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AP’ Physics C: Mechanics Exam

DO NOT OPEN THIS BOOKLET UNTIL YOU ARE TOLD TO DO SO.

f At a Glance )

Total Time
45 minutes

Number of Questions
35

Percent of Total Score
50%

Writing Instrument
Pencil required

Electronic Device
Calculator allowed

Instructions

Section I of this exam contains 35 multiple-choice questions. For these questions, fill in
only the circles for numbers 1 through 35 on your answer sheet. A table of information
and lists of equations that may be helpful are in the booklet. Calculators, rulers and
straightedges may be used in this section.

Indicate all of your answers to the multiple-choice questions on the answer sheet. No
credit will be given for anything written in this exam booklet, but you may use the booklet
for notes or scratch work. After you have decided which of the suggested answers is best,
completely fill in the corresponding circle on the answer sheet. Give only one answer to
each question. If you change an answer, be sure that the previous mark is erased
completely. Here is a sample question and answer.

Sample Question ~ Sample Answer

Chicago is a OF XCOICIG

(A) state
(B) city

(C) country
(D) continent
(E) village

Use your time effectively, working as quickly as you can without losing accuracy. Do not
spend too much time on any one question. Go on to other questions and come back to
the ones you have not answered if you have time. It is not expected that everyone will
know the answers to all of the multiple-choice questions.

Your total score on the multiple-choice section is based only on the number of questions
answered correctly. Points are not deducted for incorrect answers or unanswered
questions.

Form 1
Form Code 4PBP4-S
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 107! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
g, = 8.85x107"2 C2/(N-m2)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, A farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 45 | VB2 1
10° | mega M cos@ 1 V32 | 45 | V2/2 | 35 1/2 0
10° kilo k tan 0 | V33| 34 1 a3 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS
Ve =V tat a = acceleration
1 5 E = energy
X = Xp + Vol +§axt F = force
= frequenc
vii= vt +2a, (x - xp) J;l _ heicéht Y
- - I = rotational inertia
a= 2F = Foes J = impulse
" " K = kinetic energy

_ 7 k = spring constant
= % ¢ = length

L = angular momentum
J=|Fdt = Ap m = mass

P = power
p = mv p = momentum

r = radius or distance
|Ff| < #|F‘N| T = Period

t = time
AE = W = J' Feodi U = potential energy

v = velocity or speed

= —my

dE
p=%

dt
P=Fev
AU, = mgAh

V2
GCZTZCOV
T=FxF
—~_2?_?net
ST T

V=re
L=Fxp=1Ib
K:%]wz

w0 =, + ot

W = work done on a system
X = position
i = coefficient of friction
6 = angle
T = torque
® = angular speed
o = angular acceleration
¢ = phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

l/'2
U Gmym,
G- r

ELECTRICITY AND MAGNETISM

= 1 919
Fp|=——[142
| E| 47[80 r2
E=-fe
q
CJ}E.d”: Q9
200
dv
Ee =~
AV = —jE-df
__lya
drey “ 1,
1 99
U. = =
E dmey r
Y
AV =<
C
_ KeyA
¢= d
Lyl
Cs ;Ci
do
] —=
dt
Ue = Loav = Le(avy
¢ 2 2
pl
R=—
A
E=pJ
I = Nev,A
AV
=2
R

area

magnetic field

capacitance

= distance

= electric field

= emf

force

= current

= current density

= inductance

= length

= number of loops of wire
per unit length

= number of charge carriers

per unit volume

= power

= charge

= point charge

= resistance

= radius or distance

time

= potential or stored energy

= electric potential

velocity or speed

resistivity

= flux

= dielectric constant

d~_,u_0[d?><;
dr 2
F=j1df><B
_ w5 dPg
E=QEdl = 7
__gdr
E = Ldt
_1,p
U, =L




ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle A =area
A= bh C =circumference
. V =volume
Triangle
S =surface area
A= lbh b =Dbase
2 h =height
Circle (= ]ength
" w =width
r =radius
C =2zr s = arc length
s =r6 6 =angle
Rectangular Solid
V=twh .
Cylinder )
V =i Q

S =271l + 2nr” \

Sphere N ,

Right Triangle

a’ +b* =¢?

sing = £
c
_b <
cos@—z 5 90°
u b
t = —
an 6 b

CALCULUS

daf _dfdu
dx  du dx
%(x”) = nx" !
d ax ax
%(e ) = qe

d 1

1 -1
dx(nax) .

di.
a[sm(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

Ix"dx = I LN R |

Jeax dx = leax
a

dx
x+a

= In|x + a
J‘ 1 .
cos(ax)dx = —sin (ax)
J‘ . 1
sin (ax)dx = —Ecos(ax)
VECTOR PRODUCTS

AeB = ABcos@
|A x B| = ABsin®




PHYSICS C: MECHANICS
SECTION I
Time—45 minutes
35 Questions

Directions: Each of the questions or incomplete statements below is followed by five suggested answers or
completions. Select the one that is best in each case and then fill in the corresponding circle on the answer sheet.

Note: To simplify calculations, you may use g = 10m/ s inall problems.

y
(m/s)
A
121
Car A
5 1 (S)
Car B
—121

1. Cars A and B are moving in opposite directions
along a straight road. They pass each other at time
t = 0. Their velocities v are given as a function of
time 7 in the graph above. The distance between
the cars at r =8 s is

(A) Zero

(B) 24m
(C) 48m
(D) 96 m

(E) 192 m



2. A particle is moving along the y-axis. The
particle’s position as a function of time is

givenby y = ar® — St + ¢, where o = 1 m/s3 ,
[ =4 m/s,and ¢ =3 m. What is the particle’s
acceleration at time ¢ =3.0s?

(A) 6.0 m/s2

(B) 9.0 m/s?

(C) 18 m/s>

(D) 23 m/s>

(E) 27 m/s’

i)O—>

. Two stones, represented in the figure above, are

thrown from the same height with the same initial
speed. Stone A is thrown vertically downward and
stone B is thrown horizontally. If the stones are
thrown at the same time and air resistance is
negligible, which of the following is true?

(A) The two stones will reach the ground at the
same time with the same speed.

(B) The two stones will reach the ground at the
same time but with different speeds.

(C) Stone A will reach the ground first, but stone
B will have the greater speed just before
hitting the ground.

(D) Stone A will reach the ground first, but the
two stones will have the same speed just
before they hit the ground.

(E) Stone A will reach the ground first, and will
have the greater speed just before hitting the
ground.



Questions 4-6 Questions 7-8

N Vy (m/s)
A
@ W-“E 12—_7777I77‘_7‘|77r7—|77!77777I77§
S
>1(s)
Note: Figure not drawn to scale. A car moves in a straight line along the x-axis.

. . . . The velocity of the car v_ as a function of time ¢ is
A car is traveling clockwise around a circular x

racetrack of radius 1440 m. When the car is at the
northernmost point on the circle, as shown above, it atr=01isx=0.
has a speed of 36.0 m/s and is slowing down at a

rate of 1.20 m/s2 .

shown in the graph above. The position x of the car

7. The average acceleration a, of the car during the

4. The direction of the velocity of the car is interval of 0 to 10 s is most nearly
(A) due east (A) =2.0 m/ s
(B) south of east 5
(C) due south (B) —-0.40 m/ S
(D) south of west (C) +0.40 m / §2

(E) due west 5
(D) +1.0 m/s

5. The direction of the acceleration of the car is (E) +2.0 m /52

(A) due east

(B) south of east 8. The average velocity of the car during the interval
(C) due south of 0 to 10 s is most nearly
(D) south of west
(E) due west (A) —1.4 m/s
(B) +0.40 m/s
6. What is the magnitude of the acceleration of (C) +1.4 m/s
the car? '
e car (D) +1.8 m/s
(A) 0.30 m/s? (E) +4.0 m/s
(B) 0.90 m/s>
(©) 1.2 m/s?
(D) 1.5 m/s’

(E) 2.1 m/s>



—

9. Two blocks rest on a table, as shown above.
The bottom block is pulled to the right by an
applied force F thatis strong enough so that the

two blocks do not move together (i.e., they do not
have the same acceleration or velocity). There is
friction between the blocks, but the tabletop is
frictionless. When the top block leaves the
bottom block, where does it land and why?

(A) The top block will land directly below where
it starts because objects at rest tend to stay
at rest.

(B) The top block will land to the left of where it
starts because of the static friction between
the blocks.

(C) The top block will land to the left of where it
starts because of the kinetic friction between
the blocks.

(D) The top block will land to the right of where
it starts because of the static friction
between the blocks.

(E) The top block will land to the right of where
it starts because of the kinetic friction
between the blocks.



10. A sphere of mass m is dropped from the top of a building and reaches the ground before achieving terminal
velocity. The force of air resistance that acts on the sphere as it falls is given by F' = —kv, where k is a positive
constant and v is the velocity of the sphere. What happens to the magnitude of the sphere’s velocity and
acceleration, and to the distance it falls during each second, as the sphere approaches the ground?

A)
(B)
©)
D)
(E)

Magnitude of Velocity

Increases
Increases
Increases
Decreases
Decreases

Magnitude of Acceleration

Increases
Decreases
Decreases
Increases
Decreases

Distance of Fall Each Second

Increases
Increases
Decreases
Decreases
Increases



Questions 11-12

An object of mass 0.5 kg is given an initial velocity
and then slides across a horizontal surface. The object
experiences a resistive force that is a function of
velocity. The velocity v of the object as a function
of time ¢ is given by v(¢) = ae P, where

a=2m/s and f=3s".

11. Which of the following is a correct expression
for the net force, in newtons, exerted on the object
as a function of time?

(A) —6e™
(B) -3¢~
(©) o3
(D) 2¢7
2
E)y —=
® 3(1-¢7)

12. The energy dissipated due to the resistive force
after a very long time is most nearly

(A) 051
B) 1]

©) 21

(D) 4]

(E) infinity

Questions 13-14

Top View

Cart A is traveling east when it collides with
cart B, which is traveling north. Cart A has a
mass of 3.05 kg, and cart B has a mass of 2.10 kg.
The two carts travel together as a single object on a
horizontal surface at an angle @ relative to due east,
as shown above.

13. In one trial, the initial speed of cart A is 2.5 m/s

and the initial speed of cart B is 1.5 m/s. The

angle @ relative to east that the carts travel after
the collision is most nearly

(A) 22°
(B) 36°
(C) 45°
(D) 54°
(E) 62°

14. In another trial, the speed of the carts immediately
after the collision is 0.60 m/s, and the carts slide

0.24 m on the horizontal surface before coming to
rest. The coefficient of kinetic friction between
the sliding carts and the surface is most nearly

(A) 0.08
(B) 0.13
(€) 0.19
(D) 0.25
(E) 0.75



Questions 15-17

| oosos £

ﬁ 0 %o
2

A block of mass m is on a rough horizontal surface
and is attached to a spring with spring constant .
The coefficient of kinetic friction between the
surface and the block is 1. When the block is at

position x = 0, the spring is at its unstretched length.
The block is pulled to position x = +x,, as shown

above, and released from rest. The block then travels
to the left and passes through x = 0 before coming

momentarily to rest at position x = —Xx, / 2.

15. Which of the following is a correct expression
for the kinetic energy of the block as it first
travels through position x = 0?

