Solutions Final Exam

Physics 141

December 19, 2006
4.00 pm - 7.00 pm

Problem 1 (2.5 points)

—
’n

FENWAY PARK ~

Match the pictures of the ball parks shown above to the team names listed below.

1. Yankees
2. White Sox
3. Mets

4. Cubs

5. Red Sox

ABCDE =

1.

IO S

12345
21453
21534
31542
31254
42351
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Solutions Final Exam

Physics 141

December 19, 2006
4.00 pm - 7.00 pm

Problem 2 (2.5 points)

The Figure on the right shows various possible trajectories of an object

Parabola

launched from the surface of the earth. What can you say about the total ¢ )

energy of the object for the various trajectories shown in the Figure?

1‘ Eelliplical trajectory > O J’ Ehyperbolic trajectory = O J’ and Eparabolic trajectory < O J

" Circle \‘ ‘.‘ "

2. Eipical mjectory > 0 35 Epypervotic majectory < 0 > a0d Eotic wajectory = 0 J- | c“?:,se | ,-I
\ i '
3. Eipical mjectory = 0 35 Epyperpotic majectory > 0 J> a0d E,oric wajectory < 0 J. \\\ //I I',
4. Eipical majectory = 0I5 Epypervotic ajectory < 0I5 a0d E}oic rajectory > 0 J. B ~_— - /!
\

5. Eiptical majectory < 035 Epyperpotic majectory = 0 J> a0d Eoric wajectory > 0 J- Hyperbola ‘
6.  Eipiical trajectory-<0 Js Eyyperotic trajectory> 0 Js a0 E,ohosic grajectory =0 -
Problem 3 (2.5 points)

Two satellites A and B of the same mass are going around Earth in concentric orbits. The

distance of satellite B from Earth’s center is twice that of satellite A. What is the ratio of the

centripetal force acting on B to that acting on A?

1. 1/8
2. 144
3. 172
4. 1W2
51
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Problem 4 (2.5 points)
A sports car accelerates from zero to 30 mph in 1.5 s. How long does it take for it to accelerate
from zero to 60 mph, assuming the power of the engine to be independent of velocity and

neglecting friction?

I. 2s
2. 3s
3. 455
4. 65
5. 9s
6. 12

Problem 5 (2.5 points)

When a small ball collides elastically with a more massive ball initially at rest, the massive ball
tends to remain at rest, whereas the small ball bounces back at almost its original speed. Now
consider a massive ball of inertial mass M moving at speed v and striking a small ball of inertial
mass m initially at rest. The change in the small ball’s momentum is

1. mv

2. 2my

3. My

4. 2Mv

5. none of the above
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Problem 6 (2.5 points)
As you hold the string, a yoyo is released from rest so that gravity pulls it down, unwinding the
string. What is the angular acceleration of the yoyo, in terms of the string radius R, the moment

of inertia /, and the mass M?

1. gMR/(I + MR®)

2. g/R
3. g/(R + 2I/(MR))
4. gMRII

Problem 7 (2.5 points)

The moment of inertia of a square plate of area 4R* and mass M, [}

with respect to an axis through its center and perpendicular to the

\ 4

plate, is equal to (2/3)MR*. A disk of radius R is removed from Y-

the center of the plate (see Figure). What is the moment of

inertia of the remaining material with respect to the same axis?

1. (1/2)MR’
2. (2/3 - t/8YMR®

3. (1/6)MR>
4. (2/3 - T/4)MR?
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Problem 8 (2.5 points)

Which of the following statements is false?

1. The buoyant force in liquid is much larger than the buoyant force in air.

2. The buoyant force is a result of small differences in molecular density of the air/liquid across
the surface of the object.

3. The buoyant force is a result of differences in the average molecular velocity of the

air/liguid molecules across the surface of the object.

4. The magnitude of the buoyant force increases with increasing temperature, due to the

corresponding increase in the average molecular velocities.

