Example 6 : A disc wheel starts to rotate from rest with constant angular
acceleration. At time t = 20 s its frequency equals 200 revolutions per minute.

Determine the anguler acceleration of the motion. How many revolutions are per-
formed during this time?

Solution: The angular velocity of the wheel equals & = 2 T n, where n = &= re-
presents the number of revolutions per second.

So, the angular velocity at time t = 20 s equals

o §

2200 + , 1

60

W = 2nn =

Since the motion starts from rest the angular acceleration will be equal to

N

. B
a=_‘;.1.=-2l=1,oss.

The angle subtended during time t = 20 s equals

t t
@) = jwu.) at = J et at = 2£t2 = £1,05.20% = 210,
o o

So, the number of revolutions during time t = 20 s equals

N
[o]

N = 2L

l

= 33,4.

N
=

2. DYNANICS

2-~1 The First Law of Motion

In Chapter 1 we have discussed how motion is described in terms of velocity and
acceleration. In this Chapter we want to deal with the question of why objects move
as they do, what causes a body to accelerate or decelerate. We can aneswer that a
force is required and therefore we investigate the connection between force and
motion. A force has direction as well as magnitude and is a vector that follows the
rules for vectors. We represent any force on a diagram by an arrow and its length
is drawn proportional to magnitude of the force.

Newton’s analysis of motion is summarized into three laws of motion. The first
law of motion states that

every body continues in its state of rest or of uniform speed
in a straight line unless it is compelled to change that state
by forces acting on it.

The tendency of a body to maintain its state of rest or of uniform motion in a
straight line is called inertia. As a result, the first law of motion is often
called the law of inertia.
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2~-2 The Second Law of Motion

Newton’s second law mekes use of the concept of mass. We often use the term
mass as & synonym for quantity of matter. This notion of the mass of a body is not
very precise because the concept "quantity of matter"™ is itself not well defined.
dore precisely we can say that mass is & measure of the inertia of a body. The more
mass 8 body has the harder it is to change its state of motion -~ it is harder to
start it moving from rest or to stop it when it is moving. To quantify the concept ,
of mass we must define a standard. In SI units the unit of mess is the kilogram
(kg). The actual standard is a particular platiniumdridiumcylinder kept at the
International Bureau of Weights & Measures, whose mass is precisely one kilogram.

From the first law of motion we know that if no net force is acting on a body
it remains at rest, or if it is moving it continues moving with constant speed in
a straight line. But if a force starts to act . on a body, its velocity changes.
Thus a net force gives rise to acceleration. The question of the relationship bet-~

ween acceleration and force can be answered from ordinary experience. If we double
the force which acts on a body, the acceleration doubles; if we triple the force,
the acceleration is tripled, and so on. So, the acceleration of & body is directly
proportional to the net force acting on it. But the acceleration depends on the
mass of the body as well. For a given net force we can say that the greater the
mass, the less the acceleration. Thus, the accelerstion of a body is inversely pro-
portional to its mass. These relationships can be summarized as follows:

the acceleration of an object is directly proportional to the
net force acting on it and is inversely proportional to its
mass. The direction of the acceleration is in the direction of
the applied net force.

This is called the second law of motion.

So, we can write =
F

-
a o ?

— ‘ =
where a stands for acceleration, m for the mass and F for the net force. By
net force we mean the vector sum of all forces acting on the body. The choice of &
constant can be arbitrary since we are relating quantities with different units.

Rearranging, we have the familiar statement of the second lew in form
—

F = na. (2-1)

This is a vector equation - both direction and magnitude must be equal on the two
sides of the equation.

The unit of force is called newton (N). One newton is the force required to impart
an acceleration of 1 w/s® to a mass of 1 kg. Thus, 1 N = 1 kg n/s.

2-3 The Third Law of Motion

The second law Gescribes quantitatively how forces affect zotion. But where,
we may ask, do forces come from. Observations suggest that a force applied to any-
object is always applied by another object. This is the essence of the third lew
of motion:

Whenever one object exerts a force on a second object; the
second exerts an equal and apposite force on the first.
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This law is sometimes called as "to every action there is an equal and opposite
reaction". It is very important to remember that the action force and the reaction
force are acting on different objects.

