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Vice-Chancellor’s Message

I congratulate you on being part of the historic evolution of our Centre for
External Studies into a Distance Learning Centre. The reinvigorated Centre,
is building on a solid tradition of nearly twenty years of service to the
Nigerian community in providing higher education to those who had hitherto
been unable to benefit from it.

Distance Learning requires an environment in which learners themselves
actively participate in constructing their own knowledge. They need to be
able to access and interpret existing knowledge and in the process, become
autonomous learners. ‘

Consequently, our major goal is to provide full multi media mode of
teaching/learning in which you will use not only print but also video, audio
and electronic learning materials.

To this end, we have run two intensive workshops to produce a fresh
batch of course materials in order to increase substantially the number of texts
available to you. The authors made great efforts to include the latest
information, knowledge and skills in the different disciplines and ensure that
the materials are user-friendly. It is our hope that you will put them to the best
use.

o b
Pro ess\&j()lufemi A. Bamiro, FNSE
Vice-Chancellor R

G I

=
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Foreword

The University of Ibadan Distance Learning Programme has a vision of
providing lifelong education for Nigerian citizens who for a variety of reasons
have opted for the Distance Learning mode. In this way, it aims at
democratizing education by ensuring access and equity.

The U.L experience in Distance Learning dates back to 1988 when the
Centre for External Studies was established to cater mainly for upgrading the
knowledge and skills of NCE teachers to a Bachelors degree in Education.
Since then, it has gathered considerable experience in preparing and
producing course materials for its programmes. The recent expansion of the
programme to cover Agriculture and the need to review the existing materials
have necessitated an accelerated process of course materials production. To
this end, one major workshop was held in December 2006 which have
resulted in a substantial increase in the number of course materials. The
writing of the courses by a team of experts and rigorous peer review have
ensured the maintenance of the University’s high standards. The approach is
not only to emphasize cognitive knowledge but also skills and humane values
which are at the core of education, even in an ICT age.

The materials have had the input of experienced editors and illustrators
who have ensured that they are accurate, current and learner friendly. They
are specially written with distance learners in mind, since such people can
often feel isolated from the community of learners. Adequate supplementary
reading materials. as well as other information sources are suggested in the
course materials.

The Distance Learning Centre also envisages that regular students of
tertiary institutions in Nigeria who are faced with a dearth of high quality
textbooks will find these books very useful. We are therefore delighted to
present these new titles to both our Distance Learning students and the
University’s regular students. Wejare confident that the books will be an
invaluable resource to them.,

We would like to thank all our authors, reviewers and production staff for
the high quality of work.

Best wishes.

S/L%LM\M

Professor Francis O. Egbokhare
Director
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General Introduction and Course Objectives

The purpose of this course was to build on what the students have learned from physical
vectors, in particular of their geometric representatives, to a study of algebraic vectors,
system of line vectors and dynamics which provide the students with a precise account of
this branch of Mathematics, called Vectorial Mechanics.

The objectives, upon successful completion of this course are as follows. The student
should be able to:

1. have knowledge of fundamental sciences,
2. have proficiency in problem solving and analysis,

3. acquire the fundamental knowledge for the understanding of the phenomenology in
vectorial mechanics,

4. develop, alone and in a team, capacities to solve exercises in the fore-mentioned
subjects and the abilities to express the results in both oral and written form.

viii



LECTURE 1

Vectors in Space

Introduction

Vectors in space are the three-dimensional analog of vectors in the plane and are sub-
ject to the same rules of addition, subtraction, and scalar multiplication that govern vectors
in the plane. We shall discuss length or magnitude and direction of vectors.

Objective

At the end of this lecture, you should be able to:

determine the lengths of any given vectors and in space,

write down equation for the sphere of given radius with given center and
find the direction of any given vectors in space

Pre-Test (see Post-Test)
Definition (Basic Unit Vectors)

The vectors from the origin to the points whose cartesian coordinates are (1,0,0),
(0,1,0), and (0,0,1) are the basic unit vectors.

We denote them by i, and E, and write the vector from the origin O(0,0,0) to the
point P(z,y,z) as

V:(ﬁ:fornyrEz (1)

If Pi(z1,y1,21) and Pa(z2,y2, 22) are two points in space (see Figure 1 below)
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Figure 1: Png = PO+ 0P,

then the vector from P; to P» is the vector sum

PP, = PO+ 0P
Since

Pﬂi =-0P

this is the same as

PP,=0P —-0P
or .

PPy =iz —21) +j(y2 — 1) + k(22 — 21) (2)

The length of any vector

P=ai+ bf—i— ck

is readily determined by applying the theorem of Pythagoras twice. In the right triangle
ABC (see Figure 2 below)
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Figure 2: \Ab| can be determined from the right triangles ABC' and ACD

AC| = ai +bj| = Va2 + b2,
|

and in the right triangle ACD,
|AD| = \/|AC|2 + |CD? = /(a® + %) + &.

|lai + bj + ck| = vV a? + b2 + ¢ (3)

If we apply this result to the vector P; P> of Eqn (2), we obtain a formula for the
distances between two points:

That is,

PPy = /(22— 21)2 + (g2 — 11)% + (22 — 21)° (4)

Equation (4) may be used to determine an equation for the sphere of radius a with center
at Po(zo, Yo, 20) (see Figure 3 below)



Figure 3: The sphere (z — z9)? + (y — yo)? + (2 — 20)% = @®

The point P is on the sphere if and only if

|POP‘ = a,
or
(x—20)* + (Y —y0)® + (2 — 20)* = @ (5)

Example: Find the center and radius of the sphere

2?4y 22 20— 4y =0.

Solution: Complete the squares in the given equation to obtain

24204149y —dy+4+22 =144
(z+1)2+ (y—2)2+22=5.

Comparison with Eqn (5) shows that zg = —1, yo = 2, 20 = 0 and a = /5. The center is
(—=1,2,0) and the radius is v/5.



Direction
For any non-zero vector ¢, we obtain a unit vector called the direction of ¥ by dividing
U by its own length:

|

Direction of ¢ =

| (6)

=

Example 2: If .
v =2i—35+ Tk,

then its length is /4 4+ 9 + 49 = /62, and

2 — 3] + 7k

Direction of (2i — 3] + 7k) =
V62

Summary

We have covered the following in this lecture:

1. A formula for the distance between two points in space is determined.

2. The equation for the sphere of given radius with given center is determined, and
3. The formula for the direction of any given vector is defined.

Post-Test

1. Find the centers and radii of the spheres

(a) 2?2 +y? + 22 +42—42=0
(b) 322 +3y? +322+2y —22=9

2. Find the distance between the point P(x,y, z) and (a) the z-axis, (b) the y-axis, (c)
the z-axis, (d) the zy-plane.

3. The distance from P(z,y, z) to the origin is d; and the distance from P to A(0, 0, 3)

is dQ.
Write an equation for the coordinates of P if (a) di = 2d3, (b) di + d2 = 6, ()
\di — do| = 2.

4. Find the lengths of the following vectors:

(a) 20+ — 2k,
(b) 3i — 65 + 2k
(c) 7+ 4] — 8k,

5. Find the direction of 47 + 3] + 12k



6. Find the vector from the origin O to the point of intersection of the medians of the
triangle whose vertices are the three points.
A(17 _1a 2)) B(2, 17 3)7 C(_la 2a _1)

Supplementary Reading

1. M.R. Spiegel, Theory and Problems of Vector Analysis, Schaum Publishing Co., New
York (1959).

2. E.A. Milne, Vectorial Mechanics (New York Interscience Publishers Inc., 1948). pp.
xiii 382, ASIN:BOOOEGLGX.

3. F.P. Beer and E.R. Johnston, Vector Mechanics for Engineers (Statics). McGraw-Hill,
3rd Edition (1999).

W~

. R.A. Serway and J.W. Jewett, Physics for Scientists and Engineers (6th ed.). Brooks/Cole.
ISBN 0-534-40842-7 (2004).

5. P. Tipler, Physics for Scientists and Engineers: Mechanics, Oscillations and Waves
Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.



LECTURE 2

Addition of Vectors

Introduction
We shall demonstrate addition and subtraction of vectors as well as multiplication of
a vector by a scalar. We shall also look at some examples of application.

Objective
At the end of this lecture, you should be able to:
determine the magnitude and direction of added vectors,
have some working knowledge of multiplication of a vector by a
scalar and
e represent a physical vector.

Pre-Test. (See Post-Test)

Definition (Vector Addition)
Vector quantities add according to the parallelogram law, that is, if 'is a vector represented

by the directed line segment OA (see Figure 4 below)




Figure 4:

and @ is a vector represented by @, then their sum v+ is defined as the vector represented
by w, where OACB is the completed parallelogram (see Figure 4 above).

Example
Two vectors @ and ¥ have a common initial point and form an angle of 60°. If |i| = 6
and |¢] = 8, find |@ + ¥]and the angle between @ + ¥ and ¥.

Solution(see Figure 5 below)

In AQRS,
L y S
- )( 6
i Ww
Q U "R
Figure 5:

QR = 8, RS=6, ZQRS =120.

QS%? = RQ?+ RS?—-2RQ - RScos ZQRS
= 64+ 36 + 2(8)(6) cos 60°
= 148

QS = 2V37~122



Hence, |4 + 0] ~ 12.2.

sinZSQR ~ sin ZQRS
RS B QS
sin ZSQR  sin120°
6 122
) 6 sin 609
sin ZSQR = TTH
N
T 122x2
~ 426

Therefore, ZSQR ~ 25°.
The angle between i + ¥ and ¥ is 25°.

Remark:

When three or more vectors are involved in a problem(see Figure 6 below) they are,
in general, not in the same plane. Any two vectors, however, are coplanar, and in certain
circumstances, three or more vectors may be coplanar.

For instance, if 4, ¥ and @ are three coplanar vectors, as in the diagram below,(see
Figure 7)

<y
g

S
~

Figure 6:

they may be represented by the equivalent parallel vectors ]@, CW% and ]ﬁ . Then

PR = PG+ QR

and

PS = PE+RS
(@Hﬁ)ﬁ?ﬁ

(il + 0) + @



O
<y
=

i
g

Figure 7:

In the same way, if @, ¥ and @ are not coplanar, as in the diagram(see Figure 8 below)

V

g
)

Figure 8:

then
PV = (ii+7) + 0

1? and PR are coplanar in the plane PQSR and
PS8 = PO + PR.
ﬁand PT are coplanar in the plane PSVT and
PV = PS+ PT



Therefore,

PV = PS+PT
= (1@+P_R>)+P_f

= (T+0)+ .

Practice Exercise

Two vectors @ and ¥ have a common initial point and form an angle of 75%. A third
vector w has the same initial point and is perpendicular to the plane containing « and 4.
If |@| = 4, |¥] = 7 and || = 6, calculate |(@ + ¥) + w|.

It can be deduced immediately from the above definition of vector addition that the
following laws hold:

(i) Commutative Law: i+ = @+, that is, the result of adding two vectors quantities
is independent of the order in which the operation is carried out. From this result
it follows that, if a point undergoes two successive displacements, then the two dis-
placements may also be regarded as taking place simultaneously.

Note:

(a) Not all quantities possessing both a magnitude and a direction are vector quan-
tities, for not all directed quantities obey the above law of addition, for example,
finite rotations of a rigid body free to rotate about a fixed point do not.

(b) The necessary and sufficient condition for a directed quantity to be a vector
is that it should combine with another directed quantity of the same kind
according to the parallelogram law.

(ii) Associative Law: U+ (@0 + @) = (U + @) + 4, that is, in the addition of more than
two vectors by the repeated use of the above law, the order in which the vectors are
associated is irrelevant.

The results are clearly illustrated in Figures 4 and 5.

(iii) Identity Law: If @ and R coincide (see Figure 9 below).

i Q
p > >R P

<y

L 2

Figure 9:
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so that

= Cﬁ:@, then
= PG+QQ = P4,

Vector ¥ or m is, in this case, defined to be the zero vector, denoted by o, and we
can write

ST

U+

U+3d=1u

Remark:
Although the zero vector has no direction, it is convenient to regard it as parallel to
every vector. The zero vector has magnitude zero.

Definition (Vector Subtraction)

To subtract a vector ¢ from a vector W, we add to @ a vector having the same magni-
tude as ¥, but whose direction is directly opposite to that of .
Thus if @ = ¢ and OB = @ (see Figure 10 below),

Figure 10:

the vector w — v’ is a vector equal and parallel to that represented by the diagonal Oj
This construction implies that (—@) is the vector having the same magnitude as ¥, but
whose direction is the opposite of that of v.

The law of vector subtraction is therefore such that the equation

v—U=23
holds, just as the similar relation holds for scalars.

Example

12



Prove that

Solution:
(@+T+ W+ (—4) = (T+a)+ (—Ud+ ) (Commutative property used twice)
= [(U+ @)+ (—u)] + @ (Associative property)
= [+ (€+ (—u)] + & (Associative property)
= [0+ o]+ & (inverse property)

The result may be indicated diagrammatically.(See Figure 11 below)

0]

* (7
7L(\\Zf)) T

Figure 11:

Q8 =v+w. PI=(d+7)+ (@ + (7))
PQST is a parallelogram; therefore

0% - P7.

Practice Exercise

Prove that

(U + ) + (—u) = 7.

Definition (Multiplication of a vector by a scalar)

The vector ' + ¥ is clearly a vector having the same direction as the vector ¢ but of
twice its length. Thus it is denoted by 2v.
Similarly, mv is a vector having the same direction as ¢ but of length mv. In particular,
if ¥ is a unit vector, then m# is a vector having the direction of ¥ and of the length m.

13



It immediately follows from this definition that
m(nv) = n(mv) = nmd.
It can also be shown quite simply, using the properties of similar triangles, that
m(T + &) = mv + mad.

For let ABC be the triangle (see Figure 12 below)

C/

X
g

Figure 12:

such that AB = U, @ =.

Then we have, by the law of vector addition,
¥+ = AC
Now draw the triangle A’B’C’ such that
W = mu, W = ma.
Then, by the same law, we have
muv + mu = W

But since

——

A'B E - B . B?
by construction, the triangles are similar, from which it follows that A'C" and ﬁ are
parallel (and so have the same direction), while 4’C" = mAC. Hence,

AT = mAc,

14



i.e.
mv 4+ mw = m(v + W)

Example
ABCD is a quadrilateral with AD = i,
AB =4, AT = 4 + 20.
Express BC and DC in terms of @ and @ (see Figure 13 below)

U D
A ?
% 2
0]
N C
B
Figure 13:

Solution:

BC = AC-AB

= @+20-7
— iQ+3

DC = AC - AD
= @+20-4
— 27

Practice Exercise
ﬁg, @, OR are three vectors which are mutually perpendicular. If ﬁg = 24,

@ — 37 and OB = 440, express OP + @ + OR in terms of @, and . If |u| = 2,
|0] =1, and || = 3, calculate |(ﬁ’+ @+@|

Linear Combination of Vectors
Definition (Collinear vectors)

Two coplanar vectors are said to be collinear if and only if one is a scalar multiple of
the other.

For example, if v = ki, then ¥ and « are collinear.

15
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<L
,

0 2

g

Figure 14:

If we consider three coplanar, noncollinear vectors u, ¥ and @ as shown,(see Figure 14(a))
it is possible to construct APQR (see Figure 14(b))in which Qﬁg = , QAR) = kv, and
RP = l; that is, @ is parallel to ¥ and RP is parallel to .

QP = QR + RP.
Therefore,
U = kv + 0.
This construction is possible for any three coplanar, noncollinear vectors, and we say that

1 1s a linear combination of ¥ and .

Remark:
If @ and ¥ are collinear (or parallel) vectors, and w is not parallel to @ and ¥, then W
is not a linear combination of @ and ¥,(see Figure 15 below)

L 2

g

q
.
—_—

Figure 15:

but # is a linear combination of ¥ and w, and v is a linear combination of « and .

16



Definition
Three vectors are coplanar if and only if at least one is a linear combination of the
other two.

Theorem:
If u= @, W= @, and 7 = OF are three vectors with P, @Q and R collinear, and
m = k@, then (see Figure 16 below)
kv+u
kE+1

w:

|
~

g
)

Figure 16:

In case (1), K > 0 and @ is between P and R.
In case (2), |k| > 1, since |m\ > \@|, and k is negative because m and @ are opposite
in direction; thus k < —1.
In case (3), |k| < 1, since |m\ < \@L and k is negative because m and Cﬁ are opposite
in direction; thus —1 < k < 0.

Note that ]@ = k@ may be written in the form I@ : Cﬁ = k : 1, which shows that
@ divides the line segment PR in the ratio k : 1.

Proof:
P,Q, R are collinear and

PO = kOR.

17



Therefore,

J@JFO@:k(@JrO?%).

Hence,
t+uw = k(—w+9)
i+ kw = kv+d
kv+u
_— O
YT T

Since all the steps in the solution are reversible, the converse theorem may be proved by
simply reversing the steps in the solution.

Converse Theorem
Ifu= O_P), W= @, and & = OB are such that

kv +u
E+1"

117 =
then P, @ and R are collinear, and () divides the line segment PR in the ratio k : 1.

Practice Exercise
Prove the above converse Theorem.

Example

Three coplanar vectors #,7 and @ make angles of 40°, 130°, and 250°, respectively,
with the horizontal. If |@| = 4, |0] = 6 and |@| = 12, express & as a linear combination of
@ and v.
(See Figure 17(a) and Figure 17(b), respectively)

18
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90 40°
120° /110°
w
(a) (b)
Figure 17:
Solution:
Let

w=1U+ ki

In AABC, AB =12, AC = 6|i|, BC = ||
ZABC = 30°, ZACB = 90°, ZBAC = 60

[=)%

AC = ABsin 30°.

Thus,
1
] = 12x =
61l xS
| = 1.
BC = ABcos30°
12V/3
4k = ——
4 :
Therefore,
K= 3v3
=
From the diagram, k < 0, [ < 0; therefore [ = -1, k= *3\2/? and @ = —v — 3\2/§i'

Note also that

3V3_
?U: w.

19



Therefore,

Summary
We have covered the following in this lecture.

