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1.0 INTRODUCTION

Have you had the chance of reading through theseoguide yet? If
yes, it means you have an idea of what we shallibeussing in this
unit. This unit is very important because it setse tstage for
understanding that branch of Physics that deals mibtion, which we

call mechanics. Everything in the universe is imstant motion

including the tree or the rock which you probabiink is not moving.

The topics we shall cover in this unit which inakgdrame of reference,
space and time will help you to understand thatradtion is relative.

This means that objects in the universe move wedt one another.
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2.0 OBJECTIVES
By the end of this unit, you will be able to:

explain the terms relative motion and absolutéion.

define a frame of reference

explain the concept of time

draw and specify the position of a point in a tdimensional
space with reference to a fixed origin, O

list the two polar coordinates of point, P atatise r from the
origin of a fixed frame of reference.

hoNPE

o

3.0 MAIN BODY

3.1 Frame of Reference

Under the frame of reference, we shall discussaedtmotion, relative
motion, inertial and non-inertial frame of refererand related issues.

3.1.1 Rest and motion

To help us to understand the concept of frame fefreace we need to
note certain observations that have been made Bsiqisis about this
physical world we are living in. One of such obsdions is that a body
Is said to be at rest when it does not changeos#ipn with time. It is
said to be in motion when it changes its positioth wme. But to know
if the position of an object changes with time ot,we require a point
absolutely fixed in space to be known. Such adfige stationary point
IS not known to exist in the universe. This is hesaphysicists have
observed that everything in the universe is in tamsmotion including
this earth we are living in. The earth revolvesn the sun and at the
same time rotates round its polar axis. The swaifitegether with the
planets bound to it is in constant whirling moti@among the galaxy of
stars. The planets are also in motion with resfgeetaich other. We now
see that even if a wrist watch you place on thésarof the earth seems
to be at rest it is actually in motion becausedagh in which it rests is
in motion. We say that the wrist watch is in motielative to the earth.
This means that there is nothing like absolute pasition for any
object. It will interest you to know that thistisie, about you, whether
you are now sitting or standing. Everything in them where you are
only seems to be at rest. They are not actualhesitbecause they are
actually moving relative to the earth. We can tbenclude that absolute
rest has no meaning in reality. When we say thatwrist watch you
placed on the ground is at rest we mean that it do¢ change position
with respect to the earth. Rest here means reladst. It is always
important for you to remember that a body is atreé rest with respect
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to another when it does not change its positioatirad to the latter. To
help you appreciate this concept of relative restten, think of
passengers seated in a luxury bus moving alongptte The passenger
is at relative rest with respect to other passengpethe same luxury bus
while he or she is actually moving with respecthe objects along the
road side.

3.1.2 All motion is relative

Now, let us go back to our discussion on relativaiom. Since change
in position is involved for motion to take placdéen to be able to
measure the distance travelled, we need a fixet pa can refer to as
the reference point. From this fixed point, tharmde in position (i.e.
motion) can be known or measured. But as explagatier, no such
fixed point is realistic in nature because everyeobis in constant
motion in the universe. This means that every ngwaibject is changing
position with respect to some known object. Alldles in our earth
move with respect to the earth. Hence we sayathatotion is relative.

3.1.3 Specifying Frame of Reference

Since we now know that every object is at resnanotion relative to another
object, it means that the position or motion of tigect can be designated
with reference to a fixed point in a rigid frame nwo This so called fixed
point is called the ORIGIN, O. At this point, whigs the origin, we draw
three mutually perpendicular axes to represent XheY and Z axes
respectively. So the initial position of the oltjec the final position of the
object can be designed with reference to this fiftache work X, Y and Z
axes at the origin. This applies to all types bjeots be it a particle, or a
system of particles or a rigid body. We therefdefine the FRAME of
REFERENCE as the rigid or fixed frame work, relati@ which the position
and movements of a particle, or of a system ofigast or of a rigid body
may be measured. If coordinates of the object nerfieed despite the elapse
of time, we say that the object is at rest. Buat dhange occurs in one, or two,
or all three coordinates with time, then the objs&aid to be in motion.

Figure 3.1 The reference frame.
3.1.4 Inertial and Non-inertial Frame of Reference
Figure 3.1 as drawn will help you conceptualize twla are saying. In

this figure, let P be the position of a particlettwireference to a
rectangular coordinate system. Here, O is theironf the system and



PHY 111 ELEMENTARY MECHANICS

X, Y, Z are its coordinates. A new system of refee with g as the
origin is drawn as shown where, for convenienéés Gaken along the X
axis of the first system. Let'®, 0'Y*! and GZ' be the corresponding
axes of the new system.*Yd and GZ* are evidently parallel to 0Y and
0Z. The point, P has coordinates in the new systelinated as %" and
z' where y = yand z = Zbut x coordinate only undergoes a change. So,
P is a fixed point in both systems. But if x, y¢lrange with time and P
is moving, then % y*, z* will also change with time and P will also
posses a similar motion with respect to the sesystem. That is, both
systems are within the same frame of referencegtihdloe origins of the
different coordinate systems may be different drair taxes may also be
inclined to one another. But if, there is any tiga motion between
these two systems, their frames of reference wldifferent.The co-
ordinate system in which the motion of any object epends only on
the interactions of the constituent particles amongthemselves is
called an inertial frame of reference.

In such frames, Newton’s laws of motion holds godd.a non-inertial
frame, the motion of the objects is partly due nteiactions among
constituents particles and partly due to the moveroéthe frame with
respect to an inertial frame.

At this point, | would like to call your attentido the fact that in nature
inertial frames do not exist. This is becauseprrionged observation
all motions, including the motions of the earthar@ts and even the
stars, are found to be non-inertial. But for nafsihe ordinary purposes
any system of coordinates situated on the eartbiface may be

regarded as an inertial system.

Also note that any co-ordinate system which moveth wonstant
velocity with respect to an inertial frame

is also inertial. Any one of them may be W P&y
considered to be at rest because the

motions are relative. This is known as a
moving frame of reference.

X o x > X

Self Assessment Exercise 1.1

Explain the statement that, in reality,
there is no absolute position of rest.

Y&

Self Assessment Exercise 1.2

What do you understand by the statement that teedspf a car is
100km per hour? This means that the car is chantgnmpsition relative
to the earth and covers a distance of 100km inhooe.
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3.2 Concept of Space
This concept deals with the Cartesian coordinatdspalar coordinates.
3.2.1 Cartesian Coordinates

There are various ways you can specify a poinpacs. In one of the
ways to specify a point in space, we need to krtewaordinates along
two or three mutually intersecting straight lineset at some rigid point
called the origin. These intersecting straigh¢dirare called the axes of
reference. The distances from the point in spadbé axes are found
by drawing parallel lines from it to the axes. Wlbe axes of reference
are mutually perpen-dicular to each other for exdampn a two
dimensional plane, they are called rectangular .axéghen they are
inclined to each other at an angle, other thanght rangle, they are
called oblique axes. The rectangular axes are monemonly used
because they are more convenient to draw. Thedowies referred to
either rectangular or oblique axes are called Ganteco-ordinates. Let
us now give a diagrammatic example of a point iacepin a two
dimensional rectangular co-ordinate system. T&ishiown in Figure
3.2.

The horizontal and vertical lines X¥Xand YY! in Y
Figure 3.2 represent the rectangular axes fixe |
origin, 0. The coordinates of any point in spame “ l
example P referred to the axes X#nd YY' are i
respectively given by x and y. The former is @& .| !
the abscissa and the latter, the ordinate. !
distance r = OP of the point from the origin can !
evaluated in terms of the coordinates X and Yt
follows.

XV

Fig. 4

OP =r =,/x2 +y?2 3.1

This follows from our knowledge of the propertiek a right angled
triangle which you did at the senior secondary sthevel.

3.2.2 Polar Coordinates

We see that just as the position of any point ayivan plane can be
found when its coordinates with reference to tweegiaxes in the plane
are given, the position can also be traced if ib&adce r from the point
of the origin and the angle by which the line joining the point with the
origin is inclined to either of the given axes efarence are known. In
this case, r and are known as polar coordinates.
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Here rsin0=y 3.2
And rcos 0= x 3.3
So, we get the same relation
o= P(si0+co$0) 3.4
= +
or that
=k 24y 2 3.6

These two methods of specifying a point in a regiiéar plane are used
in our daily life. Furthermore, to find the posiiof a point in space, its
coordinates referred to three mutually perpendical®es meeting at a
common fixed origin must be known. Thus to locatpomt in space

requires a three-dimensional rectangular co-ordisgstem having three
axes x, y, and z.

Self Assessment Exercise 1. 3

Draw a diagram showing the Cartesian co-ordinates moint P(2,4) in
a plane surface.

The Cartesian coordinates of a point P (2,4) ishesvn in the diagram
Fig 3.3 .It means that with reference to some fixedyin O , the
location of the point is 2 units along X-axis frdhe origin ,O and 4
units from O along the y-axis.

3.3 Concept of Time

3.3.1 Setting the standard of time

You remember that from our knowledge of Geograpteydarth rotates
round its polar axis. It completes one rotationwhat we call a
complete day. This complete day consists of the tdtae and night
time segments of the earth’s rotation. This isalise during the day
time segment we see the sunlight but during thatriigne segment the
sunlight is obscured from us and we see just daskn&he sun appears
to us to move across the sky because of this divotetion of the earth
about its polar axis. The meridian at a placensmaaginary vertical
plane through it. The sun is said to be in theidn@n when it reaches
the highest position in the course of its appaj@mniney in the sky. The
interval of time between two successive transitiohghe centre of the
sun’s disc across the meridian at any place i®dal solar day. The
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length of this solar day varies from day to dayswse of many reasons
but the same cycle of variations repeats after lar sgear which is
365%days, approximately. The mean of the actual stays averaged
over a full year is called the mean solar day. lé8ck, watch or
chronometer keeps the mean solar time. Theseegndated against
standard clocks and chronometers controlled unglecifsc conditions.
So, this periodic appearances of the sun overleataged over a year
and called the mean solar day had helped us tarmeafgte concept of
time. The time interval between successful appess gives the
standard of time. This was the situation before6019 With
developments in science, the standard of time wanged to the
periodic time of the radiation corresponding to thensition between
the two energy levels of the fundamental statdefatom caesium-133.
The mean solar day is divided into 24 hours. Aarhs divided into 60
minutes and a minute is divided into 60 seconds.

Therefore,
The mean solar day = 24hrs x 60min x 60secs = 8G6y€an solar
Seconds 3.7

This means that a mean solar second is 88,4@@t of the mean solar
day. This gives the unit of time known as the selco

Using the standard of time as the periodic timeo@ased with a
transition between two energy levels of cesium-a&@3n,

1second = 9, 192,631,170 cesium periods. ... 3.8

What has helped us to understand the concept ef?tikmy thing that
happens periodically. For example, the periodigeapance of the sun
over a particular location on the earth.

4.0 CONCLUSION
In this unit you have learnt that every objectpace is in motion.

that a body is at relative rest with respect totla®g so there is
nothing like absolute rest.

that the Cartesian co-ordinates and the polar comies are used to
locate a point in space with reference to a fixegiw.

that the periodic appearance of the sun at a péatidocation on

earth or any other periodic happening has helpedndgrstand the
concept of time.
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5.0 SUMMARY

What you have learnt in this unit

- concerns frame of reference which helps us loaaygoaint or object
in space.
you have learnt that rest and motion are all netati
you have learnt how time is determined.

