Chapter 7

Kinetic Energy and Work
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/-1 Kinetic Energy

« Energy is required for any sort of motion.

« Energy:

. Is ascalar quantity assigned to an object or a system of objects
- Can be changed from one form to another

- Is Conserved in a closed system, that is the total amount of energy
of all types is always the same

. In this chapter we discuss one type of energy (Kinetic Energy)

 We also discuss one method of transferring energy (\Work)
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The kinetic energy K associated with the motion of a particle
of mass m and speed v, where v Is well below the speed of

light, is
K = %mv2

Notes:
1. Kinetic energy Is zero for a stationary object

2. Kinetic energy is always positive (K = 0)
3. The unit of Kinetic energy is a joule (J)

‘1j0ule =1J =1kg-m?s? \
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*»5 A father racing his son has half the kinetic energy of the son,
who has half the mass of the father. The father speeds up by 1.0 m/s
and then has the same kinetic energy as the son. What are the origi-
nal speeds of (a) the father and (b) the son?

2

‘ — 2 —1=0

At first, Krorper = é Kson Vrather Vrather

1 2 171 2 . ‘|‘2 i "u"4 + 4 B

Em'fathef Vrather — E(E Mgon 'Usan) (1) Vrather = 2 - 2'4; or —0.4m/s

Mather = Mg e (2)
The father speeds up by 1.0 m/s —— Vrathermew = 3-4m/s

Vrgthermew — Vrather T 1.0 m/s Plug (2) in (1)
K , — K 1 1/1
1 father,new son > (2mgyr) Ujgather — 3 (E Maon USZGH)
2
> Mrather (Ifarhe:r +1.0 m/s) msan Uson Vson = 2Vrather = 2(2.4m/s) = 4.8 m/s

1 .2 N _1 2
Em-father (I"Tfathe:r‘ + 2 Vrather + 1) — Em-san Vson

2 1 .2
Use Mygather Vfather — Em-san Uson

{athe*r (Ffather + ZFfather + 1) Meather Ffather
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/-2 Work and Kinetic Energy

 Account for changes In Kinetic energy by saying energy has
been transferred to or from the object

o In atransfer of energy via a force, \Work
AN

Q&»@ Work W is energy transferred to or from an object by means of a force acting on
the object. Energy transferred to the object is positive work, and energy transferred
from the object 1s negative work.

o This is not the common meaning of the word “work”

. To do work on an object, energy must be transferred
. Throwing a baseball does work

- Pushing an immovable wall does not do work
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An object undergoes a displacement and a change in velocity
under the action of a constant net force F,.;

2

V2 = vy%+2a, Ax A
v — vy? ~ R
Fretx = may = m( 2 Ax ) » Fret : i---lr
|
1 1 ===
Fret OAX = S mvs =5 mug —_— —_—
Y, =¥y Vf='\-'

The right side tell us the kinetic energy has been changed by the
force, and the left side tell us the change is equal to F, .. Ax.

Therefore, the work W done on the object by the force (the
energy transfer due to the force) is:

Frpee xAx = W
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» The work done on a particle by a constant force F during
displacement d is

In which @ is the constant angle between the direction of F and d

Note:
1. Only the component of F that is along the displacement d can

do work on the object (Parallel component). The force
component perpendicular to the displacement do zero work.
2. Work can be zero or positive or negative

3. Work is scalar quantity.

4. Work has the SI unit of joule

ljoule =1J =1kg-m?’s
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Work Done by a Constant Force

(c)

For a constant force in

If there is no displacement, For a constant torce at an

the same direction as

i : to the displ t
no work is pfrﬂfeg the displacement, ang]e_hcl e displacement,
= W = Fd W =F.d= (Fcos 8)d

For a constant force at
an angle 6 = 90 to the
displacement, W = 0

STUDENTS-H Uploaded By: Ahmad K Hamdan



AN

"' A force does positive work when it has a vector component in the same direction
as the displacement, and it does negative work when it has a vector component in
the opposite direction. It does zero work when it has no such vector component.

o For two or more forces, the net work is the sum of the
works done by all the individual forces

« Iwo methods to calculate net work:

- We can find all the works and sum the individual work
terms.