Problem 9 (2.5 points)

A solid disk and a ring roll down an incline. The ring is slower than the disk if
1. m,,,, = my, where m is the mass.

2. Tying = Tyigo Where r is the radius.

3‘ mring = My and rring = Vaiske

4. The ring is always slower, regardless of the relative values of m and r.
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Problem 10 (2.5 points)
If all three collisions in the figure shown below are totally inelastic, which collisions cause(s) the

most damage?

| | |
|
v —
A > i brick wall
© © o
0.5v

> 2v

IL.

1l
Iand II.
I and IIL.

II and I11.

N A WD

All three.
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Problem 11 (12.5 points)

The operation of an automobile internal combustion engine can be approximated by a reversible
cycle known as the Otto cycle, whose PV diagram is shown in the Figure below. The gas in
cylinder at point a is compressed adiabatically to point . Between point b and point ¢, heat is
added to the gas, and the pressure increases at constant volume. During the power stroke,
between point ¢ and point d, the gas expands adiabatically. Between point d and point a, heat is
removed from the system, and the pressure decreases at constant volume. Assume the gas is an

ideal monatomic gas.

10yl

10y |

0 V

a. Assuming there are N molecules of gas in the system, what are the heats 1Q,l and IQ,|?

Express your answer in terms of N, k, T,, T\, T., and T,.

Answer:

The heat exchange takes place at constant volume and we thus must use the specific heat for
constant volume C,. For an ideal monatomic gas, Cy = (3/2)k per molecule. The heat added
or removed is proportional to the temperature difference. For the Otto engine, we find the

following values:
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3
|0,|=NC,(T.-T,)= ENk(TC ~T,)

3
l0,|=NC,(T,-T,)= ENk(Td ~T,)

b. What is the efficiency of the Otto cycle? Express your answer in terms of 7, T,, T,, and 7.

Answer:

The efficiency of the heat engine is defined as

Wl
o]

Using the results of part (a) we can rewrite this in terms of the temperature:

3
Wl _led-led , led _, 2MTT) r,-,)

e= = = = Nd  Ta)
|QH| |QH| |QH| ;Nk(TC -T,) (Tc ~T,)

c. Express the efficiency of the Otto cycle in terms of just the compression ratio V,/V, and Y.

Answer:
During the adiabatic compression and expansion, the pressures and volumes are related in the

following manner:
paVay = pb‘/by

pcvcy = pdVdY
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Using the ideal gas law we can replace the pressure by the temperature (p = NkT/V) and

rewrite these relations as
-1 __ 71
Ta Vay - Tb‘/b

chcy_l = Tdvdy_l

The efficiency can now be rewritten as

e=1- =
T_Tb Tc_Tb Va

y-1 y-1
V. Vs
Tc o - Tb Y v-1 r-1 -y
Vd Va Tc — Tb Vb Vb Va
1- — =1- =1-
In this step we have used the fact that V.=V, and V,=V,.

d. How does the efficiency change when we replace the monatomic gas with a diatomic gas?

Answer:

The constant yis related to the molar specific heats:

C, Co+k_ .k

=—=1 _

CV CV CV

We see that when C\, increases, ydecreases. The molecular specific heat at constant volume
for a monatomic gas is smaller than the molecular specific heat at constant volume for a
diatomic gas since the diatomic gas has more degrees of freedom. As a result, y decreases
when we replace the monatomic gas with a diatomic gas. Since the compression factor is
larger than 1, a decrease in ¥ will result in an increase in (V,/V,)"” and a decrease in the

efficiency e.
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Problem 12 (25 points)
The Stanford Linear Accelerator Center (SLAC), located at Stanford University in Palo Alto,

California, accelerates electrons through a vacuum tube of length L.