6.0 TUTOR MARKED ASSIGNMENTS

1. Explain the terms ‘absolute motion’ and relatetion. Which
one of them is more important to man, and why?

2. Explain what is meant by frame of reference. Wiz the

significance of coordinates of a point in a thraeeahsional
Cartesian system.
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1.0 INTRODUCTION

Today, we shall learn about units and measureméuiisminds will go

readily to traders in the market who sells graikes fice, garri or others
who sell clothing materials. These traders do fone of measurement
or the other, depending on what they are sellifgt example, the garri
seller measures the garri with a specific type simd of measuring cup.
The particular type and size of cup has been aedepy the grarri

traders union as the unit of measurement. Inwig they set their own
standard of measurements. Another example iswthah you measure
the height of a man, you are comparing him to aemstick. Science
takes note of what is around us and tries to emplai Therefore, we say
that science speculates, observes and analyseslb&whole basis of
science is rooted in measurement. This is whyuhisof our course is
very important.

There are always two aspects to measurement. Wbensgy that a
person’s height is 1.4m, you notice that in theregpion of the height
of the person, you have a number (that is, 1.4)aandit (that is, m for

metres). You immediately see that the measurermérd physical
guantity consists of a pure number and a unit.

2.0 OBJECTIVES
At the end of this unit, you will be able to:
Explain what is meant by a unit of measurement
State the different systems of measurement in pysi
List the Fundamental Units
Distinguish between a fundamental unit and a ddrivat
Determine the units of a physical quaintly givee thmensions
3.0 MAIN BODY
3.1 Units of Measurement
Fundamental and derived units are discussed an@ sommon units
are discussed. And some common units of measuresmant
enumerated.

3.1.1 Definition of the Standards for Length, Timeand Mass

Important because it makes for uniformity in expemts in physics no

10
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matter where it is carried out in the world as & $n the introduction
to this section of the course.

A very long time ago, people used what was avalads standards for
measurement. Measurement of length using the ™fhe into use in
this manner. Here, the foot is defined as:

The average length of the feet of 20 Gerrman men.

Now, just as the union of garri traders acceptegexific type and size
of measuring cup as their standard for the sakendgbrmity, in 1791
French scientists established the forerunner ofirtte¥national system
of measurements. They defined the meter, the semmhdhe kilogram.
The metre was defined as one ten-millionth™(16f the distance
along Earth’ssurface between the equator and ththdole.
The second was defined as 1/86,400 of a meandayar
The kilogram was defined as the mass of a certazamiity of water.

In 1889, an International organization called then&al conference on
weights and measures was formed. Their missiontwaeeriodically
meet and refine these units of measurement. Tdrerein 1960, this
organisation named the system of unit s based emibtre, kilogram
and second the International System abbreviatdeh8aning in French
-Systeme International). This system is also knag/the metric system
or mks system (after metre, kilogram and secon@jher systems of
measurement exist. This include the cgs systenarfing-centimeter-
gram-second). The F.P.S. system (British system)eafimg
foot(ft),pound (Ib) and second(s)]

The metre, the second and the kilogram are thes umg use in

measuring length, time and mass. Hence we ddimentit as

- The convenient quantity used as the standardeaftsorement of
a physical quantity.

To explain this further | can say that the numérinaasure of a given
guantity is the number of times the unit for it gentained in the
guantity.

To illustrate this,

Get a long stick and measure it with a metre rul&ssuming you
measured out five lengths of the metre. It meaas the length of the
stick you brought is 5 times the length of the metile which is 1metre.
Hence the value of the length of the stick is See{written 5m). Can
you try this?

11
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| would like to draw your attention to the fact thavery physical
guantity requires a separate unit for its measunémgor example, the
unit of area is the square metre’{m

3.2 Fundamental and Derived Units

Fundamental and derived units are discussed and sommon units of
measurements are en ted.

3.2.1 Whatis a funﬁ

These physical quantities, length, time and masskaown as the
fundamental quantities. What this means is thagtle time or mass
can not be derived from any other quantity in pbysand are
independent of each other. So these three quemiitie called the
fundamental units. Recall that the unit of measwmts of length is the

metre, m. The unit of measurement of time is #woRd and the unit of
measurement of mass is the kilogram.

tal unit?

3.2.2 What is a derived unit?

Definition: The units of all physical quantities igh are based on the
three fundamental units are termed derived uniteés Ts how to get
derived unit from fundamental unit. The unit okaris the area of a
square each side of which is of one unit length.

Fig 3.1 shows the area of a square-the shadedoportiFrom our
knowledge of mathematics, we know that area = lexgwidth. The
sides of a unit area have lengths 1m each. There¢he value of the
unit area is one square metre. The mathematigaéssion for it is

Im
Im

Fig. 3.1
Area =1mx 1m=1f
This shows that the unit area is the square metitt€n nf).
Also the unit volume is the volume of a cube, esicle of which is of
unit length. We see that the unit of area or dfahe volume is derived
from the unit of length which is a fundamental uMelocity is another
example of a physical quantity with a derived uniA. body has unit

velocity when it moves over a distance of unit kg unit time in a

12
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constant direction or straight line. Thereforeg tnit of velocity is
derived from the units of length and time.

Mathematically, we write

Velocity = distance (metres, m)
time (in seconds,s): ... 3.1

.. The unit of velocity is metres per second \eritas ms (or m/s).
Self Assessment Exercise 3.1

Can you now determine or derive the unit of for&ecall the definition
of force. This will help you derive the unit ofrée.

We conclude that area, volume, velocity etc aredatived units. All

the mechanical units, and units of all non-mechanguantities like

magnetism, electric, thermal, optical, etc canhwite help of some
additional notions be derived from the three fundatal units of length,
time and mass. This shows the true fundamentakeatf these three
units.

3.2.3 Some Units of Length, Mass and Time in Commduse.

Some units of length in common use in science are:

1 angstrom unit =A = 10%*° m (used by spectroscopists)................... 3.2
1 nanometer = 1nm = Pén(used by optical designers)................ 3.3..

1 micrometer = 18m (used commonly in Biology)............cvcveeeee 3.4

1 millimeter = 2mm = 18M and ........ccoovevevieieeieeeeeeee e 3.5

1 centimeter = 1cm = % (used Most often)..........c.cceveveveeence 3.6

1 kilometer = 1km = 18n (a common unit of distance).................. 7.3

The device used to subdivide the standard of niasskilogram, into
equal Submasses is called the equal arm balanbe. fréquently used
units of mass are:

1 microgram =10g=1bkg 3.8

1miligram =10g=16kg 3.9

1gram =1g =Tfkg 3.10

1pound mass =1lb m =0.45359237 kg 3.11

Units of length for very large distances:

13
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Some objects are very far apart from each othée Astronomical unit

is the unit used in measuring such very large decsa.

- 1Astronomical unit = 1.495 x 1@m = 9.289 x 10miles .......... 3.12

- 1 Astronomical unit, abbreviated 1 Au is takerpe the mean
distance from earth to sun.

Other units for measuring long distances are:

- 1 Parsec = 3.083 x Tkkm = 1.916 x 18 miles 3.13
- Light-year = Distance traveled by light in oyear = 0.31 parsec = 5.94 x
1 miles 3.14

The unit of time as we discussed in unit 1 of tmsdule is the mean
solar second. This applies to both the C.G.S afRdSFsystems of
measurement. It is based on the mean solar déneagandard of time.
If you recall from our discussions in unit 1, thetas day is divided into
24 hours, an hour into 60 minutes, and a minutesdf seconds.
Therefore, recall that,

The mean solar day = 24hrs x 60 minutes x 60 secor@b,400 mean
solar seconds . 3.15

That is the mean solar second is 86,"4part of the mean solar day.
The mean solar second is taken to be the uniba i.e 1s).
3.3 Dimensional Analysis

This section takes us through the definition of elnsional analysis and
dimensional equations.

3.3.1 What is dimension?

Three basic ways to describe a physical quantity the space it
occupies, the matter it contains and how long itsiges. All

descriptions of matter, relationships and event @mbinations of
these three basic characteristics. We have alsmdfothat all

measurements ultimately reduce to the measureniéength, time and
mass. From our discussion on derived units abaxesaw that any
physical quantity, no matter how complex, can b@ressed as an
algebraic combination of these three basic quastiti

For example we saw that velocity is length per time

The relation of the unit of any physical quantibythe fundamental units
(length, mass and time) is indicated by what isvkmas the dimensions

14
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of the unit concerned.

Example[Area] = [L x L]. Length, time and mass specify three primary
dimensions. We use the abbreviations [L], [T] gl for these
primary dimensions.

Definition: The dimension of a physical quantity is the algebr
combination of [L], [T] and [M] from which the quéty is formed.

Let us explain this further using the example dwte. The numerical
value of volume, the unit volume is indicated by].[VThe dimensions
of volume will therefore be given by {IM°.T° or simply [L%]]. For a
unit volume it is [unit length x unit width x uniiteight] that is [L x L X

L] or just [L]]. Thus, we say that volume has three dimensions i
respect of length. Volume is not dependent of uha&s of mass and
time.

Another example to determine the dimensions of gsighl quantity,
velocity is as follows:

Velocity = Displacement= L 3.16
Time T

.. The dimensions of velocity is given by
[L] or [LT™.

3.3.2 What is a dimensional equation?

The equation such as [V] = {LtM° T° or [v] = [LT?] is called
dimensional equation. These dimensional equatielhsis the relation
between the derived units(Volume, Velocity, etcil dhe fundamental
units, length, mass and time of any system of nreasent.

The general expression for the dimension of anysigly quantity is of
the form [l T" M7 of the primary dimensions. The superscripts,q, r
and s refer to the order (or power) of the dimemskor example, the
dimension of area is fLT° M°]. It simply reduces to [f]. So, if all the
exponents q, r, and s are zero the combination blldimensionless.
Note that the exponents g, r and s can be posititegers, negative
integers, or even fractional powers.

The study of the dimensions of an equation is daliemensional
analysis. Any equation that relates physical gtiaat must have
consistent dimensions i.e, the dimensions on ode sf an equation
must be the same as those on the other side. €mefudimensional

15
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analysis is that it provides a valuable check fay aalculations. The
second use is that dimensional analysis helps ogecbthe units of a
physical quantity from one absolute system to agragibsolute system.
Self Assessment Exercise

Using dimensional analysis, determine the unitsagkleration.

Further examples

[Acceleration] = [Velocity =  [distancEe

[Time] [Time x time] 3.17
:J;_[ =[LT? 3.18
[

Your answer shows that the units of accelerationg$

Self Assessment Exercise

[Coefficient of Linear Expansion]

= [Changeinlength] ... 3.19
[Original Length x Change of Tgenature]
Y
[L] x [degrees] = [degfée ... 3.20

4.0 CONCLUSION

In this Unit you have learnt that in making a meament of any
physical quantity, some definite and convenientngjtya of the same
kind is taken as the standard in terms of whichairentity as a whole is
expressed. You have learnt also that this connegantity used as the
standard of measurement is called a unit. You kamnt that some
physical quantities are known as fundamental qtiesti These are
length, time and mass and their units of measurearenthe metre, the
second and the kilogram respectively. You alsonkethat there are
different systems of measurement. You learnt that fundamental
guantities are used to derive the units of all ogiteysical quantities by
using dimensional analysis.