Definitions
If @ and v are two vectors represented by m and Cﬁ, respectively,
so that the endpoint of the line segment P(Q is the initial point of
the line segment QR, then the sum of & and ¥ is represented by PR
The negative of a vector ¢ is a vector equal in magnitude to u but
opposite in direction, and is denoted by —u.
If 4 is a nonzero vector and k a nonzero real number (scalar), the
vector ku is defined by the following rules
(1) [kl = [kl
(2) The directions of ki and @ are the same if £ > 0 and
opposite if k < 0. Also ko = o and 0@ = o.
Two coplanar vectors are collinear if one is a scalar multiple of
the other.
Three vectors are coplanar if at least one is a linear combination
of the other two.
Algebraic properties of Vectors.
For the following properties, , v, W are vectors.
) @+ U is a vector Closure property
2)U+T7=0+1d Commutative property.
3) (u +7)+ W =14+ (4 + ). Associative property.
4) i+o=o+u=1u Identity property (zero vector)
5) 4+ (— ) =—u+u=o0 Inverse property.
For 4 and ¥ are vectors and k and [ are real numbers.
(6) k(I0) = I(k0) = IkU
(7) k(4 + 7) = ki + k.
Theorem
If i = W, w = @, and 7 = OR are three vectors with P,Q and R
collinear and m = Mﬁ, then
kv + 1
_k+1

(1
(
(
(
(

ﬁl

Post-Test.

1. Two vectors # and # have a common initial point and form an angle of 140°.

20
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|| = 4 and |0] = 8, calculate, to the nearest integer, the value of |& + U] and, to the
nearest degree, the size of the angle between @ + ¢ and .

2. Simplify 3@ + 20 — 2(¢0 — @) + (—34).

3. Three coplanar vectors @, 7 and @ make angles of 30°, 60° and 120°, respectively,
with the horizontal. If |i@| = 5, |¥] = 6, |W| = 8, express ¥ as a linear combination of
i and 0.

3 4
4. If @ = ?O.}% + ?ﬁ?, prove that P, @, R are collinear and that m : Cﬁ =4:3.

5. If @i, @, OC' are such that A, B and C are collinear and AB : BC = -5 - 3,
express OB as a linear combination of OA and OC.

6. IfOP = 3@ — 2@, prove that P, @ and R are collinear, and find the value of the
ratio PQ : QR.

7. I%RS is a quadrilateral with P@ = 24, Cﬁ = 37, Q? = 3¢ — 3u. Express PS and
R

in terms of ¥ and .
Supplementary Reading

1. M.R. Spiegel, Theory and Problems of Vector Analysis, Schaum Publishing Co., New
York (1959).

2. P. Tipler, Physics for Scientists and Engineers: Mechanics, Oscillations and Waves
Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.
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LECTURE 3

The Scalar Product of Two Vectors

Introduction

This is defined as the product of the absolute value of either into the orthogonal
projection of the other on it.

It clearly has not direction properties and so is a scalar quantity.

Objective
At the end of this lecture, you should be able to:
define the component of one vector in the direction of another vector,
use dot product formular to calculate the component of one vector in
the direction of another vector,
Calculate dot product of the vectors from their respective components,
Write a vector as the sum of another vector parallel to a fixed vector
and another vector perpendicular to fixed vector,

e demonstrate how a given vector is perpendicular to the given line in a
given planned, and

e determine the length of the vector projection of one vector onto another.

22



Pre-Test. (See Post-Test)

Definition (Scalar Product or Inner Product)
The scalar product of two vectors ¥ and « is a scalar defined by the equation

¥+ = |0]|W| cos b, (1)

where 6 measures the smallest angle determined by ¢ and « when their initial points co-
incide, as in Figure 18 below

<

<y
|

g

"¢

g

Figure 18:

This product is also called the dot product, because of the dot used to denote it.

Remark

(i) The definition of the dot product given here is “coordinate-free”, in the sense that
it is independent of whatever reference frame we might use to describe the vectors
in terms of coordinates.

(ii) The operation of scalar multiplication is commutative. That is,
v-w=w-7

Definition (Vector projection)
The vector we get by projecting w onto the line through v is called the vector projection
of & onto ¥. We denote it by Projzz (see Figure 18 above).

23



Definition (Component of vector)

The component of @ in the direction of ¥’ is a number that is plus or minus the length
of the vector projection of @ onto . The sign is plus if Projzz has the same direction as
+4, and is minus if it has the same direction as —.

In either case, the component of & in the direction of ¥ is equal to || cos § (See Figure
18 again).

Remark

The dot product gives a convenient way to calculate the component of 0 in the direction
of v.
We solve Eqn (1) for |@|cos @ to get

<
g

@ — component in v-direction = || cosf = 7
U

To calculate ¥ - w form the components of ¥ and w, we let
17 = U1;+ 1]2}4’ 1]3];
w = wﬁ—i— ng+ U)3E

and

IS
|
g
|
<y

!

- -

= (w1 — ’Ul)i + (’U}Q — Ug)] + (w3 — U3)]€

w
I
10 N
U
Figure 19:

Then we apply the law of cosines to a triangle whose sides represent the vectors ¢/, w and
@ (see Figure 19 above) and obtain

@ = [0 + [w]* — 2|5]]5] cos O,

o + |af? |
2

|0]|@W| cos§ =

24



The result of this algebra is the formula
v-w= V1W1 + Vw2 + V3W3 (6)

Thus, to find the scalar product of two given vectors we multiply their corresponding
components together and add the results.

Example: Find the angle 6 between v = i— 2;' — 2k and @ = 67 + 3;'—1— 2%k,
Also, find the component of w in the direction of .

Solution
T-W=6—6—4=—4

From eqn (1), since |9 = v1+4+4 =3 and || = /36 +9+4 =7, we have

P v —4
cosf = = —
[g]|w] 21°
—4
0=cos™ | — ) ~101°
o ()
The component of  in the direction of ¥’ is
v-w 4
ol 3

This is the negative of the length of the vector projection of ¥ onto .

Practice Exercise . .
Find the component of ¥ = 2i 4+ 25 + k in the direction of W = 27 4+ 105 — 11k.

Scalar multiplication obeys the distributive laws:

() 0)0 + 1) =00+ 5 il

(i) (F+ @) (@+p) =T G+ T+ @@+ @ p

Practice Exercise
Show that (i), (ii) and (iii) are true.

Special cases

(i) When 6 = 0°, that is, when the two vectors are coincident or parallel,

v - = [0 |];
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(ii) When 6 = 90°, that is, when the two vectors are orthogonal (or perpendicular)

)

<y

Hence, if (;, f, E) are three unit vectors defining an orthogonal system of reference,
then we have

-

7

?T‘l

=k

&1
%l

=7J-

ij

||

=
<
Il

(=)
!
?‘l
Wl

k-i=i-k=
Example: Write the vector @ as the sum of a vector w) parallel to ¥ and a vector ws
perpendicular to ¥ (see Figure 20 below).

g

Figure 20:

Solution:
Let

U7:U71+1527

with w) = ¢ and w5 - ¥ = 0. Then, substituting ¢t for w7, we have

and
O=ws - T=(W—cl) - T=w-U—c(V-7)
or .o
w - U
C= 5—
U-U
Then,
O [
b=wW—wW, =W—cl=W— ——=70U
v-U



is perpendicular to ¥ because ¢ was chosen to make w - v = 0.

For example, if
wW=2i+7—3k and v=3i—j,

then
w-v  6-—1 1
CcC = = —— = —
v-v 941 2
and
1., 3- 1-
W= U=ty
is parallel to v, while
o R - 3= >
2 =W — 1—524—5]—3/45

is perpendicular to v.

Example: Show that the vector 77 = ai + bf is perpendicular to the line ax + by = ¢
in the zy-plane (see Figure 21 below).

Y

~

Figure 21:

Solution:
Let Pi(x1,y1) and Py(x2,y2) be any two points on the line; that is,

ary +by; =c¢, axs 4+ bys =c.
By subtraction, we eliminate ¢ and obtain

Q(IQ — xl) + b(yz — yl) =0.
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or

(ai +b7) - [(w2 — 21)i + (y2 — y1)j] = 0 (7)
Now, (23 — x1)i + (y2 — 41)] = PiPs is a vector joining two points on the line, while

ii=ai+ bj is the given vector. Equation (7) says that either 77 = 0 or p; - ps = 0, or else
ALpips. But ax + by = ¢ is assumed to be an honest equation of a straight line, so that a
and b are not both zero and 77 # 0.

Furthermore, we may surely choose po different from p; on the line to make pips # 0.
Hence, 7_Lp1ps.

For example, i = 27 — 3] is normal to the line 2z — 3y = 5.
Practice Exercise

Using vector methods, find the distance d between the point P(4,3) and the line
L : xz+ 3y = 6 (see Figure 22 below)

Y

Figure 22:
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Application
The dot product is useful in mechanics, where it is used in calculating the work done

by a force F' when the point of application of F' undergoes a displacement AB. If the force
remains constant in direction and magnitude, this work is given by (see Figure 23 below).

F
M\\"A \
—

k— | F'| cos 0

Figure 23:

Work = (|F|cos0)|AB|
F.AB.

Remark
The concept of work also enters into the study of electricity and magnetism and the
scalar product again plays a basic role.
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Summary
We have covered the following in this lecture.

Definitions

The scalar product of two vectors ¥ and w0 is a scalar defined by
the equation

U - W = ||| cos O

The vector projection of W onto ¥ is the vector that we get by
projecting @ onto the line through v

The component of  in the direction of ' is a number that is
plus or minus the length of the vector projection of @ onto .
Algebraic properties of scalar product.

- = - ¥ (Commutative property)
w-component in v-direction = |w|cosd = 1;7“'7
Ifv= a1;+ azj-‘r a3E and W = b1;+ bgj"f' b3E

then ¥ - W = a1b1 + asbs + aszbs.

Distributive laws hold

)7 (B+0)=0-d+7 -4

(ii) (V+ W) -d=0- 4+ -4

(ili) (T+ @) - (@+p)=0-d+0-p+ad-d+ @ -p.

- w = 0 if and only if the vectors ¥ and w are perpendicular
If ¥- 0 < 0, then cos 8 is negative and the angle between the
vectors is greater than 90°.

If ¥ =, then = 0 and cos = 1, so that 7- 7 = |7]2.
Calculation:

Write the vector w as the sum of vectors parallel and perpendicular

to 7.

Explain how the vector 7 = ai + bj is normal to the line ax + by = ¢

Find the distance between a point and a line on the zy-plane
Find the work done by the formula

Work = (|F|cos 0)|AB| = F - AB

where F is force, AB is a displacement at the application F.
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Post-Test

1. Suppose it is known that ¢/ - w) = ¥ - ws, and ¥ is not zero, but nothing more is
known about the vector v} and ws. Is it permissible to cancel ¥ from both sides of
the equation? Give a reason for your answer.

2(a) Express the vector projection of & onto ¥ in a vector form that is convenient for
calculation.

(b) Find the vector projection of @ = i+ 3]+ 4k onto the vector 7 = 10i + 115 — 2k.

3. Find the interior angles of the triangle ABC whose vertices are the points A(—1,0, 2),
B(2,1,-1) and C(1,—-2,2).

4. Find the point A(a,a,0) on the line y = x in the xy-plane such that the vector AB
is perpendicular to the line OA. Here O is the origin and B is the point (2,4, —3).

5. Find the angle between the diagonal of a cube and its edges.

6. If a = |A| and b = | B|, show that the vector

a+b

bisects the angle between A and B.

7. With the same notation as in Problem 6, show that the vectors aB+bA and Ab— Ba
are perpendicular.

8. Find the work done by a force F = — @k as its point of application moves from the
point Py(x1,y1,21) to a second point Pa(x2,ys, 22) along the straight line Py Ps.

9. Using vector methods, show that the distance d between the point (x1,y;) and the
line ax +by+c=01is
_azy + by + ¢

10. Show that if r is a scalar, then (r?¢) - @ = (U - o).

d

Supplementary Reading

1. M.R. Spiegel, Theory and Problems of Vector Analysis, Schaum Publishing Co., New
York (1959).

2. P. Tipler, Physics for Scientists and Engineers: Mechanics, Oscillations and Waves
Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.
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LECTURE 4

The Vector Product of Vectors in Space

Introduction

The vector product (also called the cross product or outer product) is only meaningful
in three dimensions. The vector product differs from the scalar product primarily in that
the result of the vector product of two vectors is a vector.

In this lecture, we shall define and give properties of the following: Concepts; Vector
product of two vectors; Scalar triple product and vector triple product.

Objective

At the end of this lecture you should be able to:

e verify that vector product is a vector,

e verify that vector product multiplication is not commutative.
Reversing the order of the factors changes the product,

e express vector product of two vectors in terms of their components.
e establish the distributive law for vector product

e compute vector product and vector triple product.

Pre-Test (See Post-Test)

Definition and Notations (Vector Product)

The vector product, denoted @ X g, is a vector perpendicular to both @ and b and is
defined as

@ x b= |a||b| sin()7

where 6 is the measure of the angle between @ and 5, and 77 is a unit vector perpendicular

to both @ and b which completes a right-handed system (see Figure 24 below).
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Figure 24:

The right-handedness constraint is necessary because there exist two unit vectors, 7 and
(=) that are perpendicular to both @ and b.

The length of @ x b can be interpreted as the area of the parallelogram having @ and b as
sides.

Remark
From the definition it follows that

axb=—(bxa)

so that the vector product does not obey the commutative law.
Special Cases

(i) When 6 = 0°, so that @ and b are coincident or parallel, then

axb=0.

(i) When 6 = 90°, and the vectors are orthogonal, then

@xb=|a|lbli

where 77 is a unit vector at right angles to both @ and b and whose direction is that

of the vector product @ x b.
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If {;, ;’, E} form a set of unit vectors, mutually orthogonal, we therefore have

ixi = jszﬁxlgzo;
fx;' = —(fx?):l%', fxE:—(Exf):f,
Exi = —(fxE):;

Remark

The last three results hold, of course, only if {Z, 7, E} define a right-handed rule, that
is, the relative positions of the axes are such that a clockwise rotation about the axis “i”
through a right angle brings the axis “j” into the original position of the axis “k”, and
similarly for rotations about the other axes.

Other algebraic properties, namely:
The vector product is distributive over addition,

-,

ax(b+&) = (@xb)+(axad),

and compatible with scalar multiplication so that

-,

(r@) x b=a x (rb) = (@ x b).
It is not associative, but satisfies the Jacobi identity:
Ax(bxd)+bx (Exa)+éx(@xb)=0.
It does not obey the cancellation law:
If@xb=dxcand a0 then:
(@ x b) — (@ x & =0 and, by the distributive law above:

ix(b—28)=0

Now, if @ is parallel to (5— @), then even if @ # 0, it is possible that (5— ¢) # 0 and
therefore that b #C. . .
However, if both @-b = d-cand @ x b = @ x ¢, then it can be concluded that b = ¢. Indeed,
a-(b—&) =0, and
ix(b—2a)=0

So that b — & is both parallel and perpendicular to the non-zero vector @. This is only
possible if b—¢c=0.
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The following expression can be used to calculate a x b if the components of @ and b
are provided:

Suppose
a = a1f+a25+a3lzz',
b = byi+boj+ bsk,
we obtain
. i 7k
axb = a1 az ag
by by b3

= ;(agb;; — agbg) +f(a3b1 — albg) + E(albg - agbl)

Practice Exercise
Prove that the above expression is true.

Example 1
Find the area of the triangle whose vertices are A(1,—1,0), B(2,1,—1), and C(-1,1,2)
(see Figure 25 below)

Figure 25:

Solution
Two sides of the given triangle are represented by the vectors

-

=i+2]—F,
— —27+ 2] + 2k.

= AB=(2-1)i+(1+1)j+(-1-0)

k
= AC=(-1-1i+(1+1j+2-0k

S S
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The area of the triangle is one-half the area of the parallelogram represented by these vec-

tors.
The area of the parallelogram is the magnitude of the vector.

. i j ok
C=adxb = 1 2 -1
2 2 2
- 2 -1 - 1 -1 - 1 2 - -
= i, 2‘—] _9 2‘+k 9 2‘—624—6/@,

which is |¢] = V62 + 62 = 61/2.

Therefore, the area of the triangle is
1., -
Sl x b = 3V2.

Example 2

Find aunit vector perpendicular to both @ = 20 + ; —kandb=1i— f—l— 2k.
Solution: The vector @ = @ x b is perpendicular to both @ and b. We divide 7 by

|7i| to obtain a unit vector @ that has the same direction as 7i:

L@ axb i—5j7—3k
u = — = =5 =
7] l@x b /124 (=5)2 + (—3)2
i—5j—3k

T3

Either « or its negative will do.

Practise Exercise L .
Findaxbifa=2i —2j —k,b=i+j+k.

Definition (Vector triple product or triple product expansion or Lagrange’s formula)
The triple product expansion, also known as Lagrange’s formula, is a formula relating
the vector product of three vectors (called vector triple product) with the dot product:

-

ax (bxé) =b@-c) —éea-b).

Which is easier to remember as “BAC minus CAB”, keeping in mind which vectors are
dotted together. This formula is commonly used to simplify vector calculations in physics.

Practise Exercise:
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Verify above equation for @ = i — f+ 2E, b= 2?—&-;’—1— E7 =i+ 2;'— k. The following
identity also relates the vector product and the dot product:

@ x b% + |- b = |@?|b]>.

Summary
We have covered the following in this lecture:

1. The vector product, of @ and b is defined by the equation
a x b= fi|al|b| sinf
where 77 is a unit vector in @ direction of @ x b and 0 is

the angle between @ and b.
2. The algebraic properties of vector product such as:

(i) Vector product is not commutative, that is, @ x b = —(b x @)
so we deduce that from set of unit vectors {Z, s E}, we have
ixXj=— (] X z) k:
ixk=—(kxj) = z
kxi=—(ixk) =],
while 7 x f:fxf:Ex k=0.
(ii) The associative law satisfied by vector product is
(rd) x (sb) = (rs)a x b.
(iii) The distributive law satisfied by vector product are:
a (b—i—E’)—axb—i—axc
b+ xa=bxa+éxa
3. The length of a@ x b is given as the area of the parallelogram

\/

having @ and b as sides.
4.  Vector triple product is defined as:
ax(bxd)=b@-é—aa-b)
5. An equation relating vector product and dot product is given as:
|d@ x b +]a-b* = |a|p>.
Post-Test

1. Find a vector n perpendicular to the plane determined by the points A(1,—1,2),
B(2,0,-1), and C(0,2,1).

2. Find the area of the triangle ABC' of problem 1.

3. Find the distance between the origin and the plane ABC' of Problem 1 by projecting
OA onto the normal vector n.

—» - —» -

4. Find a vector that is perpendicular to both of the vectors @ =i+ j + +kand b =i+ J-
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. Using vector methods, find the distance between the line L; determined by the two
points A(1,0,—1), B(—1,1,0) and the line Ly determined by the points C'(3,1, —1),
D(4,5,—2). The distance is to be measured along a line perpendicular to both L,
and L2.

. a= 35+‘77 k is normal to a plane M; and b= 2i — f+ k is normal to a second
plane Ms.

(a) Find the angle between the two normals.

