Work and Energy

Energy - The ability to do work.

Work - A force applied over a distance. For formulae, see work done by a constant force
parallel to displacement and work done by any constant force, and work done by a position-
dependent force.

Joule - The units of work, equivalent to a Newton-meter. Also units of energy.

Kinetic Energy - The energy of motion.

Power - Work done per unit time. For formulas, see Formula for average power, Definition of
instantanecous power, and formula for instantaneous power.

Watt - Unit of power; equal to joule/second.
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Sy Displacemet 3x=x - &y X

| {Work done by a constant force in

W= F.A ) . . oy
xax one-dimensional motien; $1 unii: §) -

1] = I N-m

Wy = Frodx + Fadx +-- + Fp
= {Fy + Fay +o + Fudisx

{Work done by a constant force in ene-dimensional
motion, geometric view; SI unit: )} '

W = {(Feos8jdx

W, = —mgdy  (Work done by gravity: S1 unit: 1)

F.=kx (Hooke's law: ST unit: N}

W= %kxi (Work done stretching a -sp.i:ing; SIunit: 1



K =imv*  (Kinetic cnergy; ST unit: I)
Wy = smv” — 3miy  {Work-energy theorem; 1 u;ﬁitzl.ﬁ.}
IV = mgy {Gravitational potential energy; ST umit: I)
= %kxz {Potential energy for a spring; S1 'um’;t:.l}
AK + AU =0 (Kinetic and potential ﬁnﬂrgj changes; SI unit: B

E =K + U = constant -~ (Total mechanical x:ncrfgj,r;'_'ﬂ_if:uﬁn_iﬂl:_ N

work - energy delivered

Power £ = — —
lane tme

" (Definition of power; ST unit: W)

P = FEv, (Average power; Sunit: W}



Momentum and Collision

7 =wv  (Definition of momentum; SI unit: kg - m/s)

—  AF

e T R (Newton’s second law, expressed in terms ol momentum)
Ar

Ry

j= F,,_;[ Ar  {Definition of impulse; 3! unit: kg - mj:s}_

J = AF  (Impulse and momentum; ST unit: kgwﬁn/s)

(Momentum conservation, i_'n; a %;'_fs_lém with

; + Pa = constant LY ; g Wil
B zero net external force; SEanit kg -m/fsy
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Center of Mases
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Enetgy

x = Acos {wr) ‘{Position of an object in simple
: harmonic motion; ST unitm)

v, = —wAsin{wr)

dy = A cos (wt)




Damped oscillation

Position versus time for Hghtly damped ascillator:
x = Ap T ooy {mdmﬂpcdﬂ



A car drives 50 km north, then 73 km cast, then 34 km northeast, all at a constant

velocity. If the car had to perform 230 x 106 J of work during this trip, what was
the magnitude of the average frictional force on the car?

W = Force(y)*distance traveled

W/distance traveled = Force(y)

230%10° /(50*10° +73*10° +34*10%) = Force(y)
1.65%¥10° N = Force(p)

et e S s O e




Boy does 400 J of work while pulling a box from the ground up to the
roof of his house. The roof is § m above the ground. What is the mass of

the box?
) g
L’% ?‘:?'\ W =m.g.Ay
N\ b
\ ! m = W//(g.Ay)
AL =400 J /(9.82*5) = 8.14 kg

T
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46,ORGANIZE AND PLAN Equation 5.8 gives the work done stretching (or compressing) a
spring.
Knowr:, k=25.5N/m,x=0450m.
SOLVE Insert our known values in Equation 5.8:

2
] _’E;i (255 N/m)2(0-450 m) s ssy

REFLECT This is a fairly soft spring,.
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32. Owreanize AND PLAN The work is the verlical displacement againsi gravily,
i.e., the work is equal to the work done by gravity (Equation 5.5) but with
the opposite sign. The first block does not reci e any work — it can be left
on the floor — but the second block must be lifted the height of the first
‘Elock The third block must be lifted the combined height of the first two
blocks, etc.