5.0 SUMMARY

What you have learnt in this unit concerns the
$ meaning of a fundamental quantity
$ meaning of the unit of a fundamental quantity

16
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$ different systems of measurement.

This unit has helped you to be able to derive thiéswf any physical
guantity in nature using dimensional analysis.

You have also learnt some units of measuremerdanmuon use.

The knowledge you have acquired in this unit walghyou to do correct
calculations and measurements in the whole of yoluysics and
mathematics courses. In short, the whole of sciehoges on
measurement. So, you can see how important thisi¢Jni

6.0 TUTOR MARKED ASSIGNMENTS

Newton’s law of universal gravitation gives the derbetween two
objects of mass, mand m separated by a distance r, as

F=G (mmy)
r

Use dimensional analysis to find the units of thavdgational constant,
G.
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1.0 INTRODUCTION

When you read the topic of this unit which is ‘“Vat, | know that in

your mind you may be wondering why you have to gtwectors.

Questions like, of what use are they in physicsfatgo crop up in your
mind. You may perhaps know the answers to thesstiquns from your
secondary school physics courses. It is interggtrknow that vectors
are used extensively in almost all branches of ighys In order to
understand physics, you must know how to work wiiletors, how to
add, subtract and multiply vectors.

You are, already familiar with some physical quiaexi such as velocity,
acceleration and force. These are all vector giesitWhat you have
learnt in Units 1 and 2 will definitely aid your igk understanding of
this Unit.

In this Unit, we shall look afresh at vectors andld upon what you
knew before now. We shall begin by defining vectorsa precise
manner. You will learn how vectors are denoted @mtesented in the
literature. You will also learn how to add and tsabt vectors because,
these will be applied in our study of motion, fa@ausing motion etc.

2.0 OBJECTIVES

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

0] define a vector

(i)  express a vector in terms of its componentswn dimensional
coordinate denote system

(i)  Add and subtract vectors

(iv) define the NULL vector

(v)  multiply a vector by a scalar quantity

(vi) express a vector in terms of unit vectors plane.

3.0 MAIN BODY
3.1 Definition and Examples of Vector Quantities

3.1.1 Definition
19
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In the secondary school science courses, you nav& ktudied scalar
and vector quantities. You have learnt about maysguantities like
mass, length, time, area, frequency, volume angbé¢eature etc. You
recall that a scalar quantity is completely spedifby a single number
(with a suitable choice of units). Many more exaesplof scalar
guantities in physics exist. For example, the ghaof an electron,
resistance of a resistor, specific heat capacity sfibstance, etc are all
scalars.

You also learnt about physical quantities like thspment, velocity,
acceleration, momentum, force etc. As you knowesé¢hare all vector
guantities. Thelefinitions of a vectois as follows.

Any physical quantity which requires both magnitudeand direction for it
to be completely specified is called a vector.

Before we proceed to learn how vectors are reptedetet us refresh
our minds about vector notation.

A, A, A orA, A

3.1.2 Vector notation

A When you read different books on vectors you witice that
writers denote vectors differently. Generally, togs are denoted
by a letter in bold face typ&\[ B, C, etc] or by putting an arrow mark
or a curly or straight line above the letter, ocualy or straight line
below the letter, thus, . The magnitude of a verd@imply denoted by

the letter without an arrow mark as In this counse, shall use the
notation to denote a vector.

3.1.3 Representation of a vector

‘® In Figure 3.1 below, vector is represented by the Byt if the

direction of another vector be opposite but has #aene
- A magnitude as vector then it will be representedextor shown

in Figure 3.1.

P Now draw a vector P along a horizontal axis gomog left to right

from point P to point Q. Draw another vector eqoavector P and
opposite in direction.

20
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[- A] You see that the vector language is not a jargqopoSing
vectors are always represented by a minus sigrddfe letter
denoting the vector .

Take note also that if a vector has the same directf another
vector, say, AB its magnitude is 0.5 AB, then itlwie written
as 0.5 AB

®
05AB

B C

>

You noticed that when you wegg-doirlg the exerclseva, you started
drawing from somewheére agd’ended at another plates shows you
that there are three thihgs-you must/consider whjheesenting a vector.
These are: o

0] a starting point algo

A
called the point of applicatiti*
(i)  adirection
(i) a magnitude A A
Now that we have reached this,

point, let us proceed to study "**
the composition of vectors.

3.2 Composition of Vectors

It is possible to have different_vectors representihe same physical
quantity (e.g. three forces). When these thredoveact at the same
point, a resultant vector can be oBtdined by th@pmsition of these
different vectors. Vector composition is done hg method of vector
addition. Let us now look at one of the laws thatde us in vector
composition.

3.2.1 Parallelogram law of vector composition

21



PHY 111 ELEMEARY MECHANICS

® ® H
OAand OB3 In Figure 3.3 above, let us assume that two vectmts

at point O. Now, represent these two vectors
respectively. Using these two straight lines agaaht sides draw a

parallelogram OACB. The resultant of these twoteescacting at point
O is given by which is the diagonal of the paralgghm through O. If
we choose to represent the resultant vector byttarI€, then it is
written as.

This method of gomposition of vectors is known laes t
C = A+ B parallelogram law. "FR&is law is normally stated as:

0] If two vectors acting at a point are represdng two adjacent
sides of a parallelogram drawn from the point, ttien resultant
vector will be represented both in magnitude ameation by the
diagonal of the parallelogram passing through plogt.

Once you have this law always at the back of younrd you will
be able to do addition and subtraction of vectofsother rule
that will aid your composition capabilities is this

mtcare represenhtin
two sides of a gian ¢
taken in order, thet esultant vector will be
represented in direction and magnitude by the thide
taken in the reverse ordgr®, _,

AB +BC=AC

The diagram in Figure 3 . 4 wiIIFH'éFp you undersikdme rule better.

(i) If two vectors &
magnitude and dire
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In Figure 3.4, represents the vector and O and

DOAC A are its starting and end points respectively.

At A, the starting point of the vector Q is
®A placed and it is drawn in proper magnitude and
® direction as, C being the terminal point. This is

OC completed. Then the side taken in the
r =50N reverse order i.e. represents the resulta

vector.

3.3 Addition and Subtraction of Vectors

AC and BC 3.3.1 Addition of vectors

We have seen that the resultant of two vectorsvis gy
the sum of the two vectors. Let us look at furteeamples. If | tell you
that the sum of two vectors is defined as thelsimg equivalent or

resultant vector, what it means is that when | dth vectors as a
chain, starting the second where the first ends, shm is got by

drawing a straight line from the starting pointtbé first vector to the
end point of the second vector as shown belowgniféi 3.5.

Self Assessment Exercise 1.2

®
(0]
f If a force of 40N, acting in the direction due Eastl a force of

30N, acting in the direction due North. Then, thagmitude of the
resultant or sum of these two forces will be

= 50N. This is because applying our knowledgBythagoras theorem

F? =P 2 Q% e 3.1.
=1600+ 900
r?2 =+/2500 = BN ..o 3.2 When
there are
more

than two vectors acting, the resultant can alstobed. Here are some
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illustrations c E

Let us sum 4p the vectprs

® ® ® ® * 18 P
p+q+r + s +...
® ® ®
Then p +q =PR 3.3
) ® ® ®
(i) and PR+r =PS 3.4
® ® ®
and PS+s=PT 3.5

0. 0 T s We see that the sum of the vectors is given bysihgle

vector joining the starting point of the vector ttee end
point of the last vector.

Self Assessment Exercise 1. 3

® ® ® ® . . .
AB + BC + CD +DE Now, find the sum in Fig. 3.8
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e ®®® | would want you to pay particular attention to
this. Suppose in another case we draw the vector

m, n, o, p, g
diagram to find the sum of say ,and discover thista

closed figure, what does that man? It tells ustt@sum or resultant of
those vectors is zero.

That is, for example

Right. What about this one?
® ® ® ®
- CB= BCCD- ED

®
- ED

a @)

® ® ® ®
\ AB CB Cb EB AB B€ CB DE
®
= AE
Find the sum of you notice that some vector tehe® are negative.

vectors or facksg in opposite
Remembet tle. the same

This means there can be negatiy
direction to other vectors ,qp-forces.

magnitude and direction Ut in the opposite seqse.

Also,

® ® ® ® a b
AB + BC - DC- AD
(a) Commutative law

Now, do this one immediately

Find the vector sum

Are you finished? If so, did you get, the answemn2e Then you are
correct, BRAVO!

| also want to draw your attention to the fact thagctor addition is not
an algebraic sum. For example:

® ® ®
c=a+b

25
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® ® As you recall, two vectors can be added graphicadiyng

c andb . : .
either the triangular law or the parallelogram laiWow, in
Figure 3.10b you may assume the forces are acting

simultaneously at a point O, then the vector regmtes] by the diagonal

of the parallelogram through the point of actiorttué two forces is the
sum of the vectors We cannot add the magnitudesto get the

magnitude of .

% +@é From the definitip?t of vector addition it followkdt
= (This we yefef to d€"commutative law for addi}i8.9

(This we refer to as the assaciative law of addjtio

i
3

i u

Thus, the order in which you add vectors does nattan as shown in
figure 3.11.

Fig 3.11: A group of vectors can be added in andgin

3.3.1.1 Multiplication of a vector by a scalar
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Cglaorm(z If | asked you the
question, ‘What is the
y b vector'.  From the
methods of vector addition you can
see that it is a vector three times as
long as 0 © vector and is in the same
direction as vector giving. So, we
(b) Associative law . .
can generalise by saying that
the product of vector, say by a

positive scalar quantity m is. The product is exter in the same
direction as vector but its magnitude is netimes the magnitude of

vector (Fig. 3.12).

Note that if m is less than zero, is acting in dpposite direction to

vector but its magnitude is . So, for m = -1, tiesv vector is and it is

equal and opposite in direction (meaning antipabalio. We readily

find a practical example of this in physics wheteisi depicted in
Newton’s second law, F = ma. Here, force is exg@dsas product of
mass (which is a scalar) and acceleration (vector).

Fig. 3.12 Multiplication of a vector by a scalar
Self Assessment Exercise 1.4

Can you think of more examples?
Other laws which follow the above discussion are.
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® ®
m(na) =(mna 311
® ® ®
(m+na= ma+ na 312
® ® ® ®
m(a + b) = ma+ mb 313

Where m and n are numbers.
3.3.2 Subtraction of vectors

(- ﬁ) 0 a Jhis is similar to what we did during addition agators.
The difference is that here we shall only be adding
negative values to positive quantities. So, schitva of a

vector from vector i.e. can be seen as addingydietor . Thus we can

write
a-b=a+(-b) 3.14
we touched on this earlier
vector addition. So, to
graphically (see Fig. 3.13

® You should recall that
on when we discussec
subtract from

Fig.3.14

ha e multiply vector by -1 and add the new vectsmg

either the triangular law or the parallelogram law.
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3.3.2.1 The Null Vector 0 . c
] Fig.3.16
F +(-<?:):®F ¢ Now, we are going fo
look at another scenario.
This is the case where two equal and opposite
forces are applied to a point (Fig. 3.14). Whatyda think is their
resultant? From our knowledge of vector additiwa,simply add. This

gives a vector of zero magnitude. Secondly, we thae we can not
define a direction for it. Such a vector is caleetlULL VECTOR or a
ZERO VECTOR.