(b) Do the two planes intersect? Give a reason for your answer.

(c) If the two planes do intersect, find a vector parallel to their line of intersection.
. Let @ be a nonzero vector. Show that

(a) @x b=a x &does not guarantee b = &

(b) G@-b=a-cand @ x b=a x & together imply b = ¢.

. Find the volume of the tetrahedron with vertices at (0,0,0), (1,-1,1),(2,1,—2) and
(1,2, -1).

Supplementary Reading

1. M.R. Spiegel, Theory and Problems of Vector Analysis, Schaum Publishing Co., New

York (1959).

2. F.P. Beer and E.R. Johnston, Vector Mechanics for Engineers (Statics). McGraw-Hill,

3rd Edition (1999).

3. H. David, R. Resnick and J. Walker, Fundamentals of Physics, Wiley; 7 sub edition

(June 16, 2004), ISBN 0471232319.

4. W. Kahan, Cross-Products and Rotations in Euclidean 2- and 3-space. University of

California, Berkeley (PDF).
(http://www.cs.berkeley.edu/~wkahan/mathH110/cross.pdf)

38



LECTURE 5

Elements of Vector Calculus

Introduction

As in ordinary analysis, so in vector theory, the process of differentiating a vector with
respect to a scalar as well as integrating vector function shall be extensively discussed in
this lecture.

Objective

At the end of this lecture you should be able to:

edefine the derivative of a vector with respect to a scalar variable from
first principle,

e find the derivative of sums, scalar products and products of vectors;

e find equations for the tangent, principal norma and binormal;

e determine the curvature, radius of curvature and center of curvature
of any curve with a given position, and vector.

e define and work examples on indefinite integral and definite integral

of vector functions of a given variable.

Pre-Test (See Post-Test.
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Differentiation of a vector with respect to a scalar (from first principle)

Supposing both the magnitude and the direction of a vector ¢ depend upon the value
of a scalar variable ¢, both may change, for instance, with the time. If we denote this
dependence upon ¢ by writing ¥ = 9(¢), then the differential coefficient, or derivative, of ¥
with respect to t is defined as a limiting process by the equation

dr . w(t+6t) — ()
P ot
0
- et

In Figure 26 below,

Figure 26:

s
if ¥(t) and U(t + dt) are represented by OA and OA' respectively, then dv is represented

by H .

Since the division of a vector by a scalar does not destroy its vector nature, the
derivative of a vector with respect to a scalar variable is itself a vector.

The fact is perhaps best demonstrated by writing ¢ in terms of its components,

U= ayi+ asj + ask

here (a1, az, as) are scalar variables of ¢, while (7, j, k) are unit vectors having fixed directions in space.
If (§ay,daq, das) now represent the changes in (a1, as,as) consequent upon a small change
Ot in t, we have

50 = da1i + dasj + dask,
which, on dividing by 6t and proceeding to the limit, gives
di  daj- daz- das-

- w Ttk
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d
Thus, ad is clearly a vector.
The following results may now be deduced.

(0) d 45t m) = dv n dw
i U — + —
dt dt dt
For, expressing ¢ + w in terms of its components,

G4+d = (a1 4b)i+ (a2 +b2)j + (a3 + ba)k
= (a15+ a25+ (ZgE) + (b1;+ b25+ bgl;)

On differentiating, we thus have

d . R dalf dag—, da3—» dbl—,a de—y db3—»
— = | —i+—5+—k —i+—j+ —k
prAC (dtH a’ta a'Tal Tt w
_ @ aw
Codt o dt
o do o dd dv
(i) a(zww)—v E—i_ﬁ W, we have

—

W = a1by + asbs + azbs;

Therefore, differentiating

d N dbl db dbg da1 dag da3
= (- = = =1 by + —2b
prACh <a1dt+ at +a3dt>+<dt R T T 3>
L dw dv i
B dt

Since both terms on the rlght—hand side are scalar products, it follows that the order
in which the vectors occur in the respective products is immaterial.

d
(iii) ﬁ(ﬁxu‘;’) UX — 4+ — X W
Writing ¢ X 4 in terms of its components

U X W= (a2b3 - a3b2)7+ (a3b1 — a1b3)f+ (a3b2 — agbg)];,

therefore,
Dovay — (a g @) 7y (i, dbo
at’’ T " % ) T\ T e
db2 dbl - dCLQ dag
+<a1dt a2dt)k+ ( dt bg)
das day - day daz -
—b; — —b —b k
(dt 1 it 3)]4—( 2 — )
— s du_j_i_@ X N
U T



Since a vector product changes its sign if the order in which the vectors occur in it
is inverted, it follows that the order in which ¢/, w and their derivatives occur in the

above vector products must be maintained as shown.

Practice Exercise
If a vector ¥ is written as the product of its module a with the direction vector 7i,

whose module is unity. Show that

i d, o, da_ dn

PTG R di

Some special results relating to the rate of change of a vector, and which may be readily
deduced form the differential properties derived above, are important.

(1) If ¥ is a vector of constant magnitude, then we have

4.5 d(2)=0.

g('l_)’v) = % Qa
But, from (ii), %(17 ) =2- (C%J so that
50
da

dv
I must be perpendicular to .

Figure 27:

This result might also have been deduced quite simply in another way.

—
In Figure 27 above, let OA and OA’ represent the vectors ' and v+ ¥ corresponding
to times ¢ and t + 0t ,respectively; then, since ¥ is a vector of constant magnitude, ¢/

and ¥ + 0¥ have the same lengths, so that

OA=0A

42



Consequently, as 0 — 0, A’ approaches A along the arc of a spherical curve having

U
0 as centre. The limiting direction of I is thus along the tangent to the curve at

A, and so is at right angles to .
From (iv) above, we have

@ = g(aﬁ) = @ﬁ—i-ad—ﬁ
dt — dt Todt dt’

—

. - . . dn
But since |7i] is a unit vector, 7 and 7 e orthogonal vectors.

da\\* 9
(ms) i

da
is not in general equal to e or, in words, the module

Consequently, we have

_ 2
dn

dt

s
dt

—

)

from which it follows that

of the rate of change of a vector is not in general equal to the rate of change of its module.

Example

Consider the motion of a point P describing a circle of radius a about a centre O.
Writing @ = a, the velocity of P in space is given by

. da
7= —
dt’
and hence
da |’ 2 2 2
—| =U° = a W,
dt

where w is the angular velocity of P in the circle.

da
But, for circular motion, a is constant, so that I 0.

Consequently,

da da
ks

(3) Curvature: Consider the Figure 28 below.
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Figure 28:

If T is the unit tangent vector to the space curve I' at P (see Figure 28 above),

|?| =1 and Cil? is perpendicular to T.
5 b perpendiciiar

d
A directed line through P in the direction of — is therefore a normal of the curve,

s
it is called the principal normal of I" at P. If N is a unit vector in the direction of the

d
principal normal, we may write P kN where k = . The positive number
S

k is called the curvature of I" at P.

Practise Exercise:
Show that the curvature of a circle is everywhere equal to the reciprocal of its radius.
Let us return now to our general curve I' whose curvature at P is k. This is also the

1 1
curvature of a circle of radius 7 for this reason z is called the radius of curvature of I" at
P.

1
If we denote the radius of curvature by p, p = T
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The center of curvature of I at P is a point C' on the principal normal at a distance p

from C in the direction of ]_\/>; PC = pﬁ and OC = OP + PC=r + pﬁ.
A directed line through P in the direction of the unit vector B = T x N is called the binormal
of I' at P. The binormal is thus perpendicular to both tangent and principal normal at
P.

At every point of a curve the three unit vectors ?, N>, B form a right-handed set giving
the positive directions along the tangent, principal normal, and binormal, respectively.

Therefore,
TxN=B, NxB=T, BxT=N.

Integration of a vector function

—

If f(t) and ﬁ(t) are vector functions of the variable ¢ such that

dF

then F is called an integral of f with respect to ¢t and is written

7= / 7t 2)

In other words, both (1) and (2) state the same fact: the derivative of F with respect to
t is u. The process of finding a function which has a given derivative is called integration.

In (2), the function f— the integrated - is integrated to produce F.IUFis any function
which satisfies (1), then 7 + ¢, where ¢ is an arbitrary constant vector, will also satisfy
(1). Hence the integral F is indefinite to the extent of an additive vector constant -
the constant of integration. For this reason the function F denoted by (2) is called an
indefinite integral.

Just as in the calculus we may show that

/(ﬁ+1ﬁ)dt=/ﬂ’dt+/wdt;
/cﬂ'dt:c/ﬂdt, /cﬁdt:c/ﬁdt

If @ is expressed in terms of its components, we have for 4 = a1i + asj + ask,

/Edt:f/al dt—i—f/@dt—i—%/%dt.

The integration of vector functions is thus reduced to the integration of scalar functions.

Definition (Definite Integration)
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b
The definite integral [ (t)dt of the vector function (¢) is defined as a limit of a sum

a
just as in the ordinary calculus. If @(¢) is expressed in terms of its components, we have,

b . b N b N b
/ﬁdtzl/ 0,1dt+j/ agdt+k/ agdt.

Thus vector definite integrals may be reduced to scalar definite integrals.
Owing to this fact many of the properties of scalar definite integrals may be extended
at once to the vector case; for example

b a
/ﬁdt:—/ i dt.
a b

—

Moreover, if F}(t) is an indefinite integral of f(¢) we have the fundamental result

b
| ftde=Fw - Fa (3)

If the upper limit in (3) is the variable of integration,

b
/ ftydt =F(t) - F(a).

and hence
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Summary

—

du
The derivative — of a vector i with respect to a scalar variable ¢ is defined

U
as the limit of 5 & 0t approaches zero.

—

d
If @ = OP and P describes the curve ~v when O is held fast, ditL is a vector

tangent to I' at P in the direction of increasing ¢. In particular, if the

—

. . du . : S
magnitude of ¥ is constant, q is perpendicular to .

The derivative of a constant vector is zero. The derivative of the sum @ + &
and the products fi, 4 - W, ¥ x W are found by rules of the same form as

those given in the Calculus for differentiating a sum and a product, in the

case of U x U, however, the order of the factors must be preserved. Moreover,
the rule for differentiating a function of a function is like that in the Calculus.
At any point P of a curve the derivative of the unit tangent vector with respect

d
to the arc | — | gives the direction of the principal normal; and the numerical

ds

value k of this derivative is called the curvature at P. The reciprocal of the
1
curvature, p = T is called the radius of curvature. The point C' given by
PC = pN is the center of curvature. .
> d

The indefinite integral of f(¢) is any function ?(t) such that = f. The
b

—

definite integral / f(t)dt is defined as the limit of a sum just as in the scalar

Calculus; it equalaﬁ(b) - f}(a).

Post-Test

1. If 7 is the position vector along a plane curve I', 7 = 7+ ¢N is the position vector
along a parallel curve IV at a normal distance ¢ from I". Prove that

d /
T’d—i = (1—cp)T
and hence 4
=T ¥ _1_¢.

ds

Show also that p’ = p — ¢ and s’ = s = cy) when both s and s’ are measured from a
common normal.

T - T d
2. If ¢ =t% —tj + (2t + 1)k and & = (2t — 3)i + j — tk, find (a) %(ﬁ.w), (b) 4 (7 x w),
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d dw
di—=, — —
c) Lo+, (d) = ([vVx — | att=1.
© i+ a @ 5 (725
3. Find a unit tangent vector to any point on the curve x = acoswt, y = asinwt,
z = bt where a, b, w are constants.

4. Show that the radius of curvature of a plane curve with equations y = f(z), z =0,
that is, a curve in the xy-plane is given by

[1+ (y)%/?
74—

p:

5. Find the curvature and radius of curvature of the curve with position vector 7 =

acosu i+ bsin ui where a and b are positive constants. Interpret the case where
a=>o.

6. Find equation for the (a) tangent, (b) principal normal and (c) binormal to the curve
x = 3cost, y = 3sint, z = 4t at the point where t = 7.

7. If 3(t) = ti — 127 + (t — 1)k and @(t) = 2t%7 + 6 + j, evaluate

U X Wdt

8.If F = (5ay — 622)7 + (2y — 42)7, evaluate / 7 dr along the curve C in the
c
xy-plane, y = 23 from the point (1,1) to (2,8).
Supplementary Reading

1. M.R. Spiegel, Theory and Problems of Vector Analysis, Schaum Publishing Co., New
York (1959).

2. P. Tipler, Physics for Scientists and Engineers: Mechanics, Oscillations and Waves
Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.
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LECTURE 6

Equations of a Line and a Plane

Introduction
In this lecture, we shall derive another property of vectors called the vector equation
of a line and the vector equation of a plane.

Objective

At the end of this lecture you should be able to:

e find the distance between a point and a plane,

e find the angle between any two given planes,

e determine a vector parallel to the line of intersection of any given
two planes;

e prove that three points A, B, C' are collinear if and only if

AC x AB = 0, and

e prove that four points A, B, C, D are coplanar if and only if

AD - (AB x BC) = 0.

Pre-Test: (See Post-Test)

Lines
Suppose L is a line in space that passes through a given point Pj(x1,y1,21) and is
parallel to a given non-zero vector

U= ayi+ asj + ask
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Figure 29:

Then L is the set of all points P(x,y, z) for which the vector P, P is parallel to the given

vector ¥ (see Figure 29 above).
That is, P is on the line L if and only if there is a scalar ¢ such that

Py Ptiy
When we separate the components in eqn (1), we have
T—x1 =tay, y—y =taz, z— 21 =tas
We may eliminate ¢ from the equations in (2) to obtain the following

r—I1  Y—4Hh 22— 2

a1 ag as

If any aj, as or ag is zero in eqn (3), then the corresponding numerator is also zero.

For example,
z—x1=ta; and a; =0

together imply that
r—x1 =0.
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Practise Exercise

e Determine K so that P is the midpoint of the line segment AB

o If AP = —%ﬁ, locate P relative to A and B.
e Interpret the equation r = %7’1 + %7"2.

Planes
To obtain an equation for a plane, we suppose that a point P;(z1,y1,21) on the plane
and a nonzero vector

n= aJ—i— a25+ &3E (4)
Perpendicular to the plane are given. Then the point P(z,y, z) will lie in the plane if and
only if
ii-pip=0
or

ar(z—x1)+ax(y—y1) +as(z—21)=0 (5)
This equation may also be put in the form
a1x + asy + asz = ay (6)

where a4 is the constant a1z + asy1 + asz;.
Conversely, if we start from any linear equation such as (6), we may find a point Py (21, y1, 21)
whose coordinates do satisfy it; that is, such that

a1%1 + a2yr +azzy = a4
Then by subtraction, we may put the given equation (6) into the form eqn (5) and factor

it into the dot product.
- Py P= 0,

with 7 as in eqn (4).
This says that the constant vector 77 is perpendicular to the vector Plﬁ for every pair of
points P; and P whose coordinates satisfy such a linear equation is a plane and the vector

aii + agf—&— CL3E, with the same coefficients that =,y and z have in the given equation, is
normal to the plane.

Example 1
Find the distance d between the points P(2, —3,4) and the plane  + 2y + 2z = 13.

Solution
Carry out the following steps.
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1st Find a line L through P normal to the plane.

2nd Find the coordinates of the point in which the line meets the plane.

3rd Compute the distance between P and Q.
The vector 7 = i + 25+ 2k is normal to the given plane, and the line
r—2 y+3 z—-4
2 2

goes through P and is parallel to ©. Hence, L is normal to the plane.
If we denote the common ratio in the equations for L by ¢,

L:

r—2 y+3 z—4
1 2 2

=t

we have
r=t+2, y=2t—3, z2=2t+4

as parametric equations of the line in terms of the parameter t. Substituting these into
the equation of the plane, we obtain

(t+2)+2(2t—3)+2(2t+4) =13,

or t = 1 at the point of intersection of the plane and the line L. That is, Q(3, —1,6) is the
point of intersection.
The distance between the point and the plane is the distance between P(2,—3,4) and

Q(3,—1,6). Hence

d=+/(3—-2)2+ (—1+3)2+ (6 —4)2 =3.

Example 2
Find the angle between the two planes

3z —6y —2z=7 and 22+ 2y — 2z =5.

Solution

Note that the angle between two planes can be obtained from their normals.
Clearly the angle between two planes is the same as the angle between their normals.
(Actually there are two angles in each case, namely, § and 180° — 6.)
From the equations of the planes we may read off their normal vectors:

1 =30 — 6] — 2k, 1y =2i+j—2k
Then,

cosf = = —




Example 3

Find an equation of the plane that passes through the two points P;(1,0,—1) and
P,(—1,2,1) and is parallel to the line of intersection of the planes 3z +y — 2z = 6 and
dr —y+3z2=0.

Solution

The coordinates of either one of the points P; or P, will do for the z1, z5 and x3 in eqn
(5). What remains, then, is to find a vector 7 normal to the plane in question to furnish
the coefficients ay, ay and as of eqn (5). S
The line of intersection of the two given planes is parallel to the vector

— .
Bt

— —

T =) x 10y = —92 | =7—17] -7k,

B~ W =

-1

w

where 17 and 13 are normals to the two given planes. The vector

PP =20+ 2]+ 2k

is to line in the required plane.
Now we may slide ¥ parallel to itself until it also lies in the required plane (since the

plane is to be parallel to ¥). Hence, we may take

i = PPy x # = 200 — 127 + 32F.

as a vector normal to the plane.

1 R
Actually, Zﬁ = 51 —3j+ 8k serves just as well. From this normal vector, we may substitute
a1:57 (l2:—3, a3:8

in eqn (5), together with 1 =1, y3 =0, 2; = —1, since P;(1,0,—1) is to lie in the plane.
The required plane is therefore

5 —1)—3(y—0)+8(z+1)=0

or
5z —3y+82+3=0.
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Summary
Given a point Py(x1,y1,21) and a non zero vector U = a1i + asj + ask.
L =

or

L ={P(z,y,z) : 3 ascalar ¢ such that Pl_P) = tU'}.
The Cartesian equations for the line L:
r—T _ Y-y _

{P(z,y,2) : PPis parallel to U}

a
Givén a point Pi(x1,y1,21) on the plane and a nonzero vector

7_7: = a1;+ CL25+ (ZgE

Perpendicular to the plane, then we have P(z,y, 2z) lies in the plane
through P; perpendicular to 7 if and only if

PP
That is,

a1x + asy + azz = a4 where ag = a121 + asy; + asz1 is a constant.

zZ— 2z

a2 as

-1 =0.

Post-Test

1.

Find the coordinates of the point P in which the line

z—1 y+1 =z

2 -1 3

intersects the plane 3z + 2y — z = 5.

. Find parametric and Cartesian equations of the line joining the points A(1, -2, —1)

and B(—1,0,1).

