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AP’ Physics 1: Algebra-Based Exam

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

( At a Glance )

Total Time
1 hour and 30 minutes
Number of Questions
40
Percent of Total Score
50%
Wiriting Instrument
Pencil required
Electronic Device

Calculator allowed

Instructions

Section I of this exam contains 40 multiple-choice questions. Pages containing equations
and other information are also printed in this 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.

Because this section offers only four answer options for each question, do not mark the
(E) answer circle for any question. If you change an answer, be sure that the previous
mark is erased completely.

For questions 1 through 36, select the single best answer choice for each question. After
you have decided which of the choices is best, completely fill in the corresponding circle
on the answer sheet. Here is a sample question and answer.

Sample Question  Sample Answer
Chicago is a ®»@® 0ob®

(A) state

(B) city

(C) country
(D) continent

For questions 131 through 134, select the two best answer choices for each question.
After you have decided which two choices are best, completely fill in the two
corresponding circles on the answer sheet. Here is a sample question and answer.

Sample Question ~ Sample Answer
New York is a [ X EOCXO;
(A) state

(B) city

(C) country

(D) continent

Use gour time effectively, working as quicklg 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 Section I is based only on the number of questions answered correctly.
Points are not deducted for incorrect answers or unanswered questions.

Form I
Form Code 4PBP4-S

83



AP® PHYSICS 1 TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m,, =1.67 X 107 kg Electron charge magnitude, e =1.60 x 107 C

Neutron mass, m, = 1.67 x 107’ kg Coulomb’s law constant,  k = 1/4ze, = 9.0 x 10° N-m?/C>

Electron mass, m, = 9.11 x 107! kg

Universal gravitational

_ -1 3 2
constant, G=667x100" m /kg-s

. Acceleration due to gravity
— 8 _ 2
Speed of light, ¢ = 3.00 x 10° m/s at Earth's sarface, & = 98 m/s
meter, m kelvin, K watt, w degree Celsius, °C
UNIT kilogram, kg hertz, Hz coulomb, C
SYMBOLS | second, D newton, N volt, \Y
ampere, A joule, J ohm, Q
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefi Symbol o o o o o o o
> =) 0 0 30 | 37 | 45 | 53 | 60" | 90
10 tera T
10 giga G sin@ 0 1/2 3/5 | V2/2 | 4/5 | J3)2 1
10° mega M cosf 1 V3/2 | 4/5 | V2/2 | 3/5 1/2 0
10° kilo k tan6 0 V3/3 | 3/4 1 4/3 3 oo
1072 centi c
107 milli m The following conventions are used in this exam.
1070 micro u I. The frame of reference of any problem is assumed to be inertial unless
5 otherwise stated.
10~ nano n II. Assume air resistance is negligible unless otherwise stated.
10712 pico p III.  In all situations, positive work is defined as work done on a system.

IV. The direction of current is conventional current: the direction in which
positive charge would drift.
V. Assume all batteries and meters are ideal unless otherwise stated.




AP® PHYSICS 1 EQUATIONS

MECHANICS

i=“—=
m m
|Fy| < ulF|
V2
aC:T
p=my
Ap = FAt
_1. 2
K—zmv

AE =W = ﬁla’ = Fdcos@

AE

P="x

0 =6, + wyt +%at2
0 =a,+at
x = Acos (27 ft)

-’_2?_%net
o = 7 =

1

T=rF =rFsinf

L=1w
AL =T/t
K=%Iw2
|F,| = k||
1,2
US =§kx
m
P=7

a

BN T OERTHIISQTUNII DI~ TIIA

= acceleration
amplitude

= distance

= energy

= frequency

= force

= rotational inertia

= Kkinetic energy

= spring constant

= angular momentum
= length

= mass

= power

= momentum

= radius or separation
= period

= time

= potential energy

= volume

= speed

= work done on a system
= position

= height

= angular acceleration
= coefficient of friction

= angle

= density

= torque

= angular speed

AUg = mgAy
T:%’:%
T, =2rx %
Tp=2n'§
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ELECTRICITY
= | _ o |99 A = area
’FE‘_kr—z‘ F = force
A I = current
=24 ¢ = length
At
’ P = power
R = % q = charge
R = resistance
I = AV r = separation
R t = time
P=TAV V = electric potential
R, = YR, p = resistivity
i
1 _yl
RP i R’
WAVES
f = frequency
1=2 v = speed
f A = wavelength
GEOMETRY AND TRIGONOMETRY
Rectangle A = area
A = bh C = circumference
. V = volume
Triangle S = surface area
A= 1 bh b = base
2 h = height
¢ = length
Circle w = width
A=nr’ r = radius
C =2nr
Rectangular solid Right triangle
Cylinder sinf = %
V =nr’t b
S =2zl + 27r* cost) = c
a
Sphere tan6 = b
4 3
V=—nr
3 ¢ a
S = 4xr? 0 90¢
b




PHYSICS 1
Section I
Time—1 hour and 30 minutes
40 Questions

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

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

1. A 4 kg object moving to the left collides with and 2. A brother and sister are standing next to each
sticks to a 3 kg object moving to the right. Which other at rest on a surface of frictionless ice. The
of the following is true of the motion of the brother’s mass is exactly twice that of his sister’s.
combined objects immediately after the collision? The sister suddenly pushes her brother. As a

result, the sister moves with kinetic energy K.

(A) They must be moving to the left. What is the resulting kinetic energy of the

(B) They must be moving to the right.

()
(C) They must be at rest. brother
(D) The motion cannot be determined without (A) 4K
knowing the speeds of the objects before B) 2K

the collision. (C) K/2

(D) K/4

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE




3. Attime r = 0, acartisat x = 10 m and has Ry =100 Q

a velocity of 3 m/s in the —x-direction. The cart My

has a constant acceleration in the +x-direction

with magnitude 3 m/s2 <a<b6 m/s2 . Which AN

of the following gives the possible range of the R, =100 Q

position of the cartat r = 1 s ? —@—  S—
(A) 4m<x<55m R, =50Q

B) 85m<x<10m MW

©) 115m<x<13m . -

(D) 145m < x <16 m 4. The figure above shows part of a circuit

containing three resistors and an ammeter.

A steady current flows through the ammeter.
Resistors R, R, ,and R; have currents [, I,,
and I, respectively. Which of the following
expressions correctly relates the three currents?
A) I > (I, = I3)

®) (I, =1)>1

O I, =1, =1

(D) The relationship cannot be determined

without information about the rest of the
circuit.

Unauthorized copying or reuse of
any part of this page is illegal.

GO ON TO THE NEXT PAGE.



Questions 5-7 refer to the following material. 6. What is the kinetic energy of the object at

point K ?
W (A 51
6 (B) 41
5 ©) 37
(D) 271
) /
3 7. Which of the followinﬁ describes the magnitude
2 of the momentum of the object in the first two
1 straight-line segments shown in the graph as the
0 > X object moves from point H to point J ?
H I J K L M
HI A
The graph above shows the potential energy U of a (A) Zero Increasing
system as one object in the system moves along the (B) Zero Decreasing
x-axis and the rest of the system does not move. (C) Constant but nonzero  Increasing
Six evenly-spaced points along the x-axis are labeled. (D) Constant but nonzero ~ Decreasing

At point H, the object is moving in the positive
x-direction and the mechanical energy of the system is
5.0J. As the object moves, no energy enters or leaves
the system.

5. In which segment does the net force exerted on
the object have the greatest magnitude?
(A) HI
B) IJ
© JL
(D) LM

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE




Item 9 was not scored.

X Y

8. The figure above represents standing wave
patterns in two identical tubes. The tubes contain
different amounts of water, and the standing
waves are produced by holding a vibrating tuning
fork near the top of each tube. Is the frequency of
the tuning fork the same for tubes X and Y, and
why or why not?

(A) No, because one frequency cannot create
multiple standing wave patterns of different
total lengths.

(B) No, because the wavelengths of the patterns
are different, so the frequencies must be
different.

(C) Yes, because the patterns have the same
number of nodes and antinodes.

(D) Yes, because the tubes are identical, so the
same frequency can produce a standing
wave in both.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE




10.

Note: Figure not drawn to scale.

