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Answer all questions on these sheets. Please write clearly and neatly; we can only give you
credit for we can read.

The first 8 questions are multiple choice. There’s no partial credit for these — just choose the
best answer and indicate it clearly.

The second set are “short answer,” and they all require explanations, whether the word
“explain” appears in the question or not! You’'ll get no credit, even if your answer is correct,
if we can’t follow your reasoning. Your explanation may be in words, mathematics, and/or
diagrams. Full credit is for a correct answer with a clear explanation. You'll get partial credit
for sensible reasoning, even if the answer is incorrect.

Please: Think about the physics, not about the psychology of how  we write exams!

At the end of the exam, rewrite and sign the pledge: | pledge on my honor that | have
not given or received any unauthorized assistance on this examination.

Signature and date
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Multiple choice questions (5 points each)
Just the answer counts for these; no partial credit.

1). You're pushing a cart to get it moving. The cart starts from rest (v = 0), and for a while you push it
so that it moves to the right in a straight line with a steadily increasing speed: Every second, the speed
of the cart goes up by 1 km/hour. Assuming friction is small enough to ignore, which of these could be
a graph of the force you exert on the cart? (Write your answer in the box to the left.)

A B C

It's a constant F i E £
acceleration, so it’s a

constant net force. In this
case, the net force is the

force you apply, so... I
hope this was easy!

2). The clumsy professor rolls a heavy ball and a light ball along a table but doesn’t manage to stop
them before they roll off. One ball weighs twice as much as the other; the lighter ball happens to roll at
twice the speed. Each hits the floor at some horizontal distance from the table —how do those
distances compare? (Write your answer in the box to the right.)

The heavier ball will hit at about a fourth the distance from the table as the lighter ball.
The heavier ball will hit between % and % the distance from the table as the lighter ball.
The heavier ball will hit at about half the distance from the table as the lighter ball.
The heavier ball will hit at about the same distance from the table as the lighter ball.
The heavier ball will hit the floor at twice the distance from the table as the lighter ball.
The heavier ball will hit more than twice the distance from the table as the lighter ball.

mEONT

Another hopefully easy one for you: The two balls take the same time to hit the
floor (same vertical acceleration), and one’s moving 2x as fast horizontally.

3). Someone pulls a block across a rough horizontal surface at a constant speed by applying a force F.
The arrows in the diagram correctly indicate the directions, but not necessarily the magnitudes of the
various forces on the block. Which of the following relations among the force magnitudes W, f, N, and
F must be true? (Write your answer in the box to the right.)

A F=fandN=W E—
B. F=fand N>W N
C. F>xfand N=W A
D. F>fandN<W ~__wkF
E. None of the above choices must be true. f «

v

\W
The net force is 0 because the speed of the block does not change. So the vertical
components cancel: W acts down, both N and F have components up, so N <W.
And horizontal components cancel: f has to be equal to the horizontal component
of F. so the magnitude of F must be > f.
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4). A heavy ball swings from the ceiling of the lecture hall. When the ball is in the position
shown, and swinging back down toward the right, the forces acting on the ball include:

I. A force of gravity straight down.

II. A force by the rope pointing up and to the right.

III. A force in the direction of the ball’s motion.

IV. A force along the rope pointing down and to the left.

Answer Choices (Write your answer in the box to the right.): N

A. Tonly

B. Iand Il

C. Tand III.

D. Tand IV. . ' ) . '
E AllbutII And... I hope this was easy! There are two objects exerting forces on the ball:
E All but III The earth and the rope. One pulls down, the other up and to the right. There’s
G. AllbutIV no object exerting a force in the direction of motion or outward.

5). A cylinder (tube) of mass m rolls up an incline at an initial speed v, — and suppose the coefficient of
static friction between the cylinder and the incline is enough so that it rolls without slipping. A block
with the same mass slides without friction up the same incline at the same initial speed. Pick the best
statement for what is likely to happen. (Write your answer in the box below.)

Harder, I expect. The cylinder starts with more kinetic energy: It is moving at the same speed,
but for it to move at that overall speed, different parts of it have to move faster... its total
kinetic energy is Yamov,” + Lslwy®. Since it has more kinetic energy, has more total potential energy at
the end — it goes to a greater height. Another way to think of this: That the cylinder is rolling to begin
with means it’s pushing backward on the ramp, so the (static!) friction by the ramp on the bottom of the
cylinder pushes it upward. And another: Starting from the top, we found that the block would be
moving faster if we release them from rest from the same height. Do that backward: To get to the same
height the block would be moving faster. So make them the same speed and the cylinder goes higher.

o <«

The block will go farther up the ramp before it stops.