Show , by vector methods, that the distance from the point P;(z1,y1,21) to the
plane Az + By+Cz— D =0is

‘A:El —+ Byl —+ CZl — D‘
VAZ+ B2+ 0?2
What is meant by the angle between a line and a plane?

Find the acute angle between the line

z+1 'y =2z-3

2 3 6
and the plane 10z + 2y — 11z = 3.

Find a plane that passes through the point (1,—1,3) and is parallel to the plane
3x+y+z2=".
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10.

Prove that the line
x—1 y+1 2z-2

2 3 4

is a parallel to the plane
T —2y+z=06.

Prove that three points A, B, C' are collinear if and only if AC x AB = 0.
Are the points A(1,2,-3),B(3,1,0),C(—3,4,—9) collinear?
Prove that four points A, B, C, D are coplanar if and only if AD. (Zﬁ X B?) =0.

Show that the line of intersection of the planes z +2y —2z =5 and 5z — 2y — 2z =0
is parallel to the line

x+3 y z-—1
2 3 4
Find the plane determined by these two lines.

Find the direction cosines of the line 2z +y — 2 =5, x — 3y + 2z = 2.

Supplementary Reading Supplementary Reading

1. M.R. Spiegel, Theory and Problems of Vector Analysis, Schaum Publishing Co., New

York (1959).

2. P. Tipler, Physics for Scientists and Engineers: Mechanics, Oscillations and Waves

Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.

3. R.H. Cannon, Dynamics of Physical Systems, McGraw-Hill, New York, 1967.

4. L.J. Meriam and L.G. Kraige, Engineering Mechanics: Statics and Dynamics, 5th

edition, John Wiley & Sons, Inc., New York, NY, 2002.

5. F.P. Beer and E.R. Johnston, Vector Mechanics for Engineers (Statics). McGraw-Hill,

3rd Edition (1999).

6. Bedford/Fowler, Statics and Dynamics, Engineering Mechanics, 3rd edition, Prentice

Hall, Upper Saddle River, New Jersey, 2002.
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LECTURE 7

General Kinematics

Introduction

Kinematics is that division of mechanics which treats the geometry of motion of bodies,
without taking into account their inertia (mass) or the forces acting on them.

The principal problem of kinematics is that of determining all the kinematics char-
acteristics of the motion of a body as a whole or of any of its particles (path, velocity,
acceleration, etc.) when the law of motion for the given body is known.

For the solution of this problem we must know either the equations of motion for the
given body or for another body kinematically associated with it.

In this lecture, we shall start the study of kinematics with an investigation of the
motion of the simplest body - a particle (kinematics of a particle), proceeding later to
the examination of the kinematics of rigid bodies. We shall also consider the cases of
rectilinear motion of a particle, of curvilinear motion of a particle, of translatory and
rotational motion of a rigid body, of plane motion of a rigid body, of motion of a rigid
body having one fixed point and motion of a free rigid body, of resultant motion of a
particle, and of resultant motion of a rigid body.
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Objectives

At the end of this lecture you should be able to:

e analyze the kinematics of particles and rigid bodies in motion;

e determine the velocity and acceleration of a point using Cartesian,
polar, and path coordinates; use coordinate transformations to change
the component definitions of a vector in moving from one system to
another.

e recognize the need for kinematic constraints in developing equations
of motion.

e develop general kinematic equations for planar mechanisms, and

e derive equations of motion for planar mechanisms via free-body
diagrams.

Pre-Test (See Post-Test)
Linear motion

Linear or translational kinematics is the description of the motion in space of a point
along a line, also known as trajectory or path. This path can be either straight (rectilinear)
or curved (curvilinear). There are three basic concepts that are required for understanding
linear motion:

4

Displacement (denoted by 7 below) is the “vector” version of distance and direction.
It is the shortest distance between two point locations.

Relative to some origin, (say at 0 = (0,0, 0)) using a coordinate system defined by the
observer, the two points might be at r{ and 73. Because displacement is a vector, the
displacement between the two points is found by vector subtraction as

=71 —173
Velocity (denoted by ¢ below) is the measure of the rate of change in displacement with
respect to time (m/sec.) that is the displacement of a point changes with time. Velocity
also is a vector. Instantaneous velocity (the velocity at an instant or time) is defined as

ar
dt’

17:

where dr’is an infinitesimally small displacement and dt is an infinitesimally small length of time.
Because dr’is necessarily the distance between two infinitesmally space points along the

trajectory of the point, it is the same as an increment in arc length along the path of the point,

customarily denoted d3. Average velocity (velocity over a length of time) is defined as

. AT

Vave = Kt’

where A7 is the change in displacement and At is the interval of time over which displace-
ment changes. As At becomes smaller and smaller,Ugye — U.
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For a velocity constant in magnitude and direction, every unit of time adds the length
of the velocity vector (in the same direction) to the displacement of the moving point. If
the change in displacement (a vector) is known, the velocity is parallel to it.

Acceleration (denoted by @ below) is the vector quantity describing the rate of change
with time of velocity. Acceleration is also a vector. Instantaneous acceleration (the accel-
eration at an instant of time) is defined as:

dv
dt’

where dv' is an infinitesimally small change in velocity and dt is an infinitesimally small
length of time. Average acceleration (acceleration over a length of time) is defined as:

a::

. AV
Uave = —,
ave =
where AU is the change in velocity and At is the interval of time over which velocity
changes. As At becomes smaller and smaller,

If acceleration is constant in magnitude and direction, for every unit of time the length of
the acceleration vector (in the same direction) is added to the velocity. If the change in
velocity (a vector) is known, the acceleration is parallel to it.

Types of motion
There are two types of motion in general:
uniform and non-uniform.
uniform motion implies constant velocity in a straight line.
Non-uniform motion implies acceleration. If the acceleration changes in time, the rate of
change of acceleration is called the jerk.

Integral relations
The above definitions can be inverted by integration to find:

t
W) = w4 / )
0
t
Ft) = 70+ / dt'v(t")
0

t t
70 + vot + / dt’ / at"at’")
0 0
t

= 1"6+170t+/ dt'(t — ta(t'),
0
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where the double integration is reduced to one integration by interchanging the order of
integration, and subscript 0 signifies evaluation at ¢ = 0 (initial values).

Constant acceleration

Integrating acceleration (&) with respect to time () gives the change in velocity. When
acceleration is constant both n direction and in magnitude, the point is said to be under-
going uniformly acceleration motion. In this case, the above equations can be simplified:

Eq. (1) 7= [jadt = v+ dt

Those who are familiar with calculus may recognize this as an initial values problem.
When the acceleration is constant, simple addition of the product of acceleration and time
to the initial velocity (¥) gives the final velocity ¥).

Another time integration provides the displacement of the object, assuming an initial

position at time ¢ = 0 of 7.

Eq. (2) F= 7o+ [o vdt! =7+ [y (T + at)at’
N o
=79+ vt + §at

Using the above formula, we can substitute for ¥ to arrive at the following equation, where
7 is displacement.

Eq. (3) 7= fp + Thft,

By using the definition of an average, this equation states that when the acceleration is
constant average velocity times time equals displacement.

For convenience, set 7 = 0. Using Eq. (1) to find ¢ — ¥y and multiply by Eq.(3) we
fine a connection between the final velocity at time ¢ and the displacement at that time:
T 4 vt

2 )

Feat = (0— ) -

where the “” denotes a vector dot product.
Dividing the ¢ on both sides and carrying out the dot products:
Eq. (4) 27 @ = v? — V3.

For the case where 7 is parallel to @ resulting in a straight-line motion, the vector 7 has

magnitude equal to the path length s at time ¢, and this equation becomes:
v? = v3 + 2as,

which can be a useful result when time is not known explicitly.

Relative velocity
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To describe the motion of object A with respect to object B, when we know how each
is moving with respect to a reference object O, we can use vector algebra. Choose an
origin for reference, and let the position of objects A, B, and O be denoted by 74, 75, and
7o. Then the position of A relative to the reference object O is

Faj0 =Ta —T0
Consequently, the position of A relative to B is
TaA/p =TaA—7TB=7a—To— (B —7T0) =Ta/0 —TBjO

The above relative equation states that the motion of A relative to B is equal to the motion
of A relative to O minus the motion of B relative to O. It may be easier to visualize this
result if the terms are re-arranged:

TA) =Ta/B +7B/O,

or, in words, the motion of A relative to the reference is that of B plus the relative motion
of A with respect to B. These relations between displacements become relations between
velocities by simple time-differentiation, and a second differentiation makes them apply to
accelerations.

For example,

VA = —‘73 +V>A/B
7,4/3 —Va-Vs

At velocities comparable to the speed of light, these equations are not valid. They are
replaced by equations derived from Einstein’s theory of special relativity.

da=dp+ada/B
To find @ 4/p we simply rearrange this equation to obtain:
Ga/p=0a—dB.

Example: Rectilinear 1-dimensional motion

Consider an object that is fired directly upwards and falls back to the ground so
that its trajectory is contained in a straight line. If we adopt the convention that the
upward direction is the positive direction, the object experiences a constant acceleration
of approximately - 9.81 m/s?. Therefore, its motion can be modeled with the equations
governing uniform accelerated motion.

For the sake of example, assume the object has an initial velocity of +50 m/s. There
are several interesting kinematic questions we can ask about the particle’s motion.

How long will it be airborne?
To answer this question, we apply the formula

o Lo 1,
xf—xi:vit+§at.
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Since the question asks for the length of time between the object leaving the ground and
hitting the ground on its fall, the displacement is zero.

. 1, I
Ovit+2at2t<vi+2at>.

We find two solutions for it. The trivial solution says the time is zero; this is actually also
true, it is the first moment the displacement is zero: just when it starts motion. However,
the solution of interest is

20,  2x50

=% ="os1

=10.2 s.

What altitude will it reach before it begins to fall?
In this case, we use the fact that the object has a velocity of zero at the apex of its
trajectory. Therefore, the applicable equation is:

U =0 + 2a(Fp — 7))

If the origin of our coordinate system is at the ground, then #; is zero. Then we solve for
Zy and substitute known values:

) -

Tp = — = 1 0=127.55
v = Sy T "

v — 07 0 — 502

What will its final velocity be when it reaches the ground?

To answer this question, we use the fact that the object has an initial velocity of zero at
the apex before it begins its descent. We can use the same equation we used for the last
question, using the value of 127.55 m for Z;

U = /U2 4+ (AT — ;) = /02 +2(—9.81)(0 — 127.55) = 50 m/s

Assuming this experiment were performed in a vacuum (negating drag effects), we find
that the final and initial speeds are equal, a result which agrees with conservation of energy.

Practise Exercise

A train travelling at a velocity ¥; = 54 km/h stops in t; = 2min after braking starts.
Assuming the motion of the train during braking to be uniformly retarded, determine the
distance covered during the braking time.

Example : (Projectile 2-dimensional motion).

Suppose that an object is not fired vertically but is fired at an angle 8 from the ground.
The object will then follow a parabolic trajectory, and its horizontal motion can be modeled
independently of its vertical motion. Assume that the object is fired at an initial velocity

61



of 50 m/s and 30 degrees from the horizontal. How far will it travel before hitting the
ground?

The object experiences an acceleration of —9.81 m/s? in the vertical direction and no
acceleration in the horizontal direction. Therefore, the horizontal displacement is

1
AT =Ty — T; = vU;cos bt + 5@%2 = U; cos Ot

In other to solve this equation, we must find ¢. This can be done by analyzing the motion
in the vertical direction. If we impose that the vertical displacement is zero, we can use
the same procedure we did for rectilinear motion to find ¢.

1 1
0 = ¥; sin Ot + 5&# = t(;sin 6 + 5at)

We now solve for ¢ and substitute this expression into the original expression for horizontal
displacement.

(Note the use of the trigonometric identity 2sin 6 cos§ = sin 26)

—27; sin 0) U7 sin 20

220.93 m

AT = U;cosb ( = =
Rotational motion

Rotational or angular kinematics is the description of the rotation of an object. The
description of rotation requires some method for describing orientation, for example, the
Euler angles. In what follows, attention is restricted to simple rotation about an axis of
fixed orientation.
The z-axis has been chosen for convenience.
Description of rotation then involves these three quantities:
Angular position: The oriented distance from a selected origin on the rotational axis to
a point of an object is a vector 7(¢) locating the point. The vector #(¢) has some projection
(or, equivalently, some component) 7L (¢) on a plane perpendicular to the axis of rotation.
Then the angular position of that point is the angle 6 from a reference axis (typically
the positive z-axis) to the vector #L(¢) in a known rotation sense (typically given by the
right-hand rule).
Angular velocity: The angular velocity w is the rate at which the angular position 6
changes with respect to time t¢:

_df

Cdt

The angular velocity vector €2 points up for counterclockwise rotation and down for clock-
wise rotation, with magnitude w and sense determined by the direction of rotation as given
by the right-hand rule.

Angular acceleration: The magnitude of the angular acceleration « is the rate at which
the angular velocity w changes with respect to time t.

_dw
T dt

w

(07
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The equations of translational kinematics can easily be extended to planar rotational
kinematics with simple variable exchanges:

1
gf — 92 = wit + §Qt2

1
Hf — 92 = 5(0.)]0 +wl)t
wr =w; +at
o = W — Wy
t
wl% = w? +20(0f — 0;).

Here 6; and 6 are, respectively, the initial and final angular positions, w)i and wy are,
respectively, the initial and final angular velocities, and « is the constant angular acceler-
ation.

Although position in space and velocity in space are both true vectors (in terms of
their properties under rotation), as is angular velocity, angle itself is not a true vector.

Point object in circular motion
This example deals with a “point” object, by which is meant that complications due
to rotation of the body itself about its own center of mass are ignored.

Displacement: An object in circular motion is located at a position 7(¢) given by:
7(t) = RU g(t),

where UT; is a unit vector pointing outward from the axis of rotation toward the periphery

of the circle of motion, located at a radius R from the axis.

Linear velocity: The velocity of the object is then

) = L) = R%ﬁR(t).

<y

The magnitude of the unit vector U r (by definition) is fixed, so its time dependence is
entirely due to its rotation with the radius to the object, that is,

d
£U>R(t) = O xTr=wth)Ts,

where ﬁe is a unit vector perpendicular to ﬁ R pointing in the direction of rotation, w(t) is
the (possibly time varying) angular rate of rotation, and the symbol x denotes the vector
cross product.

The velocity is then

#(t) = Ru(t) Ty
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The velocity therefore is tangential to the circular orbit of the object, pointing in the
direction of rotation, and increasing in time if w increases in time.

Linear acceleration: In the same manner, the acceleration of the object is defined as:

) d d
at) = —o(t) = Rawﬁg
d d

= ﬁgR%w -+ Rw@ X ﬁ@

= ﬁgRiw — ﬁszR
dt
= 60 + a:R?

which shows a leading term dy in the acceleration tangential to the orbit related to the
angular acceleration of the object (supposing w to vary in time) and a second term dr
directed inward from the object toward the center of rotation, called the centripetal ac-
celeration.

Practise Exercise
The motion of a particle is described by the equations:

r =asinwt, z=acoswt, z = ut,

where a,w and u are constants. Determine the path, velocity and acceleration of the
particle.
Coordinate systems

In any given situation, the most useful coordinates may be determined by constraints
on the motion, or by the geometrical nature of the force causing or affecting the motion.
Thus, to describe the motion of a bead constrained to move along a circular hoop, the
most useful coordinate may be its angle on the hoop. Similarly, to describe the motion of
a particle acted upon by a central force, the most useful coordinates may be polar coordi-
nates.

Fixed rectangular coordinates

In this coordinate system, vectors are expressed as an addition of vectors in the x,y,
and z direction from a non-rotating origin. Usually, ;, f, k are unit vectors in the T—, y—,
and z—directions.

The position vector, 7 (or §), the velocity vector, ¥, and the acceleration vector, @ are
expressed using rectangular coordinates in the following way:

Fo= zi+yj+ 2k
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U o= r=di+gj+ik

F= &0+ i + 3k

ST
|

Note: . dz ,,_d2x
ote: x—a,x—ﬁ.
Two dimensional rotating reference frame.

This coordinate system expresses only planar motion. It is based on three orthogonal
unit vectors: the vector 7, and the vector ; which form a basis for the plane in which the
objects we are considering reside, and k about which rotation occurs.

Unlike rectangular coordinates, which are measured relative to an origin that is fixed
and non-rotating, the original of these coordinates can rotate and translate - often follow-

ing a particle on a body that is being studied.

Derivatives of unit vectors

The position, velocity, and acceleration vectors of a given point can be expressed using
these coordinate systems, but we have to be a nit more careful than we do with fixed
frames of reference. Since the frame of reference is rotating, the unit vectors also rotate,
and this rotation must be taken into account when taking the derivative of any of these
vectors.
If the coordinate frame is rotating at angular rate w in the counterclockwise direction
(that is, o = wk using the right hand rule) then the derivatives of the unit vectors are as
follows:

Position, velocity, and acceleration
Given these identities, we can now figure out how to represent the position, velocity,
and acceleration vectors of a particle using this reference frame.

Position
Position is straightforward:
r=xi+yj

It is just the distance form the origin in the direction of each of the unit vectors.

Velocity
Velocity is the time derivative of position:
L di _d(xd) | d(yj)
USa T @t

By the product rule, this is:



which from the identities above we know to be:
T=di+awj+ 9] — ywi = (& — yw)er (y + xw);
or equivalently
T= (@ +9))+ (] +2d) = G + 0 x 7

where o] is the velocity of the particle relative to the rotating coordinate system.

Acceleration
Acceleration is the time derivative of velocity.

We know that: p p
- 4 rel ﬁ
a dtv o X T

d
Consider the T Upe] Part.

o] has two parts we want to find the derivative of: the relative change in velocity (d@.),
and the change in the coordinate frame ﬁ X Tpa])-

dv.
Srel _ arel + ﬁ + 7

dt rel

d
Next, consider %(ﬁ) X T).

Using the chain rule:
d(st x ) t>< =0 x4+ Ox 7

—

=7 = 17rel + ﬁ + 7 from above:

d(ﬁd:f‘):ﬁxf—i—ﬁX(ﬁxm‘Fﬁx@el

So all together:

d’zé’rel—kﬁxﬁrel—kﬁ ><F+T2>><(ﬁ>><f')+ﬁxﬁrel

And collecting terms:

a= HrelJrZﬁxvrel +ﬁx?+ﬁx(ﬁxf’).
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Kinematic constraints

A kinematic constraint is any condition relating properties of a dynamic system that
must hold true at all times. Below are some common examples:
Rolling without slipping

An object that rolls against a surface without slipping obeys the condition that the
velocity of its center of mass is equals to the cross product of its angular velocity with a
vector point of contact to the centre of mass,

Valt) = x g
For the case of an object that does not tip or turn, this reduces to V= Rw.