Known: m=2s. 0kg; b =0.305m.
SoLvE The required work to lift the second, third, fourth, and fifth block,
respectively, is:
W, = magh =(25.0 kg )(9.80 m/s?)(0.305 m) = 74.7J
“ - "M W, = mg{2h) =(25.0 kg)(9.80 m/s?){2x 0.305 m) = 149.5J
W, = mg(3h)=(25.0 kg)(9.80m/s? }{(3%0.305 m) = 224.2J
W, = mg(4h)=(25.0kg){9.80 m/s*}(4x0.305 m)=298.9 ]

The total requn:ed work to stack the blocks is:
{: A Wy (Z-I 3 ’g A)

V\r\ W=W+W,+W,+W,=T747]
%’ REeFLECT The final answer can be generalized for stacking N blocks:




A spring stretches by 30.0 cm when a 200 N object is attached.

What - -

cm?

LU

— — ——

A0 Cwm

(1)

————
L3

-

200\

ey

F =k.Ax (Hook’s 1aW)

200 N =k.(0.3m)
k = 200/0.3 = 600 N/m

W=750Ax=04m

W = (600 N/m)*(0.4 m) 'z \_

R

L

would stretch the spring by 40.0
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6"7.ORGANIZE AND PLAN The average foice does woik equal io the force times
the displacement. This work must equal the original kinetic energy of the
bullet but with the opposite sign. If we first find the kinetic energy, we can
easily calculate the average force.
Known: m=25gv=310m/s; Ax=15cm.
SOLVE We can calculale ihe kinetic energy of the bullet using Equation

K=4mr=1(asg)toms) =120 I \NYJ( T2 ), ‘ ‘}- \(“

The force does work w,=-x=-12130n the bullet. We chn calculate the
average force from Equation 5.1:

RGN Wi = YeehX= - 2\13—
Ben e 0N g 1o ¥ )
REFLECT The force is a drag force and all drag forces are negative, i.¢., in

the opposite direction of the displacement.

N




Boau

@.ORGANIZE AND PLAN The gravitational potential energy equals the work done by gravity but with the opposite sign.
Known: m=60Kkg Ay=4350m.

SOLVE We calculate the gravitational potential energy using Equation 5.13: 5
AU = mghy = (60 kg)(9.80 m/s?) (4390 m)=2.6 MJ 5

W1 SQw\ &\/\ 2/7“

N oy

__..__LL""‘""“
~
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80. ORGANIZE AND PLAN If we subtract the potential energy from the total mechanical
~—=- energy we have the kinetic energy. We can calculate the mass from the kinetic energy
and the speed.
Knowsi: v=292m/s; E=5631, U=1751.

SoLvE Calculate the kmetlc energy by rewriting Equatmn 5.18:
: 5631)—(1751)=3883 Y}
Calculate the mass by rewriting Equation 5.10: !

2k 2(3881)
P = s 2 el =T
v (292m/k)

0.91kg

REFLECT Potential energy is relative to a certain zero point, i.e., a certain choice of
origin of the coordinate system. Since the total mechanical energy is a sum of potentiai
and kinetic energy, the precxse value of the total mechanical energy also depend on the
choice of origin of origin of the coordinate system.




$6.ORGANIZE AND PLAN The putty sticks to the spring and its kinetic energy is gradually

decreased as it is converted into stored potential energy in the spring. The maximum
spring compression occurs when all the kinetic energy has been converted.
Known: E=75N/m, m=85g v=34m/s.

SoLVE The kinetic energy of the putty is: Er} - E L
SR 1(85)(3.4m/s)” =049F
The stored potential energy in a spring is given by Equation 5.16:

When the spring is maximally compressed, all of the kinetic energy has been converied
into potential energy. Setting U=k we obtain an expression we can solve for the
maximum compression x:

my:  m 85
x.—_\[——;:‘gm (T(S-ﬁ%(iéimfs):llcm

REFLECT Note that it was not necessary to calculate the actual value of the puty’s
kinetic energy, but this can still be useful to do as a check. Is the kinetic energy large or
small?
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ORGANIZE AND PLAN The work to lift the barbell equals the change in potential energy.
Once we know the work we can calculate the power, because powet is work per unit
time. :
Known: m=65kg Ay=045m;7=12s.
SoLVvE The work to lift the barbell is:

W = AU = mgdy = (65 kg)(9.80 v/s*)(0.45m) = 0.29 kJ

The woman’s average power output is:

P=E=M=@.z4kw

¢ (1.23)
REFLECT Whether the power output fluctuated or held constant does not affect how
much work is done over a period of time. It’s the average power over the time period that
matters.
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35. ORGANIZE AND PLAN We are asked to find the magnitude of the
momentum from mass and speed. We’ll use the definition of momentum
p=mv.