The cylinder will go farther up the ramp before it stops.

The block and cylinder will reach the same maximum height, but the block will get there first.
The block and cylinder will reach the same maximum height, but the cylinder will get there first.
The block and cylinder will reach the same maximum height in the same amount of time.

MO 0w

6). I am swinging a ball in vertical circles (of radius r) as shown in the picture. Which of the
following is true about the magnitudes of forces on the ball at the top of the swing (position
marked as A) if v is the speed of the ball at that point? (Write your answer in the box to the
right.)

The tension by the rope and the pull

A. T-mg=mv’ 2/ r by the earth are in the same direction
B. -T+mg= mv. [ at this point; they are the total force

C. T+img= L1V [x on the ball. They equal its mass

D. -T-mg=mv’/r times its acceleration, and in this case

we know the acceleration must be
2
ve/r.
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7). Two boxes hang from a pulley, but this pulley isn't massless. The boxes
have masses m; and m,, with m, > m,. The pulley has mass M,, radius R, and a
moment of inertia I = %2 M,R’. The boxes start out at the same height and at
rest. Which of the following would express the conservation of energy when
m, has descended a distance Al, where v = the speed m, is moving and o =
v/R? (Write your answer in the box to the right.)

1 1
A. (m, —m,)gAh = E(m, +my)V’ + Elou2
L — |

1 1
B. (m, +m,)gAh = E(m] —my)v’ + 51 w’ On the left is the loss in gravitational potential
) ) energy: m; is descending, so it’s losing m,gAh
C. (m, + my)gAh=—(m, + m,V’ - —Iw’ in potential energy; m, i~s risjng. That energy
2 2 equals the sum of the kinetic energies of the

2 masses and pulley. (This gives one way to
calculate velocities; another would be to work
with the tension — forces on the blocks and
torques on the pulley. Note that in this case,

F N f these i ¢ the tension has to be different from one side of
- Yoneotthesels correct. the pulley to the other!)

1 1
D. (m, —m,)gAh = E(m, +m, + Mp)v2 +51w

2

1 1
(m, —m,)gAh = E(m, +m, + Mp)v2 —Ela)

8). I throw a rubber ball vertically down against the floor, and it bounces back to my hand.
Which of the following graphs could depict the ball's velocity from after it leaves my hand to
just before I catch it (that is, while it's bouncing)? Write your answer in the box below.

[ A /\B c

When I first release it, it's moving, with a negative velocity. (We could call that positive if we wanted,
and the graph would be the flip of graph D here.) And it accelerates from there — a constant, negative
acceleration, so the velocity is changing at a constant rate to be more negative. When it his the
floor, the velocity quickly changes to be positive, and then it accelerates downward from there.
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Short Answer (20 points each)
No credit without explanation; and clarity counts!

1). Two identical masses, each of mass m = 50g, are fastened to each other with a bit of plastic
explosive. We’re going to launch it into the air and detonate the explosive at the highest point. (Ignore
air resistance throughout this problem.)

(a) Suppose we launch the pair of masses at an angle 6= 60 degrees above the horizontal, from a spring
gun. The spring has a spring constant of A~=1000 N/m, and we compress it x=10 cm. (sin 60° =0.87; cos
60°=0.5)

Find the maximum height of the pair of masses, taking its initial height to be 0.

First, we need the initial speed. There’s ' kx” of potential energy at first (in the spring),
and that turns into kinetic energy 2 mv” (for the masses A and B, assuming that the spring
is relatively much lighter). So: % (1000 N/m)(0.10 m)® = 5 Joules = % (0.10 kg)v>. That

gives v =10 m/s. (This neglects the change in gravitational potential energy within the launcher: mgAh
= (0.1 kg)(9.8 m/s*)(0.087 m) = 0.09 Joules. I’m ignoring that!)

v

Now, we need the vertical component: That’s vy = v sin 0 = (10 m/s) sin 60° = (10 m/s)
(0.87)=8.7 m/s.

And now we can find the maximum height: It takes t = v, /g (about 0. 9 seconds) for the mass to stop
moving up, and it’s average speed on the way up is (vy + 0)/2 = 4.4 m/s (the vertical component of
velocity is zero at the top), so the maximum height is (t)(v/2) = (vy /g ) = vy/2 = Vy2/2g = about 4 meters.

(b) At exactly that instant, when it’s at the highest point, we detonate the explosive. And it so happens
that the instant after the explosion, one mass (A) is not moving at all.

Find the velocity of the other mass (B).
At the instant of the detonation, the masses are together and have no vertical component of velocity. (If
they did, they wouldn’t be at the highest point!)