Inextensible cord

This is the case where bodies are connected by some cord that remains in tension and
cannot change length. The constraint is that the sum of all components of the cord is the
total length, and accordingly the time derivative of this sum is zero. A dynamic problem
of this type is the pendulum.

Another example is a drum turned by the pull of gravity upon a falling weight attached
to the rim by the inextensible cord.

Summary

Let 7 be the position vector of a moving particle, an instantaneous
velocity is defined as:

L dar
7= —
dt’ o
average velocity is defined as
. AT
Vave = 7
At
L N . AT
where Ugyve = U = lim —;
4% At—0 At
and instantaneous acceleration is defined as:
L du
a=—
dt

average acceleration is defined as:
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. AU
Vave = Kt

where

. - AN

dave = = L, 75

Types of motion

Uniform motion implies constant velocity in a straight line.
Non-uniform motion implies acceleration.

Integral relations of the above formula are given as follows:
t
o(t) = vo + / dt'a(t")
0 t
7(t) = 7o + Vot + / dt'(t — t')a(t'), For constant acceleration
0
t

adt = vy + at,

<y
Il
S—

=

t t

:F0+/ 17dt’:Fo+/(z70+6t)dt’
0 0

= 7o + ot + ;at?

Substituting for v, we get
U+ g

=1+
For the case where 7 is parallel to

d resulting in a straight-line motion,

the vector 7 has magnitude equal to the path length

s at time ¢,

v? = 03 + 2as,

with reference objects, relative velocity and acceleration are given,
respectively as

7A/B 7 -‘7,4 - ?Bv

and

Ga/p=Ga—dp

Rotational or angular kinematics is the description of the rotation of
an object.

Description of rotation involves three quantities:

Angular position of a point is the angle 6 from a reference

axis to the vector 7L (¢) in a known rotation sense.
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Angular velocity
de

w = a
and

Angular acceleration
_ dw

dt
The equations of translational kinematics can easily be extended to planar

rotational kinematics. With simple variable exchanges
Lo
9f — 97, = wit—i— iat

1
Of —0; = §(Wf + w;)t.
For an object in circular motion, its displacement is given as:
7(t) = RU g(t),
its linear velocity is given as
d d
V() = =) = R=Tr(t)

dt
where

d

aﬁg(t) = U xTr=wt)T

so that we have

V() = Rw(t) @y

and its linear acceleration is given as:
d

(t) = R wiiy - R*T g

= dy + dg.

Position vector, velocity, and acceleration are also represented in coordinates

system as:

For fixed rectangular coordinates

F=xi+yj+zk

T =r= @i+ 9] + ik

a=r=ii+ij + ik

where

. dr . d’z

T=——, T=—5
dt’ dt?
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The above coordinates system in two dimensional rotating
reference frame with derivatives of unit vectors lead to obtaining:
V—ditaitij+y]

= i+ 2wj + ) — ywi

= (& — yw)i+ (§ +aw)j
= Upo] TR XT

L dﬂidﬁrel dﬁ .
afavf gt +% x.r
=y + 20 x o)+ O x4 0 x (0 x ),

and finally a kinematic constraint is any condition relating properties
of a dynamic system that must hold true at all times; for example,
an object that rolls against a surface without slipping,

another example is a drum turned by the pull of gravity upon a
falling weight attached to the rim by the inextensible cord.

Post-Test

1. A man of height h walks away from a lamp hanging at a height H with a velocity
1. Determine the velocity of the tip of the man’s shadow.

2. The motion of a particle is described by the equations

x =8t —4t%, y =6t — 3t
where z and y are in metres and ¢ is in seconds.
Determine the path, velocity and acceleration of the particle.
3. The motion of a particle is described by the equations:
T =asinwt, y=acoswt, 2z = ut,
where a, w and u are constants. Determine the path, velocity and acceleration of
the particle.

4. A train starts moving from rest with uniform acceleration along a curve of radius
R = 800 m and reaches a velocity vy = 36 km/h after travelling a distance s; =
600 m. Determine the velocity and acceleration of the train at the middle of this
distance.

5. A flywheel of radius R = 1.2 m rotates uniformly, making n = 90 rpm. Determine
the linear velocity and acceleration of a point on the rim of the flywheel.

6. The center O of a wheel of radius R = 0.2 m rolling along a straight rail has at a

given instant a velocity @ = 1 m/sec and an acceleration ©y = 2 m/sec?. Determine
the acceleration of point B lying at the end of diameter AB perpendicular to OP and
the acceleration of point P coincident with the instantaneous centre of zero velocity.
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7. The current of a river of width h has a constant velocity v. A man can row a boat in
motionless water with a velocity 4. Determine the direction he should take in order
to cross the river in the least possible time and the point where he will reach the
opposite bank.

Supplementary Reading
1. R.H. Cannon, Dynamics of Physical Systems, McGraw-Hill, New York, 1967.

2. L.J. Meriam and L.G. Kraige, Engineering Mechanics: Statics and Dynamics, 5th
edition, John Wiley & Sons, Inc., New York, NY, 2002.

3. F.P. Beer and E.R. Johnston, Vector Mechanics for Engineers (Statics). McGraw-Hill,
3rd Edition (1999).

4. Bedford/Fowler, Statics and Dynamics, Engineering Mechanics, 3rd edition, Prentice
Hall, Upper Saddle River, New Jersey, 2002.
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LECTURE 8

Linear Impulse and Momentum

Introduction
In this lecture we will consider the equations that result from integrating Newton’s
Second Law, F' = ma, in time. This will lead to the principle of linear impulse and

momentum. This principle is very useful when solving problems in which we are interested
in determining the global effect of a force acting on a particle over a time interval.

Objectives
At the end of this lecture you should be able to:
analyze the motion of an object,
understand the relation between Newton’s Second Law and linear
momentum,
develop the principle of linear impulse and momentum,
apply the conservation of linear momentum principle to derive the
equation of motion, and

e further develop your ability to define and solve problems in linear
impulse and momentum.

Pre-Test: (See Post-Test)

Newton’s Second Law
We consider the curvilinear motion of a particle of mass, m, under the influence of a force

F.
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Assuming that the mass does not change, Newton’s Second Law states

F=mi= m@ = i(mﬁ)
o dt dt
Linear Momentum
The linear momentum vector, 1_3, is defined as

T:’):mf)'

Thus, an alternative form of Newton’s Second Law is
— d
F=p=°2TP 1
p=2P, (1)

which states that the total force acting on a particle is equal to the time rate of change of
its linear momentum.
Example 1

A model airplane is 1 K¢ travelling due north at 1 m/s in straight and level flight has
a momentum of 1 Kg m/s due north measured from the ground. To the dummy pilot is
the Cockpit it has a velocity and momentum of zero.

Example 2
A model airplane of 1 Kg accelerates from rest to a velocity of 1 m/s due north in 1 s.
The thrust required to produce this acceleration is 1 newton.

Note

It is obvious that linear impulse and momentum have the same units. In the ST system
they are N - s or Kg-m/s, whereas in English system they are Ib- s, or slug. ft/s.
Linear momentum of a system of particles

The linear momentum of a system of particles is the vector sum of the momenta of all
the individual objects in the system:

n
ﬁ: E m151:m1171+m2172++mnﬁ

i=1

where P is the total momentum of the particle system, m; and ¥; are the mass and the
velocity vector of the i-th object, and n is the number of objects in the system.

Principle of Linear Impulse and Momentum

Imagine now that the force considered acts on the particle between time ¢; and time
to.
Equation (1) can then be integrated in time to obtain

“Pa— [ P a—By B, - 2P @)

t1 t1
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Here, ﬁl = 1_3)(t1) and 1_3)2 = ﬁ(tz).
The term

7- [ Pa

t1
is called the linear impulse. Thus, the linear impulse on a particle is equal to the linear
momentum change.
Example 3
A load of weight P = 0.1 K¢ moves in a circle with a constant velocity ¥ = 2 m/s.
Determine the impulse during the time the load takes to travel one quarter of the circle.

Solution
From equation (2), the change in momentum,

? = m171 —mﬁo

Interpreting geometrically, consider the Figure 30 below

~y

Figure 30:

We find from the right-angled triangle:

T | = my/|3] + |2

But from the condition of the problem |¥| = |tp| = |¥], consequently,

P
7= E*\/i = 0.029 Kg sec
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Note
It is obvious that linear impulse and momentum have the same units. In the ST system
they are N - s or Kg.m/s, whereas in English system they are Ib.s, or slug. ft/s.

Impulsive Forces

We typically think of impulsive forces as being forces of very large magnitude that
act over a very small interval of time, but cause a significant change in the momentum.
Examples of impulsive forces are those generated when a ball is hit by a tennis racquet or
a baseball bat, or when a steel ball bounces on a steel plate.

Conservation of Linear Momentum

We see from equation (1) that if the resultant force on a particle is zero during an in-
terval of time, then its linear momentum P must remain constant. Since equation (1) is a
vector quantity, we can have situations in which only some components of the resultant force
are zero. For instance, in Cartesian coordinates, if the resultant force has a non-zero com-
ponent in the y direction only, then the x and z components of the linear momentum will
be conserved since the force components in x and z are zero.

Consider now two particles, m, and m;, which interact during an interval of time. As-
sume that interaction forces between them are the only unbalanced forces on the particles.
Let F be the interaction force that particles m; exerts on particle m,. Then, according
to Newton’s third law, the interaction force that particle m, exerts on particle m; will be

Using expression (2), we will have that A}_ga = —Af’)a or AP = A?a + A?b = 0.
That is, the change of momentum of particles m, and m; are equal in magnitude and
opposite in sign, and the total momentum change equals zero. Recall that this is true if
the only unbalanced forces on the particles are the interaction force.

Remark

A common problem in physics that requires the use of this fact is the collision of
two particles. Since momentum is always conserved, the sum of the momenta before the
collision must equal the sum of the momenta after the collision:

miily + motly = M1¥ + Mot

where

u signifies vector velocity before the collision,

v signifies vector velocity after the collision.

Correctly solving this problem means you have to know what kind of collision took place.
There are two basic kinds of collisions, both of which conserve momentum:

e Elastic collisions conserve kinetic energy as well as total momentum before and after
collision.
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e Inelastic collisions don’t conserve kinetic energy, but total momentum before and af-
ter collision is conserved.

Elastic collisions

A collision between two pool balls is a good example of an almost totally elastic colli-
sion; a totally elastic collision exists only in theory.
In addition to momentum being conserved when the two balls collide, the sum of kinetic
energy before a collision must equal the sum of kinetic energy after

1’I’nl’l_}Q -+ 7m2172 L= *in_}Q + 1’I’ng’l_}Q
2 1,2 2 2,1 9 1,f 2 2, f

1
3 factor is common, so it can be taken out right away.

Head-on collision (1 dimensional)
In the case of two objects colliding head on we find that the final velocity

7 (ml—mz> S <2mQ) 7.
1,f my + ma 1,2 my + my 2,1
Vs, (2m1> Vit (W) Vo

mi + mao my1 + mo

Using the following approximations:
The case when the mass of one body, say m, is far greater than that of the other, ms,
this means m; + mg — my, m; — mo — m, and the above formula for V5 ; reduces to

vz,f = 2?1,1' - vQ,i

Remark

Its physical interpretation is that in the case of collision between two bodies, one of
which is much more massive than the other, the lighter body ends up moving in the
opposite direction with twice the original speed of the more massive body.

Another special case is when the collision is between two bodies of equal mass. Say
body mi moving at velocity ¢ strikes body mso. Putting this case in the equation derived
above, we will see that after the collision, the body that has moving (m;) will start moving
with velocity U5 and the mass mo will start moving with velocity o .
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Remark

Now suppose one of the masses, say ms, was at rest. In that case after the collision the
moving body, m; will come to rest and the body that was at rest, ms, will start moving
with the velocity that m; had before the collision.

Multi-dimensional collisions

In the case of objects colliding in more than one dimension, as in oblique collisions,
the velocity is resolved into orthogonal components with one component perpendicular to
the plane of collision and the other component or components in the plane of collision.

Remark

The velocity components in the plane of collision remain unchanged, while the velocity
perpendicular to the plane of collision is calculated in the same way as the one-dimensional
case.

Inelastic collisions
A common example of a perfectly inelastic collision is when two snowballs collide and
the stick together afterwards. This equation describes the conservation of momentum:

—

m1U1,; + Mals,; = (M1 + me)Vs

Remark

It can be shown that a perfectly inelastic collision is one in which the maximum amount
of kinetic energy is converted into other forms. When a collision is not elastic it is an
inelastic collision.

In case of a perfectly inelastic collision the relation velocity of separation of the centre of

masses of the colliding bodies is 0. Hence after collision the bodies stick together.
In all types of collision if no external force is acting on the system of colliding bodies,
the momentum will always be preserved.

Explosions

An explosion occurs when an object is divided into two or more fragments due to a
release of energy.
Note that kinetic energy in a system of explosion is not conserved because it involves
energy transformation (i.e., kinetic energy changes into heat and sound energy).
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Summary
The equation which govern the motion of a single particle is
F=mi= md—l7 = mﬁ
dt dt?
where 7 is the vector displacement of the particle with respect to a fixed
origin, F is the resultant force acting on the particle.
Suppose we now apply these results for a single particle to the motion of a
system of mutually interacting particles.
Let there be n particles in the system, and let their masses be denoted

by m1,ms, ..., my, then the linear momentum vector ?, is defined as
n
i=1

The te;m

to
1:/ Fdt
ty

is called the linear impulse on a particle and is equal to the linear momentum
change. The law of conservation of linear momentum

(1) Let the sum of all the external forces acting on a system be zero:

Y F=0

In this case, Equation (3) is constant.

Thus, if the sum of all the external forces acting on

a system is zero, the momentum vector, ?, of the system

is constant in magnitude and direction.

(2) If the sum of the projections on any axis of all the external forces acting on
a system is zero, the projection of the momentum of that system on that

axis is a constant quantity.

It follows from the above that internal forces are incapable of changing the
total momentum of a system.

Post-Test

1. A car of mass m; travelling at velocity v passes a car of mass mo parked at the
side of the road. The momentum of the system of two cars is frictionless surface as
shown

2. see Figure 31 below
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Figure 31:
Before After

Two masses M and 3M collide on a horizontal frictionless surface as shown.(See
Fig. 31) Before the collision, the mass M has a velocity 71 in the y-direction. The

5
mass 3M has a velocity E?O making an angle # to the x-axis as shown. Assume
sin@ = 3/5 and cos@ = 4/5. After the collision the mass 3M is at rest. The mass

M moves along the x-axis with the velocity ?’1 Neglect gravity.
Give all your answers to parts (b), (¢) and (d) in terms of M and V‘O. Be careful do

not confuse your symbols.
(a) What are the z and y-components of the net linear momentum before the col-
lision in terms of M, Vl, ?0 and 67
(b) What is the speed Vi of the mass M before the collision?
(¢c) What is the speed V{ of the mass M after the collision?
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(d) What is the velocity of the center-of-mass?

3. A bullet of mass my is fired into a pendulum of mass ms and length L. The speed
of the bullet as it enters the mass mg is V1 (see Figure 32 below).

Figure 32:

First, assume that the collision is elastic, and that m; < mo.
(a) If the pendulum is initially at rest, what is the speed of the bullet after the
collision?

(b) Now suppose that when the collision occurs, the pendulum, at the bottom of
its swing, is moving to the lest with velocity V5. What now is the speed of the
bullet after the elastic collision?

Now assume that the collision is completely inelastic. The pendulum is at rest
before the collision m; < ms, but the speed V; of the bullet is unknown.

(c) After the collision the pendulum moves to the right and it comes to a half when
the string makes an angle 6, with the vertical. What was the speed of the
bullet? Substitute in your answer . = 0. Does your result make sense?

(d) Could 00y be 90°. Explain your answer.

4. A particle is moving in three dimensions. Its position vector is given by:

F=6&+ (3+4t)) — (3+2t —1%)2
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Distances are in meters, and the time ¢, in seconds.

(a) What is the velocity vector at ¢ = +37?
(b) What is the speed (in m/sec) at t = 437

(c) What is the acceleration vector and what is its magnitude (in m/sec?) at t =
+37
Now the particle is moving only along the z-axis, and its position is given by

(t* — 2t — 3)3.

(d) At what time does the particle stand still?

(e) Make a plot (a sketch) of z versus time covering t = —2 to +4 sec.

5. A particle of mass m; and speed v; (in the +z-dimensional) collides with another
particle of mass mo. mo is at rest before the collision occurs, thus vo = 0. After the
collision, the particles have velocities v] and v} in the z — y plane in the direction of
0, and 6> with the z-axis. There are no external forces. Express all your answers in
terms of my, mo, vy, 01 and 6s.

(a) What is the total momentum before the collision (direction and magnitude)?

(b) What is the total momentum after the collision (direction and magnitude)?

Supplementary Reading

1. Serway, Raymond; Jewett, John (2004). Physics for Scientists and Engineers (6th ed.).
Brooks/Cole. ISBN 0-534-40842-7.

2. Tipler, P. (2004). Physics for Scientists and Engineers: Mechanics, Oscillations and
Waves Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.

3. Hand, Louis N.; Finch, Janet D. Analytical Mechanics. Cambridge University Press.
Chapter 4.

4. Lanczos, Cornelius (1970). The variational Principles of Mechanics. Toronto: Univer-
sity of Toronto Press. ISBN 0-8020-1743-6.
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LECTURE 9

Angular Momentum and its Conservation

Introduction

The angular momentum of a particle about an origin is a vector quantity related to
rotation, equal to the mass of the particle multiplied by the cross product of the position

vector of the particle with its velocity vector.

The angular momentum of a system of particle is the sum of that of the particles
within it. Angular momentum is an important concept with numerous applications. The

conservation of angular momentum explains many phenomena in nature.

Objective

At the end of this lecture you should be able to use the vector product

and the right-hand rule, so you can:

e Calculate the torque of a specified force about an arbitrary origin.

e Calculate the angular momentum vector for a moving particle.

You should understand angular momentum conservation, so you can:

e Recognize the conditions under which the law of conservation

is applicable and relate this law to one- and two-particle systems

such as satellite orbits.

e State the relation between net external torque and angular

momentum, and identify situations in which angular momentum is conserved.
e Analyze problems in which the moment of inertia of an object is changed
as it rotates freely about a fixed axis.

Pre-Test (See Post-Test)

Angular Momentum in Classical Mechanics
Definition:
Angular momentum of a particle about a given origin is defined as:

T=7xg
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where

L is the angular momentum of the particle,

7 is the position vector of the particle relative to the origin.

p is the linear momentum of the particle, and X is the vector cross product.