(A) 0

(B) kx2 /2

(©) kg /2 - pmex,
(D) kx2 /2 - 3umgx, /2
(E) kxl /2 - 2umgx,

16. Which of the following is a correct expression for
the coefficient of kinetic friction u ?

kxO
4mg

kxO
2mg
3k,
4mg
kxO
mg
2k,

mg

(A)

(B)

©

D)

(E)

17. Which of the following is a differential
equation that could be used to solve for the
block’s position x as a function of time ¢ when it
is moving to the left?

2
(A) m% = kx + umg
d’x
(B) m? = kx — umg
d’x
(@) m? = —kx + umg
d’x
(D) m? = —kx — umg
2
€ mEE



Questions 18-19

V; )
B M| _— 1

In the diagram above, a block of mass M is initially
at rest on a horizontal surface at the base of an
inclined plane. The surface and plane have negligible
friction. The block is struck by a projectile of mass m
traveling with a horizontal velocity v; . The projectile
becomes embedded in the block, and they move
together to the right with speed v .

18.

19.

Which of the following is a correct expression
for v, ?

(A) Jgh
(B) v +2gh
m

©) m"i

D) 2,

B v,

The block and projectile smoothly transition
onto the inclined plane. Which of the following
is a correct expression for the maximum height
that the block moves up the inclined plane in
terms of v, ?

A) L

(B) vy

©

D) 2

® 2



20. The net force F acting on an object that moves Cart A . Cart B

along a straight line is given as a function of >
time ¢ by F(t):m2+z',where K‘=1N/52 OO OO

of the object from r=0sto r=35s? 21. Cart A of mass 2m is moving with velocity v
A 6k to the right on a horizontal frictionless track, as
(A) 6 kgem/s shown above, when it collides with cart B of

and 7 =1 N . What is the change in momentum

(B) 10 kgem/s mass m. Cart B is initially at rest, and the
(C) 12 kgem/s collision is perfectly elastic. Which of the
(D) 30 kgem/s following best describes the motion of the carts

immediately after the collision?
(E) It cannot be determined without knowing the y

initial momentum of the ObjCCt. (A) Cart A'is moving to the left, and cart B is

moving to the right.

(B) Cart A is moving to the left, and cart B
remains stationary.

(C) Cart A is stationary, and cart B is moving to
the right.

(D) Both carts move to the right, and they are
stuck together.

(E) Both carts move to the right, but they are not
stuck together.



22. A ball of mass m is dropped from rest at a
height 4 and collides elastically with the floor,
rebounding to its original height. What is the
magnitude of the net impulse on the ball during
the collision with the floor?

(A) Zero
(B) ma/gh

(©) my2gh
(D) maj4gh
(E) m+[8gh

23. A sphere starts from rest at the top of a ramp, as

shown above. It rolls without slipping down the
ramp. The potential energy of the sphere-Earth
system is zero at the bottom of the ramp. Which
of the following is true of the sphere when it
reaches the bottom of the ramp?

(A) Its rotational kinetic energy equals the
initial potential energy of the sphere-Earth
system.

(B) Its translational kinetic energy equals the
initial potential energy of the sphere-Earth
system.

(C) Its translational kinetic energy and rotational
kinetic energy are equal.

(D) The sum of its translational kinetic energy
and rotational kinetic energy equals the
initial potential energy of the sphere-Earth
system.

(E) The sum of its translational kinetic energy
and rotational kinetic energy equals the
energy lost because of friction.



25. A satellite is in a circular orbit such that it
R~ stays directly over the same point on Earth’s
Disk B equator. Which of the following must be true
M for the satellite?
H—2R— I. It must have a specific mass.
@ Disk A II. It must have a specific altitude.
o M M. It must have a specific angular velocity.
(A) Tonly
(B) I only
- (C) 1and III only
24. Two horizontal disks of mass M have the radii (D) 1l and IIT only
shown above. Disk A is attached to an axle of (B) LTI, and III

negligible mass spinning freely with angular
velocity @y . Disk B, not attached to the axle and
initially held at rest, is released and drops down
onto disk A. When both disks spin together
without slipping, the angular velocity @, of the

disks is
A) L
S
(B) %a)o
© Za
®) o

2
(E) Ea’o



Sphere X Sphere Y Sphere Z
2m

m m
o o o

e 2r

26. Spheres X, Y, and Z have the masses and
locations indicated in the figure above. What is
the magnitude of the net gravitational force on
sphere X due to the other two spheres?

Gm?
212
Gm

2

(A)

2

(B)

r

11Gm?
© —=
or
5Gm?>
4r?

2Gm*
E) =2

D)

Questions 27-28
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Note: Figure not drawn to scale.

Two identical satellites orbit a planet of
radius R in circular orbits A and C of radii 3R
and 12R, respectively, as shown above.

27. How does the magnitude of the gravitational
force F, between the planet and satellite in
orbit A compare to the magnitude of the
gravitational force F- between the planet

and satellite in orbit C?

(A) F, =2F,
(B) F, =3F.
(C) Fy = 4F,
(D) F, = 12F,
(E) F, = 16F

28. The speed of the satellite in orbit Ais v, .
The speed of the satellite in orbit Cis v..

The ratio v, /v is

A) 1/2
B) 1/1
©) 2/1
(D) 4/1
(E) 12/1



29.

30.

At the surface of Earth, an object is suspended by
two cords. One cord is horizontal and one cord is
at an angle to the horizontal, as shown in the

figure above. The tension in the horizontal cord is

T}, . If the assembly is moved to the surface of a

planet with the same average density and twice
the radius of Earth, the new tension in the
horizontal cord will be

A) Ty/2
B) Ty/4
© Ty
D) 2Ty
(B) 4Ty

A space shuttle has a mass of 90,000 kg. In order
to stay in a circular orbit, it must have a velocity
of 8000 m/s. The pilot discovers that the shuttle

has slowed down to 7900 m/s, and the shuttle’s

speed needs to increase. If the thrusters exert a
constant force of 50,000 N, how long do the
thrusters have to exert this force in order to return
the shuttle to orbital velocity?

(A) 30s
(B) 60s
(C) 120s
(D) 180's
(E) 240's

31. A pendulum and a spring both have a 1 kg sphere

attached to their ends and have the same length
when in equilibrium, as shown in the figure
above. They both oscillate with the same period.
If the 1 kg spheres are replaced with 2 kg spheres
and the amplitudes of oscillation are unchanged,
which of the following is true about the resultant
period of oscillation for each?

Pendulum Spring
(A) Remains the same Decreases
(B) Remains the same Increases

Remains the same
Remains the same
Increases

(C) Remains the same
(D) Increases
(E) Increases



Questions 32-34
System A System B
d

oo ] 5

0

Systems A and B contain identical ideal springs
and identical blocks that can slide along a surface
of negligible friction. In system A, the surface is
horizontal. In system B, the surface makes an
angle 6 with the horizontal. Initially, both blocks
are at rest and in equilibrium. Each block is then
pulled the same distance d in the direction shown
in the figures and released from rest at ¢ = 0.

32. After the block in system A is released from rest,
the time for the block to first reach a maximum

speed is Af,. After the block in system B is
released, the time for the block to first reach a
maximum speed is

(A) Aty

(B) Aty (sinB)

(C) Aty /(sin®)

(D) Aty (cosO)

(E) Aty /(cosB)

33.

34.

For system A, when the block is halfway between
its release position and its equilibrium position,
the block’s kinetic energy is K and the elastic
potential energy of the spring-block system is U.
The ratio K/U is

A) 1/3
B) 1/2
©) 1/1
(D) 2/1
E) 31

A student wants to use an apparatus similar to
system B to measure the acceleration due to
gravity g. If the mass of the block, the force
constant of the spring, and the angle of the
incline are known, what additional data must be
measured to determine an experimental value
for g ?

I. The stretch of the spring at the equilibrium
position
II. The speed of the block as it passes the
equilibrium position
III. The time interval between two consecutive
passes through the equilibrium position

(A) Tonly
(B) II only
(C) Iand II
(D) II and IIT
(E) Tand III



k=100 N/m m=2.0kg

35. A 2.0 kg block is attached to a string that passes
over a pulley and is attached to an ideal spring

of spring constant £ = 100 N/m, as shown

above. The pulley and string have negligible
mass, and there is negligible friction in the pulley.
The block is held in place with the spring at its
original unstretched length and then released from
rest. The amplitude of the resulting oscillation is
most nearly

(A) 40cm
(B) 2.0cm
(C) 10 cm
(D) 20 cm
(E) 40 cm



AP’ Physics C: Mechanics Exam

(SECTION II: Free Response )

DO NOT OPEN THIS BOOKLET UNTIL YOU ARE TOLD TO DO SO.

( At a Glance ) IMPORTANT Identification Information

Total Time PLEASE PRINT WITH PEN:

45 minutes 1. First two letters of your last name D] 4. Unless | check the box below, | grant the
Number of Questions College Board the unlimited right to use,

3 First letter of your first name |:| reproduce, and publish my free-response
Percent of Total Score materials, both written and oral, for

50% 2. Date of birth educational research and instructional

Writing Instrument |
Either pencil or pen with

| | purposes. My name and the name of my
school will not be used in any way in

black or dark blue ink Month Day Year conneption with my free-response
Electronic Device 3. Six-digit school code materlllals.nl understand that | am free to
mark “No” with no effect on my score or
Calculator allowed | | | | | | | its reporting.
W‘I?A?ah;uestions are No, I do not grant the College Board
weighted equally. ) \_ these rights. J
Instructions

The questions for Section II are printed in this booklet. You may use any blank space in
the booklet for scratch work, but you must write your answers in the spaces provided for
each answer. A table of information and lists of equations that may be helpful are in the
booklet. Calculators, rulers, and straightedges may be used in this section.

All final numerical answers should include appropriate units. Credit for your work
depends on demonstrating that you know which physical principles would be appropriate
to apply in a particular situation. Therefore, you should show your work for each part in
the space provided after that part. If you need more space, be sure to clearly indicate
where you continue your work. Credit will be awarded only for work that is clearly
designated as the solution to a specific part of a question. Credit also depends on the
quality of your solutions and explanations, so you should show your work.

Write clearly and legibly. Cross out any errors you make; erased or crossed-out work will
not be scored. You may lose credit for incorrect work that is not crossed out.