So as they explode, their velocity is v = v,i = v cost 1 =5 m/s 1 and their momentum together is
p=mv = (0.1 kg) (5 m/s)i=0.5kg-m/s

That’s got to be their momentum just after the explosion, assuming the explosion happens quickly, as
explosions do. Since mass A isn’t moving, mass B must have all of the momentum:
p=mv = (0.05 kg) vg =0.5 kg-m/s i

So vg =10 m/s1. Or you could just say that v, = 2vy 1, where vy is the horizontal component of the
pair’s velocity before they pop apart.

(c) Find the distance between the masses A and B when they hit the ground.
It took them 0.9 seconds to get to the top; it takes them 0.9 seconds to hit the ground. (They are both

falling the same height, starting from vy, = 0.) And one (B) is moving 10 m/s, so they hit the ground 9
meters apart. (Note: Mass A would just go vertically down after the explosion)
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(d) During the explosion, mass B speeds up while mass A comes momentarily to rest. Does the overall
mechanical energy of the two-mass system increase, decrease, or stay the same during that explosion?
Explain.

It increases! A bomb went off!

Before the explosion, the kinetic energy was % (2m)v,’ ; after the explosion it is %2 m(2vy)”.

Plug in numbers if you want; the second is = % (0.05 kg) (10 m/s)* = 2.5 Joules, twice as big as the first.

Because the vertical component of velocity was 0, the gravitational potential energy didn’t change as a
result of the explosion. But the total mechanical energy went up.

(e) Sketch a graph of the vertical and horizontal components of the velocity for mass B from the time of
launch to the time it hits the ground. Explain your reasoning. You don't need to make precise
calculations, just show the shape of the graph in your sketch.

vy 1s just of an initial upward velocity changing with a constant negative acceleration. (Note that
because the explosion only affected the horizontal component of velocity, you can’t even tell from the

vertical component that there was any explosion!)

vy is of the initial horizontal velocity, which then doubles at the explosion.

t AN
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2) A block of mass M sits on a ramp of angle 6.
Sorry, if you didn’t get this one it’s going to hurt. May the pain help you learn!

(a) First, suppose the block is frictionless and is held in place by a light string extended parallel to the
surface of the ramp, as shown here. Write an expression for magnitude of the tension in the string.

There are three things exerting forces on the block: the cord (tension T) pulling up the N T
ramp, the earth (Mg) pulling vertically down, and the ramp pushing up perpendicular
to its surface (N). The sum of all these forces must be 0, since the block isn’t <5

accelerating. LVI
g

nail

So N must cancel the perpendicular component of Mg down; T must cancel the
component of Mg along the ramp. That means T = Mg sin 6.

(b) Instead of a peg, we have the cord connect over a pulley to another block. The second block is just the right mass so
that the first block remains at rest. Write an expression for the magnitude of the tension in the string.

Here’s where it might start to hurt. As far as the block on the ramp is concerned, this is
exactly the same situation. There are the same three objects exerting forces on it,
and everything about force addition above is still true.

So again, T = Mg sin 0.

Think about it: If that string went through a hole in the wall, so you could not see if the string was
nailed down or held by a hanging block, nothing would change for block M.

It’s also true that T = Mhangingg since the other block is also not moving! So we know that T = Mhangingg
= Mg sin 0, S0 Mhanging = Msin 0.

(c) Now, suppose there’s no string, but the block stays in place because of friction (with coefficient of static friction
1) between the block and the ramp. Write an expression for magnitude of the friction force by
the ramp on the block.

And... it’s the same answer again: F,,, = Mg sin 6.

The pull by the earth is still Mg; the normal force by the ramp is still Mg cos 6, and since the
only other force acting is friction up the ramp, it must be equal to the component of the earth’s
pull along the ramp, Mg sin 6.

Some students put Fg, ., = UN =uMgcos 6. That’s only true in the special case when 6 equals
the critical angle. uN is the maximum possible value of the static frictional force, but the actual
static frictional force in a given situation adjusts according to the size of the force trying to
slide one surface against the other till the frictional force reaches that maximum value. In this
case, if the frictional force was equal to uMgcos 6, that would imply that the block has a net
force of [uMgcos 8 - Mgsin 6] up the ramp, so it would accelerate up the ramp.
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3). A uniform rod of length L (=1.00 meter) and mass M (=1.80
kg) is hanging vertically from a frictionless pivot at its top end. A O
bullet of mass m (=400 gm) strikes the rod at the center of the rod \.J\
and gets embedded in it. (See figure.) Right at the instant before WO
the bullet hits the rod, the velocity of the bullet was entirely w0
horizontal (and perpendicular to the rod) and the magnitude of the e .
bullet's velocity was v (=100m/s). You can imagine that the rod &
with the embedded bullet would rotate about the pivot. The »

o o1
moment of inertia of the rod about the pivot is EML2 .