PEP | SSRL PEP Il
Low Energy SPEAR IR-2
Ring (LER) : Detactor

North Damping Ring Baam
Switch

Pesitron Retum Line Positron Source  Yard End

&-gun £ - e (BSY) — S::‘é'g’x)'\
— _— R — ~—— Final Focus SLD
200 MaV/ Linac
injactor
PEPII ~
South Damping Ring High Energy

Ring (HER)

Electrons of mass m, which are initially at rest, are subjected to a continuous force F' along the

entire length of the tube and reach speeds very close to the speed of light.

a. Calculate the final energy of the electrons.

Answer:
The work done by the force F is FL, where L is the length of the accelerator. Using the work
energy theorem, we can express the final energy of the electron in terms of its initial energy

and the work done by F:

Eszl.+W=mcz+FL

b. Calculate the final momentum of the electrons.

Answer:

The final momentum of the electron can be obtained using the following relation:
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or
_1 2 _ 22_1\/ 2 2 (o _ 1 o, s FL mc?
P, —E\/Ef (mc ) == (mc?+FL) (mc ) —E\/F L +2mc*FL === 14275
c. Calculate the final speed of the electrons.
Answer:
The final velocity of the electron can be found using the following relation:
2
E, = mc
: 2
-
2
or
2 Y 2
_ mc” | mc _ c 2)\2 2o c FL
v=c 1—[E—f] —c\/l—[mcz +FL] =— +FL\/(mc ) +2mc?FL=———~ [1+2-=

[1+ FLz] me
me

d. Calculate the time required travel the distance L.

Answer:
The time required to complete the trip through the accelerator can be found by using the

momentum principle:

_Ap_Py=Pi_Pr_ L mc?
F F F ¢ FL
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Problem 13 (25 points)

A chain of metal links is coiled up in a tight ball on a frictionless table. The mass of the chain is
M. You pull on a link at one end of the chain with a constant force F. Eventually the chain
straightens out to its full length L, and you keep pulling until you have pulled your end of the

chain a total distance d.

d

a. What is the speed of the chain at this instant?

Answer:

During the motion depicted in the Figure the center of mass moves a distance d - L/2. The
work done by the force on the center of mass during this motion is (d - L/2)F. Since the
initial kinetic energy of the center of mass is 0, the final kinetic energy can be found by using

the work-energy theorem

The final velocity of the center of mass is thus equal to

2K, . F
Vem s = ,}Tf = 1/(26@7—L)ﬁ

b. When the chain straightens out, the links of the chain bang against each other, and their
temperature rises. Calculate the increase in thermal energy of the chain, assuming that the
process is so fast that there is insufficient time for the chain to lose much thermal energy to

the table.
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Answer:

The total work done by the force F is Fd. Part of the work is converted into kinetic energy of
the center of mass (see part a). The remainder is converted into thermal energy of the chain
(note there is no relative motion with respect to the center of mass after the chain has been
unrolled). The thermal energy is thus equal to the difference between Fd and the work on the

center of mass calculated in part a:

E

thermal —

LF

N —

1 _
Fd_(d_ELjF_
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Problem 14 (25 points)
A satellite has four low-mass solar panels sticking out as shown in the Figure below. The
satellite can be considered to be a uniform solid sphere of mass M and radius R. Initially the

satellite is traveling to the right with speed v and rotating clockwise with angular speed w.

m

A tiny meteor of mass m, traveling at speed v,, rips through one of the solar panels and continues

in the same direction, but at reduced speed v,.

a. Calculate the x and y components of the motion of velocity of the center of mass of the
satellite after it is hit by the meteor. The positive x direction is taken to be the direction of
the original motion of the satellite. The positive y direction is the direction from the center of

mass of the satellite towards the solar panel that is hit by the meteor.

Answer:
Since there are no external forces acting on the system (meteor + satellite), linear momentum

will be conserved. The initial liner momentum is equal to

P, = Mv& +{my, cosO% + mv; sin0F} = ( Mv + mv, cos )X + mv, sin6§
The final linear momentum is equal to
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p,=Mv, + {mv2 cosOx + mv, siney} = (Mvm + mv, cos 9)32 + (va,y + mv, sin 9)57

Conservation of linear momentum requires that

vax +mv, cos@ = My +mv, cos0

va,y +mv, sin@=my, sinf

or

What is the angular velocity of the satellite after it is hit by the meteor? Specify both

magnitude and direction.