The figure above shows a water wave traveling to
the right. The horizontal distance between two

adjacent crests of the wave is 20 m. At the instant
shown, an object floating on the surface of the
water is at its maximum height. At a time 2 s
later, the floating object has moved a vertical
distance of 0.4 m to its lowest position. The speed
of the wave is most nearly

(A) 01 m/s
(B) 0.2 m/s
(C) 5m/s
(D) 10 m/s

Unauthorized copying or reuse of
any part of this page is illegal.

11.

12.

— e

[ A9

To test the hypothesis that all electrons entering
a resistor also leave the resistor, ammeters could
be placed in the above circuit at points

(A) 1and 2
(B) 1and 5
(C) 2and 4
(D) 3and 5

A toy doll and a toy robot are standing on a
frictionless surface facing each other. The doll has
a mass of 0.20 kg, and the robot has a mass of
0.30 kg. The robot pushes on the doll with a force
of 0.30 N. The magnitude of the acceleration of
the robot is

(A) zero

(B) 0.60 m/s>
(C) 1.0 m/s
(D) 1.5m/s’

GO ON TO THE NEXT PAGE.
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13. A block of mass m travels with speed v, to the right on

Unauthorized copying or reuse of
any part of this page is illegal.

a horizontal surface with negligible friction toward a sphere
of mass 2m hanging at rest from a light cord, as shown above.
The block collides elastically with the sphere. Which of the
following correctly describes the speed and direction of the
block and the speed of the sphere a short time after the

collision?
Speed and Speed of
Direction of Block Sphere
(A) v, /3 to the left Slightly less than 2v, /3
(B) v,/3 to the right Slightly less than 2v, /3
(C) Zero Slightly less than v,
(D) v, to the left Zero

GO ON TO THE NEXT PAGE.



14. A block of mass m slides along a frictionless
surface with kinetic energy K;. It collides with

a block of mass 3m that is initially at rest, and

the two blocks stick together and slide with total
kinetic energy K. What is the ratio K : K;?

Unauthorized copying or reuse of
any part of this page is illegal.

-10-

Questions 15-16 refer to the following material.

A meteoroid is in a circular orbit 600 km above the

surface of a distant planet. The planet has the same
mass as Earth but has a radius that is 90% of Earth’s

(where Earth’s radius is approximately 6370 km).

15. The acceleration of the meteoroid due to the

gravitational force exerted by the planet is most
nearly

(A) 9 m/ s> toward the center of the planet

(B) 9 m/ s in the direction of the meteoroid’s
motion

(C) 10 m/ s? toward the center of the planet

(D) 10 m/ s* in the direction of the meteoroid’s
motion

16. Does the planet exert a torque on the meteoroid

with respect to the center of mass of the planet?
Why or why not?

(A) Yes, because the planet exerts a centripetal
force on the meteoroid.

(B) Yes, because the meteoroid’s direction of
motion is constantly changing.

(C) No, because the force exerted by the planet
on the meteoroid has a negligible
magnitude.

(D) No, because the planet exerts a force on the
meteoroid parallel to its position vector
relative to the center of mass of the planet.

GO ON TO THE NEXT PAGE.



Thruster

17. A satellite in a circular orbit around Earth is

initially not rotating with respect to its center

of mass. Two identical thrusters on opposite sides
of the satellite fire in opposite directions over the
same 10-minute time interval, as shown above,
and then turn off. How does the firing of the

thrusters affect the mechanical energy of the
satellite-Earth system and the shape of the

satellite’s orbit, if at all?

Mechanical Energy of

Satellite-Earth System Shape of Orbit
(A) No effect No effect
(B) No effect Would change
© Increases No effect
(D) Increases Would change

Unauthorized copying or reuse of
any part of this page is illegal.

-11-

18. A point charge of magnitude 2q exerts an

electrostatic force of magnitude F on a point
charge of magnitude ¢ that is a distance R away.
What is the magnitude of the force that the

2q point charge exerts on a point charge of
magnitude 3¢ that is a distance R/5 away?

(A) 15F
(B) 30F
(C) 75F
(D) 150F

=17 U
Bl Bl

€ ———
d = comp
S—

Figure 1 Figure 2 Figure 3

19. A vertical spring has unstretched length L, as

shown in Figure 1. A block is attached to the top

of the spring and slowly lowered until it is at rest

and the spring has length Leg, as shown in
Figure 2. The block is then pushed down until the

spring is compressed to length L, , as shown

in Figure 3, and then released. After release, at

what height will the kinetic energy of the block
be maximum?

(A) Ly

B) L,

(©) Leomp

(D) (Leg + Leomp)/2

GO ON TO THE NEXT PAGE.



Cart Mass (kg) Applied | Time Force is | Final Momentum | Final Kinetic
ar &)1 Force (N) | Exerted (s) (kgem/s) Energy (J)
! > 2 10 50
2 5 2 10

20. Two frictionless lab carts start from rest and are pushed along a level surface by a constant force. Students
measure the magnitude and duration of the force on each cart, as shown in the partially completed data table
above, and calculate final kinetic energy and momentum. Which cart has a greater kinetic energy at the end
of the push?

(A) The 1 kg cart

(B) The 2 kg cart

(C) Both carts have the same amount of kinetic energy.

(D) The relationship cannot be determined without knowing the distance each cart moved as the force was
being applied.

Unauthorized'copying or reuse of
any part of this page is illegal. GO ON TO THE NEXT PAGE
-12-




21. A simple pendulum consists of a sphere tied to the
end of a string of negligible mass. The sphere is
pulled back until the string is horizontal and then
released from rest. Assume gravitational potential

energy is zero when the sphere is at its lowest
point. What angle will the string make with the
horizontal when the kinetic energy and the

potential energy of the sphere-Earth system
are equal?

(A) Greater than 45°

(B) Equal to 45°

(C) Less than 45°

(D) It cannot be determined without knowing the
mass of the sphere.

Unauthorized copying or reuse of
any part of this page is illegal.

-13-
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22. A stationary cart attached to a force gauge is on a

straight, horizontal, frictionless track. A student
uses the force gauge to move the cart, and the
gauge produces the graph of force as a function
of time shown above. How does the momentum
of the cart change during the time interval 0 s
to 20 s?

(A) The momentum increases in magnitude
during the entire time interval.

(B) The momentum decreases in magnitude
during the entire time interval.

(C) The momentum increases in magnitude at
first, then decreases and reverses direction.

(D) The momentum increases in magnitude at
first, then decreases without reversing
direction.

GO ON TO THE NEXT PAGE.



. An engineer measures the velocity v of

a remote-controlled cart on a straight track at
regular time intervals. The data are shown in

the graph above. During which of the following
time intervals did the cart return to its position at
time t=0s?

(A) 3s<t<S5s
B) 5s<t<7Ts
C) 7s<t<10s
(D) 10s<r<12s

Unauthorized copying or reuse of
any part of this page is illegal.
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24. A guitar string with length 0.80 m resonates at

a fundamental frequency of 320 Hz. A person
presses on the string so that its effective length
is reduced to 0.65 m, but the tension in the string
does not change. The fundamental frequency

of the 0.65 m string is most nearly

(A) 260 Hz
(B) 320 Hz
(C) 390 Hz
(D) 530 Hz

25. A student produces several standing waves on a

string by adjusting the frequency of vibration
at one end of the string. The student measures
the wavelength A and frequency f for each

standing wave produced. Which of the following
procedures and calculations will allow the student

to determine the wave speed on the string?

(A) Graph A as a function of 1/ f . The slope of

the line is equal to the wave speed.

(B) Graph i as a function off. The slope of the
line is equal to the wave speed.

(C) Graph A as a function of 1/ f . The area

under the line is equal to the wave speed.
(D) Graph A as a function of f. The area under

the line is equal to the wave speed.

GO ON TO THE NEXT PAGE.



uestions 26-238 refer to the following material. . ich of the following best describes the

Q i 26-28 refi he followi ial 26. Which of the following best d ibes th
A passenger’s linear and angular velocity while

passing point A ?