As seen from the definition, the derived ST units of angular momentum are Newton
metre seconds (N.M.S. or kg.m?.s71) or joule seconds. Because of the cross product, T
is a pseudovector perpendicular to both the radial vector 7 and the momentum vector p
and it is assigned a sign by the right-hand rule.

Angular Momentum of a Collection of Particles

If a system consists of several particles, the total angular momentum about an origin
can be obtained by adding (or integrating) all the angular momenta of the constituent
particles. Angular momentum can also be calculated by multiplying the square of the
displacement 7, the mass of the particle and the angular velocity.

Angular Momentum in the Centre of Mass Frame

It is very often convenient to consider the angular momentum of a collection of particles
about their center of mass, since this simplified the mathematics considerably.

The angular momentum of a collection of particles is the sum of the angular momentum

of each particle:

where R; is the distance of particle ¢ from the reference point, m; is its mass, and Vi is
its velocity. The center of mass is defined by:

1
R= 7> mili
where the total mass of all particles is given by:
It follows that the velocity of the center of mass is

1
SR W

If we define 7; as the displacement of particle ¢ from the center of mass, and ?i as the
velocity of particle ¢ with respect to the center of mass, then we have

R;=R+7; and vz:?—i—ﬂ;
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and also

Zmif} =0 and Zmﬁi =0
i i

so that the total angular momentum is

_)

L = Y (R+r)xmi(V+7)

K2

(Rx MV) + (ZFZ XmiUi>

Remark

The first term is just the angular momentum of the center of mass. It is the same
angular momentum one would obtain if there were just one particle of mass M moving at
velocity V located at the center of mass. The second term is the angular momentum that
is the result of the particles moving relative to their center of mass. This second term can
be even further simplified if the particles form a rigid body, in which case, a spin appears.
Fixed axis of rotation

For many applications where one is only concerned about rotation around one axis,
it is sufficient to discard the pseudovector nature of angular momentum, and treat it like
a scalar where it is positive when it corresponds to a counter-clockwise rotation, and
negative clockwise.

To do this, just take the definition of the cross product and discard the unit vector, so
that angular momentum becomes:

L = |7|pl sin 075

where 605 5 is the angle between 7 and p measured from 7 to p; an important distinction
because without it, the sign of the cross product would be meaningless. From the above,
it is possible to reformulate the definition to either of the following:

- .
L = £l

where 77| is called the lever arm distance to p. The easiest way to conceptualize this is to
consider the lever arm distance to the distance from the origin to the line that p travels
along.
With this definition, it is necessary to consider the direction of p’ (pointed clockwise or
counter-clockwise) to figure out the sign of T.
Equivalently, N
L = £[lp.|

where p| is the component of p that is perpendicular to 7. As above, the sign is decided
based on the sense of rotation.
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For an object with a fixed mass that is rotating about a fixed symmetry axis, the
angular momentum is expressed as the product of the moment of inertia of the object and
its angular velocity vector.

T=Tuw

where T is the moment of inertia of the object (in general, a tensor quantity) w is the
angular velocity. As the kinetic energy K of a massive rotating body is given by

K =Iw?/2

it is proportional to the square of the angular momentum.

Conservation of Angular Momentum

In a closed system angular momentum is constant. This conservation law mathemati-
cally follows from continuous directional symmetry of space (no direction in space is any
different from any other direction).

The time derivative of angular momentum is called torque:

r—@ = @x*—kFX@
Y dt
= O+F><f“>

= Fxf}

(The cross-product of velocity and momentum is zero, because these vectors are parallel.)

Summary
The angular momentum T for a system of particles with linear momenta
p; and distances 7; from the rotation axis is defined

n T
- N - — -
L = Z?"i X p; = Zmﬂ'i X U;.
i=1 i=1
For a rigid body rotating with angular velocity w about the rotation axis

7. (a unit vector), the velocity vector #; may be written as a
vector cross product

~ . def
Vi =wWnN X1r; = WXTr;
where angular velocity vector

—

w d:efw is r; is the shortest vector from the rotation axis to the point mass.
Substituting the formular form ; into the definition of T yields

n n
= Zmiﬁ x (& x %) :LD'Zmir? = Tuwh
i=1 i=1

where we have introduced the special case that the position vectors of all
particles are perpendicular to the rotation axis (e.g., a flywheel):
@ - 7; = 0. The torque is defined as the rat
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of changg> of the angular momentum T
§ def dZ

If T is constant (because the inertia tensor is the identity, because we
work in the intrinsecal frame, or because the torque is deriving the
rotation around the same axis 7 so that I is not changing) then we may write

d
7 def ?d—";ﬁ —Txn
where « is called the angular acceleration (or rotational acceleration)
about the rotation axis 7.
Notice that if I is not constant in the external reference frame

(i.e., the three main axes of the body are different) then we cannot take I
outside the derivate. In this cases, we can have torque-free precession.

Post-Test

1. A uniform cylindrical shell (hoop) sits on one of its flat sides on a frictionless surface.
The hoop has mass M, radius R and height H. A bullet of mass p moving horizon-
tally with velocity 9y strikes the hoop with impact parameter R at mid-height (H/2
from the surface). After the collision the bullet continues with velocity ¥y/2 in its
original direction. Ignore any hole the bullet creates. Give all your answers in terms
of M, R, H, ?0 and p.

(a) What was the angular momentum, f, of the system about the center of the
hoop before the collision?

(b) What is the linear velocity, ?, of the center of the hoop after the collision?

(¢c) What is the angular velocity, &, of the hoop after the collision?

2. Two forces of magnitude 50 N ;| as shown in the figure below, act on a cylinder of
radius 4 m and mass 6.25 Kg. The cylinder, which is initially at rest, sits on a
frictionless surface. After 1 second, the velocity and angular velocity of the cylinder
in m/s and rad/s are respectively (see Figure 33 below).

86



—

«& L =50N

—

Figure 33:

Supplementary Reading

1.

Serway, Raymond; Jewett, John (2004). Physics for Scientists and Engineers (6th ed.).
Brooks/Cole. ISBN 0-534-40842-7.

Tipler, P. (2004). Physics for Scientists and Engineers: Mechanics, Oscillations and
Waves Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.

Hand, Louis N.; Finch, Janet D. Analytical Mechanics. Cambridge University Press.
Chapter 4.

. Lanczos, Cornelius (1970). The variational Principles of Mechanics. Toronto: Univer-

sity of Toronto Press. ISBN 0-8020-1743-6.
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LECTURE 10

Center of Mass

Introduction

The center of mass of a system of particles is a specific point at which, for many pur-
poses, the system’s mass behaves as if it were concentrated. The center of mass is a
function only of the positions and masses of the particles that comprise the system.

In this lecture, we shall discuss how to locate and use integration to find center of mass

of various objects.

Objective

At the end of this lecture, you should be able to:

e identify by inspection the center of mass of a symmetrical object,

e locate the center of mass of a system consisting of two such objects,

e use integration to find the center of mass of a thin rod of non-uniform
density,

e understand and apply the relation between center-of-mass velocity and
linear momentum, and between center-of-mass acceleration and net external
force for a system of particles,

e define center of gravity and to use this concept to express the gravitational
potential energy of a rigid object in terms of the position of its center of mass.

Pre-Test - See Post-Test
Definition (Center of mass)

The center of mass B of a system of particles is defined as the average of their positions,

75, weighted by their masses, m;:

D omTy
= S
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For a continuous distribution with mass density p(7) and total mass M, the sum becomes
an integral:

T%:%/de = %/p(ﬁFdV
/ p(P)FdV
/ p(r)dV

If an object has uniform density then its center of mass is the same as the centroid of its shape.

Examples

e The center of mass of a two-particle system lies on the line connecting the particles
(or, more precisely, their individual centers of mass). The center of mass is closer to
the more massive object.

Consider the following Figure 34 below with a and b regarded as particles

Figure 34:

Now

?jc.m. = 0

mixy1 + Mol
mi + mo

xrp = 0, Xro = 2.82m

m1 =799 u, mg =39.1u
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39.1x282m

Te. 79.9 + 39.1 mn

e The center of mass of ring is at the center of the ring (in the air).

e The center of mass of a solid triangle lies on all three medians and therefore at the
centroid, which is also the average of the three vertices.

Consider the following Figure 35 below:

I = 1
Figure 35:
L > miry 2md A+ m(d+b) + 4m(d +b)
Tem =M T m
5
= d —_
+ 7
S >omazy o 2m(0) +m(0) 4 4mh
yc.m. - M - 7m
o
= =

The position vector of the center of mass (c.m.)

5 4
P, = Bom.ds + Gorm§ = (d + 7b> it 2ng.

e The center of mass of a rectangle is at the intersection of the two diagonals.

e In a spherically symmetric body, the center of mass is at the center.
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e More generally, for any symmetry of a body, its center of mass will be a fixed point
of that symmetry.

Derivation of Center of Mass

Consider first two bodies, with masses m1 and ms, and position vector 71 and 5. Write
M = my 4+ msy for the total mass of the 2-body system, and R for the position vector of
the center of mass.

It is reasonable to require, for any system of masses, that the center of mass lie within
the convex hull of the system. In particular, for a pair of mass points, this means that

the tip of R must lie on the line segment joining the tips of 7, and 75. By geometry,
- 7 = k(ry — ﬁ) for some positive constant k. Taking magnitudes on both sides of
this equation, we get d; — kdy, where d; is the distance from the center of mass to body 1,
and ds is the distance from the center of mass to body 2. The constant k should obviously
depend only on the masses mi and ms, and we will examine the nature of this dependence.

Assuming the total mass M nonzero, it is clear that if mo = 0, the center of mass
should coincide with body 1, and d; = 0. This means dy = D, the total distance between
the two bodies, and m; = M. Symmetry demands that these relations remain true when
the subscripts 1 and 2 are interchanged everywhere.

The simplest model satisfying these requirements is the linear one, di = (D/M)ms
and dy = (D/M)m;. Under this model, we have k = dy/do = ma/ms. Therefore,
after multiplying our vector equation by my, we find that ml(ﬁ> — 7)) = ma(fy — ﬁ), or
(m1 + mg)ﬁ = my 7 + maTs. Thus,

My + mafs

N mi1 + mo
Now suppose there is a third body, of mass ms and position 73. Temporarily break the
symmetry between the three bodies, and define the 3-body center of mass as the 2-body
center of mass determined by body 3 together with a single body of mass My = mq + mg
placed at the center of mass of bodies 1 and 2, whose position vector we now denote by

ﬁo. The formula derived above gives

miri+meor -
(m1 +m2) (71,11“”2 2) +mars

ﬁ _ Moﬁo + m3773
My +ms3 Moy +ms3
miTy + mary + mars
mq + meo + ms ’

Since ﬁ turns out to be symmetric in the m; and r;, it would not have mattered had we
started by combining bodies 2 and 3, or bodies 1 and 3, instead of bodies 1 and 2. This
kind of reasoning clearly extends to any number of masses, and yields the formula

7277%'7_;'
R= S
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So our simple model of the 2-body center of mass uniquely and consistently determines the
corresponding formula in any number of mass points. Writing M = m1 +mso + - -+ + my,
the above formula for the center of mass may be expressed in the form

that is, the sum of the moments of a number of bodies is the momentum of their center of mass.
It is this principle that gives precise expression to the intuitive notion that the system as
a whole behaves like a mass of M placed at ﬁ, and justifies our simple linear model of
the one-dimensional center of mass.

The center of mass is often called the center of gravity because any uniform gravitational field
g acts on a system as if the mass M of the system were concentrated at the center of mass
R. This is seen in at least two ways:

e The gravitational potential energy of a system is equal to the potential energy of a point

particle having the same mass M located at ﬁ

e The gravitational torque on a system equals the torque of a force Mg acting at R.

o BxMj=> mfx§.
[

If the gravitational field acting on a body is not uniform, then the center of mass does not
necessarily exhibit these convenient properties concerning gravity.

Locating Center of Mass
This is a method of determining the center of mass of an L-shaped object.
(See Figures 36(a), (b), (¢)and(d),respectively)
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Figure 36:

1. Divide the shape into two rectangles, as shown in Figure 36(b). Find the center of
masses of these two rectangles by drawing the diagonals. Draw a line joining the
center of masses. The center of mass of the shape must lie on this line AB.

2. Divide the shape into two other rectangles, as shown in Figure 36(c). Find the center
of masses of these two rectangles by drawing the diagonals. Draw a line joining the
center of masses. The center of mass of the L-shape must lie on this line C'D.

3. As the center of mass of the shape must lie along AB and also along C'D, it is obvious
that it is at the intersection of these two lines, at 0. The point 0 might not lie inside
the L-shaped object.

Locating the Center of Mass of a Composite Shape

This method is useful when one wishes to find the location of the centroid or center of mass
of an object that is easily divided into elementary shapes, whose centers of mass are easy
to find. Here the center of mass will only be found in the z direction. The same procedure
may be followed to locate the center of mass in the y direction.
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The shape. It is easily divided into a square, triangle, and circle. Note that the circle will
have negative area. (See Figure 37(a) below)

O

10

10 10 —

(b)

Figure 37:

We note the coordinates of the individual centroids. (See Figure 37(b) above)

L

— 1333 ——

Figure 38:
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From equation above the individual centroids.(See Figure 38 above)

3 x —m2.5% 4+ 5 x 102 +13.33 x 1=

2 .
~ 8.5 units.
—m2.5% +102 + 1&

The center of mass of this figure is at a dlstance of 8.5 units form the left corner of the
figure.

e Locating the center of mass by tracing around the perimeter of the shape.
This method can be applied to a shape with an irregular, smooth or complex bound-
ary where other methods are too difficult. It was regularly used by ship builders to
ensure the ship would not capsize.

Summary
The position vector of the center-of-mass is the average position vector of
the mass of the system

n

E mT; .
ﬁ =1 o me
== =

S

In terms of vector components:

1
r = —[mixy +moxs + -+ Mpin] = mez
y = y[mwl +mays 4+ Mnyn] = Zmzyl
Z:M[mlzl +mozg + o+ mpz,] = Zmzzi

B = 2i + yj + 22.

Consider objects with continuous distributions of mass.
Divide body up

into elements of mass Am; with coordinates x;, y;, z;
and obtain the sum

T%:i/rdm.

M
The total linear momentum of the system is the same as that

of a particle of mass M whose motion is that of the center of
mass of the system.
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Post-Test

1. A square of side % is removed from one corner of a square sandwich that has sides
of length L. The displacement of the = coordinate of the center of mass (from C' to
C") is: (see Figure 39)

Y
L _—
o
3 c
S ,
Figure 39:

2. Three particles are placed at the three corners of a square as shown in the figure
below.
What should be the mass of the particle at the remaining corner so that the COM
of the system of particles lies at the center of square (see Figure 40 below)
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5K g

Figure 40:

3. A circular and a square plate are placed in contact as shown in the figure below.
If the material and thickness of the two plates are same, then COM of the system of
bodies are measured from the point of contact is:(see Figure 41)

Figure 41:
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Supplementary Reading

1. Goldstein, Herbert; Charles Poole, John Safko (2002). Classical Mechanics (3e ed.)
Addison Wesley ISBN0-201-65702-3

2. Serway, Raymond; Jewett, John (2004). Physics for Scientists and Engineers (6th ed.).
Brooks/Cole. ISBN 0-534-40842-7.

3. Tipler, P. (2004). Physics for Scientists and Engineers: Mechanics, Oscillations and
Waves Thermodynamics (5th ed.), W.H. Freeman. ISBN 0-7167-0809-4.
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LECTURE 11

Work, Energy and Power

Introduction

In this lecture, we shall analyze the motion of objects from the perspective of work and
energy. The effect that work has upon the energy of an object (or system of objects) will
be investigated; the resulting velocity and/or height of the object can be predicted from
energy information. Thus, we shall focus on the definitions and meanings of such terms

as work, mechanical energy, potential energy, kinetic energy, and power.

Objective

At the end of this lecture you should be able to:

e understand the definition of work, including when it is positive, negative,
or zero,

e calculate the work done by a specified constant force on an object that
undergoes a specified displacement,

e relate the work done by a force to the area under a graph of force as

a function of position, and calculate this work

in the case where the force is a linear function

of position,

e use integration to calculate the work performed by a force F'(z) on an object
that undergoes a specified displacement in one dimension,
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e apply the work-energy theorem,

e understand the concept of a conservative force, potential energy,
mechanical energy, total energy, conservation of energy,

e recognize and solve problems that call for application both of
conservation of energy and Newton’s laws,

e understand the definition of power,

e calculate the power required to maintain the motion of an object
with constant acceleration,

e calculate the work performed by a force that supplies constant
power, or the average power supplied by a force that performs

a specified amount of work.

Pre-Test - See Post-Test
Definition and Mathematics of Work

When a force acts upon an object to cause a displacement of the object, it is said
that work was done upon the object. In other words, force and displacement are both
vector quantities and they are combined using the dot product to evaluate the mechanical work,
a scalar quantity:

W=TF d=Fdcos¢ (1)

where ¢ is the angle between the force and displacement vector.

In other for this formula to be valid, the force and angle must remain constant. The
object’s path must always remain on a single, straight line though it may change directions
while moving along the line.

Examples
(i) When a force acts rightward upon an object as it is displaced rightward.
d
—

—y =0 degrees

F

In such an instance, the force vector and the displacement vector are in the same direction.
Thus the angle between F and d'is 0 degrees.

(ii) When a force acts leftward upon an object which is displaced rightward.
d,
+— 6 =180 degrees
7

In such an instance, the force vector and the displacement vector are in the opposite direction.
Thus, the angle between T and d'is 180 degrees.
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(iii) When a force acts upward on an object as if is displaced rightward

4, T F o= 90 degrees.

In such an instance, the force vector and the displacement vector are at right angles
to each other. Thus, the angle between F and dis 90 degrees.

The Meaning of Negative Work

The other occurs, when a force acts upon a moving object to hinder a displacement. In
such instances, the force acts in the direction opposite the objects motion in other to slow
it down. The force doesn’t cause the displacement but rather hinders it. These situations
involve what is commonly called negative work. Thus,

V_[} = ﬁdcos 180°
~Fd.

In situations where the force changes over time, or the path deviated from a straight line,
equation (1) is not generally applicable although it is possible to divide the motion into
small steps, such that the force and motion are well approximated as being constant for
each step, and then to express the overall work as the sum over these steps.

The general definition of mechanical work is given by the following line integral.

Wc:/cﬁ-dg (2)

where

C is the path or curve traversed by the object,
is the force vector; and

§'is the position vector.