Manage your time carefully. You may proceed freely from one question to the next. You
may review your responses if you finish before the end of the exam is announced.
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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, = 1.67 X 1077 kg
m, =1.67 %107 kg

m, =9.11x107" kg

Neutron mass,

Electron mass,

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, =1.38 x 1072 /K

Electron charge magnitude, e=1.60x10" C

1 electron volt, 1 eV =1.60 x 107197

Speed of light, ¢ =3.00 x 10® m/s
Universal gravitational G =667 107! (N-mz) /k gz
constant,

Acceleration due to gravity

- 2
at Barth’s surface, 8~ 9.8 In/ S

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,

Magnetic constant,

1 atmosphere pressure,

lu=166x10" kg = 931 MeV/c?
h=663x10"*Js=414%x10"" eV.s
he =1.99 107 Jom = 1.24 x 10* eV.nm
g, = 8.85x107"2 C2/(N-m2)
k =1/(47ey) = 9.0x10° (Nom?)/C?
ty =47 x 1077 (T.m)/A
k' = u,/(47) = 1x 1077 (T-m)/A
latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol watt, A farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT : S
SYMBOLS second, S newton, N volt, \ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 ) 30° 37° 45° 33° 60° 90°
10° giga G sin@ 0 1/2 35 | V22 | 45 | VB2 1
10° | mega M cos@ 1 V32 | 45 | V2/2 | 35 1/2 0
10° kilo k tan 0 | V33| 34 1 a3 | 3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro m I. The firame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10—]2 piCO p would drlft ) . o ) )
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS
Ve =V tat a = acceleration
1 5 E = energy
X = Xp + Vol +§axt F = force
= frequenc
vii= vt +2a, (x - xp) J;l _ heicéht Y
- - I = rotational inertia
a= 2F = Foes J = impulse
" " K = kinetic energy

_ 7 k = spring constant
= % ¢ = length

L = angular momentum
J=|Fdt = Ap m = mass

P = power
p = mv p = momentum

r = radius or distance
|Ff| < #|F‘N| T = Period

t = time
AE = W = J' Feodi U = potential energy

v = velocity or speed

= —my

dE
p=%

dt
P=Fev
AU, = mgAh

V2
GCZTZCOV
T=FxF
—~_2?_?net
ST T

V=re
L=Fxp=1Ib
K:%]wz

w0 =, + ot

W = work done on a system
X = position
i = coefficient of friction
6 = angle
T = torque
® = angular speed
o = angular acceleration
¢ = phase angle
F, = —kAx
1 2
Uy = 5k(Ax)

l/'2
U Gmym,
G- r

ELECTRICITY AND MAGNETISM

= 1 919
Fp|=——[142
| E| 47[80 r2
E=-fe
q
CJ}E.d”: Q9
200
dv
Ee =~
AV = —jE-df
__lya
drey “ 1,
1 99
U. = =
E dmey r
Y
AV =<
C
_ KeyA
¢= d
Lyl
Cs ;Ci
do
] —=
dt
Ue = Loav = Le(avy
¢ 2 2
pl
R=—
A
E=pJ
I = Nev,A
AV
=2
R

-5-

area

magnetic field

capacitance

= distance

= electric field

= emf

force

= current

= current density

= inductance

= length

= number of loops of wire
per unit length

= number of charge carriers

per unit volume

= power

= charge

= point charge

= resistance

= radius or distance

time

= potential or stored energy

= electric potential

velocity or speed

resistivity

= flux

= dielectric constant

d~_,u_0[d?><;
dr 2
F=j1df><B
_ w5 dPg
E=QEdl = 7
__gdr
E = Ldt
_1,p
U, =L




ADVANCED PLACEMENT PHYSICS C EQUATIONS

GEOMETRY AND TRIGONOMETRY

Rectangle A =area
A= bh C =circumference
. V =volume
Triangle
S =surface area
A= lbh b =Dbase
2 h =height
Circle (= ]ength
" w =width
r =radius
C =2zr s = arc length
s =r6 6 =angle
Rectangular Solid
V=twh .
Cylinder )
V =i Q

S =271l + 2nr” \

Sphere N ,

Right Triangle

a’ +b* =¢?

sing = £
c
_b <
cos@—z 5 90°
u b
t = —
an 6 b

CALCULUS

daf _dfdu
dx  du dx
%(x”) = nx" !
d ax ax
%(e ) = qe

d 1

1 -1
dx(nax) .

di.
a[sm(ax)] = acos(ax)

d .
E[cos(ax)] = —asin(ax)

Ix"dx = I LN R |

Jeax dx = leax
a

dx
x+a

= In|x + a
J‘ 1 .
cos(ax)dx = —sin (ax)
J‘ . 1
sin (ax)dx = —Ecos(ax)
VECTOR PRODUCTS

AeB = ABcos@
|A x B| = ABsin®




PHYSICS C: MECHANICS
SECTION II
Time—45 minutes
3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Note: Figure not drawn to scale.

1. A projectile is launched from the back of a cart of mass m that is held at rest, as shown above. At time ¢ = 0, the
projectile leaves the cart with speed v,, at an angle 6 above the horizontal. The projectile lands at point P.

Assume that the starting height of the projectile above the ground is negligible compared to the maximum height
reached by the projectile and the horizontal distance traveled.

(a) Derive an expression for the time ¢, at which the projectile reaches point P. Express your answer in terms of
vy > €, and physical constants, as appropriate.

(b) On the axes below, sketch the horizontal component v, and the vertical component v, of the velocity of

the projectile as a function of time ¢ from ¢ = O until ¢ = #,. Explicitly label the vertical intercepts with
algebraic expressions.
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Note: Figure not drawn to scale.

The projectile is again launched from the same position, but with the cart traveling to the right with speed v,
relative to the ground, as shown above. The projectile again leaves the cart with speed v, relative to the cart at
an angle 6 above the horizontal, and the projectile lands at point Q, which is a horizontal distance D from the

launching point. Express your answers in terms of v, € , and physical constants, as appropriate.

(c) Give a physical reason why the projectile lands at point Q, which is not as far from the launch position as
point P is, and explain how that physical reason affects the flight of the projectile.

(d) Derive an expression for v; . Express your answer in terms of v, € , D, and physical constants, as
appropriate.

After the launch, the cart’s speed is v, . Beginning at time ¢ = 0, the cart experiences a braking force of

F = —bv, where b is a positive constant with units of kg/s and v is the speed of the cart. Express your
answers to the following in terms of m, b, v, , and physical constants, as appropriate.
(e)

i. Using Newton’s second law, write but DO NOT solve a differential equation that represents the motion
of the cart while it experiences the braking force.

ii. Show that the speed v() of the cart as a function of time is given by the equation v(r) = vye™” tfm

iii. Derive an expression for the distance the cart travels from ¢ = O until the time it comes to a stop.
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2. A thin uniform disk of mass M and radius R has a string wrapped around its edge and attached to the ceiling.
The bottom of the disk is at a height 3R above the floor, as shown above. The disk is released from rest. The

rotational inertia of a disk around its center is I = MR? / 2.

(a) On the circle below that represents the disk, draw and label the forces (not components) that act on the disk.
Each force must be represented by a distinct arrow starting on, and pointing away from, the disk, beginning
at the point where the force is exerted on the disk. The dot is at the center of the disk.

(b) When released from rest, the disk falls and the string unwinds. The force the string exerts on the disk is F,
and the gravitational force exerted on the disk is F, . Which of the following expressions correctly relates

Fr and F, as the disk falls?
Fy <F, F, =F Fy > F,

Justify your answer.



(c) Express all answers in terms of M, R, and physical constants, as appropriate.

i. Derive an expression for the acceleration a of the disk as it falls.

ii. Derive an expression for the time Af that it takes the disk to reach the ground.

iii. Derive an expression for the rotational kinetic energy K, of the disk at the instant it reaches the

ground.

Question 2 continues on the next page.
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Note: Figure not drawn to scale.

(d) A very narrow wedge is cut out of the thin uniform disk of mass M, as shown above. If r is the distance
from the tip of the wedge, then the linear mass density of the wedge can be expressed as follows:

Mr
25R*

A(r) =

i. Using integral calculus, derive an expression for the rotational inertia of the wedge around its tip.

ii. Derive an expression for the rotational inertia of the modified disk (i.e., the disk after the narrow
wedge is cut out) around its original center.
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3. Three blocks are connected by strings that pass over pulleys of negligible mass. Block B is on a level,
horizontal surface of negligible friction. Block A is on top of block B. String 1 connects blocks A and B. The
coefficients of static and kinetic friction between blocks A and B are g, and 4, respectively. Block C is
hanging over the end of the table and is attached to block B by string 2, as shown above. The masses of blocks
A, B, and C are m,, mg, and m, respectively. When block C is released, the system remains at rest.

(a)

i. On the dot below, which represents block A, draw and label the forces (not components) that act on
block A. Each force must be represented by a distinct arrow starting on, and pointing away from,
the dot.

Block A

ii. On the dot below, which represents block B, draw and label the forces (not components) that act
on block B. Each force must be represented by a distinct arrow starting on, and pointing away from,
the dot.

Block B

(b) Derive an expression for the maximum value for m at which the blocks will remain at rest. Express all

algebraic answers in terms of ., ., m,, mg, mq, and physical constants, as appropriate.



Clay

C

The setup is modified, as shown in the figure above. Block A and one of the pulleys are removed, and block B
remains on the table. There is still negligible friction between block B and the table. A lump of clay is added to
block B. The students use Newton’s second law to derive an equation for the acceleration a- of block C. The
acceleration is given by the equation a. = mcg/m,, where m,, is the combined mass of the clay and the two

blocks. Students use the setup shown above to experimentally determine the acceleration g due to gravity. In
each trial, a student moves a small amount of clay from block B to block C and then releases the blocks from

rest, recording the new values of mand a.. The total mass of the clay and the two blocks is m,; = 5.0 kg.
The graph below shows a as a function of m., where m¢ is now the combined mass of block C and the mass
of clay added to block C.
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(©)
i. Draw a best-fit line to the data points in the graph above.

ii. Use the best-fit line from part (c)(i) to calculate an experimental value for the acceleration g due to
gravity.



(d) If the mass of the pulley in part (c) is significant, would the experimental value of g be greater than, less
than, or equal to the value calculated in part (c)(ii) ?

Greater than Less than Equal to

Justify your answer.

A different group of students repeats the experiment, but instead of moving clay from block B to block C,
they just remove a small amount of clay from block B and set it aside, away from the setup. The equation
ac = mpg/myy still applies to the new experiment.

(e) In order to provide a straight-line graph that can be used to determine an experimental value for g, what two
quantities should the students now graph? Check all that apply.

a. vSm a. vs
— c tot _—
my,, My

a, vs mg m, VS My, m, Vs

Justify your answer.
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STOP

END OF EXAM
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APPENDIX - ANSWERS

Matching multiple-choice answers and free-response scoring follow.
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Question 1

19 Course Framework Alignment and Rationales

Skill

Learning Objective Topic

4.D

CHA-1C Kinematics - Motion in

One Dimension

(A)

Incorrect. This option uses the lines of the velocity graph meeting at
t = 8s to indicate that the cars are at the same location at ¢ = 8s.
However, the area under the curve must be used to analyze this
situation.

(B)

Incorrect. This option uses the difference in the initial velocities as
the distance between the cars at ¢t = 8s. However, the area under the

curve must be used to analyze this situation.

(©)

Incorrect. This option uses the displacement of only one of the cars
as the distance between the cars at # = 8s. However, the area under

the curve must be used to analyze this situation.

(D)

Correct. The area under the velocity curve is displacement; thus, at
t = 8s, Car A has a displacement of

Area = %bh = (%)(8 s)(12m/s) = 48m in the positive direction, and

Car B has a displacement of Area = %bh = (%)(8 s)(12m/s) = 48m

in the negative direction. Therefore, the distance between the cars is
48m+48m= 96m.

(E)

Incorrect. This option uses d = v¢ and sets v = 12m/s for both cars.
However, the area under the curve must be used to analyze this
situation.