1%
Linear velocity =~ Angular velocity

(A) Constant Changing
(B) Constant Constant
C (C) Changing Changing
(D) Changing Constant

27. What is the normal force exerted on the rider
when passing point D ?

(A) 0.2F,
(B) 0.8F,
(©) 1.0F,
An amusement park ride consists of a large vertical D) 12F
wheel of radius R that rotates counterclockwise on D) 12F,
a horizontal axis through its center, as shown above. 28. The kinetic energy of the rock when it is at the
The cars on the wheel move at a constant speed v. same height as point D is most nearly
Points A and D represent the position of a car at 1 5
. . . . A) —mv
the highest and lowest point of the ride, respectively. &) 2
A person of weight F, sits upright on a seat in one B) 1 2mgR
of the cars. As the seat passes point A, the seat exerts 2
a normal force with magnitude 0.8F, on the person. (©) %4ng
While passing point A, the person releases a small |
2
rock of mass m, which falls to the ground without (D) 7m (V + 4gR)

hitting anything.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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29. A negatively charged rod is placed in a small
container filled with air that is electrically neutral.
The container is then sealed. Fifteen seconds
later, measurements reveal that the air inside the
container has a net negative charge. What is the

primary reason that the air becomes negatively
charged?

(A) The extra electrons on the rod repel each
other and therefore move away from the rod
into the air.

(B) When air molecules bounce off the rod,
negative charge transfers from the rod to
some of those molecules.

(C) The electric force of the rod induces the air
molecules near the rod to become negative,
even if those molecules never touch the rod.

(D) When air molecules bounce off the rod, the
rod’s charge stays the same, but the rod
exerts a force on the molecules that causes
some of them to become negative.

Unauthorized copying or reuse of
any part of this page is illegal.

-16-

30. The circuit shown above consists of a 9 V battery

connected in series to two resistors. The potential
difference across resistor R; is measured to be

3 V. Which of the following indicates the
potential difference across resistor R, and
explains why it has that value?

(A) 3V, because the current through both
resistors is the same

(B) 3V, because the potential difference across
resistors in series is always the same

(C) 6V, because each coulomb of charge passing
through the resistors loses 9 J of potential
energy

(D) 6V, because one-third of the current is used

up in R;, leaving two-thirds of the current

to travel through R,

GO ON TO THE NEXT PAGE.
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31. An object hangs in equilibrium from a spring, as

shown above. The object is then displaced to one
of the labeled points X, Y, or Z. Which of the

following correctly ranks the elastic potential
energy U stored in the spring when the object is

at each of the three positions?
(A) Uy > (Uy =Uy)

(B) Uy > (Uy =Uy)

© Uy, >U4 >U,

(D) Uy >U, >Uy

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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32. At time t = 0, a projectile is launched from the top of a cliff at an angle of 30 degrees below the horizontal.
Which of the following pairs of graphs best represents the horizontal displacement Ax and the vertical velocity
component v, of the projectile as a function of time 7 ?

Horizontal Vertical
Displacement Velocity Component
(A) Ax Vyert
0 >1
0 >t
(B) Ax Vvert
0 .
0 >t
(C©) Ax Vvert
0 > [
) t
D) Ax V\Iert
0 > [
0 =1

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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33. The graph above represents the position of two
identical carts on a straight horizontal track as a

function of time. Which of the following
statements about the magnitude of the momentum
of the two-cart system's center of mass, Pcom:

is true?

(A) Peom 1S constant fromzr=0stor=35s.

(B) Ppeom is smaller after £ =2 s than it is

before r =2s.
(©) DPoom is larger after =2 s than it is

before r =2s.
(D) peom increases at a constant rate from¢=0s

tor=5s.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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m
2m
Before Release Immediately
After Collision

34. Sphere 1 of mass m and sphere 2 of mass 2m
hang from light strings. Sphere 1 is pulled back,
as shown above, and released from rest. Sphere 1
has kinetic energy K; immediately before

colliding with sphere 2. The two spheres stick

together and move horizontally for an instant after
the collision. During the collision, what is the
change in the kinetic energy AK of the

two-sphere system?

(A) 0

(B) -K;/3
©) -K;/2
(D) -2K;/3

Unauthorized copying or reuse of
any part of this page is illegal.

-20-

35. A wheel with radius 0.33 m and rotational inertia

2.0 kg-m2 spins on an axle with an initial angular
speed of 3.0 rad/s. Friction in the axle exerts a

torque on the wheel, causing the wheel to stop
after 6.0 s. The average torque exerted on the

wheel as it slows down has magnitude
(A) 0.50 Nem
(B) 1.0 Nem

(C) 2.0 Nem
(D) 3.0 Nem

GO ON TO THE NEXT PAGE.



—1Block | Block 2 Block 3

36. Three blocks are pushed along a rough surface by
a force with magnitude P, as shown above. F¢ is
the magnitude of the contact force between blocks
2and 3, and F;, Fy, and Fg are the magnitudes

of the friction, normal, and gravitational forces on
block 3, respectively. Which of the following is a

correct free-body diagram for block 3 ?
(A)

(B)
© Fy
F ¢ Fc
Fg
(D) Fy
Fe
Fg

Unauthorized copying or reuse of
any part of this page is illegal.
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Directions: For each of the questions or incomplete statements below, two of the suggested answers will be correct.
For each of these questions, you must select both correct choices to earn credit. No partial credit will be earned if

only one correct choice is selected. Select the two that are best in each case and then fill in the corresponding circles
that begin with number 131 on the answer sheet.

131. A block slides down an inclined plane in a
classroom. Which of the following pieces of
information are needed to determine whether the

velocity of the block will be constant? Select two
answers.

(A) The mass of the block

(B) The angle of the inclined plane 133. The figure above shows the result when two

(C) The acceleration due to gravity in the rectangular wave pulses overlap. If the pulses
classroom are moving at a rate of 1 tick mark per second,

(D) The coefficient of kinetic friction between the which of the following are possible graphs of
block and the inclined plane the waves 2 s later? Select two answers.

(A) Inw— —

0O 2 4 o6 8 10 12

132. A test car and its driver, with a combined mass
of 600 kg, are moving along a straight, horizontal
track when a malfunction causes the tires to stop
rotating. The car skids to a halt with constant

acceleration, leaving skid marks on the road 0O 2 4 6 8 10 12
during the whole time it skids. Which two of the

following measurements, taken together, would (B)
allow engineers to find the total mechanical | -
energy dissipated during the skid? Select two |
answers.

(A) The length of the skid marks i
(B) The contact area of each tire with the track 0 2 4 6 8 10 12

(C) The coefficient of static friction between the
tires and the track ©

(D) The coefficient of kinetic friction between the
tires and the track

D)

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE
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134. Four forces are exerted on a disk of radius R that

is free to spin about its center, as shown above.
The magnitudes are proportional to the length of
the force vectors, where F; = F,, F, = F;, and
F, = 2F,. Which two forces combine to exert
zero net torque on the disk? Select two answers.
(A) F

(B) F,

© F

(D) F,

Unauthorized copying or reuse of
any part of this page is illegal.

GO ON TO THE NEXT PAGE.
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AP° Physics 1: Algebra-Based Exam

(SECTION II: Free Response )

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

Total Time
1 hour and 30 minutes

Number of Questions
5

Percent of Total Score
50%

Writing Instrument
Either pencil or pen with
black or dark blue ink

Electronic Device
Calculator allowed

Suggested Time
Approximately
25 minutes each for
questions 2 and 3 and
13 minutes each for
questions 1,4, and 5

Weight
Approximate weights:
Questions 2 and 3:
26% each
Questions 1, 4, and 5:
16% each

f At a Glance w

- J

IMPORTANT Identification Information

PLEASE PRINT WITH PEN:

1. Firsttwo letters of your last name Dj
First letter of your first name D

2. Date of birth

Month Day Year
3. Six-digit school code
its reporting.

No, | do not grant the College Board

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.

4. Unless | check the box below, | grant the
College Board the unlimited right to use,
reproduce, and publish my free-response
materials, both written and oral, for
educational research and instructional

purposes. My name and the name of my

| ‘ school will not be used in any way in

connection with my free-response

materials. | understand that | am free to
mark “No” with no effect on my score or

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.