Knownlm=6ikg v=13 m/s.\
SOLVE Using the definition of momentum,
p=mv={64 kg)(7.3 m/s)=470 keln/s
REFLECT A person with a mass of6s ke “weighs™ about 140 1b on a spring

scale. This is a reasonable weight. A person in good physical condition can
runi0o. m inl0-11 seconds (9.1-10 mfs) So a speed of 73 m/s is also reasonable.
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Four objects are moving along a straight line as shown in the figure. Taking the positive
direction to be to the right, what is the total momentum of this system?
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Vit -
A 0.50 kg blob of putty is thrown at a wall with an initial velocity of 15 m/s. If the puity comes
10 a stop in 600 us, what is the average force experienced by the puity?

— - i

FAt""-T Ap pc-Pi

C_F (;f )/At K’O fw&;ﬁ v_vS )} i r
{3 = (0,50 kg).(15m/s)/(600. 10*s

=.125. 10" N




57. ORGANIZE AND PLAN Here momentum is conserved and both objects are moving after
the collision. We’ll assume that the club and the ball are moving in the same straight line
just before and after the collision. We're to find the speed of the head of the golf club.

- We'll usemy, + myvy, =my, +my,, where subscript 1 refers to the club and subscript 2
refers to the ball. The club initially moves in the positive x-direction.
Known:m, =250.g, m,=457g v,=242 mfs; v, =0mfs; v,,=37.6 mfs.
SoLVE First we convert mass to kilograms: .T

1kg
=250, =0250k%k
" g[ 1000 g) £

Likewise,
my=0.0457 kg \..}.
For conservation of momentum, P $+2 0%
UV, + BV, = UV, 1V, _
b o VI Yy (0.250 kg)(24.2 m/s)+0 kg- m/s—(0.0457 kg}(37.6 m/s) ( )
v m, 0.250 kg
v, =173 m/fs
The club head is moving at17.3m/sin its original direction.

REFLECT When a golfer swings the club, the club head “follows through” after colliding
with the ball and ends up over the golfer’s shoulder, so the positive final direction of the
club head is reasonable. Only part of the head’s momentum is imparted to the ball.




42.

: D Areeltign=/

ORGANIZE AND PLAN The magnitude of momentum depends on mass and the magnitude ;
of velocity, or speed. The direction of momentum is the same as the direction of the 1
velocity vector at any instant. We’ll use p=mvto get the magnitude of momentum. Since f
we’te in two dimensions, we’ll use vector-space notation fo describe the direction of :
momentum, Let the x-axis be horizontal. B N \3 - ﬁg@v%\c:
Known: 6=20.°above the positive x-axis; v=8.25 mfs; m=T73.5ks. \ A
SOLVE First, find the magnitude of momentum: ?7 ;

p=mv=(735kg)(8.25 m/s) =606 kg-m/s

The long jumper leaves the ground at the angle of 20.° above horizontal. This is the
direction of the velocity vector and hence the direction of the magnitude. Using this
direction, we rewrite momentum as a vector:

p=(mvcosb) kg-m/sf+(mvsin€)kg-m/s} ‘
REFLECT It doesn’t matter which direction the long-jumper jumps; momentum is always :
equal to mass times speed in the direction of the jump. :

D = St8 Eéi_‘::/t —ruﬂ‘f&:}‘: Q
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57. ORGANIZE AND PLAN Here momentum is conserved and both objects are moving after
the collision. We’ll assume that the ¢lub and the ball are moving in the same straight line
just before and after the collision. We’re to find the speed of the head of the golf club.

" We'll use my, +myv, =my,, +my,, where subscript 1 refers to the ciub and subscript 2
refers to the ball. The club initially moves in the positive x-direction.
Known: m =250.g, m,=457g, v,=242 mfs; v, =0 m/s; ;=376 m/s.
SOLVE First we convert mass to kilograms: ,T

m,=250.g| 2 _|=0250 kg
1000 g

Likewise,

m, =0.0457 kg \,;.