- We can take the vector sum of forces (F ) and calculate the
net work once
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Work-Kinetic energy theorem states:

AK =K, — K;= W

(Change in kinetic energy) = (The net work done on the particle)

we can write it as:

Example If the kinetic energy of a particle is initially 5 J:
- Anet transfer of 2 J to the particle (positive work)
* K,=71)
- Anet transfer of 2 J from the particle (negative work)
* K,=31
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M Checkpoint 1

A particle moves along an x axis. Does the kinetic energy of the particle increase, de-
crease, or remain the same if the particle’s velocity changes (a) from —3 m/s to —2 m/s
and (b) from —2 m/s to 2 m/s? (c¢) In each situation, is the work done on the particle
positive, negative, or zero?

The work-kinetic energy theorem states:
AK = K, — K, = W

Answer: (a) Energy decreases
(b) Energy remains the same

(c) work is negative for (a) and work is zero for (b)
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*10 A coin shdes over a frictionless plane and across an xy
coordinate system from the origin to a point with xy coordinates
(3.0 m, 4.0 m) while a constant force acts on 1t. The force has mag-
nitude 2.0 N and 1s directed at a counterclockwise angle of 100°
from the positive direction of the x axis. How much work 1s done
by the force on the coin during the displacement?

) (3m, 4m)
W = F.d= F,Ax + F,A e
LAx + By 5N\ T @
F = 2 N(cos 100°1 + sin 100° )
F = (—0.347 N)i + (1.97N)j N ¥
d = 3m)i+ (4m)j o0 ' _
= 3n
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e«14 @ Figure 7-27 shows an over-
head view of three horizontal forces
acting on a cargo canister that was
initially stationary but now moves
across a frictionless floor. The force
magnitudes are F; =3.00N, F, =
4.00 N, and F; = 10.0 N, and the indi- -
cated angles are 6, = 50.0° and 6; = 1
35.0°. What is the net work done on
the canister by the three forces dur-
ing the first 4.00 m of displacement?

F_  =—-F —F,sm50.0°+F, c0s35.0°=-3.00N - (4.00N)smn 35.0°+(10.0N) cos 35.0°

netx

=2.13N

E . =—F, co0s50.0°+ F,;s1n35.0°=—(4.00N) c0s50.0°+(10.0N)sin35.0°

nety

=3.17N.

netx

= F2 2y =Q3NP + (317 N)? =3.82N

0 =56.1

W=F_d=(3.82N)(4.00m)=15.3 ]
dhe canster sfarted from rest and moved 4.0 m in the S%BQQQBI‘EﬁtAﬂHaﬂﬁ%dan



/-3 Work Done by the Gravitational Force

The work W, done by the gravitational force F, , on a particle-like
object of mass m as the objects moves through a displacement d is

given by *T Hﬂ}

= mgd cosQ® A 11 }

—_—

by

W, = mgd cos 180° = mgd(—1) = —mgd T " G

. For a falling object: ;;T

— o __ — -The force does negative
WH B mgd COS 0 B mgd(—l_ 1) B +mgd work, decreasing speed

and kinetic energy.

In which @ is the angle between F , and d

|

o For a rising object:
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« Work done In lifting or lowering an object, applying an
upwards force:

« For a stationary object:

. Kinetic energies are zero W,+ W, =

. We find: W = —-W
p :

which tells us that the applied force transfers as much energy
to the object as the gravitational force transfers from it.

o In other words, for an applied lifting force:

W,= —mgd cos ¢ (work done in lifting and lowering; K;=K))

« Applies regardless of path
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Work Done in Lifting and Lowering an Object

Fa
d

=l

Upward
displacement

Does
positive
work

Does
negative
work

(a) An applied force F liftsan
object. The object’s displacement 4 makes

an angle ¢ = 180° with the gravitational
force F, on the object. The applied force
does positive work on the object.
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Does
_. hegative
=
Object—. work
+ Does
£ 1=
positive
work
.| Downward
dv displacement

(B)

(b) Anapplied force F lowers an object. The dis-
placement d of the object makes an angle
¢ = (° with the gravitational force F;, The
applied force does negative work on the
object.
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Sample Problem 7.04 Work in pulling a sleigh up a showy slope

In this problem an object is pulled along a ramp but the ob-
ject starts and ends at rest and thus has no overall change in
its kinetic energy (that is important). Figure 7-8a shows the
situation. A rope pulls a 200 kg sleigh (which you may know)
up a slope at incline angle # = 30°, through distance d = 20 m.
The sleigh and its contents have a total mass of 200 kg. The
snowy slope is so slippery that we take it to be frictionless.
How much work is done by each force acting on the sleigh?