Form I
Form Code 4PBP4-S
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AP® PHYSICS 1 TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m,, =1.67 X 107 kg Electron charge magnitude, e =1.60 x 107 C

Neutron mass, m, = 1.67 x 107’ kg Coulomb’s law constant,  k = 1/4ze, = 9.0 x 10° N-m?/C>

Electron mass, m, = 9.11 x 107! kg

Universal gravitational

_ -1 3 2
constant, G=667x100" m /kg-s

. Acceleration due to gravity
— 8 _ 2
Speed of light, ¢ = 3.00 x 10° m/s at Earth's sarface, & = 98 m/s
meter, m kelvin, K watt, w degree Celsius, °C
UNIT kilogram, kg hertz, Hz coulomb, C
SYMBOLS | second, D newton, N volt, \Y
ampere, A joule, J ohm, Q
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefi Symbol o o o o o o o
> =) 0 0 30 | 37 | 45 | 53 | 60" | 90
10 tera T
10 giga G sin@ 0 1/2 3/5 | V2/2 | 4/5 | J3)2 1
10° mega M cosf 1 V3/2 | 4/5 | V2/2 | 3/5 1/2 0
10° kilo k tan6 0 V3/3 | 3/4 1 4/3 3 oo
1072 centi c
107 milli m The following conventions are used in this exam.
1070 micro u I. The frame of reference of any problem is assumed to be inertial unless
5 otherwise stated.
10~ nano n II. Assume air resistance is negligible unless otherwise stated.
10712 pico p III.  In all situations, positive work is defined as work done on a system.

IV. The direction of current is conventional current: the direction in which
positive charge would drift.
V. Assume all batteries and meters are ideal unless otherwise stated.




AP® PHYSICS 1 EQUATIONS

MECHANICS

i=“—=
m m
|Fy| < ulF|
V2
aC:T
p=my
Ap = FAt
_1. 2
K—zmv

AE =W = ﬁla’ = Fdcos@

AE

P="x

0 =6, + wyt +%at2
0 =a,+at
x = Acos (27 ft)

-’_2?_%net
o = 7 =

1

T=rF =rFsinf

L=1w
AL =T/t
K=%Iw2
|F,| = k||
1,2
US =§kx
m
P=7

a

BN T OERTHIISQTUNII DI~ TIIA

= acceleration
amplitude

= distance

= energy

= frequency

= force

= rotational inertia

= Kkinetic energy

= spring constant

= angular momentum
= length

= mass

= power

= momentum

= radius or separation
= period

= time

= potential energy

= volume

= speed

= work done on a system
= position

= height

= angular acceleration
= coefficient of friction

= angle

= density

= torque

= angular speed

AUg = mgAy
T:%’:%
T, =2rx %
Tp=2n'§
’ﬁg|_Gm;T2
Us :_Gmlmz

ELECTRICITY
= | _ o |99 A = area
’FE‘_kr—z‘ F = force
A I = current
=24 ¢ = length
At
’ P = power
R = % q = charge
R = resistance
I = AV r = separation
R t = time
P=TAV V = electric potential
R, = YR, p = resistivity
i
1 _yl
RP i R’
WAVES
f = frequency
1=2 v = speed
f A = wavelength
GEOMETRY AND TRIGONOMETRY
Rectangle A = area
A = bh C = circumference
. V = volume
Triangle S = surface area
A= 1 bh b = base
2 h = height
¢ = length
Circle w = width
A=nr’ r = radius
C =2nr
Rectangular solid Right triangle
Cylinder sinf = %
V =nr’t b
S =2zl + 27r* cost) = c
a
Sphere tan6 = b
4 3
V=—nr
3 ¢ a
S = 4xr? 0 90¢
b




PHYSICS 1
Section II
Time—1 hour and 30 minutes
5 Questions

Directions: Questions 1, 4, and 5 are short free-response questions that require about 13 minutes each to answer and
are worth 7 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

Ceiling
<—Bracket
Pulley —{|@

String—

3m

m

-— Q>

Floor

1. (7 points, suggested time 13 minutes)

Two blocks, with masses m and 3m, are attached to the ends of a string with negligible mass that passes over a
pulley, as shown above. The pulley has negligible mass and friction and is attached to the ceiling by a bracket.
The blocks are simultaneously released from rest.

(a) Derive an equation for the speed v of the block of mass 3m after it falls a distance d in terms of m, d, and
physical constants, as appropriate.

Unauthorized copying or reuse of
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(b) Determine the work done by the string on the two-block system as each block moves a distance d.

(c) The acceleration of the center of mass of the blocks-string-pulley system has magnitude acom. Briefly

explain, in terms of any external forces acting on the system, why acom is less than g.

Unauthorized copying or reuse of

any part of this page is illegal. GO ON TO THE NEXT PAGE



Passenger Compartment

Floor
Book

0

X

2. (12 points, suggested time 25 minutes)

A passenger compartment of a rotating amusement park ride contains a bench on which a book of mass m,, is

placed, as indicated by the dot in the left figure above. The compartment moves with a constant angular speed
about the center of the ride along a circular path of radius R. The bench remains horizontal throughout the

compartment's motion. The right figure above shows a magnified view of the compartment.

The graph below shows the horizontal (x) component of the book's position as a function of time, where the
+x-direction is to the right.

O N NN
\/ \/ \V/ \

0 100 200 300 400 500
Time (s)

(a)
i. Determine the period of revolution of the book.

ii. Calculate the tangential speed v, (not the angular speed) of the book.

Unauthorized copying or reuse of
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(b)

i. On the dot below, which represents the book, draw and label the forces (not components) that act on
the book at the lowest point of its circular path. Each force must be represented by a distinct arrow
starting on, and pointing away from, the dot.

ii. At the lowest point of the circular path, the book is moving only in the horizontal direction. In what
direction, if any, is the net vertical force on the book?

—Up — Down -No direction, since the net vertical force is equal to zero

Without deriving any equations, briefly explain your reasoning in terms of the book's motion.

(c) Derive an algebraic equation for the vertical force that the bench exerts on the book at the lowest point of the
circular path in terms of the book’s mass m,, , tangential speed v,,, radius R of the path, and physical

constants, as appropriate. Do not substitute any numerical values for variables or physical constants.

(d) At the lowest point of the circular path, is the force that the bench exerts on the book greater than, less than,
or equal to the weight of the book?

Greater than Less than Equal to

Briefly explain how your answers in (b)ii and (c) support your selection.

Unauthorized copying or reuse of
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3. (12 points, suggested time 25 minutes)

A company selling a type of spring makes the following claim: “The elastic potential energy that the spring is
capable of storing for a given compression distance does not decrease, even after the spring compresses and/or
stretches hundreds of times.” The students in a physics class have decided to test the company’s claim.

(a)

i. State a basic physics principle or law the students could use in designing an experiment to test the

company’s claim.

ii. Using the principle or law stated in part (a)i, determine an equation for the elastic potential energy
stored in the spring in terms of quantities that can be obtained from measurements made with

equipment usually found in a school physics laboratory.

(b) Design an experimental procedure the students could use to collect the data needed to test the company’s
claim. Assume equipment usually found in a school physics laboratory is available.

In the table below, list the quantities and associated symbols that would be measured in your experiment and
the equipment used to measure them. Also list the equipment that would be used to measure each quantity.
You do not need to fill in every row. If you need additional rows, you may add them to the space just below

the table.

Quantity to Be Measured

Symbol for Quantity

Equipment for Measurement

Unauthorized copying or reuse of
any part of this page is illegal.
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(b) Continued

Describe the overall procedure to be used, referring to the table. Provide enough detail so another student

could replicate the experiment, including any steps necessary to reduce experimental uncertainty. As needed,
use the symbols defined in the table and/or include a simple diagram of the setup.

(c) Explain how the students should analyze the data to determine whether the company's claim is true, i.e.,

whether the energy stored by the spring for a given compression distance does not decrease after the spring
has compressed and/or stretched hundreds of times.

Question 3 continues on the next page.

Unauthorized copying or reuse of
any part of this page is illegal.
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(d) The students also investigate two springs, spring A and spring B, made by another company. The students
hang spring A vertically, attaching blocks of various known masses from the bottom end of the spring and

measuring the total length of the spring for each block. The students graph the spring length as a function of
hanging mass and draw the line of best fit, as shown below.