The expression 5@ — F .d3is an inexact differential which means that the calculation of
¢ is path-dependent and cannot be differentiated to give F - ds.

Equation (2) explains how a non-zero force can do zero work. The simplest case is
where the force is always perpendicular to the direction of motion, making the integral
always zero. This is what happens during circular motion. However, even if the integrand
sometimes takes nonzero values, it can still integrate to zero if it is sometimes negative
and sometimes positive.

The possibility of a nonzero force doing a zero work illustrated the difference be-
tween work and a related quantity, impulse, which is the integral of force over time. Im-
pulse measures change in a body’s momentum, a vector quantity sensitive to direction,
whereas work considers only the magnitude of the velocity. For instance, as an object in
uniform circular motion traverses half of a revolution, its centripetal force does not work,
but it transfers a nonzero impulse.
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Units of Work
The SI unit of work is the joule (J), which is defined as the work done by a force of
one Newton acting over a distance of one meter.

Non-standard Units of Work
2
m m
ft = pound, Kg*S—2 * M, Kg*sT

Practise Exercise

1. Apply the work equation to determine the amount of work done by the applied force
in each of the three situations described below.

(i) A 100 N force is applied to move a 15 Kg object a horizontal distance of 5
meters at constant speed.

(ii) A 100 N force is applied an angle of 30° to the horizontal to move a 15 Kg
object at a constant speed for a horizontal distance of 5 m.

(iii) An upward force is applied to lift a 15 Kg object to a height of 5 meters at
constant speed.

Potential Energy

An object can store energy as the result of its position. For example, a drawn bow is
able to store energy as the result of its position. When assuming its usual position (i.e.,
when not drawn), there is no energy stored in the bow. Yet when its position is altered
from its usual equilibrium position, the how is able to store energy by virtue of its position.
This stored energy of position is referred to as potential energy.
Potential energy is energy which results from position or configuration. An object may
have the capacity for doing work as a result of its position in a gravitational field (gravitational
potential energy), an electric field (electric potential energy), or a magnetic field (magnetic
potential energy). It may have elastic potential energy as a result of a stretched spring or
other elastic deformation.

Potential Energy Concept

The potential energy P is equal to the work you must do to move an object from the
P = 0 reference point to the position r. The reference point at which you assign the
value P = 0 is arbitrary, so may be chosen for convenience, like choosing the origin of a
coordinate system. The force on an object is the negative of the derivative of the potential
function P.

Fa) = -2

P

Il

|
=
.
=
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This means it is the negative of the slope of the potential energy curve.

Negative Signs in Potential

F in the definition of potential energy is the force exerted by the force field, e.g.,
gravity, spring force, etc. The potential energy P is equal to the work you must do against
that force to move an object from the P = 0 reference point to the position . The force
you must exert to move it must be equal but oppositely directed, and that is the source of
the negative sign. The force exerted by the force field always tends toward lower energy
and will act to reduce the potential energy.

Elastic Potential Energy
The equation is

PE,

1 2
bpring:§*K*X

where

K = spring constant.
X = amount of compression (relative to equilibrium position).

Practise Exercise
If a force of 14.7 N is used to drag the loaded cart along the inclined for a distance of
0.90 meters, then how much work is done on the loaded cart?

Kinetic Energy

Kinetic energy is the energy of motion. An object which has motion - whether it be
vertical or horizontal motion - has kinetic energy. There are many forms of kinetic energy -
vibrational (the energy due to vibrational motion), rotational (the energy due to rotational
motion), and translational (the energy due to motion from one location to another). We
will focus on translational kinetic energy, which an object has depends upon two variables
mass (m) of the object and the speed (v) of the object. The following equation is used to
represent the kinetic energy (KE) of an object.

KE:i*m*UQ

where

m = mass of object,

v = speed of object.

The kinetic energy is dependent upon the square of the speed. Kinetic energy is a scalar
quantity, having a metric unit of measurement as Joule. Note that 1 Joule is equivalent

tolKg*’Z—;.

Practise Exercise
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1. Determine the kinetic energy of a 625 K g roller coaster car that is moving with a
speed of 18.3 m/s.

2. If the roller coaster car is the above problem were moving with twice the speed, then
what would be its new kinetic energy?

Mechanical Energy

Mechanical Energy is the energy which is possessed by an object due to its motion or
due to its position. Mechanical energy can be either kinetic energy (energy of motion) or
potential energy (stored energy of position).

Example

A hammer is a tool which utilize mechanical energy to do work. The mechanical
energy of a hammer gives the hammer its ability to apply a force to a nail in order to
cause it to be displaced. Because the hammer has mechanical energy (in the form of ki-
netic energy), it is able to do work on the nail. Mechanical energy is the ability to do work.

Total Mechanical Energy
TME=PFE+ KE

As discussed earlier, there are two forms of potential energy - gravitational potential energy
and elastic potential energy. Given this fact, the above equation can be rewritten:

TME = PEgray. + PEg gt KE.

prin

Power
Power is the rate at which work is done. It is the work/time ratio. Mathematically, it
is computed using the following equation:

Work
time

Power =

The standard metric unit of power is the Watt.
A Watt is equivalent to a Joule/second

Work ForcexDisplacement
Power = — = -
time Time
Displacement
= Force= ——
Time
= Forcexvelocity.

Remark

This new equation for power reveals that a powerful machine is both strong (big force)
and fast (big velocity). A powerful car engine is strong and fast. A machine which is
strong enough to apply a big force to cause a displacement in a small mount of time (i.e.,
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a big velocity) is a powerful machine.

Practise Exercise

1. Two MAT 242 students, Taiwo and Kehinde, are in the weightlifting room. Taiwo
lifts the 100-pound barbell over his head 10 times in one minute; Kehinde lifts the
100-pound barbell over his head 10 times in 10 seconds. Which student does the
most work? Which student delivers the most powerful? Explain your answers.

2. During a MAT 242 lecture, Jack and Jill ran up a hill, Jack is twice as massive as
Jill; yet Jill ascends the same distance in half the time. Who did the most work?
Who delivered the most power? Explain your answers.

Summary

Work is done when a force acts upon an object to cause a displacement.
Three quantities must be known in order to calculate the amount of work.
Those three quantities are force, displacement and the angle between

the force and the displacement.

Potential energy is the energy which is

stored in an object due to its position relative to some zero position.
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An object possesses gravitational potential energy if it is positioned at a
height above (or below) the zero height. An object possesses elastic potential
energy if it is at a position on an elastic medium other than the equilibrium
position.

Kinetic energy is obtained from the equation

1
KE:§>x<m*v2

where

m = mass of object.

v = speed of object.

Total mechanical energy is given by the formula TMFE = PE + KE
PEgrav. + PESpring + KE.

and finally,

Work  ForcexDisplacement
Power = =

me Time
isplacement
= Force ¥ ——————
Time
= Force * velocity.

Post-Test

1. A student with a mass of 80.0 K¢ runs up three flights of stairs in 12.0 sec. The
student has gone a vertical distance of 8.0 m. Determine the amount of work done
by the student to elevate his body to this height. Assume that her speed is constant.

2. Calculate the work done by a 2.0 N force (directed at a 30° angle to the vertical)
to move a 500 gram box a horizontal distance of 400 ¢m across a rough floor at a
constant speed of 0.5 m/s.

(Hint: Be cautious with the units).

3. A cart is loaded with a brick and pulled at constant speed along an inclined plane
to the height of a seat-top. If the mass of the loaded cart is 3.0 Kg and the height
of the seat top is 0.45 meters, then what is the potential energy of the loaded cart
at the height of the seat-top?

4. Determine the kinetic energy of a 625 Kg roller coaster car that is moving with a
speed of 18.3 m/s.

5. A 900 kg compact car moving at 60 km/hr has approximately 320000 joules of
kinetic energy. Estimate its new kinetic energy if it is moving at 30 km/hr.
(Hint: use the kinetic energy equation as a “guide to thinking”).

6. Your household’s monthly electric bill is often expressed in kilowatt-hours. One
kilowatt-hour is the amount of energy delivered by the flow of 1 kilowatt of electricity
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for one hour. Use conversion factors to show how many joules of energy you get when
you buy 1 kilowatt-hour of electricity.

7. An escalator is used to move 20 passengers every minute from the first floor of
a department store to the second. The second floor is located 5.20 meters above
the first floor. The average passenger’s mass is 54.9 Kg. Determine the power
requirement of the escalator in order to move this number of passengers in this
amount of time.

Supplementary Reading

1. Serway, Raymond; Jewett, John (2004). Physics for Scientists and Engineers (6th ed.).
Brooks/Cole. ISBN 0-534-40842-7.

2. Tipler, Paul (1991). Physics for Scientists and Engineers: Mechanics, (3rd ed., extended
version ed.), W.H. Freeman. ISBN 0-87901-432-6.

3. Zitzewitz, Elliot, Haase, Harper, Herzog, Nelson, Nelson, Schuler, Zorn (2005). Physics:
Principles and Problems. McGraw-Hill Glencoe, The McGraw-Hill Companies, Inc.
ISBN 0-07-845813-7.
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LECTURE 12

The Work-Energy Relationship

Introduction

In this lecture, we shall explain and distinguish between internal and external forces.
We will explore the quantitative relationship between work and mechanical energy in sit-
uations in which there are no external forces doing work as well as in situation involving
external forces.

Objective

At the end of this lecture you should be able to:

e identify external and internal forces,

e read descriptions and indicate whether energy is transformed from KFE
to PE or from PFE to KE,

e indicate whether the gain or loss of energy resulted in a change in the
object’s kinetic energy, potential energy, or both.

e analyze motion situations using the work and energy relationship, and
e solve complex problems by combining the work-energy relationship with
the expressions for potential and kinetic energy.

Pre-Test

1. In the following descriptions, indicate whether energy is transformed form KFE to
PE (or vice-versa) and explain.

(i) A ball falls from a height of 2 meters in the absence of air resistance.
(ii) A bungee cord beings to exert an upward force upon a falling bungee jumper.

(iii) The spring of a dart gun exerts a force on a dart as it is launched from an
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initial rest position.

2. In the following descriptions, indicate whether the gain or loss of energy resulted in
a change in the object’s kinetic energy, potential energy, or both.

(i) Peter pounds a nail into a block of wood. The hammer head is moving hori-
zontally when it applied force to the nail.

(ii) The frictional force between highway and tyres pushes backwards on the tyres
of a skidding car.

(iii) A weightlifter applies a force to lift a barbell above his head at constant speed.

3. A 100 kg car travelling with a speed of 25 m/s skids to a stop. The car experiences
an 8000 N force of friction. Determine the stopping distance of the car.

4. At the end of the shock wave roller coaster ride, the 600 kg train of cars (including
passengers) is slowed from a speed of 20 m/s to a speed of 5 m/s over a distance of
20 meters.

Determine the braking force required to slow the train of cars by this amount.

Comparing Internal With External Forces

External Forces are forces, which when present and when involved in doing work on
objects will change the total mechanical energy of the object. For instance, the applied
for, normal force, tension force, friction force, and air resistance force.

When net work is done upon an object by an external force, the total mechanical energy
(KE + PE) of that object is changed. If the work is positive work, then the object will
gain energy. If the work is negative work, then the object will lose energy. The gain or
loss in energy can be in the form of potential energy, kinetic energy, or both. Under such
circumstances, the work which is done will be equal to the change in mechanical energy of
the object. Because external forces are capable of changing the total mechanical energy
of an object, they are sometimes referred to as non-conservative forces.

Internal Forces are forces, which can never change the total mechanical energy of
an object, but rather can only transform the energy of an object from potential energy to
kinetic energy (or vice versa). For instance, the gravity forces, magnetic force, electrical force,
and spring force. When the only forces doing work are internal forces, energy changes forms
- from kinetic to potential (or vice versa); yet the total amount of mechanical is conserved.
Because internal forces are capable of changing the form of energy without changing the
total amount of mechanical energy, they are sometimes referred to as conservative forces.

Note:

A horizontal force can never change the potential energy of an object. Horizontal forces
cannot cause vertical displacements. The only means by which an external or non-conservative
force can contribute to a potential energy change is if the force has a vertical component.
Potential energy changes are the result of height changes and only a force with a vertical
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component can cause a height change.

Analysis of Situations Involving External Forces
The quantitative relationship between work and mechanical energy is expressed by the
following equation:

TME; +Wgxr =TMEp

The equation states that the initial amount of total mechanical energy (T'M E;) plus the
work done by external forces (Wgxr) is equal to the final amount of total mechanical energy
(TMEFR).

Notes:

First, the mechanical energy can be either potential energy (in which case it could be
due to springs or gravity) or kinetic energy. Given this fact, the above equation can be
rewritten as

KFE;+ PE; +Wgxr = KEp + PER

The second note which should be made about the above equation is that the work done
by external forces can be a positive or a negative work term.

Examples (nonconservative forces)

1. Consider a weightlifter who applies an upwards force (say 1000 N) to a barbell to
displace it upwards a given distance (say 0.25 meters) at a constant speed. The
initial energy plus the work done by the external force equals the final energy. If
the barbell begins with 1500 joules of energy (this is just a made up value) and the
weightlifter does 250 joules of work (F'xdx cosine of angle = 1000 N %0.25 msxcosine 0
degrees = 250 J), then the barbell will finish with 1750 joules of mechanical energy.
The final amount of mechanical energy (1750 J) is equal to the initial amount of
mechanical energy (1500 J) plus the work done by external forces (250 J). That is,
TMER = 1500 J + 250 J = 1750 J.

2. Now counsider a baseball catcher who applies a rightward force (say 6000 N) to a
leftward moving baseball to bring it from a high speed to a rest position over a given
distance (say 0.10 meters). The initial energy plus the work done by the external
force equals the final energy. If the ball begins with 605 joules of energy (this is just
another made up value), and the catcher does Work = 6000 NN * 0.10 m * cos 180° =
—600 J.

TMEp = TME;+Wgxr
605 J + (—600 J) =5 J

3. Now consider a car which is skidding from a high speed to a lower speed. The force
of friction between the tyres and the road exerts a leftward force (say 8000 N) on
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the rightward moving car over a given distance (say 30 m). If the car begins with
320,000 joules of energy (this is just another made up value), and the friction force
does

8000 N * 30 m * cos 180° = —240, 000 .J.

TMEp = 320,000 J + (—240,000).
—80000 J.

4. Finally, consider a cart being pulled up an inclined plane at constant speed by a
student during a lecture break. The applied force n the cart (say 18 N) is directed
parallel to the incline to cause the cart to be displaced parallel to the incline for a
given displacement (say 0.7 m). If the cart begins with 0 Joules of energy (that is
just another made up value), and the student does 18 N x 0.70 m * cos 0° = 12.6 J.

TMEr = TME;+Wgxr
0J+126J =126 J

Analysis of Situations in which Mechanical Energy is Conserved
The quantitative relationship between work and mechanical energy in situations in
which there are no external forces doing work in expressed by the following equation:

KFE;+ PE; = KEp + PER

Remark

In these situations, the sum of the kinetic and potential energy is everywhere the same.
As the potential energy is increased due to the stretch/compression of a spring or an in-
crease in its height above the earth, the kinetic energy is decreased due to the object
slowing down. As the potential energy is decreased due to the return of a spring to its
rest position or a decrease in height above the earth, the kinetic energy is increased due
to the object speeding up. We would say that energy is transformed or changes its form
from kinetic energy to potential energy (or vice versa), yet the total amount present is
conserved - that is, always the same.

Practice Exercise

1. Consider the falling and rolling motion of the ball in the following two resistance-free
situations. In one situation, the ball falls off the top of the platform to the floor. In
the other situation, the ball rolls from the top of the platform along the staircase -
like pathway to the floor. For each situation, indicate what type of forces are doing
work upon the ball. Indicate whether the energy of the ball is conserved and explain
why.
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2. Some driver’s license exams have the following question:
A car moving 50 km/hr skids 15 meters with locked brakes. How far will the car
skid with locked brakes if it is moving at 150 km/hr.

3. An object which weighs 10 N is dropped from rest from a height of 4 meters above
the ground. When it has free-fallen 1 meter its total mechanical energy with respect
to the ground is - - - - - - - - - ?

4. During a certain time interval, a 20 — N object free-falls 10 meters. The object gains
Joules of kinetic energy during this interval.

Summary

To understand the work-energy relation, you must understand the

two types of forces, namely internal forces and external forces.

There is a relationship between work and mechanical energy change.
Whenever work is done upon an object by an external or nonconservative
force, there will be a change in the total mechanical energy of the object.
If only internal forces are doing work (no work done by external forces),
there is no change in total mechanical energy; the total mechanical energy
is said to be “conserved”. The quantitative relationship between work and
the two forms of mechanical energy is expressed by the following equation:
KFE;+ PE+Wgxt=KFEpr+ PEp

Post-Test(See Pre-Test)

Supplementary Reading

1. Serway, Raymond; Jewett, John (2004). Physics for Scientists and Engineers (6th ed.).
Brooks/Cole. ISBN 0-534-40842-7.

2. Tipler, Paul (1991). Physics for Scientists and Engineers: Mechan ics (3rd ed., extended
version ed.). W.H. Freeman. ISBN 0-87901-432-6.

3. Zitzewitz, Elliott, Haase, Harper, Herzog, Nelson, Nelson, Schuler, Zorn (2005). Physics:
Principles and Problems. McGraw-Hill Glencoe, The McGraw-Hill Companies, Inc.
ISBN 0-07-845813-7.
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LECTURE 13

Gradient, Divergence and Curl.

Introduction
This lecture develops the functions of vector arguments which arise in practical appli-
cations and are known as the gradient, the divergence and the curl.

Objective

At the end of this lecture you should be able to:

e recite basic identities regarding the “del” operator V applied to various
combinations of scalar and vector fields.

e Solve problems involving gradients, divergence, and curl, using the
cylindrical or spherical or cartesian or orthogonal systems.

Pre-Test - See Post-Test
Field in Cartesian Coordinates
Partial derivatives

Nabla (Del) operator

V= Zkak = 5161 + ;252 + 2333
Gradient
grad f = Vf = 0y f

(grad f); = 0, f
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Example .
If f(z,y,2) = 32%y — y322, find Af (or gradf) at the point (1, -2, —1)

\W

- 0~ 0= 2 3,2
<8$2+8y3+3zk>(3xy y’z7)

- -0 -0
= i3y -y’ + j@(ngy —9°2%) + k- (32%y — =)
= 6xyi+ (32% — 3y%22)] — 2y°2k
= 6(1)(—2)i +3(1) - 3(—2)*(—1)%] — 2(=2)* (- 1)k
= —12{— 95 — 16k.
Practice Exercise
If f=a%2+e¥® and g = 22%y — 292, find (a) V(f + g) and V(fg) at the point
(1,0,-2).
Directional Derivative

af  dr¥ - V-
T ds -gradf) = @ - gradf)
Flow lines
dr ¥
- BF
dt
dvy _ drp_ dag
Fy N F, F3
Example

If @ = 2221 — 2322 + JinZE, find V - @ at the point (1,—1,1).