Question 2

Skill

Learning Objective Topic

Kinematics - Motion in

6.C CHA-1.B
One Dimension

(A) Incorrect. This option is the second derivative of position but
substitutes ¢ = 1s instead of ¢ = 3s.

(B) Incorrect. This option is the second derivative of position but
substitutes ¢ = 1s instead of # = 3s and adds the value of ¢.

(O) Correct. This option uses

2 2

a= % = %(aﬁ —Bt+¢) = %(zmz — f) = 6at. Substituting
t = 3.0s yields a = 6ar = (6)(1)(3) = 18m/s>.

(D) Incorrect. This option solves for the speed, instead of the
acceleration, at ¢ = 3s.

(E) Incorrect. This option solves for the speed, instead of the
acceleration, at ¢ = 3s. It also does not include the £ term when
solving for speed.




Question 3

Skill

Learning Objective Topic

7.A

CHA.C Kinematics - Motion in

Two Dimensions

(A)

Incorrect. This option assumes that since the initial speeds are the
same, the stones reach the ground at the same time, ignoring the
different directions for the initial velocities.

(B)

Incorrect. This option assumes that since the initial speeds are the
same, the stones reach the ground at the same time, ignoring the
different directions for the initial velocities. It also assumes that since
stone B is not moving downward initially, it will reach the ground
with a different speed.

(©)

Incorrect. This option can be obtained by incorrectly assuming that,
because ¢ is shorter for stone A, stone B will therefore have greater
speed just before hitting the ground.

(D)

Correct. Both stone A and stone B initially have the same potential
energy U, and kinetic energy K;.Both stones therefore have the
same K , at ground level, when U, = 0. Substituting into

conservation of energy to solve for the speeds of the stones when

they reach the ground yields mgh + %mvg =0+ %mv} ; thus,

v, = Ve +2gh

because both stones have the same initial speed, they will both have
the same speed when they reach the ground.

(E)

Incorrect. This option can be obtained by incorrectly assuming that
gt is the same for both rock A and rock B. For stone A, the
vertical gr would be added simply to the vertical v, yielding

vy =V + gt However, for stone B, the vertical gt would be added

to horizontal v, using vector addition, yielding v, = Ve + (g0
However, the times are not the same; thus, this analysis is not
correct.




Question 4

Skill Learning Objective Topic

1.D INT-2.C Circular Motion

(A) Correct. The direction of velocity is tangent to the circle and in the
direction in which the object is moving.

(B) Incorrect. This option can be obtained by using the vector sum of the
car’s velocity and the centripetal acceleration. It is not the direction
of the car’s velocity.

(©) Incorrect. This option is the direction of centripetal acceleration, not
the direction of the car’s velocity.

(D) Incorrect. This option is the vector sum of the car’s linear
acceleration and centripetal acceleration. It is not the direction of the
car’s velocity.

(E) Incorrect. This option is the direction of linear acceleration, not the
direction of the car’s velocity.

Question 5

Skill Learning Objective Topic

1.D INT-2.C Circular Motion

(A) Incorrect. This option is the direction of the car’s velocity, not its
acceleration.

(B) Incorrect. This option is the vector sum of the velocity and the
centripetal acceleration. It is not the car's acceleration.

(©) Incorrect. This option is the direction of the car’s centripetal
acceleration, not its acceleration.

(D) Correct. The direction of acceleration is the direction of the vector
sum of the linear acceleration and the centripetal acceleration.

(E) Incorrect. This option is the direction of the car’s linear acceleration,
not its acceleration.




Question 6

Skill Learning Objective Topic

6.B INT-2.A Circular Motion

(A) Incorrect. This option is the difference between the magnitudes of
the centripetal and linear accelerations. The two accelerations should
be added as vectors.

(B) Incorrect. This option is the magnitude of the centripetal
acceleration. It should be added as a vector to the car’s linear
acceleration.

(©) Incorrect. This option is the magnitude of the linear acceleration. It
should be added as a vector to the car’s centripetal acceleration.

(D) Correct. The magnitude of acceleration is determined by adding the
linear and centripetal accelerations as vectors. The linear acceleration
is a; = —1.20m/s>. The centripetal acceleration is given by
substituting into the equation a, = é = %: 0.90m/s?.
Adding the two accelerations as vectors yields
a=yal +ak =(-120m/s>)? + (0.90m/s?)? =1.50m/s>.

(E) Incorrect. This option adds the magnitudes of the centripetal and
linear accelerations as scalars instead of as vectors.

Question 7
Skill Learning Objective Topic
AD CHA-1.C Kinemf:ltics —'Motion in
One Dimension

(A) Incorrect. This option is the maximum acceleration, not the average
acceleration.

(B) Correct. The average acceleration is the average rate of velocity
change over a time interval. For a velocity-time graph, that will be
the slope of the straight line connecting the starting and ending
points. Solving for the slope yields
ayy = slope = (2(%58—__60?)/8) = 0.40m/s”.

(©) Incorrect. This option calculates the correct magnitude for the
average acceleration, but it has the wrong sign for the answer.

(D) Incorrect. This option is the final acceleration, not the average
acceleration.

(E) Incorrect. This option is the maximum acceleration, not the average
acceleration. This option also has the wrong sign.




Question 8

Skill Learning Objective Topic
4D CHA-1.C Ki'nemat[ics - Motion in One
Dimension

(A) Incorrect. This option uses the area under the curve to determine the
displacement, but it makes the area from ¢ = 0 to ¢ = 3s negative instead of
positive.

(B) Correct. By definition, the average velocity is the average rate of position change
over an interval. Mathematically, this is % Therefore, using the velocity
graph’s Ax value, which is the sum of the signed areas under the curve,

%(3 $)(6 m/s)+%(1s)(—2 m/s)+(2s)(-2 m/s)+%(2 §)(-2 m/s)+%(2 $)(2m/s)
vxavg = los

(©) Incorrect. This option uses the area under the curve to determine the
displacement, but it makes the area from ¢ = 3s to ¢ = 8s positive instead of
negative and the area from ¢ = 8s to ¢ = 10s negative instead of positive.

(D) Incorrect. This option uses the area under the curve to determine the
displacement, but it makes all the areas positive, and the area from 7 = 3s to
t = 8s is negative.

(E)

Incorrect. This option uses the equation for constant acceleration, %(vo +vy),

to calculate the average velocity. However, the acceleration, which is the slope of
this graph, is not constant for this graph.




Question 9

Skill

Learning Objective Topic

7.C

Newton’s Laws of
INT-1.E Motion - First and
Second Laws

(A)

Incorrect. Objects at rest tend to stay at rest only when the net force
exerted on them is zero.

(B)

Incorrect. This option assumes that static friction on an object is
always in the direction opposing the object’s motion. However, static
friction opposes the potential motion between the two surfaces,
which is not always the direction opposing the object’s motion.

(©)

Incorrect. This option assumes that kinetic friction on an object is
always in the direction opposite the object’s motion. However,
kinetic friction opposes the motion between the two surfaces, which
is not always the direction opposing the object’s motion.

(D)

Incorrect. The frictional force would not even momentarily be static

friction, because, the moment F is applied to the lower block, the
lower block instantly accelerates. If static friction caused this
acceleration, then the top block would move together with the
bottom block. As described in the problem, the blocks do not move
together; thus, it is not static friction between the top block and
bottom block.

(E)

Correct. The top block accelerates to the right, but does not move as
fast as the bottom block. The force exerted on the top block is
friction from the bottom block. Since the blocks do not move
together, the friction is kinetic friction. Since the blocks are moving
toward the right, the top block will land to the right of where it
started.




Question 10

Skill

Learning Objective Topic

7.A

Newton’s Laws of
INT-1.H Motion - First and
Second Laws

(A)

Incorrect. This option shows that the magnitude of acceleration
increases as the sphere gets closer to the ground. However, if the
sphere is speeding up, the resistive force increases, and the net force
and acceleration decrease as the stone gets closer to the ground.

(B)

Correct. If the sphere never reaches terminal velocity, the resistive
force will always be less than the force of gravity; thus, the net force
and the acceleration will always be downward. Therefore, the
magnitude of the sphere’s velocity will always be increasing. If the
magnitude of the sphere’s velocity is always increasing, the distance
fallen each second will be increasing. Also, if the sphere is speeding
up, the resistive force increases, and the net force and acceleration
decrease as the stone gets closer to the ground.

(©)

Incorrect. This option can be obtained by not recognizing that the
magnitude of velocity is the same as the distance fallen each second;
thus, if the magnitude of the velocity is increasing, the distance fallen
each second must also increase.

(D)

Incorrect. This option shows that the magnitude of acceleration
increases as the sphere gets closer to the ground. However, if the
sphere is speeding up, the resistive force increases, and the net force
and acceleration decrease as the stone gets closer to the ground. It
also indicates that the magnitude of the velocity and the distance
fallen each second are decreasing. However, the resistive force will
always be less than the force of gravity; thus, the net force and the
acceleration will always be downward; thus, the magnitude of the
sphere’s velocity and the distance fallen each second are increasing.

(E)

Incorrect. This option indicates that the magnitude of the velocity is
decreasing. However, the resistive force will always be less than the
force of gravity; thus, the net force and the acceleration will always be
downward; thus, the magnitude of the sphere’s velocity is increasing.




Question 11

Skill Learning Objective Topic
Newton’s Laws of
6.C INT-1.C Motion - First and
Second Laws
(A) Incorrect. This option is the acceleration of the object, not the force.
(B) Correct. The acceleration is the derivative of the velocity,
a= % = %(aeiﬁ t) = —Bae P, Substituting into an equation for
Newton’s second law yields
F =ma= m(—,b’aeiﬁt)
-1 (-3s7") =
Fro = (0.5kg)(-3s7" ) (2m/s)e = 3e
(©) Incorrect. This option is the exponential part of the equation for
force. It does not include the coefficient.
(D) Incorrect. This option is the velocity of the object, not the force.
(E) Incorrect. This option integrates the equation for velocity instead of

taking the derivative.

Question 12

Skill Learning Objective Topic

6.C INT-4.C Work-Energy Theorem

(A) Incorrect. This option uses the work-energy theorem to calculate the
energy dissipated but does not square the initial speed.

(B) Correct. The object will eventually come to rest; thus, the energy
dissipated will be equal to initial kinetic energy. Using ¢ = 0 and
substituting into the kinetic energy equation yields
E =AK :%m(vjzc —vl-z) = —%m(O—viz)

E=—m(ae) = —(%)(0.50kg)[(2m/s)(eo)]2 -1

(©) Incorrect. This option uses the work-energy theorem to calculate the
energy dissipated but does not include the mass of the object.

(D) Incorrect. This option uses the work-energy theorem to calculate the
energy dissipated but sets the kinetic energy equal to the square of
the function for speed.

(E) Incorrect. This option indicates that the object will move forever and

then assumes the energy dissipated will be infinite.