A

e 75

)

on —

o 25
g —— Spring A
2 _
195

0 50 100 150 200

Hanging Mass (g)

i. The students follow the same procedure using spring B, which has the same equilibrium length
as spring A but stores more energy than spring A for a given displacement. On the graph above,
sketch what the line of best fit could look like for the data obtained using spring B.

ii. The students attach a 100 g block to spring B and let it hang at rest. The students pull the block down
by 1 cm, release it, and measure the time interval A¢ for one oscillation. The students then repeat the

procedure, but pull the block down by 2 cm instead of 1 cm. For which initial displacement, if either,
is At greater?

At is greater for the At is greater for the At is the same
1 cm displacement. 2 cm displacement. in both cases.

Briefly explain your reasoning.

Unauthorized copying or reuse of
any part of this page is illegal.
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Tube Speaker
Ze
I L I

Note: Figure not drawn to scale.

4. (7 points, suggested time 13 minutes)

A speaker is placed near a narrow tube of length L = 0.30 m, open at both ends, as shown above. The speaker
emits a sound of known frequency, which can be varied. A student slowly increases the frequency of the emitted

sound waves, without changing the amplitude, until the fundamental frequency fo inside the tube is reached and
standing waves are produced (fundamental resonance). The speed of sound in air is 340 m/s.

(a)

i. Calculate the period To of the sound waves at the fundamental resonance.

ii. For the fundamental resonance, consider the air pressure at point Z inside the tube. On the axes below,
sketch the air pressure at point Z as a function of time. At time ¢ = 0, the pressure at point Z is F,
which is the atmospheric pressure.

Note: Do any scratch (practice) work on the grid at the bottom of the page. Only the sketch made on
the grid immediately below will be graded.

4 I 1 | |
N e —— - ——————— - J———
- 1 I 1 1 1
=] 1 I | 1 1
= Lo A - N — I
Qc_ 1 I 1 1 1
1 I I | |
= Pop-------- ittty Nt Attty === Time
= 1 | i i i
= [ | [ [ (I
{f r T T T |
o 1 I 1 | |
= 1 I l I 1
jas) T e e T ===
1 I l 1 1
0 0 2T,

The grid below is provided for scratch work only. Sketches made below will not be graded.

4 I 1 | |
N e —— - ——————— - J———
- 1 I 1 1 1
=] 1 I | 1 1
‘= Lo A - N — I
Qc_ 1 I 1 1 1
1 I I | |
= Pop-------- ittty Nt Attty === Time
= 1 | i i i
= [ | [ [ (I
2 r T T T 1
o 1 I 1 | |
= 1 I l I 1
jas) T e e T ===
1 I l 1 1
0 0 2T,
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(b) The student continues to slowly increase the frequency of the sound waves emitted by the speaker without
making any other changes to the setup. The student hears additional resonances at two higher frequencies,

fiand f,.

On the axes below, sketch the loudness of the sound (sound volume) heard by the student as a function of
the frequency generated by the speaker for the range of frequencies shown on the horizontal axis. The
fundamental frequency is f;, .

A=======- Fommm———- F----»=Frequency

Jo i 5

Loudness
Q
S S
i
1
1
1
1
1

(¢) The temperature of the air in the tube is increased. As the temperature increases, the speed of sound in
the air increases. (Assume the size of the tube does not change). Does the tube’s fundamental frequency
increase, decrease, or stay the same?

Increase Decrease Stay the same

Briefly explain your reasoning.

Unauthorized copying or reuse of
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Platform

__

Water

L~ A L~ A A

Figure 1 Figure 2 Figure 3
5. (7 points, suggested time 13 minutes)

The figures above show three stages of a dive performed by an athlete. During the dive, the athlete completes
several rotations in midair while traveling from the platform to the surface of the water. Figure 1 shows the

athlete just after jumping off the platform. Figure 2 shows the athlete rotating in midair. Figure 3 shows the
athlete about to enter the water.

(a) In a clear, coherent paragraph-length response that may also contain figures and/or equations, explain why

the athlete’s angular speed increases between Figure 1 and Figure 2 but decreases between Figure 2 and
Figure 3.

Unauthorized copying or reuse of
any part of this page is illegal.
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(b) Is the rotational kinetic energy K, ., of the athlete in Figure 2 greater than, less than, or equal to the

rotational kinetic energy K, ., of the athlete in Figure 1 ?

K

K 1,rot B 2,rot <K

R 2,rot

> K

1,rot — 2 rot = 1,rot

Briefly explain your answer.

Unauthorized copying or reuse of
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STOP
END OF EXAM

IF YOU FINISH BEFORE TIME IS CALLED,
YOU MAY CHECK YOUR WORK ON THIS SECTION.

THE FOLLOWING INSTRUCTIONS APPLY TO THE COVERS OF THE
SECTION Il BOOKLET.

MAKE SURE YOU HAVE COMPLETED THE IDENTIFICATION
INFORMATION AS REQUESTED ON THE FRONT AND BACK
COVERS OF THE SECTION Il BOOKLET.

CHECK TO SEE THAT YOUR AP NUMBER LABEL APPEARS
IN THE BOX ON THE FRONT COVER.

MAKE SURE YOU HAVE USED THE SAME SET OF AP

NUMBER LABELS ON ALL AP EXAMS YOU HAVE TAKEN
THIS YEAR.
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AP Physics 1
2019

APPENDIX - ANSWERS

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



Answer Key for AP Physics 1: Algebra-Based

Practice Exam, Section I

Question 1:
Question 2:
Question 3:
Question 4:
Question 5:
Question 6:
Question 7:
Question 8:
Question 9: *
Question 10:
Question 11:
Question 12:
Question 13:
Question 14:
Question 15:
Question 16:
Question 17:
Question 18:
Question 19:
Question 20:

WmcQoOpr®mQU

FPODOQO0OQO0OrrQEA

Question 21:
Question 22:
Question 23:
Question 24:
Question 25:
Question 26:
Question 27:
Question 28:
Question 29:
Question 30:
Question 31:
Question 32:
Question 33:
Question 34:
Question 35:
Question 36:
Question 131: B,D
Question 132: A,D
Question 133: B,D
Question 134: B,D

QWUoOWprErpQQWOODO>rOQQUO0AN

*Item was not scored.



Multiple-Choice Section for Physics 1
2019 Course Framework Alignment and Rationales

Question 1
Science Practice Learning Objective Topic
52 5D25 Conservation of Linear

Momentum

(A) Incorrect. The objects could also be moving to the right or be at rest.
(B) Incorrect. The objects could also be moving to the left or be at rest.
(©) Incorrect. The objects could also be moving to the left or right.
(D) Correct. The total momentum of the two-object system is the same

immediately before and immediately after the collision. However, the
initial speeds of the objects and therefore their initial momenta are
not known. Therefore, the total momentum of the two-object system
cannot be determined. After the collision, the objects move together
in the direction of the unknown momentum of the system, or could
remain at rest if the momentum is zero.




Question 2

Science Practice Learning Objective Topic

7.2

Conservation of Linear
5.D.2.3
Momentum

(A)

Incorrect. This would be the sister's kinetic energy if K referred to
the brother's kinetic energy, and it was also assumed that she had the
same mass as (incorrect) and twice the speed of the brother when

calculating her kinetic energy.

(B)

Incorrect. This would be the sister's kinetic energy if K referred to
the brother's kinetic energy. Alternatively, it could also result from
the assumption that the brother has the same speed (incorrect) as

and twice the mass of the sister when calculating his kinetic energy.

(©)

Correct. Since the brother and sister are initially at rest, the total
momentum of the brother-sister system is zero. After they push away
from each other, the brother and sister will have momenta of equal
magnitude but in opposite directions so that the vector sum of their
momenta remains zero. In order for the momentum p = mv to
have the same magnitude, the brother's speed must be half of the
sister's speed since he has twice the mass. Therefore the brother's

kinetic energy K = %mv2 will be

| Vster |
E(zmsister (%MJ

1 2 1
= E(msister )(Vsister ) (2 x Z)

1 2(1
= E(msister )(Vsister ) (5)
K

S 2
which is half of the sister's kinetic energy.

>

(D)

Incorrect. This option is based on the assumption that the brother
has the same mass as (incorrect) and half the speed of the sister when

calculating his kinetic energy.




Question 3

Science Practice Learning Objective Topic

1.5

Position, Velocity, and
3.A.1.1

Acceleration

(A)

Incorrect. The acceleration of the cart is in the +x -direction rather than the
—x -direction. This choice is based on the assumption that the acceleration
range of the cart is entirely in the —x -direction.