So, to define a null vector we say that,
A Null vector is a vector, whose magnitude is zer@and whose
direction is not defined.

It is normally denoted by O. We also get a nulltee®r zero vector
when we multiply a vector by the scalar zero.

3.3.2.2 Unit Vector

We want to explain what we mean by a unit vectéau will now see

how simple this section is. You already known whait means. It
simply means unit value. That is 1 or one uklnit vector then means
a vector whose magnitude is simply one unit.(i.e.1)

gi Now consider the product of vector with a scalafou can see

a that the magnitude of the vector is 1. This ingplieat a vector of

length or magnitude 1 is called a unit vector. dAlsince is a positive

number, it follows that the direction of vectors along vector. Hence,
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a Is the unit vector in the direction of. Note thia unit vector could

be denoted by the symbol (Fig. 3.15)
Thus we can write

U ® 3.15
a=a.a

A unit vector is used to denote direction in spaco it serves as a
handy tool to represent a vector. This meansahaictor in any
direction can be represented as the product ohagnitude and
the unit vector in that direction. By conventiamjt vectors are
taken to be dimensionless. Let us now go on tondefectors
in terms of their components. 4

a

3.4 Components of a Vector 2 4

o

|
|
|
|
3.4.1 Components of a vector in terms of unit vectors 5 2!

CB@P The vector is defined by its magnitude, r and itsalion, Fig-3.17

It could also be defined by its two componentshie
OX and QY directions. What we are saying herehat is a vector

acting along a plane and could be resolved int@at®mponents.
pp Thus:
is equivalent to a vector in the OX direction pausector in the
QY direction. i.e.

(along OX axis) (along OY axis) 3.16

If we take to be unit vector in the OX directidreh

D @
1
QD
—.C

3.17

Similarly, if we defing to be a unit vector in the OY direction, then

® U]

b=bj 318
®

OP

® . .

r =ai +hj 319

30
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Then the vector can be written as

where T and are the unit vectors in the 0X and 0Y directions
respectively. The sign (called cappa) denotesitavector.

Note: Conventionally, i and j are taken to be the wettors along the x
and y axis in the cartesian coordinate system.

U Since we have defined the unit vectors, we shafiractice omit
the sign (cappa) above, i and |, but always remeriiz they are
vectors.

Self Assessment Exercise 1.5

Let

® ®
a=2i+4jandb =5 +2]

2 N ®b To find draw the two vectors in a chain as shovetow,
Figure 3.18
® ® ®
a+hb =0P 3.20
=(2+5)i+(4+2]j
=7i +6j 321

l.e. we addup the vector components along OX and add up tletorve
components, along OY.

| would like you to know that we can do this with@udiagram like this:

If

® . . ® . .

P=3i+2jandQ =4i + 3]

Then

And in the same way, if we are subtracting i.e.
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® ®

Q- P=4i+ 3j- (3+ 2)) 324
=i +] 325

Similarly if

® . . ® . .
P =5i-2jandQ = 3+ 3]
®
andR =4i- j Then,

Self Assessment Exercise 1.6

P-Q R, (i Y

Complete the working above.
Your answers should be ;
0] 12i
@iy -2i-4j R

Fig. 3.19

Compare your solution with these

® ® ®
(i) P+Q+R=5i-2j+3+3j+4-if 326
=(5+3+4)i +(3-2- )]
=12 327
® ® ®
(ii) P-Q R (5+ 2§ (3 3) (4 1) 328
=6-3 4rt 23 Dj
=-2i- 4] 329

3.4.2 Component of a Vector in Terms of Polar Coordinates

op= In Polar coordinates the vectas shown in Figure 3.1.9 is
resolved along the OX and OY axes thus:

% From the end point of vector draw a perpendicBl@and PD on
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X and Y-axes respectively. Then, OC and OD repttetien resolved
parts of the vector in magnitude and direction.n¢tewe have

OC=0PCos2 =rCos?2 ...3.30
OD=OP Sin2=rSin2 ...3.31
and OC+0D? = OP= r?(Co<2 + Sirf2) = 3,32

CB@P —r Cosqand(cs)D =r Sing Now, are the components of vector in

polar coordinates.
4.0 CONCLUSION

What you have learnt in this unit concerns
. Definition and representation of vectors
How vectors are denoted
Composition of vectors
How to resolve vectors into their components in tirmensional
space
. How to express vectors in terms of their unit vexto
5.0 SUMMARY

In this unit you have learnt that:-

. Quantities which are completely specified by a nandre called
scalars with a suitable choice of units.
Vectors are quantities which are specified by aitpesreal
number called magnitude or modulus and have a tdirecn
space.
Vectors combine according to the following rules

® ® ® ®
m(a + b) = ma+ mb

Any vector can be expressed as
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@

®
\Y

®

\%

\V =

Where is a unit vector in the direction of

Vectors can be expressed in terms of unit vectlonsgathe X and Y
axes of a plane Cartesian coordinate system.

Thus the unit vectors i, j point along the X andaxes respectively.
Then for a vector.

=V, i+V, ]

The quantities Y, V, are the components of. The magnitude of V is

vaz + Vyz

The NULL vector is the vector of zero magnitude amtspecified
direction

6.0 TUTOR MARKED ASSIGNMENTS

1.

Let V be the wind velocity of 50kmi*hfrom north-east. Write
down the vector representing a wind velocity of

() 75 kmh' from north-east

(i) 100km h' from south-west in terms of V.

Answers; to question 1 are:

(i)
(i)

2.

Sy
2
-2V

Let i and j denote unit vectors in the directiai east and north,

respectively. Specify the following vectors inrtex of i and |

0] The displacement of persons going from pointoApoint
B (about 2300km due south) and from point A to p&n
(1700km due east).

Answers to question 2 are:
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1. -2300j
2, 1700i
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1.0 INTRODUCTION

The importance of vectors in physics cannot be evephasised. This
is because most physical quantities we come agrqdsysics are vector
guantities. These include electric flows, magnttix, forces, velocities,

etc. Also, we recall that in unit 2 we discovetkdt every object in the
universe is in constant motion. Since it is ormedkof force or the other
that keeps these objects in motion, and motiondcbel in one, two or
three dimensions and force is a vector. It is irtgod to study vectors in
all these dimensions. By so doing we get an umaledsng of why

certain occurrences in nature behave as they do.

In this Unit, therefore, we shall dwell on vectarspace, resolution of
vectors | three dimensions. You will also learoathvector product.

2.0 OBJECTIVES

By the end of this Unit you should be able to:

* Write the general equation that gives the magnitofda vector in
space

* Resolve a vector in space along three mutuallyeyetigular axes

* Resolve a vector in terms of its Unit vectors aldhgee mutually
perpendicular axes.

» Calculate the Scalar product of two vectors meeding point

* Calculate the vector product of two vectors acthg point.
3.0 MAIN BODY
3.1 Vectors in Space

3.1.1 Magnitude of a Vector in Space

z

Fig. 3.1

The axes of reference are defined by the right-raled Ox, OY and
OZ form a right-handed set of rotation from OX t& @akes a right-
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handed corkscrew action along the positive divacof OZ (Figure
3.1)

Self Assessment Exercise 3.1

Where will be the positive direction for a rightritged cork screw action
while rotating from OY to OZ?..........ccooeeeceee.

The Answer is OX z
S 7
/// /o
I____ ______ -IrP :
| c | :
| |
| I !
' b | L v
| ——
I a/0 >~ s
| ~. 7
Vo ___ N
X Fig. 3.2 L
In Figure 3.2,
®
OF is defined by its component
® . .
a along OX direction
®
b along OY direction
¢ along OZ direction
Leti = Unit vector in OX direction

| Unit vector in QY direction

k Unit vector in OZ direction
® ® ® ®

ThenOR= ai+ bj+ ck 31
also

oL=a+bp 32
and

OP? = Ol*+ C° 33
ie. OFP=a&+b+ ¢ 34
Sq if r=ai+ bj+ ck 35
Then

r=4/(@ +b’*+c 36
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®
The value of r here gives the magnitude of theore®F in Figure 3.2.

This is also an easy way of finding the magnitutia gector when it is
expressed in terms of its Unit vectors.

Self Assessment Exercise 3.2

Now you can do this one
® N
If PQ=4i+3j + X,then/ PQY= ?

®
Theansweris PG |(29) = 5385
This is how to solve it. We are given that

®
|[PQ|=4i+ 3j+ 2k 37
®
\ |PQ (@% F 2° 38
=,/(16+ 9+ 9 =4(29 39
= 5385Answer

3.1.2 Resolution of Vectors in the three mutually
perpendicular axes

Here we want to resolve a vector in space intgotaponents in a three

®
dimensional rectangular coordinate system. Let \‘hetor OP be
situated in a 3-dimensional rectangular coordinsystem with its
starting point O at the origin shown in Figure 3.3

Let OX, OY and OZ represent the axes. Let thedioates of

®
OP be (X,Y, 2). z
N c
VAN
A S PAKY,Z)
\\
7
\
// \
4 \
7 |
2P0 L X
0 >~
v \\
M Fig. 3.3 B
Y

Then, draw the projections of OP and OX, OY andad4d let these be
represented by OL, OM and ON respectively.
If and r are the angles of inclination of
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O®P with OX, OY and OZ axes respectively,

then,

OPCos A=X 3.10
OPCos =y 3.11
And

OP Cosr=z 3.12
OP ?(Co€ + Co¢ + Cosr) = X+ y + 2 3.13

But we know that
OF = OL®+ OM?+ ON = ¥ + Y + 2 3.14
Cod +CoS$+CoSr=P +nf+rf =1 3.15

where |, m, n are called the direction cosines.
2 2 2

y° z X y z
Alsoor o+ 5p* op “op X Top Y fop? 316
=Cosa x+ Cog ¢ Cosrz 317
=Ix+my+ nz 318

Thus the vector OP can be complete resolved in el by the
coordinate of its starting point (O, O, O) and @aiht (X, Y, Z) and in
direction by the three direction cosines (I, m, n).

Now considering the case when the vector lies jptaae, say the XOY
plane, then Z = 0 and we get that

OP = Ix + my 3.19

it follows also that for a vector lying in the XQaane, then y = 0 and
for a vector lying in the YOZ plane, x =0

3.1.3 Resolution of Vectors in Three Mutually perpedicular
axes in terms of the Unit Vectors

The vectors we have considered thus far are twemmonal and Unit
vectors in three dimensions. Now, let us genexdiis any vector in
three dimensional system. This is same as comsglarvector in space.

A vector in three dimensions can be specified Widlitesian set of axes
X, y and z as we discussed earlier in this Unihe Drientation of the
axes is best described using the right -hand rule.
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i X
k
Z

Fig. 3.4

In Figure 3.4 visualize the z axes as pointing @uthe plane of the
paper and perpendicular to both the x and y axdse right-hand rule
says that if you curt your fingers from the x-axesthe y-axes, your
thumb will be pointing towards the positive z-axighis right hand rule
iIs a well established convention and you will coazeoss it in many
areas of physics like in your course in magnetism.

>
//
/
/
/
/
/
/
>

®
A AR AL+ A + A >

Figure 3.5 shows how we resolve a vector into d@sygonents in the
Cartesian coordinate system along the three ax¢sO® and OZ. The
three Unit vectors for the three axes are denoyel pand k as shown
in Figure 3.4. The Unit vector K points in the Kedtion.