2-4 Welght - the Force of Gravity

It is known that objects dropped near the surface of the earth will fall with
the same acceleration éz if air resistance can be neglected. The force that gives
rise 10 this acceleration is caslled the force of gravity.

If we apply the second law to the force of gravity we can write

F, = ng . (2-2)

The direction of this force is down toward the center of the earth. This force
of gravity is being also called weight of body.

In SI units, g = 9,80 m/sz, s0 the weight of 1 kg mass is 9,80 N. The value
of g varies very slightly at different places on the earth’s surface. On the
moon, on other planets, or in space, the weight of given mass will be different.

The terms mass and weight are often confused with one another, but it is im-

portant to distinguish between them. Mass is property of a body itself. Weight, on
the other hand, is a force, the force of gravity acting on a body.

2~5 Normal Force

The force of gravity acts on an object when it is falling. When an object is
at rest on the earth the gravitational force does not disasppear. From the second
law of motion the result force on an object &t rest is zero. There must be another
force on the object to balance the gravitational force.

For an object resting on a table, the table

exerts this upward force. The table is compressed
slightly by the object and due to its elasticity it

J,% pushes up on the object. The force exerted by the
a table is often called & contact force, since it
occurs when two object are in contact. When a con-
l?N’ tact force acts normal (means perpendicular) to the

common surface of contact, it is usually referred
to as the normal force ?;. Now we have two forces
Figure 2-1 which are both acting on the object, which remains
. at rest. So the vector sum of these two forces must
be zero. Hence ?; and fk' must be of equal magnitude and opposite direction.But
we must remember that upward force f% on the object is exerted by the table. The
reaction to this force is a force f; exerted by the object on the_}able. This
force exerted on the fable b!;the object is the reaction force to FN‘ We can aleo
say the reverse: the force FN on the object exterted by the table is the reaction

-, %
to the force Fy exerted on the table by the object.

Example : L box of mass m rests on the frictionless horizontal surface
of a table.
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a) Determine the weight of the box ané the normal force acting on it.

b) A person pushes down on the box with a force Fp ; cetermine again the box e
weight and the normael force acting on it.

c) If a person pulls upward on the box with a force F_ less than weight, what
now is the box s weight and the normal force on it?

[ 6]

ocolution:

+ , ﬁ + rm + fﬁ
l ‘% ﬁ
ng mg 1mg

a) b) c)
Figure 2-2

a) The weight of the box is mg. If we have chosen the upward direction as positive
the net force on the box is F = FN - mg, where FN is the normal force
exerted upward on it by the table. Since the box is at rest, the net force on
it must be zero, s0o F = ma and a = 0, thus

FN -mg = O
and
FN = mg.

b) The weight of the box is etill mg. By the Fig. 2-2b the net force is tupward

direction is positive)

. F = FN - mg - Fp .
The net force must be equal to zero since the box remains at rest (\F = ma and
a = 0). Thus

F mg - F =0,

N7 P
so
FN = mg + Fp .
¢J) The box s weight is still mg. The box does not move since the upward force is
less than the weight. The net force is equal (upward direction is positive)

N
and again it must be equal to zero, so

F=F, +F -
L - e

FN + Fp - mg =0
and

FN = mg - F‘,_> .

2-6 Applications of Lawe of NMotion

The second law of motion tells us that the acceleration of an object is propor-
tional to the net force acting on the object. The net force here means the vector
sum of all forces acting on the object. Ceveral useful examples of application of

the laws of motion follow.
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Example 1l : Calculate the sumn of two force vectors acting on the small
boat in Fig. 2-3a.

Solution: After resolving these two vectors (Fig. 2-3b) we can express
the components of Fi and F, as follows:

2
le = Fl cos &
= F in
ﬁ Fly 1 st of
- sz = F2 cos f3
____________________ Fzy = F2 sin /3

where Fl’ F2 are the magnitudes of the.
vectors fi, ?;, respectively.