(B)

Correct. The range of constant acceleration values in the +x -direction may
be used to determine the possible range of final positions at ¢ = 1s..

. . . 1
The kinematics equation x = xy + v, + —atxt2 can be solved separately for

2
accelerations of 3 m/s2 as well as 6 m/s2 , with x, =10m, v,y = -3 m/s,
and ¢ = 1s. For an acceleration of g, =3 m/sz, the position at ¢ = 1s
would be
3 1 2 2 _ -
x = (10 m) + (-3 m/s)(1s) + (3 m/s*)(1s)* = (10-3+15) m=8.5m.
For an acceleration of a, = 6 m/ s2, , the position at = 1 s would be

x = (10m) + (3m/s)(Is) + T(6m/s?)(1s)” = (10 =3 + 3)m = 10m.

Therefore, the position at ¢ = 1s must be between 8.5m and 10m .

©

Incorrect. The cart has an initial velocity of 3m / s in the —x -direction.
This choice is based on the assumption that the cart does not have an initial
velocity.

D)

Incorrect. The cart has an initial velocity of 3 m/s in the —x -direction.
This choice is based on the assumption that the cart has an initial velocity of
3 m/s in the +x -direction.




Question 4

Science Practice Learning Objective Topic

1.4

Kirchhoff’s Junction
Rule, Ohm’s Law
(Resistors in Series and
Parallel)

5.C.3.3

(A)

Correct. Applying the loop rule to any two of the resistors shows that
any two, and therefore all three, resistors must have the same
potential difference (voltage drop). From Ohm's law, the currents

I = % are then inversely related to the resistances (V' is the same

for each resistor). Since the ranking of the resistors is
(R, = Ry) > R, the currents will have the reverse ranking and
L > (L = 1)

Alternatively, resistors R, and R; can be combined in parallel for a
single equivalent resistance of R, = 50Q, which is equal to R;.
Resistor R, therefore has the same current as the equivalent resistor

R, , which is twice the current in either R, or R;.

(B)

Incorrect. This choice erroneously gives the currents the same
ranking as the resistances of the resistors.

(©

Incorrect. This choice erroneously gives the currents the same
ranking as the potential differences across the resistors.

(D)

Incorrect. Although the current through the ammeter is not known,
the relative amounts of the currents through the resistors can be
determined.




Question 5

Science P

ractice Learning Objective Topic

6.4

Work and Mechanical

4.C2.1
Energy

(A)

Incorrect. This is the segment with the highest average potential
energy for the system, but it is not where the net force on the object

has the greatest magnitude.

(B)

Incorrect. This is the only segment where the net force increases
the object's kinetic energy as the object moves in the positive
x -direction, but it is not where the net force is greatest in magnitude.

(©

Incorrect. This is the segment where the object's kinetic energy is
greatest, but the net force on the object is actually zero.

(D)

Correct. The change in the kinetic energy of the object is directly
proportional to the net force exerted on the object, and equal in
magnitude to the change in potential energy U of the system.

(AE = B |d , and the distance d is the same for any pair of adjacent
points.) Therefore, the greatest net force occurs between adjacent

points with the greatest magnitude of change in U. This interval is
segment LM , where U changes by 3J.

Question 6

Science P

ractice Learning Objective Topic

2.2

Work and Mechanical

4.C.1.1
Energy

(A)

Incorrect. This value represents the total mechanical energy of the

system.

(B)

Incorrect. This value represents the potential energy of the system at

point H.

(©)

Correct. The total mechanical energy of the system, whichis 517J,, is
the sum of the system's potential energy and the kinetic energies of
all objects in the system. Since the object that moves along the x -axis
is the only moving object in the system, it is the only contributor to
the system's kinetic energy. According to the graph, the system's
potential energy is 2J at point K and so the object must have a

kinetic energy of 3J, for a total system mechanical energy of 5 J.

(D)

Incorrect. This value represents either the potential energy of the
system at point K or the change in the object's kinetic energy
between points H and K.




Question 7

Science Practice Learning Objective Topic

1.4

Representations of
4.B.1.1

Changes in Momentum

(A)

Incorrect. On segment HI, while the change is zero for the object's
kinetic energy, speed, and magnitude of momentum, these quantities
themselves are nonzero.

(B)

Incorrect. On segment HI, while the change is zero for the object's
kinetic energy, speed, and magnitude of momentum, these quantities
themselves are nonzero. On segment L/, while the system's potential
energy is decreasing, there will be an increase in the object's kinetic
energy, speed, and magnitude of momentum.

(©)

Correct. The total mechanical energy of the system is 5J for all
locations, and equals the sum of the system's potential energy and the
object's kinetic energy. (Everything else in the system is not moving
and does not contribute to the total kinetic energy.)

On segment HI, the system's potential energy is a constant 4J, so
the object's kinetic energy is a constant 1 J in order for the total
mechanical energy to remain at 5J. Since the object's kinetic energy
is a positive constant, its speed and also the magnitude of its
momentum must be positive constants as well.

On segment 1J, the system's potential energy is decreasing, so the
object's kinetic energy must be increasing for the total mechanical
energy to remain at 5J. Since the object's kinetic energy is
increasing, its speed and also the magnitude of its momentum must
be increasing as well.

(D)

Incorrect. On segment L/, while the system's potential energy is
decreasing, there will be an increase in the object's kinetic energy,
speed, and magnitude of momentum.




Question 8

Science Practice Learning Objective Topic

6.4

Interference and
6.D.3.2 Superposition (Waves in

Tubes and on Strings)

(A)

Incorrect. A tube that is open at one end and closed at another end will
have an antinode at the open end (with respect to the maximum
displacement of the particles in the air) and a node at the closed end.

The distance between a node and an antinode for a standing wave is A .

4

The second standing wave is established in the case where

Ly = % + % = % . The third standing wave is established in the case

whereLozﬁ+i=ﬂ

4 2 4

(B)

Correct. The wavelength of a wave is related to the velocity of the wave
as it travels through the medium and the frequency of the wave is given
Y
/

wave travels through determines the speed of the wave, which means

by the equation 4 = — , or v = Af. The medium that a mechanical

that a change in the frequency of the wave will only change the
wavelength of the wave. In both tubes, the fourth possible standing wave
above the first harmonic is shown. The wavelength of the sound wave
produced in tube X is different from the wavelength of the sound wave
produced in tube Y. Therefore, if the speed of the sound waves are the
same for both tubes, then the frequency of the tuning forces used to
produce the sound waves in both tubes must be different for each tube.

(©

Incorrect. Since the standing wave produced in tube X has the same
number of nodes and antinodes (with respect to the maximum
displacement of the particles in the air) as the standing wave produced
in tube Y, the length of the tube in which sound waves can be produced
is different. A tube that is open at one end and closed at another end will
have an antinode at the open end (with respect to the maximum
displacement of the particles in the air) and a node at the closed end.

The distance between a node and an antinode for a standing wave is % .

The first harmonic is established in the case where L = i where 7 isa

4
positive, odd, whole number starting with n = 1. Therefore, the

wavelength of a standing wave for a given tube length willbe A = 4L .
n

The length of the tube affects the wavelength of the standing wave for a
given value of 7.

(D)

Incorrect. Although the tubes are identical, the length of the tube that
allows for the production of standing waves of sound is different for
each tube.




Question 9 was not used in scoring.

Question 10

Science Practice Learning Objective Topic
7.2 6.B.4.1 Periodic Waves
(A) Incorrect. This solution is based on the assumption that the wave

speed is equal to the amplitude of the wave divided by time in which
the object vertically travels from the crest of a wave to the next

trough.

(B)

Incorrect. This solution is based on the assumption that the average
vertical speed of the floating object is equal to the speed of the water

wave.

(©)

Correct. The wavelength of the water wave is 4 = 20m, the distance
between two adjacent crests of the wave. In a time of 2s, the object
vertically travels from a crest of a wave to the next trough as the wave
propagates through the water. This means that the wave has moved
one-half of a wavelength. Therefore, the wave has traveled a distance
A 20m 10m

_ 20m _ o . . _cm
ofE— 5 10m in a time of 2s, and its speed is s SS.

