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Problem 1: Basic concepts about energy (25 points)

Ali, who has mass M, grabs a rope that is wrapped
around a pulley attached to the ceiling. He holds the rope
tight as several friends pull on the other end, lifting him a
distance ¢ above the floor. The acceleration of gravity is de-
noted by g. Assume that the mass of the rope and all frictional
effects can be neglected.

(a) (3 points) From the time he starts at rest on the ground
to the time he is hanging at rest at a height ¢, what is the
total work done on Ali by all forces, including gravity?

(i) 0 (ii) Mgt (iii) —Mgt (iv) It depends on how fast his friends pulled.

(b) (3 points) During this period, by how much has Ali’s gravitational potential energy
changed?

(i) no change (ii) increase by Mgl (iii) decrease by Mgl
(iv) It depends on how fast his friends pulled.

(¢) (3 points) During this period, how much work was done on Ali by the rope?
(i) 0 (ii) Mgt (iii) —M gt (iv) It depends on how fast his friends pulled.

(d) (3 points) During this period, how much work has Ali done on himself?
(i) 0 (ii) Mgt (iii) —M gt (iv) It depends on how fast his friends pulled.

Suppose now that the rope is tied directly to the ceiling. Ali
starts at rest on the ground, and then climbs the rope hand
f

over hand to the same height ¢ as before.

(e) (3 points) From the time he starts at rest on the ground
to the time he is hanging at rest at a height ¢, how much
work was done on Ali by the rope?

()0 (i) Mgt (i) —Mge
(iv) It depends on how fast Ali pulled.

(f) (3 points) During this period, how much work has Ali
done on himself?

(i) 0 (ii) Mgt (iii) —M gt (iv) It depends on how fast Ali pulled.
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A particle with mass 2 kg moves in one dimension, in the presence of a force that is
described by the following potential energy graph.

1 2 3 4 5
z (meters)

(g) (2 points) If the particle is located at x = 0.5 m, what is Fj, the z-component of the
force acting on the particle?

)0 ()25 N (i) 50N  (iv) 75N (v) 100 N  (vi) 200 N (vii) 400 N

(h) (2 points) If the particle is located at x = 2 m, what is Fj, the x-component of the
force acting on the particle?

()0 ()25 N (i) 50N  (iv) 75N (v) 100 N  (vi) 200 N (vii) 400 N

(i) (8 points) If the particle is released from rest at = 2 m, what will be its speed when
it crosses x = 5 m?

(i) 0 (i) V50 m/s (iii) 10 m/s (iv) v/150 m/s (v) v/200 m/s (vi) /250 m/s
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Problem 2: The pin and the pendulum (40 points)

A simple pendulum consisting of a mass m attached to a string of length ¢ is
released from rest at an angle fy. A pin is located
at a distance L below the pivot point. When the (a) (b)
pendulum swings down, the string hits the pin
as shown. Assume that gravity acts downward,
with acceleration g > 0, and that the mass of the L /
string and any frictional effects are negligible. \

(a) (20 points) What is the maximum angle «
that the string makes with the vertical after m
hitting the pin? Yo

(b) (7 points) If the bob had been released with an initial velocity vy as shown, what
would be the maximum value of a?

(c) (3 points) How would this be affected if vy were in the opposite direction?

(d) (5 points) At what point in the motion will the tension in the string reach its maximum
value? Be sure that your answer is clear enough to specify whether the maximum
tension is reached before or after the string makes contact with the pin.

(e) (5 points) If the particle is released from rest at an angle 6y, as in part (a), what is
the maximum tension 7' that the string experiences during this motion?
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Problem 3: Force and potential in one dimension (35 points)

A particle of mass m is constrained to move in one dimension, described by a coordi-
nate x. The force on the particle depends on its position, and is given by

0 ifx <0
F,={ —A2? ifo<z<b
0 ifx>0b,

where A is a positive constant.
(a) (5 points) Is this force conservative? Give a brief explanation of your answer.

(b) (5 points) Choose the zero of potential energy U(z) so that U(0) = 0. What is U(x)
for x < 07

(¢) (10 points) What is U(x) in the range 0 < z < b7
(d) (5 points) What is U(x) in the range x > b7

(e) (5 points) Suppose that the particle begins in the region z < 0 with a speed vy to the
right (i.e., to larger values of x). If vy is larger than a certain value v1, then the particle
will continue moving to the right forever. Find an expression for v; either in terms
of m, A, and b, or in terms of m and U(zx). [Note that you can express your answer
in terms of the function U(z) even if you have not calculated it. Remember, however,
that the symbol U(x) does not represent any particular number, since x can have any
value. Your answer should involve something like U(0), U(b), U(b/2), U(2b), etc.]

(f) (5 points) If vy < vy, then the particle will reach a maximum value of x, which we will
call xax, and then it will move back to the left. Find an expression for x,.x either
in terms of m, vy, A, and b or in terms of m, vy, and the function U(x).
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For motion in one dimension:

Ax .
Vay = Ar Average velocity;
dx .
V=g Instantaneous velocity;

For motion in three dimensions:

-

&

VR T

tl tl
: F(tl):f'0+/ 7 dt; \_'/(tl):\_'ro+/ adt .

For constant acceleration a, if r = ¥y and v = vg at time ¢ = 0, then
v(t) = vo + at
o o o 15 5
r(t) =ro + vot + iat .

For one-dimensional motion with constant acceleration a:

v? =3 + 2a(x — o) .

For circular motion at constant speed v:

where r is the radius of the circle, and the acceleration is directed towards the center of
the circle.

If an object has position r and velocity v, its position and velocity relative to an
observer with position ¥y and velocity vy are given respectively by

- o S - o
r =r—rg, vV =vVv—vg.

Average velocity and acceleration are given by

. Ar . Av
Vaverage = At daverage — At



Mass, Acceleration, and Force:

F = ma (Newton’s second law);

- GMm

F=——{3—7 (the gravitational force between two particles);

r

po_1 Q. . o

= — T (the electrostatic force between two particles);
dmeg T
F, = —kx (Hooke’s law);

where 7 is a unit vector pointing from the particle which is the source of the force,
toward the particle on which the force is acting.

Friction:

F N (kinetic friction);

:/’Lk

F, N (static friction).

< ps

Kinetic Energy, Work, and Potential Energy:

1 Dimension 3 Dimensions Description
W = FAx W=F-Ar Workdoneby_)
a constant force F
r
2o Work d b
W= [ F(z)dz WE/ F.dr e EONE Y,
T a varying force F
Tp r, )
Ul(z,) = Uy — / Fdz | URE,) =Us— / F.dr Potential energy
o To derived from force F
o v B _oU oUu  oUu Force derived from
- dx | oz’ Oy’ 0z potential energy
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a-b=|al|b|cosd
= azb; + ayby +a.b,

1
E, = §mv2

W =FE,;— Ei;

1
§mv2 + U(z) = constant
1 1
§mv2 + mgh = §mv§

1
W= Ska®

1
U= §kx2
W = mgh
U = mgh
U ~GMm

r
1

v- L+ @

dmeg T

(scalar (or dot) product of two vectors);

(kinetic energy of a particle);
(work-energy theorem);

(energy conservation);

(kinetic & potential energy for projectile);
(work to compress a spring);

(potential energy for spring force);

(work to lift a body near the surface of the Earth);

(gravitational potential energy, near the
surface of the Earth);

(gravitational potential energy, spherical bodies);

(electrostatic potential energy, spherical charges).
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