot layer and a cold layer. There has been no
loss of energy but some of the energy is no longer available for conversion into work.
Therefore, increase in entropy means degradation of energy from a higher level where
more work can be extracted to a lower level at which less or no useful work can be done.
The energy in a sense is degraded, going from more orderly form to less orderly form,
eventually ending up as thermal energy.

In all real processes where heat transfer occurs, the energy available for doing useful
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work decreases, eventually, the entropy increases. Even if the temperature of some
system decreases, thereby decreasing the entropy, itis at the expense of netincrease in
entropy for some other system. When all the systems are taken together as the
universe, the entropy of the universe always increases.

W Exampic 6.5 )| Calculate the entropy change when 1.0 kg ice at 0 °C melts into water
at0 "C. Latent heat of fusion of ice L, =3.36 x 10" Jkg .

@ solutionhp] m =1kg
T =0°C=273K
Ly = 3.36x10°J kg'

As AST = % -_' Brain teaser! l_--

Why does a deck of cards

where AQ = mi, become more disardered when
Rl shuffled?
Substituting the values
\s = 1:00kgx3.36 x10" Jkg'
273K
AS = 123 x10°JK’

Thus, entropy increases as it changes to water. The increase in entropy in this case is
a measure of increase in the disorder of water molecules that change from solid to
liquid state.

A A
W oo
|@ Multiple Choice Questions |

Tick (') the correct answer.
6.1 In an isothermal change, internal energy

(a)decreases (b)increases (c)remainsthe same (d)becomes zero
6.2 Firstlaw of thermodynamics is basad upon law of conservation of:

(a) mass (b)energy (c)momentum (d)charge
6.3 Adevice which converts thermal energy into mechanical energy is called:

(a)heatengine (b)Carnotengine {c) refrigerator {d) turbine

6.4 When two objects are made in thermal contact having same lemperalure, then
they are at;

(a) thermal Equilibrium (b} chemical Equilibrium
{¢) mechanical Equilibrium {d) physical Equilibrium
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6.6

6.7

6.8

6.9

6.10

6.1
6.2

6.3
6.4
6.5
6.6
6.7

6.10

6.1
6.12

When the system is expanded by adding heat energy, then the work done will be

(a) positive and on the system (b)negative and on the system
(c) positive and by the system (d) negative and by the system
Entropy of a system In reversible process

(a)decreases (b)increases {c}is Infinite {d)is zero
What happens to internal energy of an object when its temperature:
(a)decreases (b)remains Constant (c)increases (d) fluctuates
The value of Boltzmann constantis

(a)1.38x 10" JK' (b)1.38x10% JK”

(c)1.38x 10" JK" (d)1.38x 107 J"K"

In an adiabatic process, thereis no:

(a) change in temperature (b) exchange of heat

(c) change ininternal energy (d) work done

Thermodynamics mastly deals with;

(a) measurement of quantity of heat

(b) transfer of quantity of heat

{c)change of state

(d) Conversion of heat to other forms of energy

:‘ Short Answer Questions FI

What is meant by thermal equilibrium? Explain briefly.

What is meant by internal energy? How is it related to temperature of an ideal
gas?

State 2nd law of thermodynamics in two different forms.

Isit possible to construct a heat engine of 100% efficiency? Explain.
Differentiate between reversible and irreversible processes.

Why adiabatis steeperthanisotherm? Explain.

Arefrigerator transforms heat from cold to hot body. Does this violate the second
law of thermodynamics? Justify your answer.

Explain briefly heat death of universe in terms of entropy.

Is it possible for a cyclic reversible heat engine to absorb heat at constant
temperature and transforms it completely into work without rejecting some heat
atlow temperature? Explain.

How does behaviour of real gases differ from ideal gas at high pressure and low
temperature? |dentify the reasons behind these differences based on kinetic
theory of gases.

Show that area under P-V graph is equal to work done.

How isworkdone (i) byagas (i) onagas?
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6.1
6.2

6.3

6.4

6.5

6.1

6.2
6.3

6.4

6.6

6.1

6.2

6.3

6.4

@l Constructed Response Questions [ |

Explain how thermodynamics relates lo the concept of energy conservation.

Explain how thermodynamics applies to bioclogical systems, such as human
body.

A gas is expanding adiabatically. Explain what happens to temperature and
pressure of the the gas.

A coffee cup is left on a table, and overtime coffee cup cools down. Explain
thermodynamics processes occurring during this process,

How can we explain different weather patterns through thermodymical
processes like wind, rain, efc.

‘ Comprehensive Questions '|

What are the postulates of kinetic theory of gases? Derive a relation for ideal gas
equationin the form PV=Nk,T fromgeneral gas equation.

State and explain various gas laws.

Explain first law of thermodynamics in detail. Give an example in support of your
explanation. Give its two applications.

What is a refrigerator? Explain its working. Derive an expression for its
co-efficient of performance.

What is Carnot engine? Describe Carnot cycle. State Carnot thearem and derive
an expression for efficiency of Carnot engine.

Define and explain the term "Entropy”™.

'@ Numerical Problems |

Agas occupies 6.0 L of volume al a pressure of 12 atm. What will be the volume
of gas if the pressure is increased by 2.0 atm, assuming that temperature
remains constant? {Ans:5.14L)

In a vaccum chamber which is connected to a cryogenic pump, pressure as low
as 1.00 nPa is being attained. Calculate the number of molecules in 1.00 m’
vessel at this pressure and temperature of 300 K. (Ans: 2.41x10" molecules)

A gas undergoes a thermodynamic process where it absorbs 500 J of heat
energy and performs 300 J work on its surroundings. Calculate the change in
internal energy of the gas. (Ans: 200 J)

A Carnot engine is operating between a high temperature reservoir at 600 K and
alow temperature reservoir at 300 K. Calculate:

(i} the maximum possible efficiency
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6.5

5.8

6.7

6.8

(i) the amount of work output if the engine absorbs 500 J of heat from the
high temperature reservoir. [Ans: {1) 50% (i) 250 J]

A refrigerator extracts 1200 J of heat from its interior (the cold reservoir} and
releases 1800 J of heat to the surrounding environment (the hot reservoir) during
eachcycle. Calculate:
(i) the work input required per cycle.
(i) the coefficient of performance (COP) of the refrigerator.

[Ans: (i) 800 J (if) 2]
Calculate the entropy change when 1.0 mole of ice at 0°C melts to form liquid
water at the same temperature, (Heat of fusion ofice per mole =6.01x10" J)

(Ans: 22.0 J K

A gas occupies 400 mL at 20 °C. What volume will it occupy at 80 °C, assuming

constant pressure? (Ans: 482 mL)
A gas has a pressure of 2 atm at 300 K. What pressure will it have at 450 K,
assuming constant volume? (Ans: 3atm)
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