(D)

Incorrect. This solution is based on the assumption that the wave has

moved a full wavelength in the stated 2s time interval.




Question 11

Science Practice Learning Objective Topic

5.1

Kirchhoff’s Junction
Rule, Ohm’s Law
(Resistors in Series and
Parallel)

5.C.3.2

(A)

Incorrect. Point 1 is located at a position before the current splits at
the top-center junction. Point 2 is located at a position after the
current has split at the junction. The currents measured at these
points do not correspond to the electrons that enter and leave the
same resistor or resistor combination.

(B)

Correct. To test the hypothesis, current measurements must be made
that correspond to the electrons that enter and leave the same
resistor or resistor combination. If all electrons that enter each
resistor in the circuit also leave each resistor, then ammeters placed
at points 1 and 5 will register equal currents. The hypothesis could
also be tested for just the rightmost resistor by placing ammeters at
points 3 and 4, but this option was not provided.

(©

Incorrect. Points 2 and 4 are located in different branches of the
circuit, so the currents at these points do not correspond to the
electrons that enter and leave the same resistor or resistor
combination.

(D)

Incorrect. Point 3 is located at a position before the current
recombines at the bottom-center junction. Point 5 is located at a
position after the current has recombined at the junction. The
currents measured at these points do not correspond to the electrons
that enter and leave the same resistor or resistor combination.




Question 12

Science Practice Learning Objective Topic
75 3 A4S Newton’s Third Law
’ o and Free-Body Diagram

(A)

Incorrect. This solution is based on the assumption that the doll does
not exert a force on the robot when the robot exerts a force on the
doll. However, Newton’s third law of motion should be considered

when analyzing the situation.

(B)

Incorrect. This solution is based on the assumption that an external
force of 0.3N is exerted on the doll-robot system, which has a mass

of 0.5kg. The value of 0.60 m/ s> would then represent the

acceleration of the system.

(©)

Correct. According to Newton’s third law of motion, if object A
exerts a force on object B, then object B exerts a force of equal
magnitude but opposite direction on object A . Therefore, if the
robot pushes the doll with a force of 0.3N, the doll exerts a force on
the robot of 0.3N . Newton’s second law of motion can then be used

to calculate the robot's acceleration.

Arobot = m

2
Arobot = 1 IIl/S

(D)

Incorrect. This value represents the acceleration of the doll.




Question 13

Science Practice Learning Objective Topic

2.2

Conservation of Linear
5.D.1.5

Momentum

(A)

Correct. This is the only choice in which both the total momentum and the
total kinetic energy of the block-sphere system do not change as a result of
the collision. This is the only physically plausible outcome for an elastic
collision.

2
Assume that the speed of the sphere immediately after the collision is %'

2

a short time later it will be slightly less due to its upward swing on the cord.
The initial momentum of the system is due to the block and is mv, toward
the right, which can be taken as the positive direction. The sphere is initially
at rest and has a rightward force exerted on it by the block, so the sphere
must be moving toward the right after collision. If the velocities of the block

v 2y
and sphere immediately after the collision are —~ and +—_,

3 3

respectively, then the total momentum immediately after the collision is

Vo 2v, ( 1
= — —_— 2 —_— -
p=-m—+2m— 3

momentum.

+ %) mv, = my,, which equals the initial

The initial kinetic energy of the system is due to the block and is %mvo2 .

For the speeds given in this choice, the total kinetic energy immediately
after the collision is

2 2
L[} Ly, ( 20y L 2(1 i)_l 2 \whi
K—zm(3) +22m( 3) =M 9+2><9 _2mv0,wh1ch

equals the initial kinetic energy.

(B)

Incorrect. For this choice to be true, the total momentum of the block-
sphere system would have to change from its initial value of mv,, to a value

of

2
p= mv?0+2m%: (%Jr%)mvo > my,

as a result of the collision. This is not physically plausible.

(©

Incorrect. For this choice to be true, the total momentum of the block-
sphere system would have to change from its initial value of mv,, to a value

of 2my, as a result of the collision. This is not physically plausible.

(D)

Incorrect. For this choice to be true, the total momentum of the block-
sphere system would have to change from its initial rightward direction to a
leftward direction as a result of the collision. This is not physically plausible.




Question 14

Science Practice Learning Objective Topic

Conservation of Linear
6.4 5.D.2.3

Momentum

(A) Incorrect. This choice is based on the assumption that the collision is
elastic and that kinetic energy remains the same immediately before,
during, and immediately after the collision.

(B) Incorrect. The combined mass of the blocks immediately after the
collision is 4m instead of 2m. The combined mass of the blocks
immediately after the collision is not equal to the average of the
blocks” masses.

() Incorrect. The ratio K : K; is not equal to the ratio of the masses of
the blocks.




Question 14 (continued)

(D)

Correct. The final kinetic energy of the two-block system must be
divided by the initial kinetic energy of the two-block system. This ratio
can be determined by applying the law of conservation of momentum.
A net external force is not exerted on the two-block system, which
means that the total momentum of the system remains the same from
immediately before the collision to immediately after the collision.

The block of mass m is treated as block X, and the block of mass 3m
is treated as block Y. Determine the final speed of the system.

Xpo =2Ip,

Pxo * Pro = Pxo T Pro

MyVyo + MyVyg = MyVyr + MyVys
mvyo +(3m)(0) = (m +3m)v,

Vyo = 4vf
_ Yxo
Vf = —4

Determine the initial kinetic energy of the system immediately before
the collision.

K = Emv2
| )

Determine the final kinetic energy of the system immediately after the
collision.

2
K, = %(4”1)‘;—)6(
Kf = (%)%mvg(
Ky = (%)%mvﬁ
K oK

Determine the ratio K I K;.




Question 15

Science Practice Learning Objective Topic

2.2

Gravitational Field /
Acceleration Due to
2.B.2.2 . .
Gravity on Different

Planets

(A)

Incorrect. Although the radius of the planet is 90% the radius of
Earth, that does not mean that the acceleration of the meteoroid is
90% that of the gravitational acceleration at Earth's surface.

(B)

Incorrect. This is the wrong magnitude and direction for the

meteoroid's acceleration.

(©)

Correct. The meteoroid's acceleration must be in the same direction
as the net force exerted on the meteoroid. The net force is entirely
due to the gravitational force exerted by the planet, which is toward
the center of the planet.

Newton’s law of universal gravitation can be used to determine the
magnitude of the meteoroid's acceleration. First, note that the
distance from the meteoroid to the planet's center is

(0.9 x 6370 + 600)km = 6333km, which is very nearly (99.4% of)

the radius of Earth. The gravitational force on the meteoroid is then
mm ME ety M -
F,=G 1 > 2 » G—Larh me;eormd . Dividing by the mass of the
r TEarth

meteoroid gives an acceleration for the meteoroid of

F m
_ g - Earth _ - m
Ameteoroid = m - G >y - 8% 10_2-
meteoroid TRarth

(D)

Incorrect. The meteoroid's acceleration is not in the direction of the
meteoroid's motion.




Question 16

Science Practice Learning Objective Topic

7.2

Conservation of
5E.1.1

Angular Momentum

(A)

Incorrect. Although the planet’s gravitational force does provide a
centripetal force on the meteoroid, a centripetal force cannot provide
a torque about the center of the circular orbit where the planet's
center of mass is located.

(B)

Incorrect. Although the meteoroid’s direction of motion is
constantly changing, this only indicates that a force, not necessarily a
torque, is exerted on the meteoroid.

(©

Incorrect. The force exerted by the planet on the meteoroid is not
negligible, and is responsible for the meteoroid moving in a circular
orbit rather than a straight line.

(D)

Correct. The planet exerts a force toward the center of mass of the
planet, which is parallel to the meteoroid's position vector relative to
the planet's center of mass. The position vector therefore has no
component perpendicular to the force, so the torque 7 = | F is zero

because 7| is zero.

Question 17

Science Practice Learning Objective Topic

1.4

Conservation of Energy,
5.B.3.3 the Work-Energy
Principle, and Power

(A)

Incorrect. The rotational kinetic energy of the satellite changes as a
result of the firing of the thrusters.

(B)

Incorrect. The rotational kinetic energy of the satellite changes as a
result of the firing of the thrusters, but the satellite's orbital path does
not.