In Figure 3.5 vectoA with its origin at O is known as the displacement
vector for its coordinates at A (X, Y, 2).
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Therefore,
The component of vectocgA along x axis = A

The component of vectocgA along y-axis = 4y and

The component of vecto(gvA along z axis = &

This is the same thing as saying that the projaof)@e along x, y and z

axes are /A Ay and Az respectively. They are then multipliedtbg
Unit vectors in the direction of each axis to det vectors 4, A,j and

®
A k. The sums of these components give the vearoand we write

O®A: Ai+ A j+ Ak 320

By Pythagoras’s theories, we recall that the lemgtimagnitude of
® IS

OA

®

OA=[A*+ A?+ A? 321

Self Assessment Exercise 3.3

Draw a vector@ that points in the northwesterly direction, makeugy

angle with the northwesterly direction as showirigure3.6. If north is
chosen as the + y - direction, what is the x corepbof

N

y
|

V
v
l a
| |
W | 90-a = XE
X component = v cap
Fig 3.6

X component of
V =-VCos (90-) =-Vsin
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3.2 Vector Product

3.2.1 Scalar (or Dot) Product

Multiplication of vectors is the same thing as sgyproduct of vectors.
There are two kinds of products of vectors.

(1) The Scalar Product

(2) The Vector Product

The Scalar Product
The scalar product of two no-zero vect%rgncf@B (written as A.B) is a

scalar defined as
® ®
A.B= ABCog 322
Where A, B are absolute values or magnitudes efwéctors

(Z and®B, and 2 is the angle betwe%rhnd% when they are drawn with

a common tail. Figure 3.7 shows what we mean.

The scalar product denoted b%(@)s iIs (sometimes called the ‘dot
product’).

®
B
9 >
Fig 3.7
® ® .
\ A B as given above= AB Cos
This means%®5 = A x projection of B on A 3.23
Or (:DA@)B = B x projection of A on B 3.24

we note that
In either case, the result is a scalar quantity.

Self Assessment Exercise 3.4
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me

>@

® ®
What is OA.OB in Figure 3.8 not that the dot sign means muttaiion
sign. Try it, before checking on the answer below.
The answer is

® ®
OA.OB= &
2
® ®
This is becauseOA.OB=0A0OB COYy
= 5X7 cos45’
1
= 35—
V2
= 35@
2

Fig 3.9

Self Assessment Exercise 3.5

Now, what is the dot product of the vectors showthe diagram below
l.e. The scalar product of

The scalar product of N 9

v

Fig 3.10

43



PHY 111 ELEMEARY MECHANICS

® ® ® ®
aandb=a b=0 326

This is so because

® ®
a.b= abCo90 327

but
Cos98=0

The scalar product of any two vectors at right esadgb each other is
always zero.

What happens if the two vectors are in the
(i) Same direction
(i) opposite direction. For example

® ®
a #
® I
b b
In Figure 3.10 [3__.ors (b)
Fig 3.10
® ® arein the = 0same unecuuil,.
aandb
® ®
Thena.b =ab Cos b=a.b.1 =ab 3.28

® ®
In Fig 3.10b vectors and b = 180 are in opposite directiofl, Then

® ®
a.b= abcosl8( = a.b.¢ 1F- ab
Self Assessment Exercise 3.6

When the vectors are expressed in terms their\gaitors in component
form of we have,

(Zz ai+hj+ck
%:a2i+ b, j+ck
Then
(K@B:(alH bj+cgk.(ait b j+ck 329
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zaa iitab,ij+taci.kt+ba,jit
bb,j.j+bgc,j.k+ cakit chk it gck k 330
Just be careful when expending such brackets abokes will simplify
soon, so no need to worry.
Take note that
ii=1.1.CosB=1 3.31
Similarly j.j = 1 and k.k = 1 always remember this.

Now i.j =1 Cos 98=0 3.32

We see that the following terms will also varnigh i
j.k =0 and k. i = 0 applying these in one expr@ss$or

e @ we have

A.B

® ®

A B=aa+hht ¢cg 333
Since AB agl+t af+ a@+ b@+

bbl+ ¢a0+ chot gacl 334

hence we dropped the terms in zero to assure arsuver above

Properties of dot Product

®®
a.bis a scalar
®® ®0® . .
2. a.b= b.ai.e. the dot product is commutative 3.35
3. @ee @0 6@ l.e. the dot product is associative over addition
a.(b.c)=abt ac
3.36
4_ ® ® ® ® ®
(ma).b=nmabh= a mh 337
® ® ® ® i
5. If ab=0andaand b are not zero, vectors then, a is
perpendicular to b 3.38
®
6. a:x/gzx/aa 3.39
7. @@ For any non zero vector
a.a>0
® ® i =
8. A= 0 onlyifa=0 3.40
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3.2.2 The Vector (or Cross) Product

The vector of two vectors is also known as thexm®duct of the two
® ®
vectors. This is written as.B for the cross product of vectors

® ®
A and BThe result of the cross product is another vectdhus, we
define the cross product as

® ® ®
AXB=(ABsing)c= C 341
where is the angle between

® ® .
A and Bin Figure 3.11

A
® ® ®
(AxB)=C
o ®
N > B
® ® ®
(BxA) il A
Fig 3.11
. ® @ ® ®
The expressionAxBis pronounced ag crossB. The

®
magnitude ofA is , where is A sin, i.e. the angle smaller than or
equal to

® ®
Ofgf£p. Here is a Unit vector perpendicular taandBthe sense or
direction of is given by the right-hand rule: Rotate the firggef your
right hand so that finger tips point along the di@n of rotation of

®Ainto%throughq@ p) -the thumb gives the direction of
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/s

7

)

Defined in this way,®A,% and%are said to form a right-handed triple or
a right-handed triad. Now, think of how you unsecrthe cork of a
bottle. Unscrewing means turning the cork anticklase. The
unscrewing motion is like the right hand rule aralynotice that the
cork moves upward perpendicular to the directiorum$écrewing wise
motion of the car. Also, unscrewing means anttkose motion while
screwing means clockwise which will make the cor&renvertically
downwards in opposite direction to thtdase.

(Fig. 3.29

® ®
Note that in the definition of the cross produbg brder of A and B is
_ . ® ® )
very important. ThuB x A is not the same asxB (Fig.). In fact, you

can use the right hand rule to show that

® ®

® ®
AXxB=- BxXA 342

We conclude that the vector product is not comnueat

Some properties of the vector product are:

® ®
1. AxB is avector
® ® ®

2. AxB=- BXA 3.43

® ® ® ® ®
3. If Aand Bare non-zero vectors, andxB=0 thenA is parallel

®
toB 3.44
®
4. AxA =0, for any vectorA 3.45
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The properties (3) and (4) follow directly from

zero. definition because in both cases

® ® ® ® ® ® ®
Ax(B+C) = ( AxB) + ( AxC) 346

® ® ®
5. (A+B)XC = (AXC) + (BxC) 347

thes

That is, the vector product is distributive ovediéidn. Notice that

the order in which these vectors appear remainsahe.

® ® ® ® ® ®
6. (MA)XB=M(AXB)= Ax(mB) 348

Self Assessment Exercise 3.7

. ® ® .0 . ® ®
If 2=, whatisAxB =90 and if’, whatisAxB

Solution
® ®
If AandBare given in terms of the Unit vector,

then AXB=(ak bt ck X at bi gk
:a132|X|+ ale|X]+ a'J.CZIXk
+ba, jxi+bbix j+bc, jxk
+cakxi+ bb kx f ¢ ¢ kxk 349

Butixi=1.1sin2=1.1sir’&0 3.50

We see that
2ixi=jxj=kxk=0

Also i xj= 1.1 sin 901 in direction 0z
e ixj=k iXj=kjxk=i kxiz]

Also, remember that

IXj=-(xi
jxk=-(kx]j)} since the sense of rotationresersed
kxi=-(ixKk)

48
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Now applying the result of 3.51 and 3.52 and thpressions, you can
simplify the expression f&x@é. We see that what is left is

Axp =00 - bo)it(ag- ac) F(ab ah k 354

This last expression may remind you of the patirrexpression of
determinant.

So we now have that
If

Aai+hj+ckand B= g it b j+ bk 354
I j K
then in determinant form, it is written gg, g- a, b ¢
a, b ¢

This is the easiest way to write out the vectodpmt of two vectors.

Note: (i) the top raw consists of the Unit vectors rder i, |, k
®
(i)  the second row consists of the coefficierftsto
®
(i) the third row consist of the coefficiend$B

Self Assessment Exercise 3.8

If e ®
P=2+4j+ Xand Q= li+5j-

. ® ®
what isPxQ

Solution: First, write down the determinant that represémtsvector
®

®
PxQ

®

i k
®
PxQ=|2 3
1

GENNE

Expand the determinant to get
® ® ‘4

Lo 43| J2 3 f2
= - +
XQ=1g o Uiy . 1

=i(-8 13 j{ 4 § k(10 2
=- 23+ 7j+ & 355
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Finally, note that the result of the cross prodotttwo vectors is a
vector quantity. You should always remember thigpprty of vector
product.

4.0 CONCLUSION

What you have learnt in this Unit concerns

* the determination of the magnitude of a vectompiace.

* how to resolve a vector into its components in éhreutually
perpendicular axes.

» the determination of the direction cosines of amec

» the resolution of vectors in terms of their Uniticgs

* the determination of the scalar (dot) product
* the determination of the vector (cross) produdinaf vectors

5.0 SUMMARY

In this Unit, you have learnt that

® ®
» For vectors Aand Btheir magnitude and direction can be

expressed in terms of their components and Unitovean three-
dimensional Cartesian coordinate system as

®

A= ajita,jtak
A= A= a?s ats o tang =

B=hi+hj+bk
[B= B=/” + b? +

The direction cosines (I, m, n) f¢y, say, is

by

b
| = cos=—= ,m= co¥ =—=2and
B B

b,

n=cosr=—_
B

Here, aand b are the components ¢f ang B. And i, j, k are the Unit

vectors along the positive x, y and z axes. Hme,aanglé; makes

with x-axis. A and B are the angle#And ®B makes with the x, y and

z-axes respectively.
*  The scalar product of two vectors are defined as
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® ®
A.B= ABcog
where 2 in the angle betwegnnd B such thabs g£ p

In component form, for

ai+hj+ckand B gk b j+ gk

®
A.B=aag+hh+ g
*  The vector product of two vectoﬁs@nd@)B is defined as

® ® . ®
A x B= (ABsing) c= ¢
Where 2 is the angle between

A and B such that

0f g£ p . The direction ofc is obtained by the right hand rule.

In component form,

%X®B:(Q9- hot(ae¢ ag+(ab abk
K

& —

i
=& G
& G
*  Rule of thumb for taking cross product of two vestorou would
have observed a cyclic pattern in the cross preduct

IX]; Xk kxi
i

k

Going clockwise direction round the circle all wactproducts are
positive i.e. i x j = k and so on.
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For anticlockwise direction, the vector products aegative i.e. j X i = -
k and so on

6.0 TUTOR MARKED ASSIGNMENTS

1. Find a Unit vector in the yz plane such thas iperpendicular to
the Vectora= + j +k
2. Find the direction cosines [l, m, n] of the \@ct
r=3- 2+ &
® ® ® ®
3. If P=2i+4j+3k and Q=1+5j- 2kwhatis PxQ
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UNIT 5 LINEAR MOTION
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1.0 INTRODUCTION

The topic of this Unit is what we do everyday ofr ¢dives and that is
motion. A living thing that does not undergo ooenf of motion or the
other is assumed to be dead. So, nothing chaisegeour daily lives
more than motion itself. Understanding motion ne @f the key goals
of physical laws. That is why we always begin shaedy of physics and
the physical world with mechanics which is the sc& of motion and
it's causes.