_
For conservation of momentum, () 429 5

By + Yy, = BV, . Y, .
_mymy, —my,, (0.250 kg)(24.2 m/s) + 0 kg- m/s—(0.0457 kg}(37.6 nys) ( )
m, 0.250 kg
v, =173 mfs
The club head is moving at17.3m/sin its original direction.

REFLECT When a golfer swings the club, the club head “follows through” after colliding
with the ball and ends up over the golfer’s shoulder, so the positive final direction of the
club head is reasonable. Only part of the head’s momentum is imparted to the ball.
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59.0RGANIZE AND PLAN This is a perfectly inelastic collision. Since we have only one final
2 Speed, v, We can usemy, +my,, =(m +m,)v,to find that final speed.
Known: m=1030kg; m,=1140kg; v, =34 mfs; v, =0 m/s.
SoLvVE For a perfectly inelastic collision,
mVy + Yy, = (m1 + mz) V¢
Isolating v,
_mymy, (1030 kg}(3.4 m/s)+0kg-m/s _
T T Tyt S
REFLECT The combined mass travels in the same (positive) direction as the incoming
object, which is reasonable. Notice the similarity between the formula for v, and the

formula we learned for center of mass. These are both weighted averages (sce pages 137-
138 in the text).




A baseball of mass 2 kg is at rest and acquires velocity of 10 m/s after being
struck. If the ball and bat were in contact for 100 ms, what has been the average
collision force exerted on the baseball ?

Force = Ap/At

Ap =pe— D

pi=0

pr = 2kg. 10m/s

Force = (2kg. 10m/s)/(100 x10° 5)

=200N
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55 (JRGANIZE AND PLAN The two pieces of the meteoroid will move in oppesite directions. We
must calculate the mass of the second piece. We’ll use conservation of momentur where
the initial momentum of the system is zero, my, = -m,v,. Subscripts 1 and 2 refer to the ;
two pieces of the meteoroid. : i
Known:m, =130g m =55g v =065 mfs
SOLVE First, convert mass to kilograms:

1kg
=130, =0130k
P 2(1000 g} 8

Likewise,
m, =55g=0.055kg
Then we find the mass of the second piece,

ity =1, 0q =1, = 0.130 kg - 0055 kg = 0075 ke —— r—o ?
Now, P 0 D k
) ¥, ==,V V© ,‘
S my, =-m,v, — Z.- —~2
oy ~(0.055kg)(0.65 mjs) S Q
C— 0.075 Q ye o 0

REFLECT Since the meteoroid is initially at rest, the two pieces must move in opposite
directions to conserve momentum. We notice that in this particular problem we would not
have had to convert mass to kilograms since we are only using the ratio of masses. It’s
good practice to do so, to minimize errors in other types of calculations.
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before after

A block of mass m = 3.3 kg moving with a speed vi = 10 m/s collides elastically

with a block of mass M at rest. Affer the collision, the 3.3 kg block recoils with a
speed of v¢= 1.1 m/s. Find mass M.

A N
\’F\.&’c\iL—-—B\Jw__

Vag= (M) Vo Gmt) Ve (X Wy,

1.1 m/s=(3.3kg—M). 10m/s/(3.3kg M)
-1.1m/s.(3.3kg M) = 3.3kg. 10m/s — M. 10m/s
-3.63 ke.m/s — 1.1m/s.M = 33kg.m/s — M. 10m/s
8.9m/s. M= 36.3kg.m/s

M=407kg~4.1kg
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84.0ORGANIZE AND PLAN We’ll set our coordinate system so that southward (cheetah) is in the!
negative y-direction and westward (gazelle) is in the negative x-direction. Thisis a
perfectly inelastic collision and we’ll be using my,, +m,v,, =(m, +m,)v,. We'll write
equations in vector space notation and solve for #,. Subscript 1 will refer to the cheetah,
and subscript 2 will be for the gazelle.
Known: m =500kg; m, =200kg; v, =(-25 mfs)j; v, =(-22 m/s)f .
SOLVE For a perfectly inelastic collision,

/

¥, + my¥y, =(m, +m, )7,

i m, (500 ke)(-25 m/s)j +(20.0 ke)(-22m/s)f e
T m4m, 50.0 kg +20.0 kg o
v, =(629 mfs)i ~(179m/s)} ~~—"""

REFLECT Because the speeds of the two animals are the same, we can see that the
direction of v, is weighted more toward the heavier cheetah.