—=
E,

Work W)y by the normal force.
Wy = Fyd cos 90° = ()
Does negative work  mgsinf

Work W, by the gravitational force. P

Does
positive work

mg cosf

W, = F,d cos 120° = mgd cos 120° <5 7
= (200 kg)(9.8 m/s?)(20 m) cos 120°
=—1.96 X 10*J. Foerx = ma,
F;— mgsin 30° = m(0)
Work W+ by the rope’s force. AK = W = zero F; = mg sin 30°
0= WN + Wg + WT: 0—1.96 X 10*] + WT Wy = Fyd cos 0° = (mg sin 30°)d cos (°

Woe=1096 X [0%] = (200 kg)(9.8 m/s?)(sin 30°)(20 m) cos 0°
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Sample Problem 7.05 Work done on an accelerating elevator cab

An elevator cab of mass m = 500 kg 1s descending with speed
v; = 4.0 m/s when its supporting cable begins to slip, allowing

it to fall with constant acceleration @ = g/5 CE;EEM
(a) During the fall through a distance d = 12 m, what is the y
work W, done on the cab by the gravitational force F,? 1L
W, = mgd cos 0° = (500 kg)(9.8 m/s*)(12 m)(1) _ Does
_ 41 T negative
= 5.88 X 10*J = 59 kl. i Eah-\ work
(b) During the 12 m fall, what is the work W; done on the 5
cab by the upward pull T of the elevator cable? il
= g positive
Fg— T = ma. work
W= Tdcos ¢ = m(g— a)d cos ¢. -
g 4 . e
Wy =m| — 5 + gldcosd = 3 mgd cos ¢ (d) What is the cab’s kinetic energy at the end of the 12 m fall?
= % (500 kg)(9.8 m/s?)(12 m) cos 180° K=K, + W= %mv? + W

— (500 kg)(4.0 m/s)> + 1.18 x 10*J
= 1.58 %X 10*J = 16 kJ.

= —4.70 X 104J = —47 kJ.

(c) What 1s the net work W done on the cab during the fall?

W=W,+ W;=588x10*] — 470 x 10*]J

=118 X 10*J = 12 k. °
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*«20 A block 1s sent up a frictionless K
ramp along which an x axis extends up-
ward. Figure 7-31 gives the kinetic en-
ergy of the block as a function of posi-
tion x: the scale of the figure’s vertical
axis i1s set by K, = 40.0 J. If the block’s
mitial speed 1s 4.00 m/s, what 1s the nor-
mal force on the block?

By Work-Kinetic Energy Theorem:

W = AK = F.d = FAx
Slope of K versus x graph:

(0m, 407), (2m, 0T)

K (])

0

No motion in y- direction:

_ =40 _
slope = ——==—20]/m Fy = mgcos @
F,=—20N = —mgsin0@ Use
The block initial speed is v; = 4 m/s. F.,=-20N= —mgsinf = —(5kg)(9.8m/s*)sind
1 o
K; =40 ] = Sm v;2 6 = 24.09
2 K; 240D Fy = mg cos#@
m = — — Skg

v;2  (4m/s)?

Fy = (5kg)(9.8m/s?) cos(24.09")
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7-4 Work Done by a Spring Force

« Aspring force Is the variable force

i x=0 Block
from a spring E=0 _/ auached
}Jclhﬁﬁ'ﬁtl'ﬁ:tﬁ_ Lo spring

- Aspring force has a particular .
mathematical form 0

(a)

- Many forces in nature have this B
form Fi negatve E%”’}

’ - - - Vo000 oo
 Figure (a) shows the spring in its |

relaxed state: since it is neither e '
compressed nor extended, no force ()
IS applled d X negative

o |If we stretch or extend the spring it % . ﬁﬁg F, positive
resists, and exerts a restoring force -

that attempts to return the spring to %
Its relaxed state (9
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« The spring force Is given by Hooke's law:
F. = —kd
> The negative sign represents that the force always

opposes the displacement

> Thespring constant k Is a Is a measure of the stiffness
of the spring

> This is a variable force (function of position) and it
exhibits a linear relationship between F and d

> For a spring along the x-axis we can write:
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The Work Done by a Spring Force _
« We can find the work by integrating: |W, = J f F, dx

W, = J —kx dx = —kj x dx

= (—3k) [y = (—3k)(xF — x2)

- Can be positive or negative
- Depends on the net energy transfer

"' Work W; is positive if the block ends up closer to the relaxed position (x = 0) than
it was initially. It is negative if the block ends up farther away from x = 0. It is zero
if the block ends up at the same distance from x = 0.
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 For an initial position of x = 0:
W, = —35 kx?