Answer:
Since there are no external forces acting on the system (meteor + satellite), the external
torque is equal to zero, and angular momentum will be conserved. The initial angular

momentum is equal to

L=L

i = Loereors T L = (—hmv1 cosO—1 a)l.)z

satellite,i

The final angular momentum is equal to

—

L, =L +L

f meteor, f _(hmV2 COoS 9)2+L

satellite, f = satellite, f

Since angular momentum is conserved, we can now determine the final angular momentum

of the satellite:
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=L +(hmv2 cos@)i= (—hmvl cosf— Ia)l.)i+(hmv2 cos@)i =

s
(—hm[vl—szCOSO—la)i)i

satellite, f

The satellite will thus have an angular velocity that is directed along the negative z axis. The

magnitude of the angular velocity is equal to

B hm[v1 —vz]cost9+la)i B hm[vl —vz]cos(9 5 mh
0, = 7 = %MRZ +wi_§MR2 [vl—v2]0080+a)[.

Page 16 of 26



Solutions Final Exam December 19, 2006
Physics 141 4.00 pm - 7.00 pm

Problem 15 (25 points)

A simple model of the Earth assumes that the density is uniform throughout its interior.

a.

If the total mass of the Earth is M and its radius is R, what is its density?

Answer:

The density of the Earth is the ratio of its mass and its volume:

p=-1
%ﬂ:R3

Using the shell theorem, calculate the gravitational force the Earth exerts on a small particle

of mass m located a distance r from the center of the Earth (r < R).

Answer:

The shell theorem tells us that the force on the particle is equal to the gravitational force due
to he mass contained in the region with a radius r. The force can be calculated as if all this
mass is located at the center of the sphere.

The mass contained in a sphere of radius r is equal to

3
M, :pgnr"’:M%

The magnitude of the gravitational force is thus equal to

M. m

FZ

F(r)=G :G%r

The force is directed towards the center of the Earth.
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C.

Use the result of part b to calculate the work required to move a particle of mass m from the
center of the Earth to the surface. If you were not able to obtain the answer to part b, assume
that the force in the interior of the Earth can be written as « r and adjust ¢ to ensure that

force at r = R agrees with what you know about the gravitational force on the surface.

Answer:
The work done by the gravitational force when you move the particle from the center of the
Earth to the surface is negative since the force and displacement are pointing in opposite

directions. Using the results from part b we obtain

R
Mm . _ VMmoo 1 Mmp, 1 Mm
R3m’r— 3 R3r0— 2GR3R_ ZGR

W:—J'ORG

The work you need to do to move the particle from the center of the Earth to the surface must

be positive and exceed the magnitude of the work calculated above.

Compare the work calculated in part ¢ with the work required to move a mass m from the

surface of the Earth to infinity (r — oo).

Answer:
The work done by the gravitational force when you move the particle from the surface of the
Earth to the infinity is negative since the force and displacement are pointing in opposite

directions. Using the gravitational force law we obtain

me:_GMm

—_[TgMm ;. _ GMm
W= jRGrz dr=G= ] -

The work you need to do to move the particle from the surface of the Earth to infinity must

be positive and exceed the magnitude of the work calculated above. Comparing the results
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obtained here with the results obtained in part ¢ we see that the work required to move the
particle from the surface of the Earth to infinity is twice the amount of work required to

move the particle from the center of the Earth to the surface of the Earth.
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Problem 16 (25 points)

A block of mass M is attached to a spring with
spring constant k. The spring-mass system is in
equilibrium when is has a length L. A bullet of
mass m is fired from below and buries itself in
the block. The block reaches a maximum height

h above its original position.

a. What is the rest length of the spring?