Quiz:.\ . Name:

What is the magnitude of average force needed to stop a 960-kg car traveling at 25 m/s in a time

of 1557 -
/ZO — o &{0@

Oy nC A

@yz\m\F";

Vou= -0; _ _Aloug.25%
S S

=-LeooN
2=, 6w N

Fow |
E—__Qpoud—y — 'lg——"'
i@"\ﬂéﬂ

kj\%—(—T’////(// {\




2. The x,y coordinates in meters of the center of mass of the three-particle system shown below are:;

-

im 2m 3m 4m ¥im,

1 0,0

2 13m, 17m

3 14m, 1%m

4) 19m,25m

M= 44 S$+6 = ti‘uz%

_ _L,[Lmo t % d X Se)e
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17.0RGANIZE AND PLAN  The period 7 is related to the frequency fby the
relationship r:%.
Given information: f= 200 Hz A
SOLVE The period is 7= =005 —q S (g7~ 3

200 Hz




Frequency & Period Problems

1. A young girl is on a swing that completes 20.0 cycles in 25 seconds. What are its 2
frequency and period?

2. A clock clicks 88 times in 22 seconds. Calculate the frequency and period of the
clock.,

3. The time interval between flashes on a stroboscope is 1/80 second. What is the
frequency of the light flashes.

4. A spring vibrates 24, 000 times in 1.00 minutes. What are the frequency and period.
[Hint: frequency is cycles per second.]
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38.ORGANIZE AND PLAN We are given the mass and spring consignt in a mass-spring system.

The period of a mass-spring system is given by\7'=2n J{%

The frequency {in oscillations per second Hz) is simply the inverse of the period}/= 1/T
The angular frequency o (in units of radians per second) is obtained via a unit transforsnati

of the frequency in Hz.
o=2% rad/psf]-f[psf/s]:fﬁd[md/sec] \,\')\,2 c)' QO }Y
SOLVE Plugging in values: The period: )

T=0q | 2850k 45675 \
552 N/m
LYK

f=176Hz | '
The angular frequency: g WelG
o=11.1rad/s . ‘

REFLECT Again, we demonstrate the utility of unit analysis. You must be able to
comfortably transition between the period, frequency, and angular frequency.

The frequency:



23.0RGANIZE AND PLAN  For a SHO with a given period 7= 5.00 s we are asked
to determine the new period if the mass is doubled. In Question 4 we
determined that the peried would increase by a factor of 2. So we find the
elongated period as follows:

T =T,\2
SoLVE Calculating we find:
T, =50052= .97y

’\"‘2 2«@' "S‘\, 7_0 ?%Z:TTQ‘VL
v
/ * =S G
= 107 3

P ——— S NP SR S



14. A block attached to a spring oscillates in simpie

~ harmonic motion along the x axis. The limits of its motion
are x = 10 ¢m and x = 50 ¢m and it goes from one of these
extremes to the other in 0.25 s. Its amplitude and frequency

are:
1)
2)
3)
4)
5)

40 cm, 2 Hz
20 cm, 4 Hz
40 ¢m, 2 Hz
25¢cm, 4 Hz
20 cm, 2 Hz

Si.
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29.

1)
2)

3)
4)

5)

A sirnple harmonic oscillator consists of a mass » and an ideal spring with spring constant &
Particle oscillates as shown in (§) with period 7. Ifthe springis cut in half and used with the same
parhicle, as shown i (1), the period will bﬁ
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Quiz 2 Name:

The position, x, of a simple harmonic oscillator with period I'= 12 sec is
2
x=Acos(wH=A cos(-}—.f)

Find the time it takes the oscillator to go fromx=A tox=0.
, X= ;
Nk

i
\
%?G . " Angle,?