As the angle A has a negative
sign, the component F, ie negative

a
) and it points along the negative y
y 1‘ axis.
- Components of the resultant force
E A== s e e mnvs F are given as the sum of the components
1y : of the forces F; and f} \see Fig.
ﬁxi 2-3c)
- . FR; = Fyye * Fox
X F = F,_+F
Ry Ly 2y
To find the magnitude of the resultant
force, we use the Pythagorean theorem,
g0
b) 2 2
FR = FRx + FRy
y } and for the angle y which the force
Fp mekes with the x axis we use
F F
FRyA """""""""""""" iR tg v = iy
i F
¢ : Rx
0 V —
Rx X Example 2 : Celculate the force
c) required to accelerate the 20 kg cart
from rest to 0,5/s in 2 s (friction
; {zible).
Figure 2- 3 is negligible)
CSo0olution: There are three forces
E acting on the cart. The forward pushing force f;
T N exerted by the person, the downward force of gravity
-
l f; and the upward force FN exerted by the floor
E {which is the reaction to the force of the cart push-
P ing down on the floor). The sum of both vertical
. e 4
I forces ?g end P, must be zero; if it 4id not the
- ~
o l l-:- O cart would accelerate vertically. So |FN| = [ Fg‘ =
9 = mg = 196 N. Then the net force on the cart is simply
o 4 "
Figure 2-4 Fp'
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To calculate how large Fp must be, we first calculate the accelerstion
required:

So, the magnitude of the force exerted by the person must be

F, = ma = 20.0,25 = 5N .

Example 3 : 4boxof themass m is being pulled by a person along the
surface of a table with a force i? .
The force is applied at an angle o?
(Fig. 2-5). The friction is assumed to
be neglected. Calculate

""""" a) the acceleration of the box,

N 3 '—*
bJ) the magnitude of the upward force FN
1' y 1 exerted by the table on the box.
<

=T

>olution : We resolve all forces

allé

into components:

Figure 2-5 1"‘p (Fp cos &, Fp sin )

)
i

0, - mg/
Fy 0, FN)
have zero components, thus,

- -
In the horizontal (x/) direction, Fy and Fg

px b4
80

F
6 = DX g BT
X m

In the vertical direction we have

may = FNy + pr + ng .
We know ay = O since the box does not move vertically. Then (ny = Fy, ng =
=-mg,pr=Fpsinoc) '
O=FN+Fpsino(—mg
and
FN = mg - Fp sin o¢ .

Notice that FN is less than Fg. The ground Goec not push against the full
weight of the box since part of the pull force exerted by the person is in the

upward direction.

Txample 4: Two boxes connected by a lightweight cord are resting on & table.
The boxes have masses m; ané m,. A horizontal force of Fp is applied to the
right box as shown in Fig. 2-6 (frictionm is neglected). Find:

a) the acceleration of boxes,

b) the -tension in the cord.

m m, _.f:'p Solution : Wedraw the
force diagram for each of the
boxes (Fig. 2-7).

We can neglect the cord mass
Figure 2-6 relative to the mass of the
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m m, ' boxes. The force F  acts on

T T F box m; ; box m; exertsa force
R N i
"2T — - : —*F, T on the connecting cord and
VI I the cord exerts a force - T
l l back on box m; (the third lew
m,g m,g of motion). Because the cord

i . is considered to be massless,the
Figure 2= tension at each end is the same.
So the cord exerts a force T on

the box m,. The ascceleration of both boxes is the seme. For the horizontal motion

we have:
for box oy me = Fb -7
for box mjp m,a = T
Hence
mya = Fb - ma
and
F
a = —PB
s

For the tension T we have T = m,a or T = Fp - ma.

Example 5 : Suppose the cord in Exesmple 4 is a heavy rope of mass m .
Calculate the acceleration of each box and the tension in the rope.