Answer:
In the equilibrium position, the net force on
the block is 0 N, and the magnitude of the

gravitational force is equal to the magnitude

: m
of the spring force. This requires that ®
Mg =k(L-L,)
or
M;
h=L-TF

where L, is the rest length of the spring.

b. What is the speed of the block right after the bullet hits?

Answer:
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C.

In order to determine the speed of the block right after the bullet hits we use conservation of
energy. The energy of the block (and bullet) when it reaches its maximum height is all in the

form of potential energy (gravitational and spring):
E,=(M+m)gh+ k(L-h-L,) :(M+m)gh+%k{(L—L0)2—2h(L—LO)+h2}
The energy of the block (and bullet) right after the bullet hits is in the form of potential

energy (spring) and kinetic energy (block and bullet):

E. :l(M+m)vblock2 +

1 2
=5 Sk(L-Ly)

2

Note: we have assumed here that the gravitational potential energy is O at the equilibrium
position of the block.

Applying conservation of energy we see that

H(M vy + (L1, :(M+m)gh+%k{(L—LO)2—2h(L—LO)+h2}

or
b= 2mgh+ kh*
block (M+ m)

What is the speed of the bullet just before it hits the block?

Answer:
In order to determine the speed of the bullet just before it hits the block, we apply
conservation of linear momentum. The final linear momentum of the bullet and the block is

equal to
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Py :(M+m) ,%z\/(M+m)(2mgh+khz)

The initial linear momentum of the bullet just before it hits the block is equal to

Pi =MV pires

Conservation of linear momentum requires that

mvy o, = \/(M + m)(2mgh + khz)

or

Voullet =

(M m) (2mgh+ kn?) :\/[ M][ kth

I+— || 2gh+—
m m gh m
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Problem 17 (25 points)
A plank, of length L and mass M, rests on the ground and on a frictionless roller at the top of a
wall of height & (see Figure). The center of gravity of the plank is at its center. The plank

remains in equilibrium for any value of 8= 6, but slips if < 6,

a. Calculate the magnitude of the force exerted by the roller on the plank when 6= 6,

Answer:
There are four forces acting on the ladder:
The friction force
The normal force
The weight
The force exerted by the pin.

These forces and their directions are schematically indicated in the following figure:
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mg

One of the conditions for equilibrium requires that the torque with respect to any reference
point must be 0 Nm. If we calculate the torque with respect to the contact point on the
ground, only the weight and the pin force will contribute to the torque. In that case, the net

torque is equal to

T=F

L
— Mg—cos6, =0
" sin@, g2 0

The only unknown in this equation is the pin force, which we can now easily calculate:

L
MgEcose0
F, = — = ﬂMgCOSQO sin@,
sin@,

b. Calculate the magnitude of the normal force exerted by ground on the plank when 6= 6,

Answer:
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A second requirement for equilibrium is that the net force on the plank must be zero. This

requires that
D) F.=f-F,sing,=0
Y F,=N+F,cosf,—Mg=0

The normal force exerted by the floor on the ladder can be obtained from the requirement

that the vertical component of all the forces is equal to 0 N:

L
N = Mg —F,cos6, = Mg(l— 50052 6, sineoj

c. Calculate the magnitude of the friction force between the ground and the plank when 8= 6,

Answer:
The friction force can be obtained from the requirement that the horizontal component of all

the forces is equal to O N:

L
f=F,sin6, = EMgcosO0 sin” 6,

d. Calculate the coefficient of static friction.

Answer:
Since the ladder is at the critical angle, the static friction force has reached its maximum

value:

f=uN
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The static friction coefficient is thus equal to

2h
L 2p .
Mg l—ﬁcos 6,sing,

_ Lcos6,sin’ 6,
] (2h — Lcos? 6, sin 90)

i L Mg cos0, sin* 6,
Al‘l_g - N
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