(a) Is this an elastic or an inelastic collision? How do you know?

Inelastic. Some amount of mechanical energy must have been
lost as heat in the process of the bullet boring through the rod and M
getting stuck in it. So the mechanical energy of the rod and bullet

system is not conserved in the collision.

(b) Solving for the angular speed of the rod with the embedded bullet immediately after the collision, a

student comes up with this answer: o = % Is that a plausible answer? Explain your reasoning to her
m

without solving for that angular speed yourself.

According to that expression, the angular velocity of the rod would be greater if the initial linear velocity

of the bullet was higher -- that makes sense; I would expect that a faster bullet would deliver a larger

impulse and be more effective in swinging the rod.

Also, the expression says that if the angular velocity is lower for a larger length of rod. That makes
sense too; a longer rod would have a greater moment of inertia and would be more difficult to get it to
rotate.

The expression also says that the angular velocity increases if the mass of the rod (M) increases, but
decreases if the mass of the bullet increases. That does not make sense. A more massive bullet should
be more effective in swinging the rod, and the more massive the rod, the more difficult it should be to
get it swinging. I would have expected M to be in the denominator of the expression and m to be in the
numerator.

So, no, the expression that the student got is not a plausible answer!

(c) Now solve for the angular speed of the rod with the embedded bullet immediately after the collision?
First, note that the rod and bullet system has no external torque on it at the instant of collision: The
tension along the rod cannot exert a torque on it; neither can any force exerted by the pivot that goes
through the axis of rotation. And in the vertical position the weight of the rod and bullet also have a
zero torque about the pivot). So the angular momentum of the (rod-+bullet) must be conserved during
the collision. (Note that this ignores any motion of the rod during the time of the collision.)

The angular momentum of the bullet just before the collision is L ; = rpperp; = mvL/2 (using L for
angular momentum) (Yeah, we should have picked another letter for the length!)



Final exam Solutions Name Section Page 9 of 9

The angular momentum of the rod and bullet just after collision is L ¢ = L;,q + Ipunet = (ML2/3 +
mL%/4)w.

(You can think of the bullet as having a moment of inertia of m(L/2)* about the pivot. Alternatively, you
could have said the angular momentum of the bullet is (mvy) L/2 after the collision and v¢ = wL/2.)
6m v

Equating the initial and final angular momenta, we get: ® = —————
AM +3m L

6(0.4kg) 100m /s 240
4(1.8kg +3(0.4kg) 1.0m 84

because if we had 0 in degrees then, all our expressions above would have carried a factor of 180/x
everywhere)

Numerically, w = = a little under 30 radians per second (and radians

Makes sense? As v goes up, ® goes up, and it varies inversely to L as we would expect, same as in b.
But now it is inversely proportional to M, and it does increase with m. (It increases up to a limit, which
makes sense too: the angular speed can’t get higher than v/(L/2), the maximum angular speed of the
bullet relative to the pivot, which is the limit of this expression for large m.)

(d) What is the ratio of the kinetic energy of the rod and bullet system after the collision to that of the
bullet before the collision?
The KE just before the collision is just 1/2 mv* since the rod does not have any KE. The KE right after
collision is both the KE of the swinging rod and the embedded bullet: KE¢ = KEpyjer, £ + KEyoq, £ =
VoTroq®” + Yolpute@® = Y(ML*/3 +mL*/4)a> = B—m(lmvz)

4M + 3m\ 2
So, the ratio of that to the energy of the bullet before the collision is KE¢/(1/2 mv®) =3m/(4M + 3m) =
1/7. So, a lot of the energy of the bullet was lost in the collision. (Things get really hot if you shoot
bullets in them!)

(e) Will the rod hit the ceiling? Explain.

If the rod hit the ceiling that would mean the rod with the embedded bullet reaches the horizontal
position. So, the center of mass of the rod in that case would have to go up a height of L/2 and so does
the bullet. So, the PE gained by the rod and bullet in that case would be (M+m)gL/2

If the KE of the rod with bullet was greater than this quantity after the collision, then yes, the rod would
hit the ceiling. Otherwise, the rod would go up to some height less than the horizontal position and then
fall back again.

In this case, if you work the numbers the KE,fer collision ~ 300 J while (M+m)gL/2 = (1.8
kg+0.4kg)10m/s* 1.00m/2 = 11 J ... So, yes the rod would not just hit the ceiling it would slam into it!