Question 13

Skill

Learning Objective Topic

6.C

CON-4.F Conservation of Linear

Momentum, Collisions

(A)

Correct. During the collision, momentum is conserved. Momentum
is a vector; thus, the horizontal and vertical directions can be
analyzed independently. Substituting into conservation of
momentum in the horizontal direction yields
myvy = (my + mB)fo

MV 4 (3.05kg)(2.5m/s) and in the
Vg = (s +my) :(3 05k =1.48m/s

4+ mp .05kg + 2.10kg)
vertical direction yields
mgvp; = (my + mg)v g

; 2.10kg)(1.5m/ . Substitutin

T (mMB:l:« )~ ((3 OSkg)(Zl 2= 061ms :

A B . g + 2. Okg)
into the trigonometric function for tangent yields

B - Vi B ~1{0.6lm/s |
0 = tan (fo}_tan (—1.48111/5 = 22°.

(B)

Incorrect. This option uses the initial velocities instead of the final
velocities to find the angle.

(®)

Incorrect. This option indicates that the final direction is the average
of the initial directions of the two carts. However, this would only be
the result if the two carts had equal initial momentums.

(D)

Incorrect. This option uses the initial velocities instead of the final
velocities to find the angle. Also, it reverse the two components in
the equation for tangent.

(E)

Incorrect. This option calculates the final velocity of each cart but
then reverses the two components in the equation for tangent.




Question 14

Skill

Learning Objective Topic

6.B

INT-4.C Work-Energy Theorem

(A)

Correct. Setting the energy dissipated equal to the change in kinetic

E=fd =AK :%m(v} —viz) =%m(0—vl~2)

energy yields —umgd = —%mvl-2

e Vi (0.6m/s)’ ~
2gd  2(9.81m/s”)(0.24m)

(B)

Incorrect. This option sets the energy dissipated equal to the change
in kinetic energy but does not square the speed of the carts.

(©)

Incorrect. This option sets the energy dissipated equal to the change
in kinetic energy but does not include the one-half from the kinetic
energy equation.

(D)

Incorrect. This option sets the energy dissipated equal to the change
in kinetic energy but does not square the speed of the carts. It also
does not include the one-half from the kinetic energy equation.

(E)

Incorrect. This option sets the energy dissipated equal to the change
in kinetic energy but does not include g in the calculation.

Question 15

Skill Learning Objective Topic

5.E CON-2.C Conservation of Energy

(A) Incorrect. This option is the elastic potential energy, not the kinetic
energy, at x = 0.

(B) Incorrect. This option is the kinetic energy at x = 0.

(O) Correct. The kinetic energy at x = 0 is equal to the difference of the
initial elastic potential energy of the spring-block system and the
energy dissipated by friction. Substituting into an energy equation

Ug + fd = K,
yields ;= %kAz = %kxﬁ _ pmdxy

(D) Incorrect. This option calculates the energy dissipated by friction

from the initial position to the position where the block stops,
X = =5
(E) Incorrect. This option calculates the energy dissipated by friction

from the initial position to a position equal to the amplitude on the
negative side of equilibrium where x = x,.




Question 16

Skill

Learning Objective Topic

5.E

CON-2.C Conservation of Energy

(A)

Correct. Setting the energy dissipated by friction equal to the
difference in the elastic potential energy of the spring-block system
E=fd=Ug -Ug =lk(—lx )2 L (x 2
Sf Si 2 2 0 2 0
3

= §kx§

yields pumgd = ymg(%xo)
_ g
o 4mg

(B)

Incorrect. This option substitutes into the energy equation but sets
the final elastic potential energy equal to zero instead of using the

elastic potential energy when the block is at x = —%xo.

(®)

Incorrect. This option substitutes into the energy equation but sets

the distance moved by the block equal to lxo instead of 2

> 2x0.

(D)

Incorrect. This option substitutes into the energy equation but sets
the final elastic potential energy equal to zero instead of using the

elastic potential energy when the block is at x = —%xo. It also does

not include the one-half in the elastic potential energy equation.

(E)

Incorrect. This option substitutes into the energy equation but sets
the final elastic potential energy equal to zero instead of using the

elastic potential energy when the block is at x = —%xo. It also does

not include the one-half in the elastic potential energy equation and
includes the one-half on the energy lost side of the equation.




Question 17

Skill

Learning Objective

Topic

Simple Harmonic

5.A INT-8.D Motion, Springs, and
Pendulums

(A) Incorrect. In this option, the spring force is in the same direction as
the position of the block and is in the same direction as the friction
when x > 0.

(B) Incorrect. In this option, the spring force is in the same direction as
the position of the block.

(©) Correct. Substituting into a Newton’s second law equation yields
F, =Fg+ f=ma

2

m% = —kx + umg

(D) Incorrect. In this option, the spring force is in the same direction as
the friction when x > 0.

(E) Incorrect. In this option, the effect of friction is ignored.

Question 18

Skill

Learning Objective

Topic

5.E

CON-4.A

Conservation of Linear
Momentum, Collisions

(A) Incorrect. This option uses conservation of energy going up the hill

to solve for v, instead of using conservation of momentum for the

collision. It also omits the one-half in the kinetic energy equation.

(B) Incorrect. This option uses the kinematics equation for going up the

hill to solve for the velocity at a height / up the hill. However, v, is

the final speed for the collision, not the final speed going up the hill
to a height #.

(©) Correct. Substituting into the conservation of momentum equation

pPi = Dy

for the collision yields mv; = (m + M)v,.

m

Y= e i)

(D) Incorrect. This option substitutes into the conservation of

in the final momentum.

momentum equation but does not include the mass of the projectile

(E) Incorrect. This option substitutes into the conservation of

momentum equation but uses the mass of the block instead of the
mass of the projectile for the initial momentum. It also does not
include the mass of the block in the final momentum.




Question 19

Skill

Learning Objective Topic

5.E

CON-2.C Conservation of Energy

(A)

Correct. Substituting into the conservation of energy equation for
when the block and projectile go up the hill yields

Ki+Ugy, =K, +Uy

Ki+0=0+U,

%(erM)vjzf =(m+ M)gh.

2
h=2f
2g

(B)

Incorrect. This option substitutes into the conservation of energy

equation but uses 4* for gravitational potential energy instead of A.

(©)

Incorrect. This option substitutes into the conservation of energy
equation but only uses the mass of the block for the initial kinetic
energy and only uses the mass of the projectile for the final potential
energy.

(D)

Incorrect. This option substitutes into the conservation of energy
equation but finds the reciprocal of the correct answer.

(E)

Incorrect. This option substitutes into the conservation of energy
equation but finds the reciprocal of the correct answer. It also does
not square the speed in the kinetic energy equation.




Question 20

Skill Learning Objective Topic
6.A INT-5.B ir/ip;f;i:
(A) Incorrect. This option takes the derivative of the force instead of
integrating the equation for the force.
(B) Incorrect. This option substitutes into the equation for the net force
instead of first integrating the equation.
(©) Correct. Integrating the equation for the net force and substituting
J =Ap=|Fdt = I(Kt2 +z’)dt
=3 3 =3
the given values yields Ap = I (t2 + 1) = {% + t}
t=0 t=0
Ap = (%(3)3 + 3) —0 =12kg * m/s
(D) Incorrect. This option integrates the equation for the net force, but it
does not divide the terms by the new powers on the variables.
(E) Incorrect. The values of momentum are not needed to determine the

change in momentum because the change in momentum can be
determined by integrating the equation for the net force.

Question 21

Skill Learning Objective Topic

(A) Incorrect. Only if m,,,, , < m,,, g would cart A move off to the left.

(B) Incorrect. Only if m,,,, , < m,,,, g would cart A move off to the left.
Moreover, cart B would not remain stationary. Even if
Mgy 4 << My, g, the collision would give cart B a little velocity to
the right.

(©) Incorrect. Only if m,,,, , = m,,, 5 would cart A be stopped by the
collision.

(D) Incorrect. The carts would be stuck together only if the collision was
inelastic, not elastic.

(E) Correct. For elastic collisions, when an object with a larger mass

collides with a stationary object that has a smaller mass, both objects
will move in the direction of motion of the first object. In elastic
collision, the objects do not stick together; thus, the carts will move
to the right and will not be stuck together.




Question 22

Skill

Learning Objective Topic

5.E

Impulse and
INT-5.B
Momentum

(A)

Incorrect. This option indicates that the net impulse exerted on the
ball is zero because the magnitude of the ball’s momentum does not
change during the collisions with the floor. However, this does not
take into account the change in direction of the ball’s momentum.

(B)

Incorrect. This option solves for the impulse as the ball falls to the
floor instead of during the collision with the floor. It also does not
include the one-half in the kinetic energy equation when solving for
the speed of the ball when it reaches the floor.

(©)

Incorrect. This option solves for the impulse as the ball falls to the
floor instead of during the collision with the floor.

(D)

Incorrect. This option can result from a math error, simplifying

2my2gh) as m4gh).

(E)

Correct. The net impulse is the change in momentum of the ball
during its collision with the floor. First, substituting into the
conservation of energy equation to calculate the speed of the ball

Ki = Ugf
when it reaches the floor yields %mv[2 = mgh. The ball returns to

v =\2gh
the same height when it leaves the floor; thus, the final speed for the
ball during the collision with the floor is the same as the speed when
the ball reaches the floor, but it will be moving in the opposite
direction. Therefore, one of the velocities must be negative. Then,
substituting into the equation for change in momentum yields
Ap =p;—p=m@v,—v)
Ap = m(\2gh — (~ 7))

Ap = m(2\/2gh) = m+/8gh




Question 23

Skill Learning Objective Topic

A INT-7E Rotational Dynamics

and Energy

(A) Incorrect. This option ignores the translational kinetic energy of the
sphere.

(B) Incorrect. This option ignores the rotational kinetic energy of the
sphere.

(©) Incorrect. While the sphere will have both translational and
rotational kinetic energy at the bottom of the ramp, these two
energies will not be equal.

(D) Correct. The mechanical energy of the sphere-Earth system will be

conserved as the sphere rolls down the incline; thus, the kinetic
energy of the sphere at the bottom of the ramp must be equal to the
potential energy of the sphere-Earth system when the sphere is at the
top of the ramp, and the kinetic energy of the sphere is the sum of its
translational kinetic energy and rotational kinetic energy.

(E)

Incorrect. There is no energy lost due to friction as the sphere rolls
down the hill, because the sphere rolls without slipping.




Question 24

Skill Learning Objective Topic
5 A CON-5D Angular Momentflm
and Its Conservation

(A) Incorrect. This option substitutes into conservation of angular
momentum but uses L = mR,,,,;® instead of L = Iw.

(B) Incorrect. This option substitutes into conservation of angular
momentum but uses L = mo instead of L = /.

(©) Incorrect. This option substitutes into conservation of angular
momentum but uses L = mR,,, @ instead of L = /.

(D) Correct. Substituting into the equation for conservation of angular

momentum yields

Iia)l- =If0)f
1 2
o, = 14%4 M (2R)" o B 2MR*w,
YA 2 1,0\ 2 1,
MR + M| (2MR® + MR
_ 4
a)f —ga)o

(E)

Incorrect. This option uses conservation of rotational kinetic energy
instead of conservation of angular momentum to solve for the final
angular speed.




Question 25

Skill

Learning Objective Topic

7.A

Orbits of Planets and

CON-6.B
Satellites

(A)

Incorrect. When setting the centripetal force on the satellite equal to
the gravitational force between the satellite and Earth, the mass of the
satellite cancels out of the equation; thus, the mass of the satellite is
not a factor in its orbit.

(B)

Incorrect. While the satellite must be at a specific altitude, it must
also have a specific angular velocity.