No doubt, you have studied motion at the secondenpol level years
ago. That could be termed as just scratching tibgest. In this Unit

and the subsequence one’s, we shall go into mdeelsien the topic.

This Unit will treat rectilinear motion, that is,ation in one dimension
(straight line motion) in more details. The toptowered in Units 1 to 4
will help you to understand this unit better-soaxe The stage has
already been set for you. | wish you happy readiigthe back of your
mind, as you read, just remember what happens @agryaeroplanes
fly, cars move, pedestrians walk, athletes run etc.

2.0 OBJECTIVES

By the end of this unit, you will be able to
- Define in scientific terms what motion is.
Define the velocity and acceleration of a particledergoing
rectilinear motion.
Distinguish between average and instantaneous itielo¢ a
particle undergoing
rectilinear motion
State the laws of motion
solve problems concerning rectilinear motion ofeglsg using the

laws of motion
3.0 MAIN BODY
3.1 Definition of Motion

Let us begin the study of this Unit by asking theestion “what is
motion™?. Maybe you are wondering why this questwinen it is so
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obvious to everybody as something we do everydagsides in unit 1,
we learnt that everything in the universe is iniomtcontinuously. So
what is motion? We say that an object is movingt ithanges its
location at different times. This means that oudgtof motion will deal
mainly with questions like where and when?

Definition: Motion may be defined as a continuotmrge of position
with time.

During motion, we notice that different points inbady move along

different paths. Let for simplicity we shall coder motion of a very

small body which we shall refer to as a particl&eTposition of a

particle is specified by its projections onto theee areas of a Cartesian
coordinate system. As the particle moves along @t in space, its

projections move in straight lines along the theeees. The actual

motion can be reconstructed from the motions aé¢htaree projections.

But firstly, we shall discuss one dimensional motialso known as

rectilinear motion and later extend it to two aridee dimensional

motions.

3.2 Motion in a Straight Line and Parameters for descrbing
Motion

This section describes motion in a straight lind #me parameters for
describing motion. These are displacement, vel@ity acceleration.

3.2.1 Displacement
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satellite
(@
(b)
Fig. 3.1

If you run on a winding path from point A to poiBt(Figure 3.1a) and
travel a distance of 240m in 20 seconds, then gwarage speed is

—_ -1
20secs 12m5 31

Speed=

Similarly, a car that takes 2 hours to travel frookoja to Abuja along a
winding road, a distance of 200km is said to hameawerage speed
given by

distance  20Ckm
Speed= —; = 3.2
time 2hrs

= 10kmh!

An object changes its position at a uniform ratéhait reference to its
direction. In other words, speed is what we caltalar quantity. Also if
a satellite (Fig. 3.1) revolves round the earthecing a circular path
60,000km in 24 hours its average speed is

60,00Gm
24h
250%kmh*

Averagespeed

But if the satellite moves through equal distanegeequal times, no
matter how small the time intervals the satelkteaid to have a constant
or uniform speed.

In going from one point to another irrespectivetloé path taken to do
the journey the motion is said to be over a distaf to B. For example
the cases cited in Fig.3.1 such a journey undemtaké&ing a time
interval possess speed. Distance does not havepmwfied direction,
hence it is a scalar quantity.

3.2.2 Velocity
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A particle or car travelling between two locaticersd limited to make
the journey in a specified direction, say’3fue North in some time
interval is said to posses velocity, because

displacemat

- 33
Time

velocity =

Consider a particle moving along the x-axis as igufe 3.2a above.
The curve in Figure 3.2b shows the graph of itpldsement with time.
At time t, the particle is at point P in Figure 8 ®here its coordinate is
X1. At a later time 4 whose coordinate is xt has moved to point

The corresponding points on Figure 3.2b are labgdland g.
(j The displacement of this particle is then given the X with
magnitude X vector, - x; along a specified direction the x-axis
which is a straight line. The average velocity the particle is defined

by

_ Dx

U 34

C Dt '

%t whereDx = X, - X, is the displacement aridt is the time interval
between when the particle is at point P and whes &t point Q.

Note that average velocity here is a vector quattécause is a

vector quantity since is a scalar quantity. Thedtion of is the same as

the direction of the displacement vector. The nitage of the average
velocity is

- . X=X DX
N =U=L7% o 322

In figure 3.2b, the average velocity is represeriigdhe slope of the
chord pq given by the ratio of

X, - X,orDx to t,-t, or Dt
i.e.
X, = X, Dx

| = = =U ;
Slope Lot Dt U 3.5

This is exactly the same as we got from figure BRewriting equation
3.5a we get that
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X, - x=U(t,- t,) 3.6

If we take the time the particle starts its jourme@ye time t = 0, then the
corresponding position is taken as(ke. initial position). After a later
time t, the particle is taken to be at positiomert equation 3.6 becomes

X-X=Ut 3.7

Now, if the particle is at the origin when t = @ieh % = 0 and equation
3.7 reduces to

®
X =U t 38

Instantaneous velocity

Dt The velocity of a particle at some one instantrokt or at some one
point of its path, is called its instantaneous o We have seen
that average velocity is associated with the emtisplacement and the

entire time interval. When the point Q, taken &dboser and closer to

point p, the average velocity could be computedviery small time
intervals- until a limiting time interval is reaaheThis limiting time
interval we refer to as an instant of time. Heweedefine instantaneous
velocity as

g =0 X 3.9
" Dt® 0Dt '

Dx Instantaneous velocity is also a vector quantitypsehdirection is
the limiting direction of the displacement vectd8y convention, a

positive velocity indicates that it is towards tight along the x-axis of
the coordinate system.

Note that as point Q approaches point p in Figur2a,3point g
approaches point p in Figure 3.2b, in the limitcase the slope of the
chord pq equals the slope of the tangent to theecat point p. (Take
note that the diagrams have not been drawn to)scale

The instantaneous velocity at any point of a
coordinate-time graph therefore equals the slopthef
tangent to the graph at that point.
As a rule of thumb, if the tangent slopes upwaadghe right , its slope
IS positive, the velocity is positive, and the roatis to the right. But if
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the tangent slopes downwards to the right, thecitglass negative. At a

point where the tangent is horizontal, its slopeer and its velocity is
zero. If distance is given in meters and time icosels, velocity is

expressed in meters per second {t Other common units of velocity
are:

Feet per second (ff'$ centimeters per second(cifl)s
miles per hour (mi ) and knot (1 knot = 1 nautical
mile per hour).

Self Assessment Exercise 3.1

Suppose the motion of the particle in Figure 3.2léscribed as the

equation x = a + Btwhere a = 20cm and b = 4cfy s

(@) Find the displacement of the particle in tmaetiinterval between
t, = 2s and.t= 5s

(b)  Find the average velocity in this time interval

(© Find the instantaneous velocity at time 2s.

Solution
For (a) at timet= 2s the position is
X, = 20cm + (4cm3 (2s)
= 36cm

at time } = 5s;
X, = 20cm + (4cm3(5s) = 120cm

The displacement is therefore
Xp - X1, = (120 - 36)cm
= 84cm

For (b): The average velocity in this time interigl

®  X,- X, 84cm 3
U= = 28ms
t,-t 3s

Dt x=20cm + (4cm% (2s + ¥
Dt =36cm+ (16cm?Y + (4cm &) ()

Dt The displacement during the interval is
Dt? =36cm + (16cm’y (4cm &) - 36cm
Dt2 =(16cm &) + (4cm $)

Dt The average velocity during is
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- Dx i 1
U :E:160ms +(4cm s °) Dt

Dt For the instantaneous velocity at t = 2s, we lppraach zero in the
expression for

U
\U= 16cm s
This corresponds to the slope of the tangent att (fbin Figure 3.2b.

3.2.3 Acceleration: Average and instantaneous aceeation

When a body accelerates in motion, it means tlsavetocity changes
continuously as the motion proceeds.

Figure 3.3 shows a patrticle, P moving along theig-aThe vector vis
its instantaneous velocity at point P and the wegtorepresents its
instantaneous velocity at point Q. Its instantaiseeelocities between
points P and Q are plotted against time in FiguB® &s shown above.
Points p and q corresponds to points P and Q it (jpar Thus, the
average acceleration of the particle is given asr#iio of change in
velocity to the elapsed time i.e

®
a = = — 310

\;@ i <\@/ *where t, and % are the times corresponding to the velocities.
2 1 2

Note that since are vectors, the quantity is atorec

difference and must be found by the method of vestibtraction you
learnt in units 3 and 4. But in rectilinear motibath vectors lie in the
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same straight line. So in this case, the magnitddiee vector difference
equals the difference in the magnitudes of thearsct In Figure 3.3b
the magnitude of the average acceleration is repted by the slope of
the chord pq.

Dt The instantaneous acceleration, of a body i.eadseleration at
some one instant of time or at some one pointsopdth is defined
in the same way as for instantaneous velocity. clenis defined as the
limiting value of the average acceleration when gbeond position of
the particle is taken much closer to the first posias tends to zero.
ie.

fim

a Dt® = 311
a=D®0o — :
Dt

Note that the direction of the instantaneous acatta is the limiting
direction of the vector change in velocity. Instar@ous acceleration
plays an important role in physics and is more dely used than
average acceleration. Subsequently, the term exetiein will be used
to mean instantaneous acceleration. Acceleratibopurse, is a vector
guality and the definition just given above applesvhether the path of
motion of the particle is straight or curved. Ingliie 3.3b the
instantaneous acceleration is equal to the sloptheftangent to the
curve at any point say, p of a velocity-time graph.velocity is
expressed in metres per second, then acceleratiexpressed in metres
per square second (rif)s Other common units of acceleration are feet
per square pound (ff$and centimeters per square second (&n s

Note that when a body is slowing down its motiong way it is
decelerating.

Self Assessment Exercise 3.2

Given that the velocity of a particle is V = m # mthere m = 10cm’s

and n=2cm’$

(@) find the change in velocity of the particle time time internal
between4= 2s andt=5s

(b)  find the average acceleration in this timeinal.

(c) find the instantaneous acceleration at tiime £s

Solution:
Givenv =m + rft
for (a) : Attime { = 2s (m = 10cm%, n = 2cm
v; = 10cm & + (2cm §)(2sY
= 18cm¥
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Attime t, = 5s
V, = 10cm & + (2cm &) (5sf
= 60cm 3

The average velocity is therefore
Vo - vy = (60 - 18)cm'S
=42cm &

for (b)

U, -U, 4Zms?
t,-t,  3s

®
a = = 14cm s°°

This corresponds to the slope of the chord pqguife 3.3b

For (c) attime t = 2s Bt
v =10cm & + (2cm §)(2s +Dt)?
=18cm 8 + (8cm &) Dt (2cm &°)Dt?

tis The change in velocity during

-18cm &
=(8cm &t )+ (2cm &t) )

tis Hence, the average acceleration during
v=18cms ™+ (8cm &t + ) (2cm §t) )

® ®,

a = DU =8cms? Dt + (2cm §°) (D)2

Cg\>t®0 attimet=2as is
®

a = 8cm &.