Vi = (aaj:;—i— (%3—1— aiE) (P2 — 207225 + l‘yQZE)

9 9 3.2 9 2
= —_— _— _2 -
So(a%) 4 (25 + 5 (ar)
= 2zz—6y%2% + ay?
= 2(1)(1) = 6(=1)*(1)* + (1)(=2)? = =3 at (1,-1,1).
Practice Exercise .
If & = 2027 — 3yzj + x2%k and f = 2z — 23y, find @ - Vf at the point (1,—1,1).

Divergence

AvE =V .- F = 9,F,

Practice Exercise
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Evaluate div(2222i — zy%2] + 3yz2E)

Curl
i1 ig 13
CulF = |0 & 05
fi By I3
(Cﬁrl?)l = Eijkaij
Cﬁrl? V x ? = Zijkﬁij
Example:

If @ = 2231 — 20%yz] —|—2yz4k find V x @ (or Curl@) at the point (1,—1,1).

Vxid = (57; ;y] + ;k) x (22°7 — 20%yz] + 2y2*k)
1 J k
I R ]
N oz dy 0z
zz3  —22%yz 2yt

= (22* + 222y)i + 3w2%] — dayzk
= 3j+4k at (1,-1,1).
Practice Exercise .
If 4 = 21221 — yzj + 322k, find V x @ at the point (1,1,1).
Laplacian
A = divgraazvzzv-v
A = 0;0,=0]+05+03

Vector identities:

Vx(VxF) = -AF+V(V-F)
Cul CwlF = —AF +grad divF
V x Ve =0,
Curl grad = 0

115



V-(Vx?)zo
div Curl = 0

Vr
V£(r)
v.-F(r)

vV x F(r)
(F V)7

(Vflg+ f(Vyg)
(Vf)-F+ fVF
(VF) x F+ f(V

xﬁ)

Fields in Orthogonal Coordinate System (in orthonormal basis ¢;)

Vector components

F = F-g
divF = h1h12h3 {aql (h2h3F1)+8iq2(h3h1Fg)+
CulF = elﬁ 382(h3F3) [ 833(h2F2)H+e2



1 0 (hahs 0O 0 (hohs 0O 0 (haohs O
A = e e— _— _— _ —_ —_— —_—
f h1h2h3 {8(]1 ( hl 8q1 ) + 8q1 ( hl 8q1 ) + 8(]1 ( hl 8q1 )}

Cylindrical Coordinates:

1
g—aéf = epapf+€tp;8<pf+ﬁ’zazf

AivF = %@(PF/}) + %achsa + 0. F.
e, pe, e
Cul? = 2o, o, o.
F, pF, F.

1 1
Af = ;Op(pappr—gaifwff

Spherical Coordinates

1 1
graéf = &0 f+eg—0gf +e,——0,f
r rsin 6
R 1 , 1
divF = ﬁar(r F.)+ rsinoag(sm 0Fy) + maﬁ@
e, Teg rsinfe,
_ 1
mF " r2gind O O %
F. rFy rsinfF,
Af = i8(26f)+#6(" 96f)+#2
— r2 T O ’r'QSine 0 S111 (] T251n29 0d-

Summary
We give formula of a gradient, divergence, curl, Laplacian in
Cartesian, orthogonal, cylindrical and spherical coordinates system.

Post-Test

1. Find the values of the constants a, b, ¢ so that the directional derivative of f = axy?+
byz + cz2x? at (1,2, —1) has a maximum of magnitude 64 in a directional parallel to
the z-axis.

2. If @ = 3wyz%i + 22y3] — 22yzk and f = 322 — yz, find (a) V- @, (b) @- VJ, (c)
V- (fu), (d) V- (Vf), at the point (1,—1,1).
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10.

Prove that V2(fg) = fV%g+2Vf-Vg+ gV2f.
If f=32%y, g = 12?2 — 2y, evaluate grad[(gradf) - (gradg)].
Ifu= % find grad divu.

Show that @ = (222 + 8zy22)i + (32%y — 3zy)j — (4y22% 4 2232)k is not solenoidal
but ¥ = 2y2z24 is solenoidal.

—

If @ = yz2%i — 3222) + 22y = k, U = 3ai + 42 — a:yE and f = xyz, find

(a) @x (Vf),
(b) (@xV)f,
(c) (V x ) %7,
(d) 7-Vxu

Prove V- (i x ¥) =7+ (V x 1) — - (V X V).

If @(z,y, 2) is an invariant differentiable vector field with respect to a rotational of
axes, prove that (a) divi and (b) Curl@ are invariant scalar and vector fields respec-
tively under the transformation.

Show that the Laplacian operator is invariant under a rotation.

Supplementary Reading

1. Hand, Louis N.; Finch, Janet D. Analytical Mechanics. Cambridge University Press.

2. Lanczos, Cornelius (1970). The variational Principles of Mechanics. Toronto: Univer-

sity of Toronto Press. ISBN 0-8020-1743-6.

3. Murray R.S. (1974). Schaum’s Outline of Theory and Problems of Vector Analysis and

an introduction to Tensor Analysis. McGraw-Hill, Inc.
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LECTURE 14

The Divergence Theorem, Stokes’ Theorem and Related Integral
Theorems

Introduction
In this lecture, we shall discuss vector fields with the study of Green, Gauss and
Stokes Theorem and applications of vector field theory.

Objective

At the end of this lecture you should be able to:

e evaluate the line integral of the vector field over a path, given a vector field
and the three-dimensional path,

e state the Divergence Theorem,

e apply these theorems to the computation of line integrals, surface integrals and
volume integrals, and

e solve problems involving line integrals, circulation of vector

field, the unit normal, the surface element, surface integral of a scalar field, flux
of a vector field, flux of a

curl, flux of a tensor field, Divergence of a tensor and curl of an antisymmetric
2-tensor.

Pre-Test - See Post-Test
Integrals
Parametrization of a curve C:
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Line Integrals

/?dr_/? —dt

Circulation of vector field along a closed contour

Parametrization of a surface S

Unit normal

. OuT X OyT
" 1007 % 9,7
For a surface given by
fm=c
the Unit Normal is
vy
"
Surface Element
d§ = 1ids = 0,7 x d,Tdudv

ds

|0 T X Oy, ¥|dudv

For a surface given by
z = f(z,y)
a<z<b y(r) <y <ys(z)

the Surface Element is

ds = \[1+ (012 + (0, )*dydz

Surface Integral of a scalar field

//scpds B // 7(u,v))|0uT X Oy dudy
[ st i

Flux of a Vector Field F through the surface S

/L?-ﬁ://g?-ﬁd&*
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Line Integral of a Gradient

Q
/P grade - dif = o(Q) — ¢(P)

Circulation of a Gradient along a closed contour

f@w.dfzo
C

Gauss (Divergence) Theorem

//D/div?dvz//wﬁ-dﬁ

0D is a closed surface, which is the boundary of the solid region D.
Green’s Theorem

//(81F2 — 82F1)d$1d$2 = f (Fldl'l + FQdJUQ)
S oS

0S is a closed plane curve, which is the boundary of the region S in the zjxs-plane.

Stokes’ Theorem
//Cur?-d?z ?-df’
s

oS8
0S is a closed space curve, which is the boundary of the surface S.

//Smﬁ-d?:o

// dcnkds// Tikn;dS

Divergence of a Tensor (in Cartesian Coordinates)

0;Tir, OnTix

Tensor Fields
Flux of a Tensor Field

Directional Derivative (in Cartesian Coordinates)

dTik - d.Z‘J
a5~ as il

Analog of Curl of an antisymmetric 2-tensor
3eij0iAjr, = 01Az3 + 02A3 + 03413
= 01A; + Ay + 0343
= divA.

Examples
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1. Verify_Green’s theorem in the plane for

7{ (vy + y*)dx + 2%dy
c

where C is the closed curve of the region bounded by y = x and y = x2.

Solution
y =z and y = 22 intersect at (0,0) and (1,1). Along y = 22, the line integral equals
! 19
/ ((x)(x?) + 2)dz + (2?)(2z)dx = / (323 + xt)dx = 20
0 0

Analog y = z from (1,1) to (0,0) the line integral equals
0 0
/ ((x)(x) + 2*)dx + 2%dx = / 32%dr = —1
1 1

19 -1
Then th ired line int l=——-1=—
en the required line integra 20 20

TRy T e
/ /R@_Wy: [ o
_ /01 [/xj(x—Qy)dy}dx:/Ol(g;y_yQ)w

22
1

I

dx

so that the theorem is verified.

2. Show that the area bounded by a simple closed curve C is given by

1
77{ xdy — ydzx.
2 Je

Solution

In Green’s theorem, put M = —y, N = z. Then

ﬁxdy—ydx // (833 y(—y)) dxdy
2//da:dy
24 "
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where A is the required area. Thus

A:%fxdy—ydm.

//Sﬁ-ﬁdx,

where F = 4a2i — y2j + yzE and S is the surface of the cube bounded by x = 0,
r=1,y=0y=1,2=0,z=1.

. Evaluate

Solution

By the divergence theorem, the required integral is equal to

///‘/V.?d‘/:///v{{i(élxz)—s-az(_y) ;’Z(yz) iV
[ favar=[ [ [

1 1 1 1 1 3
/ / 222 —yz dydx = / / (2 —y)dydx = =.
z=0 Jy=0 2=0 z=0 Jy=0 2

//F-ﬁdS,
s

. Evaluate

where S is a closed surface.
Solution

By the divergence theorem,

//Sf-ﬁds - ///v-mv

///( g+§k>.(a£+yi+zi¥)dv
TG i)™
3///VdV:3V

where V is the volume enclosed by S.
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5 fF =Zand Visa sphere of radius R centred at the origin, verify the divergence theorem.

e - s o

4
= 3x g’]‘(’RS = 47 R?
Alternatively,

//S?d?://sf-ﬁds,

//S?-dﬁ - //Sf]fds
[ Zas=n] [as

= R x4nR%®=47R3,

but @7 = Z/R so

as expected.

6. Example on Divergence Theorem’s Application Gauss’s Law

1
If we integrate the first of Maxwell’s laws V - E= —p over a volume V, we have

[ et o

Using the divergence theorem on the left-hand side gives,

2L [

1
Flux of E over § = — x Total charge enclosed by S.

€o
We can use the relationship (1) to deduce the electric field generated by a point
charge e located at the origin.

/l\
— o —

I e
Figure: 42
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A charge e is located at the origin of a spherical polar coordinate system (see Figure
42 above). On any sphere of constant radius centred at the origin, we expect the
electric field to be constant and parallel to the outer unit normal of the sphere.

By symmetry the electric field must act only in the radial direction and should
depend only on the distance from the point charge, r = |Z|, so

E = (E,(r),0,0)

in spherical polars.

Let V' be a sphere of radius R centred at the point charge, then r is constant on the
surface S and hence E is also constant on the surface. Moreover, the direction of
the electric field is parallel to the outer unit normal to the surface and so

//Sﬁ.d? = //SET(R)dSEr(R)//SdS
E,(R)

= (R)ATR?.

The total charge enclosed by the sphere is just e, however, and from equation (1)

E AT R2 = ° E — _ ¢
»(R)4TR o = FE.(R) Inie

the inverse-square law for the electric field is then given by

e T
dmeg r3’

. Example

Verify Stokes’ theorem for @ = (2z — y)i — yz2j — y2zk, where S is the upper half
surface of the sphere 22 4+ y? + 22 = 1 and C is its boundary.
Solution

The boundary C' of S is a circle in the xy-plane of radius one and centre at the
origin. Let z = cost, ysint,. z = 0], 0 < ¢ < 27 be parametric equations of C. Then

]{ i-dr = ‘74 (22 — y)dx — yz2dy — y*2dz
c c

2m
/ (2cost —sint)(—sint)dt = 7
0

Also . . ~
i J k
0 0 0

Il
ot

V xu= — —_— —_—




/meﬂw://ﬁﬂw://n@
S S R

Since i - kdS = dzdy and R is the projection of S on the zy-plane. The last integral

equals
1 V1—x2 1 V1—x2
/ / dydr = 4/ / dydz
r=—1 yzfm 0 0
1
= 4/ V1—22de =
0

and Stokes’ theorem is verified.

. Example

¥F = (22, 2%, —y?), evaluate the integral

J:/LVx?d?

where S is the surface of a hemisphere of radius 2, centred at (0,0, 0) and for which
z=0.
Solution

By Stokes’ theorem,

I:/AVxﬁd?:ﬁ?dﬁ

where C is the circle 22 4+ y? = 4, in the plane z = 0. On the circle C,

F.di = (x2, 2% = 0, —y?) - (dz,dy,dz = 0)

z2dz,

%?-df:fﬁdm
c c

On the circle £ = 2 cos 8, where 0 < 6 < 27w and so dr = —2sin0df and then

SO

2m
I = / 4cos? @ x (—2sin@)dh
0
_ g [cosz)’ﬂ27T o
3 o
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9.

10.

Example on Stokes’ theorem’s application: Faraday’s Law

Integrating the third of Maxwell’s laws V x E = —27 over a surface S we obtain

ot

[[vxtas=— ][5

Using Stokes’ theorem on the left-hand side and assuming that the surface remains

fixed yields
fﬁ-dﬁ:—i//ﬁd?,
c dt ] Js

E.m.f. round circuit = —rate of change of flux of magnetic field

through a surface spanning the circuit.

Example on Stokes’ theorem’s application: Ampere’s law

If we have a steady current flowing around a circuit C, we can integrate the Maxwell’s
law V x B = ug J over a surface S with boundary C' to obtain

//SVXE?-d?:uO//de?.

Using Stokes’ theorem on the left-hand side gives

jgﬁ.df:uo//sj‘-d?, (2)

“Circulation” of B around C' = o X flux of current through S.

Expression (2) can be used to deduce the magnetic field generated by a steady current
I flowing along a straight wire.

~

Figure 42:
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A steady current I flows along a straight vertical wire (see Figure 43 above). The
generated magnetic field acts only in the azimuthal direction (around the wire) and
will have a constant magnitude at a fixed distance from the wire.

Assume that the wire is oriented in the z-direction and by symmetry the magnetic
field B acts only in the azimuthal direction and depends only on the distance r from
the wire, so

B = (0, By(r),0) in cylindrical polars

Let C be a circle of radius R centred on the wire and in a constant z-plane. Now,
J B = § 0B8R0 000

By(R) 7{} d
= B¢ (R)QTFR,

because the magnetic field is constant on the circle. But,

,uo//sj-d?:,ugL

By(R)2mR = pol

_ Mol
2R’

the Biot-Savart law. The magnetic field is then

ﬁ_(o“o]o).

"27R’

and so by equation (2)

= By(R)
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Summary

The Divergence Theorem of Gauss states that if V' is the volume bounded by a
closed surface S and # is a vector function of position with continuous
derivatives, then

///vuw-//unw

where 77 is the positive (outward drawn) normal to S.
Stokes’ Theorem states that if S is an open, two-sided surface bounded by a closed,
non-intersecting curve C (simple closed curve) then if @ has continuous derivatives

fuw—//vXunw
//qu .S

where C' is traversed in the positive direction.

The direction of C is called positive if an observer, walking on the boundary of S in
this direction, with his head pointing in the direction of the positive normal to S,
has the surface on his left.

Green’s theorem in the plane:

If R is a closed region of the zy-plane bounded by a simple closed curve C' and if M
and N are continuous functions of x and y having continuous derivatives in R, then

fMdm—l—Ndy—// (M—W)dxdy

where C' is traversed in the positive (counterclockwise) direction.

Green’s theorem in the plane is a special case of Stokes’ theorem. Also, it is of
interest to notice that Gauss’ divergence theorem is a generalization

of Green’s theorem in the plane where the (plane) region R and

its closed boundary (curve) C are replaced by a (space) region V

and its closed boundary (surface) S. For this reason the

divergence theorem is often called Green’s theorem in space.

Green’s theorem in the plane also holds for regions bounded by a finite number
of simple closed curves which do not intersect.

Post-Test

1. Verify Green’s theorem in the plane for
%(31’2 — 8y*)dx + (4y — 6zy)dy,

where C' is the boundary of the region defined by:

(a) y =z, y =%
(b)) 2=0,y=0,z4+y=1
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. Evaluate
/(_1’0) —ydx + xdy
(1,0) r? +y?
along the following paths:

(a) straight line segments from (1,0) to (1, 1), then to (—1,1), then to (—1,0).
(b) straight line segments from (1,0) to (1, —1), then to (=1, —1), then to (—1,0).
oM  ON
Show that although e = o the line integral is dependent on the path joining
(1,0) to (—1,0) and explain.

. Verify the divergence theorem for u = 2x2y5— y2;+ 4222k taken over the region in
the first octant bounded by 3% + 22 = 9 and z = 2.

//F-ﬁdS
s

(a) S is the sphere of radius 2 with center at (0,0,0),

(b) S is the surface of the cube bounded by x = -1,y = -1, z=-1, 2 =1,y =1,
z =1,

. Evaluate

where

(c) S is the surface bounded by the paraboloid: z = 4 — (22 +y?) and the xy-plane.

. Verify Stokes’ theorem for @ = (y — z + 2)i + (yz + 4)j — 2.2k, where S is the surface
of the cube x =0, =0, 2 =0, x =2, y = 2, z = 2 above the zy-plane.

//S(Vxﬁ)-ﬁdS,

i = (2®+y—4)i+3zyj + 2wz + 22)k

. Evaluate

where

and S is the surface of
(a) the hemisphere 22 + y? + 22 = 16 above the xy-plane
(b) the paraboloid z = 4 — (22 + y?) above the zy-plane.

CIf @ = 2yzi — (x4 3y — 2)] + (2 + 2)k, evaluate

//qu - dS

over the surface of intersection of the cylinders 22 4+ y? = a?, 22 + 22 = a? which is
included in the first octant.
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8. A vector 4 is always normal to a given closed surface S. Show that

/// Curl @ dV =0,
1%

where V' is the region bounded by S.
Supplementary Reading
1. Hand, Louis N.; Finch, Janet D. Analytical Mechanics. Cambridge University Press.

2. Lanczos, Cornelius (1970). The variational Principles of Mechanics. Toronto: Univer-
sity of Toronto Press. ISBN 0-8020-1743-6.

3. Murray R.S. (1974). Schaum’s Outline of Theory and Problems of Vector Analysis and
an introduction to Tensor Analysis. McGraw-Hill, Inc.
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