(©

Incorrect. While the satellite must have a specific angular velocity,
the mass of the satellite is not a factor. When setting the centripetal
force on the satellite equal to the gravitational force between the
satellite and Earth, the mass of the satellite cancels out of the
equation.

(D)

Correct. Setting the centripetal force on the satellite equal to the
gravitational force between the satellite and Earth and substituting

2
m” _ o M;n
r r
into the equation yields (r w)2 M- The mass cancels out of the
Y7 o _ g2

r 72

w* = GM3
r
equation, and the angular velocity of the satellite depends on the

radius of orbit; thus, the satellite must be at a specific altitude and
must also have a specific angular velocity, but the mass of the satellite
is not a factor.

(E)

Incorrect. While the satellite must be at a specific altitude and must
have a specific angular velocity, the mass of the satellite is not a
factor. When setting the centripetal force on the satellite equal to the
gravitational force between the satellite and Earth, the mass of the
satellite cancels out of the equation.




Question 26

Skill Learning Objective Topic
5.E FLD-1.A Gravitational Forces
(A) | Incorrect. This option solves for the net force on sphere X but makes

the distance of sphere Z as 2r.

(B)

Incorrect. This option is the force due to only sphere Y, not the net
force on sphere X.

(©)

Correct. Both sphere Y and Z will attract sphere X to the right.
Adding the force of gravity from both spheres together and substituting
into the equation for gravitational force yields
2 2 2
Fo=Fg + Iy = Gm;(my + Gm)z(mz - Gn21 + ol ;11) - 11Gr2n
Iy Tz r @3r) Or

(D)

Incorrect. This option adds the force of gravity from spheres Y and Z
together but uses 2r instead of 37 for the distance for sphere Z and
uses m instead of 2m as the mass for Z.

(E)

Incorrect. This option adds the force of gravity from spheres Y and Z
together but uses » and m for the distance and mass of both spheres.




Question 27

Skill

Learning Objective Topic

5.B

FLD-1.A Gravitational Forces

(A)

Incorrect. This option uses the gravitational force equation to solve
for the two forces, but it uses the square root of the distance instead
of the square of the distance in the equation.

(B)

Incorrect. This option uses the gravitational force equation to solve
for the two forces, but it does not square the distance in the equation.
It also compares the radius of orbit for satellite A to the radius of
the planet instead of the radius of orbit for satellite C.

(©

Incorrect. This option uses the gravitational force equation to solve
for the two forces, but it does not square the distance in the equation.

(D)

Incorrect. This option uses the gravitational force equation to solve
for the two forces, but it does not square the distance in the equation.
It also uses the radius of the planet instead of the radius of orbit for
the distance for satellite A.

(E)

Correct. Substituting into the equation for the gravitational force on

Gmgm, Gmgm 1 Gmgm
2 (BR> 9 R

Substituting into the equation for the gravitational force on the

the satellite in orbit A yields F, =

satellite in orbit C yields F- = GmszmA _ Gms n; . Gmgm
r (12R)> 144 R
Gmgm  Gmgm
R R’

Combing the two equations yields 9F, = 144F




Question 28

Skill Learning Objective Topic
its of P1
58 CON-6.A Orb1t§ of Planets and
Satellites

(A) Incorrect. This option solves for the ratio of the speeds of satellite C
to satellite A instead of the ratio of the speeds of satellite A to
satellite C.

(B) Incorrect. This option indicates that the radius of orbit does not
affect the speed of the satellite. However, as the radius of orbit
increases, the speed of the satellite will decrease.

(©) Correct. Setting the centripetal force equal to the gravitational force

F.=F,
2
GM,
and solving for the speed of satellite A vyields MaVa 2m E
¥4 ¥4
GM
v, =
T4
F.=F,
2
GM,
Repeating for satellite C yields MeVe _ Zm € . Taking the ratio
Te e
GM
Ve =
e
\I /12R 2
of the two speeds ylelds == =—.
vc ’ 3R 1

(D) Incorrect. This option solves for the ratio of the square of the speeds
instead of the ratio of the speeds.

(E) Incorrect. This option indicates that the speed of the satellite is

inversely proportional to the radius of orbit instead of the square
root of the radius.




Question 29

Skill

Learning Objective Topic

5.B

FLD-1.A Gravitational Forces

(A)

Incorrect. This option solves for the tension on Earth in terms of the
tension on the new planet.

(B)

Incorrect. This option solves for the tension on the planet with the
assumption that the mass of the new planet is the same with Earth’s,
but it has twice the radius. Thus, the weight of the object will be
quarter of its value on Earth.

(©

Incorrect. This option indicates that the force does not depend on
the planet. However, if the value of the acceleration is different on
the new planet, the tension in the string will also be different.

(D)

Correct. The tension in the string will depend on the weight of the
block; thus, it will depend on the value of the acceleration due to
gravity. Setting the weight of an object equal to the force of gravity
on an object and substituting for density yields

Fy =F,

mg = G% ; thus, if the density of the

4 3
pl=7R
_ PV @ )_4
g = G—2 = GT = ngﬂ'R
new planet is the same and the radius is twice the radius of Earth, the
acceleration due to gravity and the tension in the string will both

double.

(E)

Incorrect. This option does not square the distance in the equation
for tension.




Question 30

Skill Learning Objective Topic
6B INT-5.8 Impulse and
Momentum

(A) Incorrect. This solution uses impulse-momentum to solve for time
and then divides by 6 in an incorrect attempt to convert to minutes.

(B) Incorrect. This solution sets the impulse equal to the change in
momentum, but it substitutes the force for the mass and the mass for
the force in the equation.

(©) Incorrect. This solution sets the impulse equal to the change in
momentum, but it substitutes the force for the mass and the mass for
the force in the equation. It also includes a one-half term in the
equation similar to the kinetic energy equation.

(D) Correct. Setting the impulse equal to the change in momentum of
the shuttle and solving for time yields
J=Ap
Ft = m(vf - vi)

o m(vy = %) _ (90000ke)(8000 m/s — 7900 ms) _ o
F (50000N)
(E) Incorrect. This solution sets the impulse equal to the change in

momentum, but it substitutes the force for the mass and the mass for
the force in the equation. It also includes a one-fourth term in the
equation similar to the squaring of the speed in the kinetic energy
equation.




Question 31

Skill

Learning Objective Topic

5.B

Simple Harmonic
INT-8.K Motion, Springs, and
Pendulums

(A)

Incorrect. While the period of oscillation for the pendulum will
remain the same, according to the equation for the period of
oscillation of a spring is proportional to the square root of the mass.
Thus, as the mass of the block increases, the period of oscillation
increases. It does not decrease.

(B)

Correct. According to the equation for the period of a pendulum,
Tp =27 \/g , mass is not a factor; thus, the period of oscillation will
remain the same. According to the equation for the period of a

spring, Ty = 2@/% , as the mass of the block increases, the period

of oscillation increases.

(©

Incorrect. The period of oscillation for the pendulum does not
depend on mass, so it will remain the same. However, the period of
oscillation of a spring is mass dependent, and it cannot not remain
the same when the mass is doubled.

(D)

Incorrect. According to the equation for the period of oscillation of a
pendulum, as the mass of the block increases, the period of
oscillation remains the same. It does not increase. According to the
equation for the period of oscillation of a spring, as the mass of the
block increases, the period of oscillation increases, not decreases.

(E)

Incorrect. While the period of oscillation for the spring increases,
according to the equation for the period of oscillation of a pendulum,
the period of oscillation remains the same. It does not increase.




Question 32

Skill

Learning Objective Topic

5.B

Simple Harmonic
INT-8.E Motion, Springs, and
Pendulums

(A)

Correct. Since orientation does not affect the period of oscillation of
the spring-block system, the time to reach maximum speed will be
the same for system B as it was for system A.

(B)

Incorrect. This option indicates that the component of the weight of
the block that is parallel to the incline will affect the acceleration of
the block, causing a decrease in the period of oscillation of the
spring-block system. However, the orientation of the system does not
affect the period of oscillation; thus, the time to reach maximum
speed is not affected by the orientation of the system.

(®)

Incorrect. This option indicates that the component of the weight of
the block that is parallel to the incline will slow down the block as it
moves up the incline which will increase the period of one oscillation
of the spring-block system. However, the orientation of the system
does not affect the period of oscillation; thus, the time to reach
maximum speed is not affected by the orientation of the system.

(D)

Incorrect. This option indicates that only the component of the
weight of the block that is perpendicular to the incline is significant,
and it reduces the period of oscillation of the spring-block system.
However, the orientation of the system does not affect the period of
oscillation; thus, the time to reach maximum speed is not affected by
the orientation of the system.

(E)

Incorrect. This option indicates that the component of the weight of
the block that is perpendicular to the incline will increase the period
of oscillation of the spring-block system. However, the orientation of
the system does not affect the period of oscillation; thus, the time to
reach maximum speed is not affected by the orientation of the
system.




Question 33

Skill

Learning Objective Topic

5.E

Simple Harmonic
INT-8.1 Motion, Springs, and
Pendulums

(A)

Incorrect. This option indicates that the ratio of the energies is 3 to
1. However, it also indicates that the potential energy is greater than
the kinetic energy. Because the potential energy is proportional to the
square of the position, it will have one-fourth its maximum value;
thus, it will be less than, not greater than, the kinetic energy.

(B)

Incorrect. This option indicates that because the block is halfway
between its release and equilibrium positions, the potential energy
has twice the value of the kinetic energy. However, because the
potential energy is proportional to the square of the position, it will
have one-fourth its maximum value; thus, it will be less than, not
greater than, the kinetic energy.

(®)

Incorrect. This option indicates that because the block is halfway
between its release and equilibrium positions, both the kinetic energy
and potential energy must be half their maximum value, and they
would be equal to each other. However, because the potential energy
is proportional to the square of the position, it will not have half the
maximum value when the block is in this position.

(D)

Incorrect. This option indicates that because the block is halfway
between its release and equilibrium positions, the potential energy is
half its maximum value; thus, the kinetic energy has twice the value
of the potential energy. However, because the potential energy is
proportional to the square of the position, it will not have half the
maximum value when the block is in this position.

(E)

Correct. The total mechanical energy of the system is the sum of the
elastic potential energy of the spring-block system and the kinetic
energy of the block. When the block is at its maximum displacement,
the kinetic energy is zero and all the energy is elastic potential
energy. Substituting into the equation for elastic potential energy

yields £ = Ugpax = %erznax = %kd % Substituting into the

equation for the elastic potential energy equation when the block is
halfway from its maximum displacement yields

Ug = %k(%d ) = %kd 2. Substituting into conservation of energy
to calculate the kinetic energy of the block yields
E=Ug+K
%kd 2= %kd 2 4 K; thus, the ratio of the kinetic energy to the
K =24’
3,52
—kd
Alantinc mmatnnmtial amavasr i K — 8 — 3




Question 34

Skill

Learning Objective Topic

2.C

CON-1.D Forces and Potential

Energy

(A)

Correct. Substitution into a Newton’s second law equation for the
F,. =0=F; —Wsin0
block at equilibrium in system B yields k(Ax) = mgsiné ;
k(Ax)
msin@
thus, in addition to the spring constant, the mass of the block, and

the angle of the incline, the stretch Ax of the spring must be known
to determine a value for g.