¢ eo™S1so0 2700 3600 Of

0
T T\ a fTme!
4 o 4 {
- k A - I
E H
!

e

One revalution

The time it takes an oscillator to go from the maximum
displacement x = A back to the same position at x = A is one
petiod T, The time it takes to go from

T
x=A—-Ais =7

Because the motion about the x = 0 position is symmetrical in time,
the time point of the zero displacement lies halfway between the
maximum positive displacement and the maximum negative

displacement which is 4

F=—
4

Soif 7= 12 sec then f= 3 sec
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L

GANIZE AND PLAN  The peak fored exerted by a spring on amass in a SHO
is attained when the displacement from equilibrium is af its maximum:

Fpz 4
If we know the peak force and the amplitude of the oscillation we can
deduce the spring constant i1 a

straight-forward mannet] &= %—
Given a known oscillation frequency we can deduce the effective mass as

follows: 2
‘ \‘ (A
2“% - 00 - ;K... -—-:)kl“ - .E..
™ Vin,
Teplating for mass: W

4q F2 ﬁ)
The wrinkle ir) this problem is the units. The unit pN = 10 "> N while the '
unit mm = 10 m.

Sornvi  Plugging in numbers with mks units:

The inferred spring constant is = TN = £, % 1070 Nim

v‘/f’
y

‘ ' 15%10° m o
The effective mass is 3 /’/\/{
-5
_6.7x107 Nfm ~3.4x10°° kg A

am(70 ¥z W = Lot )rz
ReFLECT The mass of a single hydrogen atom is roughly 2 x 10 kg s0

the effective mass is well beym}g the single atom limit. The effective mass is
equivalent to approximately 10" hydrogen atoms.
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62.ORGANIZE AND PLAN We ark given the mass, '[hé: total energy, and the \’ WAL D\M* |
amplitude of oscillation.

The total energy F of a mass-spring oscillater s equivalent to the maximume
potential energy stored in the spring:

E=lre
2

Isolating for k: k=25 -
- C e I
The pertod 1s gtven by: I'= 47 \f"ic"

The maximum velocity is given by: v, = 4 \g .l A RN

‘The maximura acceleration is given vy: d, = 4 3 = f‘;f“
m -

SoLvE The spring constant 1s %= (12';025 ;2 =111 N/m, \/\7 \\ e
. m »? ) ‘r\/\
The period is 7=2x/%70 k€ _g5165 ,
W1 W o

T

The maximum velocity is given by: v, = 1.50m % =182 m/s

The maximum acceleration is given by: @, = 1.50 m 1)1;5?/1‘; I;‘ =222 m/s”

RerLeCctr  Compared to Probiem 61 this oscillation 1s much fasier,
producing larger velocities and accelerations. The spring constant is much
larger than in Problem 61 (111 compared to 4) and the mass is less than half.
At first glance the large maximum acceleration seems incommensurate with
the velocity of 18.2 mvs. However, when you cOnsider that this acceieration
must ocour over a very short time scale given the period, it reflects the

stiffness of the spring and the relatively low mass.
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67.ORGANIZE AND PLAN  Rotations per minute can be converted into Hz by a

simple unit conversion.
rotatons Lgm _ N bov
N s w7 0 \‘\’% -:1(\’\
=

(ol

Angular frequency in terms of oscillation frequency is = 27/
SoLvE Converting 600 rpm to Hz yields: /=10 Hz.
Angular frequency is 0 = 2710 Hz =628 s <
—
=
REFLECT Another example of the power of unit conversion. Convinced
that unit analysis is important yet?
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71.ORGANIZE AND PLAN  If there are N oscillations over a duration Af the frequency f=N/At
/ and since period T=1/f
"~ the period T is snnply

Y l'?‘l
. : T2 ek L= 8T
‘ o i""\i —> T= N T 1 w\\ * v\ﬁ - ‘ )_/ ﬂlj\?{i- }
(\,t | Given the penod we obtain the Iength by assuming g =9.8 m/ s” taverting the /
| relationship for the period yielding:
Y ) (f// N e
SOLVE Plugging in values: The period is 7= 325 185 g

25 osc (.// }

5 3
The length corresponding to this period is L :\9‘8 m/ Sj.‘(?l 2%s) _ 0407
T




43E What is the length of a simple pendulum that marks seconds [ S /
by completing a fult swing from left to right and then back again 5 e
avery 2.0 81 ssm ;

0 0
ML&

43. The period of a simple pendulum is given by T = 274/ Lfg, where L is its length. Thus,

g (2.08)7(9.8m/s%)

L= e L T P =009 m