Solution: Since the cord has mass, the product ma will not be zero, so
the forces (tension) at either end will not be the same (\Fig. 2-8). Therefore

7, -T, = ma. (a)

Tl is the magnitude of the force that box my exerts on the cord and that the
cord exerts back on box my. T2 ie the magnitude of the force the cord exerts

on box m2 anc that box m2 exerts back on the cord.
T T T Fp
my > 7777 - mye - y
cord m 1 |
Figure 2-8 -

Fig. 2-8

For box m we have
Fp - Tl = ma (b)

and for box m,

T2 = my8. (¢)

We now have obtained three equations ta, b, ¢) in three unknowns Tl, T2 end a .

Example 6 : Cuppose two differernt boxes (m2'> ml) are placed with the cord

joining them hanging over a frictionless massless pulley as in Fig. 2-9. We as-
sume the cord is massless. Calculate the acceleration of boxes and the tension
in the cord.
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Solution: Since the cord is massless the tension T
is the same at its two ends. As the box m, is

the heavier, it accelerates downward and box oy accele~
rates upwargd.

From Fig. 2-9 it is clear that
my

mg <T <m2g )

m2 To find its value we write the second law of motion for
each box, taking the upward direction as positive for

t T both boxes:
°1 r° T - mg = mea,
9 myg

my T - myg = - mya.

We subtract the second equatiorn from the first to get

Figure 2-9
m, - ml)g = m o+ m2)a
and solving this for a
m, -~ m
a = -2 1 g .
oy * My

The tension T we can get from either of the two equation above
T = (a+ g)m1 ,

T = g- a)m2 .

2-7 Friction Forece

Until now we have ignored friction which must be however taken into account in
most practical problems.Pirst we willbe concerned with sliding friction that is
usually called kinetic friction.

When a body is in motion amlong a rough surface, the force of kinetic friction
acts opposite to the direction of the body’s motion. The magnitude of the force of
kinetic friction depends on the nature of the two sliding surfaces. For given sur-
faces, it is proportional to the normal force between the two surfaces, which is the
force that either object exerts on the other, perpendicular to their common surface
of contact. It does not depend on the total surface area of contact.

Hence, for friction we can write
Fo = HFy - (2-3)

This is a relation between the magnitude of the friction force Ff, which acts paral-

lel to the two surfaces, and the magnitude of the normal force FN, which acts per-
pendicular to the surfaces. It is not vector equation since the two forces are per-
pendicular to one another. The term e is called the coefficient of kinetic fric-

tion.

Now suppose an object such as a desk is resting on a horizontsal floor. If no
horizontel is exerted on the desk, there also is no friction force. But now, suppose
we try to push the desk, but it does not move;we are exerting a horizontal force,
but the desk is not moving, so there must be another force on the desk keeping it
from moving. This is the force of static friction exerted by the floor on the desk.

- 27 -



If we push with a grester force enough, the desk will finally start to move. At this
moment we have exceed the maximum force of static friction, which is given

Ff = ”sFN . (2-4)
where M is the coefficient of static friction.

Since the force of static friction veries from zero to this maximum value, we
can write for it

<l %
Fe = tfy -
Mg can never be less My therefore it is often easier to keep & heavy object
moving than it is to stert it moving.

See and try to understand Fig. 2-10. The graph describes the dependence of the
magnitude of the force of friction as a function of the externsl force applied to a
body initially at rest. As the applied force is increased, the force of static fric-
tion increases linearly until the applied force equals ALSFN- If the applied force
increases further, the body will begin to move and the friction force drops to a
constant value characteristic of kinetic friction.

Friction force F
;
.
.
|
iy ) )
]
~
z'l'l

kinetic friction

static friction

Fa= bg Py F, (applied force)
Figure 2 - 10

Now we look at some examples involving kinetic friction. Note that both the

normal force and the friction force are forces exerted by one surface on the other;
one is perpendiculer to the contact surfaces (the normsl force), and the other is
parallel (the friction force).

Example: Aboxof mass m is pulled along a horizontal surface by a force
¥ which is applied at an angle «.
Fo This is like example in the preced-

ing section except now there is
friction (see Fig. 2-11). Calculate

y
. the acceleration.