« For an applied force where the initial and final kinetic
energies are zero (Stationary block): —
) Wa B _Wa‘

AN

“' If a block that is attached to a spring is stationary before and after a displacement,
then the work done on it by the applied force displacing it is the negative of the
work done on it by the spring force.

IZ Checkpoint 2

For three situations, the initial and final positions, respectively, along the x axis for the
block in Fig. 7-10 are (a) —3 cm,2 cm; (b) 2 cm, 3 cm; and (¢) —2 cm, 2 cm. In each sit-
uation, 1s the work done by the spring force on the block positive, negative, or zero?

Answer.  (a) positive

(b) negative
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W, —

1

*29 In the arrangement of Fig. 7-10, we gradually pull the block
from x = 0 to x = +3.0 cm, where it is stationary. Figure 7-35 gives

the work that our force does on the block. The scale of the figure’s

vertical axis is set by W, = 1.0 J. We then pull the block out to x = E
+5.0 cm and release it from rest. How much work does the spring
do on the block when the block moves from x; = +5.0 cm to
(a) x=+4.0cm,(b)x = —2.0cm,and (c) x = —5.0 cm?
1 1 0 1 2 3
% — Ekxfz _ Ekxlz v (em)
— — x=10 Block
Xi=0 ->x =+3cm 1 E=0 attached
09] = Ek(U.[}S)Z CEFLELEL to spring
— | *
a)x; =+5.0cm — x;=+4.0cn Ik_ZkN/mI v

1

1 1 N
W, = St — ~ka? = (2000 =) (0.05 m)? — (0.04m)) = 0.9

2 2

b)x;=+4+50cm — x,=—-2.0cm
1 1 1 N
W, =~k — S ka? = (2000 x10° —) ((0.05 m)? - (~0.02m)?) = 2.1]

m

¢)x;=+50cm — x;=—-50cm

1

1 1 N
W, =S kx? — skxf == (2000 x 10?2 —) ((0.05m)? — (—0.05m)?) = zero
2 2 2 m 4
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/-5 Work Done by a General Variable Force
« \We take a one-dimensional example

« \We need to integrate the work equation (which normally applies only
for a constant force) over the change in position

« \We can show this process by an approximation with rectangles under
the curve

X

Work is equal to the W = Iim Zf} ave Ax W o— -'{fF A
area under the curve. Ax — 0 = (x) X
,\f.;
F{ x) F(x) F(x)
| AW =, | |
| Lo | |
: | |
_ ' W !
| I ! £ avg I 1 l
| —+ | L |
0% gl 0o % = X 0 % X

Ax

In three dimensions, we integrate each separately
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Work-Kinetic Energy Theorem with a Variable Force
W = ffo(x) dx = J'x; ma dx

X;

dv

adx =m—d
mda ax i d{ X

dv  dv dx dv

dt  dx dr dx
e v Thework-kinetic energy
dx theorem still applies!

Ve Ve
W = mvdv = m v dv
Vi Vi

1 1
= Smvi — 3mv
STUDENTS-%UB.CO
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Sample Problem 7.08 Work, two-dimensional integration

Force F = (3x? N)T + (4 N)j, with x in meters, acts on a
particle, changing only the kinetic energy of the particle.
How much work is done on the particle as it moves from co-
ordinates (2 m, 3m) to (3m, O m)? Does the speed of the
particle increase, decrease, or remain the same?

3 0 3 0
szszd.t+f 4dy=3fx3dx+4f dy
2 3 2 3

= 3B + 4yl = [3° - 2] + 40 - 3]
= 7.0

The positive result means that energy is transferred to the
particle by force F.Thus, the kinetic energy of the particle
increases and, because K = %mvz, its speed must also
increase. If the work had come out negative, the kinetic

energy and speed would have decreased. 4
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*36 @ A 5.0kg block moves in a
straight line on a horizontal friction-

: . = F
less surface under the influence of a & °
force that varies with position as 3 .
. . - ) e
shown in Fig. 7-39. The scale of the fig- 2 2 4 \B
ure’s vertical axis isset by £, = 10.0 N.
Position (m)

How much work is done by the force =1
as the block moves from the origin
tox = 8.0 m?