This corresponits to the $lope of the ta’ngent gpoire p in Figure 3.3b

Fig. 3.4
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3.2.4 Rectilinear motion with constant acceleration
Rectilinear motion with constant acceleration metwas the velocity of

the particle changes at the same rate througheuntition. The velocity
time graph is then a straight line.

Fig. 3.4: Velocity time graph for readilinear natiwith constant acceleration
Since the slope of the chord between any two paintthe line are the

same, the average velocity is the same as thentastous acceleration
in this case. Hence eg 3.10 can be replaced by

312

Now let t = 0 and { = any arbitrary time. Let v be the velocity and t
= 0 and v the velocity at time t.

Then eqn. 3.12 becomes,

UG,
T t-0

or simply,
U=UO +at 313

Hence, we say that acceleration is the constamtofathange of velocity
or the change in velocity per unit time.

Note that for motion with constant acceleration, &ve that average
velocity between time t =0
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and time, tis
- U+
U—UO v 314
2
When the acceleration is not constant the veldaiye graph is curved

as in Figure 3.3.
Recall that by definition

X, - X
tz'tl

®
U =

for time t = 0 and a later time t
Let X, be the position at t = O (initial position) and ebe the position at
time t (final position). Then, the proceeding etuabecomes

®
X- %= Ut 315 .
substituting the expression for v in equation Jjil4s
U, +U
X - X,= 5 )t 316

Then using equation 3.13 and 3.16 to eliminated/ tamnd substituting
for v in equation 3.13. We get

U, +U, +at
X- X, = (%
or
x-Xx,= U, t+ %at 317

Now solving egn. 3.13 for t and putting the resukqgn. 3.16 we have

0, +0 0-0 0 -U0%

X- %= ( 5 ) ( 3 )=( oa )
or
U? =, Ra(x -x,) 318

Note that the following equations 3.13, 3.16, 3ahd 3.18 are called the
equations of motion with constant acceleration. u¥are required to
know these equations of motion by root so that gano easily apply
them in solving problems in physics.

Self Assessment Exercise
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A boy rolls a ball along a flat straight platfornT.he ball possesses an
initial velocity of 2m5" when the boy release it and it shown down with
constant negative acceleration of -0 2f HHow far does the ball roll
before stopping, and how long does it take to stop?

Solution
Choose a coordinate system with x = at the poirgrevlthe ball leaves
the boy’'s hand, and start the stop watch (clock)=at0 when the ball
leaves his hand. The aim is along the directiothefballs motion. The
initial conditions are then

Xo = 0m

to = 0s

Vo = 2m5*
The accelclaration Is negative along t x-directiod has constanted value

=-2m5

Now, we know the initial and final velocities (zg¢ras well as the
acceleration. We do not know the final positidrtlee ball or the time
elapsed. So, how world you solve this problem? M&k at the

equations of motion and find out by process of glation which are to
apply here to help us arrive at the answer. Wetlsaewe need egns.
(3.18) and 3.13

Hence,

VERRVA

X=X, o
2a Substituting our values we get

(Om) +(0m/ 9%- (2m51h)?

2(- 0.2m57?)
—10m Answer Also for the second part

(m5 %) - (2m5 1)
-0.2m5?
=10s Answer

l.e. t=

Now, having concluded this section, let us movdmthe discussion of
motion in more than one dimension for which youlwihd your
knowledge of resolution of vectors treated in uBiend 4 very.

4.0 CONCLUSION
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In the unit you have learnt that

Motion involves change in the position of an objih time.
The language used to describe motion is distang@atiement,
velocity and acceleration.

To define velocity and acceleration of a movingtigle

You have also learnt how to compute the displacémehocity
and acceleration of a

body in motion alone dimensional axis-the x-axis.

To state the laws of motion

To solve problem concerning rectilinear motion aftles using
the laws of motion.

5.0 SUMMARY

What you have learnt in this unit are:
In discussing distance and speed a body changésopaast a uniform
rate without reference to its direction i.e. taice = speed

time taken

Speed is a scalar quantity

In discussion displacement and velocity a body gkanposition at a
uniform rate with reference to a specified directey. Motion due east
or 45 west of North.

®

® displacemat D X
U timetaken Dt

velocity

Velocity is vector quantity

That instantaneous velocity is the velocity of aipke at any one instant
of time. It is also the limiting value as the tinméerval two positions
(initial + final positions) of a particle tends zero i.e.

® lim

U D® 0

Dx
Dt

That when the velocity of a particle changes withet it results in the
acceleration or deceleration of the particle depenar whether the
motion is increasing in speed or decreasing i.e.
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®
© _%® % Dy
a  t-t Dt

@ im Py
a Dt®0 Dt

That instantaneous acceleration is the accelerafi@aparticle at some
one instant of time i.e. . It is also given by #hepe of the tangent to the

curve at any point of a velocity-time graph.

That constant acceleration results from when thecity of the particle
changes at the same rate through out it motion.
That the equations of motion are given by

- -

1 U=y, +at
U, +U
t
2 )
. x- x,=U, t+3 af
4 U* =U> +2a(x -x)

2. X- %= (

UO where x is the displacement of the particle, hesvelocity at time t

= 0i.e. p. Vis the velocity at a later time t ; a is the @ecation of
the particle.

6.0 TUTOR MARKED ASSIGNMENT (TMA)

1. A runner bursts out of the starting blocks Oafter the gum
signals the start of a race. She runs at consiargleration for
the next 1.9s % the race. If she has gone 8.0en 2f0s, what
are her acceleration and velocity at this time?

2. Table 1 Times for 100m Race

Distance (m) Time(s)
0 0
5 1.50
10 2.00
15 2.50
20 3.10
25 3.60
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30 4.10
35 4.60
40 5.00
45 5.50
50 6.00
55 6.50
60 7.00
65 7.50
70 7.70
75 8.20
80 8.70
85 9.10
90 9.60
95 10.00
100 10.50

For table 1 above, using graphical techniques dwter the velocity at
times t = 2s.

3. Suppose that a runner on a straight track coaedsstance of
1mile in exactly 4 minutes. What was his averagieaity in (a)
mi h*? (b)ft 5 ? (c) cm 5?2
The Answers are
(@) 1.5m i ; (b) 22 ft 5'; (c) 672 cm5.

4. A body starts from zero and attains a velocftg@m 5 in 10s.
It continues with this velocity for the next 20stiurt is brought
to rest after another 10s. Sketch the -Time gfaplthe motion
and find the acceleration and the distance covegthg the

motion.

Ans: acceleration = 2m%
Retardation = -2m%5
distance covered = 600m
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Module 2

Unit 1: Motion in More Than One Dimension
Unit 2: Force

Unit 3: The Projectile Motion

Unit 4: Impulse and Linear Momentum

Unit 5: Linear Collision

UNIT 1 MOTION IN MORE THAN ONE DIMENSION
CONTENTS

1.0 Introduction

2.0 Objectives

3.0 Main Body
3.1  Velocity and Acceleration
3.2 Uniform Circular Motion
3.3 Relative Motion

4.0 Conclusion

5.0 Summary

6.0  Tutor Marked Assignment (TMAS)

7.0 References and Further Reading

1.0 INTRODUCTION

In treating the topic, motion, we have so far dssad only motion along
a straight line or rectilinear motion. In this ckap we shall consider
motion in more than one dimension. This is the sHnmg as discussing
motion in a plane and in three dimensions. You haadised, from your
studies of unit 1 to 4 that our physical world msthree dimensional
space. So, as a particle moves, its co-ordinatéls weference to a
specified frame changes in two or three dimensampending on where
the motion is taking place. Having realised fromitud that the

parameters for describing motion which include kispment/distance,
velocity and acceleration are vector quantities, skall draw on our
knowledge of vectors from units 3 and 4 to undetdnis Unit better.

We shall also study circular motion which will givis an insight into
satellite motion, and then conclude the Unit withdges of Relative
Motion. Other types of motion and causes of motigihbe developed

in the subsequent Units.
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2.0 OBJECTIVES

By the end of this unit, you will be able to:

0] determine the displacement, velocity and acedgien of a
particle in two or three dimensions in any givemanfie of
reference.

(i)  distinguish between average and instantaneeel®city, and
average and instantaneous acceleration in two aeeth
dimensions.

(i)  determine relative velocity and acceleratiohone particle with
respect to another particle

(iv)  solve problems concerning relative motion amiform circular
motion.

3.0 MAIN BODY

3.1 Displacement, Velocity and Acceleration

Let us consider the motion of a particle in spdag 8.1)

Fig. 3.1

D(F)nd(? +D®r If the particle is at position A at some instanttiofe t
and at position B at another instant of timeDt+Recall
that the position of a particle in a particulamfie of reference is given
by a position vector drawn from the origin of th@ocdinate system in
that frame to the position of the particle. In almgram (Fig. 3.1), let
the position vectors of A and B with respect toed kespectively. The

displacement of the particle in the time interval equal to in the

direction AB. Thus, the average velocity of thetjgée during the time
Dt is given by

0, =2 31
aV_Dt

D(F) The direction is the same as that of sibtes a scalar quantity.

- av
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® We note that is the velocity at which the partigleuld have

* travelled the distance AB in uniform and rectilineaotion during
the time intervabDit.

Self Assessment Exercise 3.1

If the displacement versus time equation of a garfalling freely from
rest is given by

x=(4.9m s°) ¢t

Where x is in metres, t is in seconds. Calculageaterage velocity of
the particle between time, £ 1s and 4= 2s and also betweeft 3s
and f, = 4s.

When you solved exercises 3.1, you noticed thatvélees of average
velocities during the two time intervals are nat game.

Such a motion is described as non-uniform motiArpractical example
of non uniform motion is the motion of a bus leayione bus stop and
travelling up to the next bus stop. The velocifytlee bus at a given
instant of time can be found.

T? We remark that the velocity of a particle may clenag a result of
change in magnitude, direction or both. In Fig8r&b above, the
average velocity during the time intervat is directed along the chord
AB but the motion has taken place along the arc)(ABhe average
velocities during the intervaBt'(i.e A to BY) andDt* (i.e. A to B") are
different both in magnitude and direction. The dirimterval Dt** is
smaller thanDt', which is in turn smaller thabt. Note that as we
decrease the interval of time, the point B appreach, i.e. the chord
approximates the actual motion of the particle dsetThese points
finally merge and the direction of coincides wilie tangent to the curve

at the point of merger.

®

ﬂaSDt® 0
Dt 1

%f As Dt decreases, the ratio approaches a limit. Théeowrelaving

Dt the magnitude equal to the limit of the ratios edllthe
instantaneous velocity of the particle at time heTinstantaneous

velocity is the direction of the tangent to thewauat the given moment
of motion.
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Thus,
® ®
O =pt@o2F = 4T 31
B Dt dt '

f In other words, the instantaneous velocity is thevative of with

o respectto time.
(l@'J _dr 3.2a
Cdt

f It follows from equation 3.2a that if has compaisen vy, z then

differentiating the RHS we get

since i, j, k are independent of time

®
®@ dr d . .
U = at —Et(XI +yj +zk)
%—Xgl +i%+ Ej.i.d_y +Zﬂ( +kd_z
~Xat T at Yar ar Tar T at
d d d
——Xi+—yj =2
dt dt dt

=0, i+U, j+U,k where
@ dxe dye  dz
Y= ae Y Tar Y Ta 3
Note that if we were using coordinates alone tdemte equations for
velocity, we would have to write three equationsirm&quation 3.2b.