(B)

Incorrect. Newton’s second law equation for the block at equilibrium

( )

in system B yields g = ; thus, the speed of the block is not

necessary to determine a Value for g.

(©

Incorrect. Newton’s second law equation for the block at equilibrium

k(Ax)
in@’

must be known, but the speed of the block is not necessary to

in system B yields g = o~ thus, the stretch Ax of the spring

determine a value for g.

(D)

Incorrect. Newton’s second law equation for the block at equilibrium

k(Ax )
msin

in system B yields g = ; thus, neither the speed of the block

nor the time interval between two consecutive passes through the
equilibrium position is necessary to determine a value for g .

(E)

Incorrect. Newton’s second law equation for the block at equilibrium

in system B yields g = ( )

; thus, the stretch Ax of the spring

must be known, but the time 1nterval between two consecutive passes
through the equilibrium position is not necessary to determine a
value for g.




Question 35

Skill

Learning Objective Topic

6.B

CON-1.D Forces and Potential

Energy

(A)

Incorrect. This option uses Newton’s second law to determine the
amplitude of oscillation but includes the one-half term similar to the
equation for the elastic potential energy. It also does not include the
acceleration due to gravity in the calculation.

(B)

Incorrect. This option uses Newton’s second law to determine the
amplitude of oscillation but does not include the acceleration due to
gravity in the calculation.

(©)

Incorrect. This option uses Newton’s second law to determine the
amplitude of oscillation but then divides the answer by two, because
the block moves the same distance on both sides of the equilibrium
position. However, the solution from the equation is the amplitude
of oscillation.

(D)

Correct. The spring begins unstretched. To determine the amplitude
of oscillation, Newton’s second law can be used to determine how far
the block will now stretch the spring to the equilibrium position.
Substituting into Newton’s second law yields
Fnet =0=FS _FW
KXnax = Mg

mg _ (2.0kg)(9.8m/s%)

Xmax = ko (IOON/m) =0.20m

(E)

Incorrect. This option uses Newton’s second law to determine the
amplitude of oscillation but then doubles the answer, because the
block moves this distance on both sides of the equilibrium position.
However, the solution from the equation is the amplitude of
oscillation.
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Question 1

15 points total

(a)

Yo
AN

, I

Note: Figure not drawn to scale.

Distribution
of points

A projectile is launched from the back of a cart of mass m that is held at rest, as shown above. At time
t =0, the projectile leaves the cart with speed v,, at an angle ¢ above the horizontal. The projectile lands
at point P. Assume that the starting height of the projectile above the ground is negligible compared to the

maximum height reached by the projectile and the horizontal distance traveled.

LO CHA-2.C,SP5.A,5.E
2 points

Derive an expression for the time 7, at which the projectile reaches point P. Express your answer in

terms of v, , 0, and physical constants, as appropriate.

the flight

For using an appropriate kinematics equation to calculate the time to the highest point of

1 point

Vx = %0 + axt Vy = Vyo + ayttop

For substituting into the equation above and doubling the time

1 point

_ Vy(sind)

0 = vy (sin@) — glyop - tiop = 2

2 in @
=24y = 20000)

Alternate solution

Alternate Points

For using an appropriate kinematics equation to calculate the time of flight 1 point
| | )

X=Xy Vol +5ad” Ay = vt ant

For substituting into the equation above 1 point

_ 2vy(sind)

. 1 2.
0=v0(sm9)t—§gt ot 2
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Question 1 (continued)
Distribution
of points
(b) LO CHA-2.C,SP3.C,4.D
5 points

On the axes below, sketch the horizontal component v, and the vertical component V), of the velocity

of the projectile as a function of time # from 7 = 0 until = 7, . Explicitly label the vertical intercepts
with algebraic expressions.

v, Vy
4
1
1
vy (cos@) E »
1
1
-6i- ————————————————— -t
1
1
1
|
For a straight horizontal line with positive values on the v graph 1 point
For correctly indicating the y-intercept on the v_ graph 1 point
For a straight line with an initially positive value on the Vy, graph I point
For a line with negative slope that crosses the horizontal axis on the V), graph I point
1 point

For correctly indicating the y-intercept on the V), graph

Yo
8
_@X v,
P Q —-—

——D—f

Note: Figure not drawn to scale.

The projectile is again launched from the same position, but with the cart traveling to the right with speed
v, relative to the ground, as shown above. The projectile again leaves the cart with speed v, relative

to the cart at an angle 6 above the horizontal, and the projectile lands at point Q, which is a horizontal
distance D from the launching point. Express your answers in terms of v,,, ¢, and physical constants,
as appropriate.
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Question 1 (continued)
Distribution
of points
(©) LO CHA-2.Af,SP7.D
1 point

Give a physical reason why the projectile lands at point Q, which is not as far from the launch position
as point P is, and explain how that physical reason affects the flight of the projectile.

For an appropriate physical reason and correct explanation 1 point

Claim: The projectile will not travel as far as the stationary case.

Evidence: The rightward component of velocity causes the initial horizontal launch
velocity of the projectile with respect to the ground to be less than when the cart was
stationary.

Reasoning: The projectile had a component of velocity to the right with respect to the
ground at the time of launch.

(d) LO CHA-2.Af,SP5.A,5E
2 points

Derive an expression for v, . Express your answer in terms of v, ¢, D, and physical constants,
as appropriate.

For a correct expression for the horizontal component of the velocity of the projectile 1 point
v, =V, (cosf) —v
For correctly substituting into the equation for constant speed 1 point
Ax = vt . D = (vy(cos@) — v )(2vy(sinb)/g)
D _ _ . _ _ gD
v Gind)Jg vy (cos@) — v, . v = vy(cosB) Zve (sin )

After the launch, the cart’s speed is v, . Beginning at time ¢ = 0, the cart experiences a braking force of
F = —bv, where b is a positive constant with units of kg/s and v is the speed of the cart. Express your
answers to the following in terms of m, b, v, , and physical constants, as appropriate.
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Question 1 (continued)
Distribution
of points

(e)
i) LOINT-1.H.a,SP5.A
1 point

Using Newton’s second law, write but DO NOT solve a differential equation that represents the motion
of the cart while it experiences the braking force.

For an appropriate differential equation 1 point
F =ma
dv
—by = m&L
v=m—_
i) LOINT-1.H.b, SP5.E
2 points
Show that the speed v(¢) of the cart as a function of time is given by the equation V(t ) = v2e_bt/ "
For a correct separation of variable in the above differential equation 1 point
—ﬁdt = ldv
m v
For integrating with appropriate limits or constant of integration 1 point
t'=t b v=1(t) | b =t
[ Lar- [ v —[_f} = [In(v)]=""
m v m g =v2
t'=0 Vv=vy

—%(r ~0) = In(v(¢)) = In(v,) = ln(v(t)j

V2

o) = vze_bt/m

o _ V()
V

iii) LO CHA-1.B,SP5.E
2 points

Derive an expression for the distance the cart travels from ¢ = 0 until the time it comes to a stop.

For indicating that the distance traveled is the integration of the above equation 1 point

Ax = Ivdt = Ivze_b’/mdt

For integrating with appropriate limits or constant of integration 1 point

t=00

- bifmgp — oy (N[ btfm P V2 (1 1

Ax = I vye dt —v2( b)[e l:o = [ew 0

=0

my my
Ax = ——2(0-1) = —2
b ( ) b
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Question 1 (continued)

Learning Objectives

CHA-1.B — Determine functions of position, velocity, and acceleration that are consistent with each other,
for the motion of an object with a nonuniform acceleration.

CHA-2.A.f — Describe the velocity vector for one object relative to a second object with respect to its frame
of reference.

CHA-2.C — Calculate kinematic quantities of an object in projectile motion, such as: displacement, velocity,
speed, acceleration, and time, given initial conditions of various launch angles, including a horizontal launch
at some point in its trajectory.

INT-1.H.a — Derive an expression for the motion of an object freely falling with a resistive drag force

(or moving horizontally subject to a resistive horizontal force).

INT-1.H.b — Describe the acceleration, velocity, or position in relation to time for an object subject to

a resistive force (with different initial conditions, i.e., falling from rest or projected vertically).

Science Practices

3.C — Sketch a graph that shows a functional relationship between two quantities.

4.D — Select relevant features of a graph to describe a physical situation or solve problems.

5.A — Select an appropriate law, definition, or mathematical relationship or model to describe

a physical situation.

5.E — Derive a symbolic expression from known quantities by selecting and following a logical
algebraic pathway.

7.D — Provide reasoning to justify a claim using physical principles or laws.
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Question 2

15 points total Distribution
of points

T
|

A thin uniform disk of mass M and radius R has a string wrapped around its edge and attached to the
ceiling. The bottom of the disk is at a height 3R above the floor, as shown above. The disk is released

from rest. The rotational inertia of a disk around its center is 1 = MR* / 2.
(a) LO INT-6.B.a, SP 3.D
2 points

On the circle below that represents the disk, draw and label the forces (not components) that act on the
disk. Each force must be represented by a distinct arrow starting on, and pointing away from, the disk,
beginning at the point where the force is exerted on the disk. The dot is at the center of the disk.

E T
By
For drawing and labeling the weight of the block directed downward starting at the 1 point
center of the disk
For drawing and labeling the tension directed upward starting at the left edge of the disk 1 point
Note: A maximum of one point can be earned if there are any extraneous vectors.

(b) LO INT-7.B.a, SP 7.A, 7.C
2 points

When released from rest, the disk falls and the string unwinds. The force the string exerts on the disk is

F;, and the gravitational force exerted on the disk is F ¢ - Which of the following expressions correctly

relates 7, and Fg as the disk falls?

Justify your answer.
For selecting “ 7 < Fy” 1 point
For a correct justification 1 point

Example Justification: The center of mass of the disk accelerates downward, so the
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Question 2 (continued)

Distribution
of points
Express all answers in terms of M, R, and physical constants, as appropriate.
LO INT-7.C,SP 5.A, 5.E
4 points
Derive an expression for the acceleration a of the disk as it falls.
For an expression of Newton’s second law in linear form 1 point
F,,, =ma.. Mg—Fr =Ma
For an expression of Newton’s second law in rotational form 1 point
r=1Ia .. FR= %MRza
For correctly relating the linear and rotational accelerations 1 point
1 2(a 1
F;R==-MR"|—=|.. F, = =M.
77 (R) r=p
For combining the two equations 1 point
1 2

Mg—EMazMa .‘.azgg

Alternate Solution

Alternate Points

For a clear indication of using the point of contact between the string and the disk as 1 point

the axis of rotation

For deriving an expression for the rotational inertia of the disk around an edge 1 point

[=1+Mh* = %MRz + MR* = %MRz

For an expression of Newton'’s second law in rotational form 1 point

r=1la .. MgR = %MRza

For correctly relating the linear and rotational accelerations 1 point
3. 2(a 2

MgR ==MR"|—|..a==

772 (R) “738
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Question 2 (continued)

Distribution
of points
(c) con’t
ii)) LO CHA-1.Ab,SP5.A,5E
2 points
Derive an expression for the time A¢ that it takes the disk to reach the ground.
For correctly substituting the distance into a kinematic equation to calculate the time 1 point
1 2 1 >
Ay =vt+—-at” " 3R=0+—at
Y =wl+oa 4
For substituting the acceleration from part (¢)(i) into equation above 1 point
1l 2. -_~|R
3R = 3T ..T_3\/g

iii) LOINT-7.D.b, SP 5.E
1 point

Derive an expression for the rotational kinetic energy X

rot

of the disk at the instant it reaches

the ground.
For correctly substituting into an equation for the rotational kinetic energy of the disk 1 point
K =110 = l(lMRz)(az)z - (lMRz)(ﬁ)2 3[R

2 2\2 4 R g

(1 2 V(9R) _
K= (Gu)(3e) (5F) - v
Alternate solution Alternate points
For correctly substituting into an equation for the rotational kinetic energy of the disk 1 point
L0t e o Lk = et Lm?

mgAh—zla) +2mv ..210) = mgAh ~my

1, 5 1 2 1, (2 V(L [RY
K =—Iw" = Mg3R—-—-M (at)” =3MgR - —-M|= 3/— | = MgR

lo® = Mg3R - S M (at) gR > (3g)(J;) g
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Question 2 (continued)
Distribution
of points

Y

~———
-

Note: Figure not drawn to scale.