Work done by a variable force:

Xf
W = E. dx = Area under the curve
X

W = (+%(4 + 2)(10)) + (—%(2)(5))

W= 430 —5= +25]
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Example: A particle of mass 0.02 kg moves along a curve with velocity
(51 + 18l€)m/s . After some time, the velocity changes to (91 + 22])m/s
due to action of a single force. Find the work done on the particle during
this interval of time?

v; = (52 + 18/2) m/s —» v, = (91 + 22)) m/s

viz = (5)% + (18)2 = 349(m/s)? v]g = (9)? + (22)? = 565(m/s)?

Work done on the particle = AK = % m(’U]g — v} )

1
Waone = AK = - (0.02)(565 — 349) = 2.16 ]
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7-6 Power
« Power is the time rate at which a force does work

« A force does W work in a time At, the average power due to the
force Is:

W
avg At

- - - - dW

. The instantaneous power at a particular time is: | £ = T

dW F cos ¢ dx (a’x)
P = = = F —— | = Fvcos
dt dt cos ¢ dt g 4

—>

P = F-v =Fvcos

. The SI unit for power is the watt (W):
1 horsepower = 1 hp = 746 W
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« Work can be expressed as power multiplied by time, as in common
unit kilowatt-hour:

1 kilowatt-hour = 1 KW -h = (10° W)(3600 s)

= 3.60 X 10°J = 3.60 MJ

M Checkpoint 3

A block moves with uniform circular motion because a cord tied to the block is an-
chored at the center of a circle. Is the power due to the force on the block from the
cord positive, negative, or zero?

v
Answer: Zero -

P=Fovcos¢=0 (¢=90°)
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Sample Problem 7.09 Power, force, and velocity

f] and F » acting on a box as the box slides rightward across a
frictionless floor. Force F), 1s horizontal, with magnitude 2.0 N;
force F » 18 angled upward by 60° to the floor and has magni-
tude 4.0 N.The speed v of the box at a certain instant 1s 3.0 m/s.
What is the power due to each force acting on the box at that
instant, and what is the net power? Is the net power changing
at that instant?

= Fyv cos ¢ = (2.0 N)(3.0 m/s) cos 180° Negative power. Positive power.
—60W. (This fj:-rce is = (This fn:.:-rce is
removing energy.) supplying energy.)
The negative result tell us that force F, Frictionless 7 60" _ v,
is transferring energy from the box at X < o

the rate of 6 J/s.

P:. — Fg'lr’ cOs l;flg. — (4'0 N)(.B'[] ]T]J"IS) cos 60° The pOSitiVG result tell us that force ﬁz 1S
] ] transferring energy to the box at the rate
= 6.0 W. Of 6 ]/S

-Pnet — PI + PZ .

which tells us that the net rate of transfer of energy to
or from the box is zero. Thus, the kinetic energy (K = 3m?)
of the box 1s not changing, and so the speed of the box will

remain at 3.0 m/s.
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*45 ssm 1w A 100 kg block 1s pulled at a constant speed of
5.0 m/s across a horizontal floor by an applied force of 122 N di-
rected 37° above the horizontal. What 1s the rate at which the force
does work on the block?
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*46 The loaded cab of an elevator has a mass of 3.0 X 10° kg and
moves 210 m up the shaft in 23 s at constant speed. At what aver-
age rate does the force from the cable do work on the cab?

m;)wyg&/cfﬂuouk Dire by the cadl on Ao Cal

‘?pa\«)c/_-‘ P____f.f.i’ :P'\](o&g
" Wu(/\g_ .,‘fu'rud aConslru/)}* spegg)

OL};r’\C
o= Zeo — P =2ev s

JErgf b

/9:()" = Flevatr moves wh/t)om(DM

~\

rcc/ﬂu- C'«'é"" 15 L‘f“"“’cg / an
= BX = Llom . 93w/
) ot 23S = 4
s e
F s 3 /} = 2.7 X0’ u)ad"/
is mg l}\L cas (O N T S N

= 268434, 78 Wakh
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