X

Solution: The force of kinetic fric-
tion opposes the direction of

mg

motion end is pearallel to the sur-
Figure 2 - 11 faces of contact. If F =Fb sin o
’ is lees than the weight of the box
mg, 60 there is no motion in the vertical direction (y). Teking y as positive
upward, we have
FN - mg + Fp sin o = me
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or
FN—mg+Fpsino(= 0
and

FN = mg - Fp sin ol
In the horizontal direction (x) - positive to the right - we have
pr - Ff = may

and

E‘Qcos o - HkFN .

a =
X
m

2-8 Lynamics of Circular Motion

In Chapter 1 we discussed the kinematics of a particle moving in a circular
path. We now study the dynamics of circular motion. We saw that a particle revolv-
ing in a circle of radius r with uniform speed v undergoes a radial accelera-
tion

2
ag = —, (2-5)
or
ap = e,

where = % is the angular velocity of the particle.

This acceleration ap is called radial or centripetel acceleration because it
is directed toward the center of the circle. Although the magnitude of the accelera-
tion (radial) vector in uniform circuler motion is conetant its direction is chang-

ing. Hence the acceleration vector Eh is a variable acceleration vector. The
direction of vector E% is always perpendicular to the velocity vector v.

For object moving uniformly in a circle a force is necessary to give it a
centripetal acceleration. The magnitude of the required force can be calculated
using the second law of motion F = ma, where we use the value of the centripetal
acceleration (see Eq. 2-5):

F = may = m - nar. 12-6)
r
Since ag is directed along radius toward the center of the circle at any moment,
this force must be directed toward the center of the circle, too. This force we

called a centripetsl force. This force must be applied by some object. For example,

when a person swings a ball on the end of a string in a circle, the person exerts
the force on the ball.

There is misconception that an object moving in a circle has an outward force
acting on it, & so-called centrifugal force. To keep the ball moving in a circle,
the person pulls on the ball. The ball, then, exerts an equal and opposite force on
the your hand (the third law of motion), and this is the force your hand feels. The
force on the ball is the force exerted on it by you. Centrifugal force does not act
one the ball. If a centrifugal force were acting, the ball would fly outwarcd; but
it flies off tangentially in the direction of the velocity it had at the moment it

was released.
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Circular motion at constant speed occurs when the

~. force on an object is exerted toward the center of the
N circle.

\ If the force is not directed toward the center

but acts at an angle as shown in Fig. 2-12, then the

force has two components. The component F“’R directed

‘ : L toward the center of the circle gives rise to the cen-

8 . K tripetal acceleration ap) afx'd keeps the object moving
. L in a circle. The component F., tangential to the

~— - # circle, acts to increase (or decrease) the speed and
thus gives rise to the tangential acceleration.

Figure 2 - 12

Example : Aparticle of mass m suspended by & cord of length L revolves
in a circle of radius r = L sin ¢ , where ¢
is the angle the string mekes with the verti-
cal (see Fig. 2-13). Calculate the speed and
period of the motion. '

Solution: The forces acting on the mass m are
its weight Fg = mg and the force exerted by
the cord F, which has horizontal and verti-
cal components of magnitude Fc ein v and
F, cos v, respectively. Let us apply the
second law of motion to the horizontal and
vertical direction.

In the vertical direction there is no
motion of a perticle, so the acceleration ig
zero and we can write

Figure 2-13

Fc cos y-mg = 0. 2-7)
In the horizontal direction there is only one force of magnitude F, sin ¢, that

acts toward the center of the circle and gives rise to the centripetal ac-

celeration v2/r', s0

2
: - v
F.sin ¥ = o 4=

From the last equation we have {(using Eq. 2-7 for Fc)

v _\]Ecsm\f =\’f_ 0 )sin Y
- m m \cos ¢

Since r =L sin ¢, we have

v = L s:'Ln2 .
cos i
The period T is the time required to make one revolution of distance 27%r =

= 27TL sin y . Thus

T = 2TL sing = ZJILsinkf\’ cos i - 2WVL cos ¢
v Lg sin2 y g
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