The advantage of the use of vectors is that it lesals to write a single
equation as in equation 3.2a.

Representing the instantaneous velocities of thecf@mwhen it passes
through points A and B of its path as shown in Feg8.2,
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Fig. 3.2

We see that the velocity at B is different fromtthBA. This means that
the velocity is changing in magnitude and directiobhus the particle
experiences an acceleration. Definition of averageeleration is given
thus:

® o o . . e
a. U+D UIf the velocity of the particle changes from withihe

time interval from t to t + t, then the average
acceleration during this interval of time is givien

a —D—U 33
av Dt .

Dv/Dt The direction of is along . Remember thdtis a scalar quantity.

/
Ly
Now, as the interval of timet decreases, the ratio approaches a
limit. Hence we define the instantaneous acceteratf a particle at
any particular instant of motion as

® ®
2= D 0= 242
D dt '
® dL'Cj)X = d ngby . d L'@JDZ
T Tae T Tar % T ar 4o

So, from our knowledge of calculus, acceleratiorthis derivative of
velocity with respect to time, i.e. and in compohform, we have

Self Assessment Exercise 3.2

Given a wire helix of radius R oriented verticadippng the z-axis. If a
frictionless bead slides down along the wire (Ei§).3and its position
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® : S
{ (1) = (Rcobt)i + (Rsinbt) | - cfk vector varies with time as

(2 where b and c are constants, find and , where aate the
velocity and acceleration expressed as functiorts of

Solution:

?(t) From the expression for given. We know that fa three axes,

X, Y, Z.
x=Rcoshty=Rsinbt, z=1%ct

Recall that

T dx. d d
Gy adr_dax. dy. dz
U(t)_dt ~at Tat! +dtk

\ U (tF ¢ 2th Rsinb®)i (2bRcobt)i (cik

® The acceleration is given by

a(t)

®

® dL
a(t) = T (4t*b*Rcodt - 2Rksin bt)i

+(- 4t?RESinb+ 2Rbcodt) j- ck

Self Assessment Exercise 3.3 R

A particle moves along the curve y = Asuch that x =
Bt, A and B are constants.
(@) Express the position vector of the particle

Fig. 3.3
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CF)(I) the form =Xi, + Y],
0= er (b)  calculate the speed of the particle along gath at
any instant t.
Solution:

®

(a) r(t) = Bt + AB%t?|
SERUICN i
(b) U= () =Bi2AB

® ’
\ Speed 41 }:U: (B 4A%t?B*

=B 1+4A*t*B°

3.2 Uniform Circular Motion

We shall now use the concepts we have developethrsto study

uniform circular motion and you will see how simyevill all become.

Uniform circular motion plays an important role physics. Uniform
circular motion approximates many diverse phenomsmeh as rotation
of artificial satellites in circular orbits, desigg of roads, motion of
electrons in a magnetic field etc.

y

Fig.3.4 Uniform circular motion

In Figure 3.4, let us assume that a particle Peisopming a circular
motion along the circle, part of which has beerrespnted by the curve
with broken lines. This particle, therefore, mains a constant distance
r from the centre of the circle, O. Let us alsouass it turns through a
constant angle 2 in a fixed time. Let A be the posiof the particle
along x axis at time t = 0. Now, t seconds lalieis at point P after
describing an angle 2 (= < AOP). Through 0 we drgaxis
perpendicular to x-axis. Let the coordinates oivith respect to the
mutually perpendicular axes x and y be (x, y). nkm@ur knowledge of
trigonometry and our course on resolution of vectorunit, 2 and 3 we
have that:
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x=rCos 2
y=rSin 2 3.5a

Now, if the angle described per second by the gartbe a constant
equal to 2 (pronounced ‘omega’) radians, then 2t=and eqgn. 3.5 can
be written as

X =r Cos 2t
y=rSin 2t 3.5b

-
or
- =r cosu#d +r sin wij,

T is also known as the angular speed of the partidle note that the
position vector of the particle at P is given by

= -r2sin Tti + r 2cos 2tj .73

= Wl + V,j
where \{ =-rTsin Tt, \{ = rT cos Tt 3.8

The magnitude of velocity is therefore,

® de
U dt
t=0= [0 +Q

=r2w?=mw 39

~®

What is the direction of this velocity? To find pldt us calculate

C\@

~ 0

= (-rT Sin Tti + rT Cos Ttj).(Cos Tti + r Sin )

C\@
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= - T Sin Tt cos Tt +7Cos Tt Sin Tt =0

® ®
O 7 = We see that

2 Since V. r =0 is always perpendicular to. Tihiplies that V is

R
always along the tangent to the circular path. E@mreveals that

has a constant magnitude. We have found thatifoular motion, the
particles velocity constantly changes directionause it (the velocity)
is always along the tangent at any point. So, weclude that the
velocity vector is not constant, i.e., the particles an acceleration. Let
us denote the particle acceleration by and thed flre appropriate

expression for it .

i@/ Recall that acceleration

:dat
® _ .. i 2 i ;
3 =rw “ coswti- rw “sin witj 3.10
R
= - w? (coswtit r sin wtj
® ®
\ aF- wr 311

We, therefore, have from Eqn (3.8) that
Since v = Tr from Eqn 3.9, we get

- W= =— 312

® The negative sign in the expression for the acatter Eqn (3.11)
r Indicates that the acceleration is opposite totawards the centre

of the circle. | would then like you to remembleatta particle moving
with uniform angular speed in a circle, experienegs acceleration
directed towards the centre. This is known asrigeial acceleration.

Example
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Let us calculate the period of revolution of a Bis¢emoving around the

earth in a circular equatorial orbit,
(Fig. 3.5). e TN o
Let the velocity/ Y of the satellite in the
\h ‘ ’ ///
Fig.3.5

% orbit be, and the radius of the orbit be r. Likeg &ree object near the

earth’s surface, the satellite has an acceleratimards the centre of
the earth (= g, say), which is the centripetal bre#ion. It is this
acceleration that causes it to follow the circydath. Hence from Eqn
(3.12), we have

orU? =g'r

If the angular speed of the satellite is T, wefgah Eqgn (3.9) that

wr?=g'r

or

Again the time period T is given by

_p_, |
T= W—Zp\/;

or

Where R = the radius of the earth and h = the heiflthe satellite
above the surface of the earth.
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The orbit of the first artificial satellite Sputnilwas almost circular at a
mean height of 1.7 x 26 above the surface of the earth, where the
value of acceleration due to gravity is 9.26f s

Thus the time taken for the satellite to complete oevolution round
the earth was

_ (6.37x10 +017x10)m
— P (9.26)m s 2
Self Assessment Exercise
3.3
=5.28x 10 s=1hr.28min
A flat horizontal road is
being designed for 60kritspeed limit. If the maximum acceleration of
a car travelling on the road is to be 1.5 frasthe above speed limit,
what must be the minimum radius of curvature faowesa inrthe road?

Solution

v U
—>a or—>T
r a

U Ui
or <8y, =

Since U=60km h!, a =15ms
\ r = 18x10'm

min’

Let us recapitulate what you have learnt so fau Yiow know that the
language for describing motions is displacementjoory and
acceleration. You have also learnt about thesetfjiegnusing vectors.

We have also pointed out that the position, veyoaitd acceleration of a
particle can only be defined with respect to soeference frame. The
friends travelling in the same car are at rest wi$pect to each other,
while they are in relative motion with respect tpeason standing on the
roadside. The velocity of their car as measuredhleyperson standing
on the roadside will be different from that measulyy an “Okada”
cyclist moving along the same road. Hence, sathatja car moves at
say, 60kmit means that it moves at 60kthelative to the earth. But
the earth itself is moving at 30knT helative to the sun. Thus the speed
of the car relative to the sun is much, greaten B@km K. By these
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examples we are only trying to show that all mot®melative. This is
interesting, isn’t it? Often in practical situatjowe need to determine
the relative position, velocity and acceleratioragbarticle or an object
with respect to another one. In the next sectienswall find out how
this is done.

3.5 Relative Motion

In this section, we shall discuss relative motiodour knowledge of
units 1, 3 and 4 will be applied here.

r® and f Let be the position vectors of particles P ande&3pectively,
p Q

at any instant of time, with respect to a fixedgoriO. This
has been drawn in Figure 3.6 above.

®
Or I, =T, - T 316

® | Thus, the relative velocity. of P with respect @is got by

fq

p
differentiating with respect to time.

Thus,
® ®
B d ® d r d o
UQ :—rQ = =
P dt ®P dt dt
or
® i ®
Vop=Up - Vg 317

a® Relative acceleration of P with respect to Q usgily,
Qp

dd. 4t
® d e U
a -_—— U - p _ Q
o™ g (Yer) =5 dt
or
® ® ®
Aop=ap - 3, 318
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a® 0 If is constant then and we conclude that
’ ® ®
Agp=ap

This means that the relative acceleration of P wa$pect to Q is the
same as the acceleration of P with respect to Oviged Q has a
constant velocity with respect to O.

Let us consider the practical problem of Navigatiand avoiding
collisions at sea. Imagine that two shipsaBd $ moving with constant

X velocities
are at the » /N ‘ positions
A and B ) . shown in
Figure wA. 37 at
some N : instant of
time. XN ' The
vectors %”% V, and
V, \ represent
their { velocities
with . @ ® respect to
the sea. The paths

of the ships extended along their directions ofiomfrom the initial
points A and B intersect at point P.

Fig 3.7 (a) Path of two ships moving at constaihbaity along courses
that intersect;
(b) Path of Srelative to $showing that they do not collide even
though their paths cross.

® @& ® Wil the ships collide, or will they pass one armtlat a
U.=U -U distance?

The relative velocity of ship,Svith respect to ship;Ss given from Egn
3.17 as

® is shown in Figure 3.7b.
V12
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® Now, with respect to ship;Sship $ follows the straight line . It

? will miss S by the distance AN. If you have travelled in a@psh
and experienced an event of this sort, on an opamgh land marks in
sight, you will know that it is a curious experienc The observed
motion of the other ship seem to be unrelated eadibection in which it
is going.

® We can now generalize our observations using emueail7 and
Us3is concerning relative motion. Let an object mawith velocity
relative to a frame of reference S, if another &ashreference ‘Smoves
with velocity V relative to S (Fig. 3.8), then thelocityV" of the object
with respect to the frame' & given by

® @ ®
U =0-v 210
‘S S“
. \V] M
% If ais —> > constant, then

I
>

Fig. 3.8

Thus the acceleration of an object is the samdl iinaanes of reference
moving at constant velocity with respect to onethen The discussion
has but tested our earlier conclusion in Unit 1t gidasolute motion is
trivial (i.e. unrealistic). We need always to stuthe motion of one
object with respect to another.

4.0 CONCLUSION

In this unit you learnt that

0] Motion involves change in the position of arjext with time.

(i)  The language used to describe motion are disghent, velocity
and acceleration.

(i) You have also learnt how to determine velgaind acceleration
both along a straight line or on a circular motion.
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(iv)  You have also learnt about relative motion ahdw it is
determined.

5.0 SUMMARY

What you have learnt in this unit are

0] A body is said to be in motion if it changesspgmn with time

(i) A frame of reference is required to determiaay kind of
variation of position with time.

(iii)  That the instantaneous velocity and instaetars acceleration dhe

particle are:
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