(d)

A very narrow wedge is cut out of the thin uniform disk of mass M, as shown above. If 7 is the distance
from the tip of the wedge, then the linear mass density of the wedge can be expressed as follows:

Mr
25R?

A(r) =

1. LO INT-6.D.c, SP 5.A, 5.E
3 points

Using integral calculus, derive an expression for the rotational inertia of the wedge around its tip.

For integrating an appropriate equation to calculate rotational inertia of the wedge 1 point
1= I r2dm
m=Ar ..dm = Adr = Mr2 dr
25R
For correctly substituting into equation for rotational inertia 1 point
Mr M 3
I=|r ( jdr = r’dr
I 25R* 25R* j
For integrating with appropriate limits or constant of integration 1 point

m M (AT M (R 1
I=—= | rdr=—"F {r_} = (— - 0) = —— MR’
25R* 2, 25R* 4] _, 25R* 4 100

ii. ~ LOINT-6.D.c, SP5.E
1 point

Derive an expression for the rotational inertia of the modified disk (i.e., the disk after the narrow wedge
is cut out) around its original center.

For correctly using superposition to determine the rotational inertia of the disk without 1 point
the wedge
| L
lor = Laisk = Deage =5 MR =35 MR™ = 755 MR
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Question 2 (continued)

Learning Objectives

CHA-1.A.b — Calculate unknown variables of motion such as acceleration, velocity, or positions

for an object undergoing uniformly accelerated motion in one dimension.

INT-6.B.a — Describe the two conditions of equilibrium for an extended rigid body.

INT-6.D.c — Derive the moments of inertia for a thin cylindrical shell or disc about its axis or an object
that can be considered to be made up of coaxial shells (e.g., annular ring).

INT-7.B.a — Describe the net torque experienced by a rigid extended body in situations such as, but not
limited to, rolling down inclines, pulled along horizontal surfaces by external forces, a pulley system
(with rotational inertia), simple pendulums, physical pendulums, and rotating bars.

INT-7.C — Derive expressions for physical systems such as Atwood Machines, pulleys with rotational inertia,
or strings connecting discs or strings connecting multiple pulleys that relate linear or translational motion
characteristics to the angular motion characteristics of rigid bodies in the system that are: (a) rolling

(or rotating on a fixed axis) without slipping. (b) rotating and sliding simultaneously.

INT-7.D.b — Calculate the total kinetic energy of a rolling body or a body that has both translation and
rotational motion.

Science Practices

3.D — Create appropriate diagrams to represent physical situations.

5.A — Select an appropriate law, definition, or mathematical relationship or model to describe

a physical situation.

5.E — Derive a symbolic expression from known quantities by selecting and following a logical
algebraic pathway.

7.A — Make a scientific claim.

7.C — Support a claim with evidence from physical representations.

Visit the College Board on the Web: collegeboard.org.



AP® PHYSICS C: MECHANICS
2019 SCORING GUIDELINES

Question 3

15 points total Distribution
of points

String 2

Three blocks are connected by strings that pass over pulleys of negligible mass. Block B is on a level,

horizontal surface of negligible friction. Block A is on top of block B. String 1 connects blocks A and B.
The coefficients of static and kinetic friction between blocks A and B are 4, and 4 , respectively.
Block C is hanging over the end of the table and is attached to block B by string 2, as shown above.

The masses of blocks A, B, and C are m,, mg, and m, respectively. When block C is released,

the system remains at rest.

(a)
1) LO INT-1.A,SP 3.D
2 points

On the dot below, which represents block A, draw and label the forces (not components) that act on
block A. Each force must be represented by a distinct arrow starting on, and pointing away from,

the dot.
Block A
L
Fy;
Fpe—@——f
myg
i
For correctly drawing and labeling the vertical forces on block A 1 point
For correctly drawing and labeling the horizontal forces on block A 1 point
Note: A maximum of one point can be earned if there are any extraneous vectors
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Question 3 (continued)

(a) con’t
ii) LOINT-1.A,SP3.D
3 points

Distribution
of points

On the dot below, which represents block B, draw and label the forces (not components) that act
on block B. Each force must be represented by a distinct arrow starting on, and pointing away from,

the dot.
Block B
Fy,
A E
- - T2
Fr,
mgg | |Fy,

For correctly drawing and labeling the vertical forces on block B 1 point

For correctly drawing and labeling the tension in string 1 to the left and the tension in 1 point
string 2 to the right on block B

For correctly drawing and labeling the static friction to the left on block B 1 point

Note: A maximum of two points can be earned if there are any extraneous vectors

(b) LO INT-1.B.b, SP 5.A, 5.E
3 points

Derive an expression for the maximum value for m. at which the blocks will remain at rest. Express all
algebraic answers in terms of 4z, s, m,, my, mc, and physical constants, as appropriate.

For an expression of Newton’s second law on block B

1 point

Expression of Newton’s second law on blocks A and C

Fﬂ—fZH’IAa:O.'.Fn=f

meg = Fr, =mea =0 Fr, =mcg

For a correct expression for the frictional force

1 point

f = ﬂsFN = HMpE

Fry=meg=f+[f=2f=2umg

For an answer consistent with part (a)(ii)

1 point

mc = 2lusmA
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Question 3 (continued)
Distribution
of points

Clay

The setup is modified, as shown in the figure above. Block A and one of the pulleys are removed, and block
B remains on the table. There is still negligible friction between block B and the table. A lump of clay is
added to block B. The students use Newton’s second law to derive an equation for the acceleration g of

block C. The acceleration is given by the equation a. = mcg/m,, where m, is the combined mass of

the clay and the two blocks. Students use the setup shown above to experimentally determine the
acceleration g due to gravity. In each trial, a student moves a small amount of clay from block B to block C
and then releases the blocks from rest, recording the new values of m-and a.. The total mass of the clay

and the two blocks is m,,, = 5.0 kg. The graph below shows a. as a function of m., where m. is now
the combined mass of block C and the mass of clay added to block C.
(c)
i) LOINT-1.C.e, SP4.C
1 point

Draw a best-fit line to the data points in the graph above.

5 —— - e
AN N RN N S N AN D N NN S [ A I S N R
AR N A [ I N N O O
[ | I [ | [ | [ |
4 =TT T T T T AT T
IR D N Y
L b o g AL
[ _I | I L | | [
P 1 AN N N 4 O
- R N P 1 T Iy T O S N O T
= B i I R
=, [T I HENEEREN
P i i
]
L L SNSRI [ SN N —
I T Iy P O I
1l [ | [ |
1 =T i S B e e e
111 IR A
I i N N D N I
17T S
1T L L e L L
0 P i P
0 1.5 2.0 2.5
| For drawing an appropriate best-fit line | | 1point |
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Question 3 (continued)
Distribution
of points
(c) con’t
i) LOINT-1.C.e, SP4.D, 6.C
3 points

Use the best-fit line from part (¢)(i) to calculate an experimental value for the acceleration g due to
gravity.

For calculating the slope from the best-fit line and not from the data points unless the 1 point
data points fall on the best-fit line

Ay (40-10)(m/s*)

lope = == = = 2.0m/ kges>

TP T Ay T (205 - 0.52)(ke) Omkges

For correctly relating the slope to g 1 point
slope = g . g = my,, xslope

tot

For calculating an experimental value for g with units 1 point

g = m,, xslope = (5.0 kg)(z.Om/kg-sz) = 1O.Om/s2

(d) LOINT-7.A.a,SP 7.A,7.C
1 point

If the mass of the pulley in part (¢) is significant, would the experimental value of g be greater than, less
than, or equal to the value calculated in part (c)(ii) ?
Greater than Less than Equal to

Justify your answer.

Select “Less than”

For a correct justification 1 point

Example Justification: If the pulley has mass, the system will have more inertia and
therefore the acceleration of the system be less. If the acceleration of the system is
less, the experimental value of g is less.

Note: “Greater than” is accepted if the student provides a reasonable justification.

A different group of students repeats the experiment, but instead of moving clay from block B to block C,
they just remove a small amount of clay from block B and set it aside, away from the setup. The equation
ac = meg/my, still applies to the new experiment.
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Question 3 (continued)
Distribution

of points

LO INT-1.C.e, SP7.A,7.C
2 points

In order to provide a straight-line graph that can be used to determine an experimental value for g, what
two quantities should the students now graph? Check all that apply.

a,. vs 1 a. vsm a, vs Me
c c tot _— c
My, Myt
1
a. vs me m, VS m,,, m, Vs
Myt

Justify your answer.

1 point

’

m
” and 73 a, vs c

For selecting “a.. vs
Myor

tot

For a correct justification 1 point

Example Justification: By removing the clay, the total mass is a variable. As the total

and

mass of the system is decreased, the acceleration increase; thus a. vs
m
tot

a, vs r;”c will generate a straight line graph that can be used to determine an
tot

experimental value for g.
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Question 3 (continued)
Distribution
of points

Learning Objectives

INT-1.A — Describe an object (either in a state of equilibrium or acceleration) in different types of
physical situations such as inclines, falling through air resistance, Atwood machines, or circular tracks).
INT-1.B.b — Calculate a force of unknown magnitude acting on an object in equilibrium.

INT-1.C.e — Derive a complete Newton’s second law statement (in the appropriate direction)

for an object in various physical dynamic situations (e.g., mass on incline, mass in elevator, strings/pulleys,
or Atwood machines).

INT-7.A.a — Describe the complete analogy between fixed axis rotation and linear translation for an object
subject to a net torque.

Science Practices

3.D — Create appropriate diagrams to represent physical situations.

4.C — Linearize data and/or determine a best fit line or curve.

4.D — Select relevant features of a graph to describe a physical situation or solve problems.

5.A — Select an appropriate law, definition, or mathematical relationship or model to describe

a physical situation.

5.E — Derive a symbolic expression from known quantities by selecting and following a logical algebraic
pathway.

6.C — Calculate an unknown quantity with units from known quantities, by selecting and following a logical
computational pathway.

7.A — Make a scientific claim.

7.C — Support a claim with evidence from physical representations.
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