(©)

Correct. Each thruster exerts a clockwise torque on the satellite,
causing the satellite to rotate. The rotational kinetic energy of the
satellite changes from being initially zero to a positive value. Since
the other contributions to the mechanical energy of the satellite-
Earth system (translational kinetic energy, gravitational potential
energy) do not change, the increase in rotational kinetic energy
means that the overall mechanical energy increases. Note also that
the forces (not the torques) exerted by the identical thrusters are in
opposite directions, and so do not change the net force exerted on
the satellite. The satellite therefore continues in the same orbital path
it would have if the thrusters did not fire.

(D)

Incorrect. The satellite's orbital path does not change.




Question 18

Science Practice Learning Objective Topic
22 3.C.2.1 Electric Force
(A) R

2
Incorrect. This solution is based on the assumption that (%) =%

2
ther than —.
rather than -

(B)

Incorrect. This solution is based on the assumption that

2 2 2 2
(5) - R rather than R—, and the assumption that F = kL
5 5 25 R?

2
rather than F = 2kq—.
Rz

(©)

Correct. An application of Coulomb’s law in the case for two point
charges should be applied in this situation. Determine the value of
F in terms of known quantities.

94
|FE|:k 122

|F| _ k‘(2Q)(Q)’
R2

Determine the magnitude of force under consideration F] in terms
of F.

[P = K13

(261)(3261)
(5)

6q° (25
A=k D)
R

|7l =k

2

q
F =(150)k—=—
1 ( ) R2

q2

2
A= (75)[2k%}

F =75F

(D)

2
9

Incorrect. This solution is based on the assumption that F' = k=—
R

2
rather than F = 2kq—.
R2




Question 19

Science Practice Learning Objective Topic

6.4

Conservation of Energy,
5.B.4.1 the Work-Energy
Principle, and Power

(A)

Incorrect. While this height is where the potential energy of the
spring is a minimum, the gravitational potential energy between the
block and Earth must also be taken into account to determine where
the potential energy is a minimum for the block-spring-Earth

system.

(B)

Correct. Since the block can remain at rest on the spring after being
slowly lowered to a height L,
the potential energy of the block-spring-Earth system. For the total

this height represents a minimum in

mechanical energy of the system to remain constant after the block is
released, this height must also represent a maximum in kinetic
energy for the block.

(©

Incorrect. While this is the minimum height attained by the block,
and therefore where the gravitational potential energy between the
block and Earth is a minimum, the potential energy of the spring
must also be taken into account to determine where the potential
energy is a minimum for the block-spring-Earth system.

(D)

Incorrect. This height is the midpoint between where the block was
brought to rest at an earlier time and where it was later released, and
so it might be confused with the midpoint of the block's oscillations
where there would be a minimum in potential energy. However, after
being released the block will oscillate between two heights that have a

L, +L
midpoint at L , not = 5 o




Question 20

Science Practice Learning Objective Topic

Work and Mechanical
6.4 4.C.2.1

Energy
(A) Correct. Both carts have the same final momentum. But since the

mass of the 1 kg cart is half that of the 2 kg cart, the final speed of
the 1 kg cart 1 must be twice that of the 2 kg cart in order for the

momentum p = mv to be the same for both carts. Since kinetic

energy K = lmv2 is proportional to both mass and the square of

2
the speed, the final kinetic energy of the 2 kg cart is half that of the

1 kg cart,or 257J.

(B) Incorrect. Although kinetic energy K = %mv2 is proportional to
mass, which is greater for the 2 kg cart, the different final speeds of
the two carts must also be taken into account.

(©) Incorrect. Although both carts have the same final momentum, they
have a different final kinetic energy.

(D) Incorrect. Although knowing the distance over which the 5 N force

was exerted would allow determination of the work done on, and
therefore the final kinetic energy of, the 2 kg cart, the 2 kg cart's
final kinetic energy can be determined from other information given
in the question.




Question 21

Science Practice Learning Objective Topic

1.4

Conservation of Energy,
5.B.4.2 the Work-Energy
Principle, and Power

(A)

Incorrect. The kinetic energy would be greater than the potential
energy for all angles greater than 45°.

(B)

Incorrect. The kinetic energy would be greater than the potential
energy at an angle of 45°, even though this is half of the 90° angle
between the lowest point and the horizontal release point.

(©)

Correct. If the length of the string is L and the mass of the sphere is
M , then the total mechanical energy of the sphere-Earth system is
the initial gravitational potential energy MgL . The kinetic and
potential energies always sum to MgL , and are equal when each is
half of this amount or 0.5MgL . This occurs when the sphere is at a
vertical distance of 0.5L above the lowest point, which is also a
vertical distance of 0.5L below the release point.

It may be helpful to draw a figure with the string at an angle of 45°.

When the string angle is 45°, the sphere is a vertical distance L or

V2
approximately 0.7L below the release point and approximately 0.3L
above the lowest point. The potential energy is then approximately
0.3MgL . The sphere must be higher in order for the potential energy
to be the required 0.5MgL , so the string angle must be closer to the

horizontal release point - that is, at an angle smaller than 45°.

(D)

Incorrect. While the potential and kinetic energies both depend on
the mass of the sphere, a determination can be made as to when they
are equal without knowing the sphere's mass.




Question 22

Science Practice Learning Objective Topic

6.4

Momentum and
3.D.2.2

Impulse

(A)

Incorrect. From 15s to 20s, the impulse exerted on the cart is
negative. Since the cart had a positive momentum at 15s, the
negative impulse after 15s means that the cart's positive momentum

will decrease in magnitude.

(B)

Incorrect. From Os to 15s, the impulse exerted on the cart is
positive. Since the cart was initially at rest, the positive impulse
means that the cart's momentum increases steadily from zero
between Os and 15s.

(©

Incorrect. While the magnitude of the cart's momentum does
increase at first and later decrease, the cart neither stops nor reverses
direction in the time interval shown.

(D)

Correct. The area bounded by the force curve and the horizontal axis
for a specific interval of time represents the impulse exerted on the
cart, and therefore the change in the cart's momentum during that
time interval.

From Os to approximately 15s, the area bounded by the curve and
the horizontal axis, and therefore the impulse exerted on the cart, is
positive. Since the cart was initially at rest, the positive impulse
means that the cart's momentum increases steadily from zero
between Os and 15s. The area of 4N x 15s = 60N - s is the cart's

momentum at 15s.

From 15s to 20s, the area bounded by the curve and the horizontal
axis, and therefore the impulse exerted on the cart, is negative. Since
the cart was initially traveling in the positive direction at 15s, the
negative impulse means that the momentum will start decreasing in
magnitude after 15s. The area of -8 N x 5s = —40N - s means that,
at 20s, the cart's momentum will be 60N -s — 40N -s = +20N - s.
The cart's momentum is still in the positive direction at 20s, so the

cart does not reverse direction.




Question 23

Science Practice Learning Objective Topic

5.1

Position, Velocity, and
3.A.1.3 .
Acceleration

(A)

Incorrect. When the area bound by the best-fit curve and the
horizontal axis is negative and equal in magnitude to the positive
area from Os to approximately 3.0s, the remote-controlled car will
return to its original position. During 3s < ¢ < 5s, the remote-

controlled car has only been displaced in the positive direction.

(B)

Incorrect. During 5s < ¢ < 7 s, the positive area bound by the best-
fit curve and the horizontal axis will have a slightly greater
magnitude than the negative area will have. This means that the
remote-controlled car has been displaced in the positive direction
during this time interval. Therefore, the remote-controlled car
cannot be at its original position at time ¢ = Os.

(©)

Correct. When given a graph of a system’s velocity as a function of
time, the area bound between the curve and the horizontal axis is
equal to the displacement of the object for the time interval under
consideration.

From Os to approximately 3.0s, the area bound by the best-fit
curve and the horizontal axis is positive. This means that the remote-
controlled car has been displaced in the positive direction during this
time interval.

At approximately 3.0s, the speed of the remote-controlled car
becomes zero. At approximately 5.0s, the car begins to increase its
speed in the negative direction. Therefore, the remote-controlled car
has reversed its direction.

When the area bound by the best-fit curve and the horizontal axis is
negative and equal in magnitude to the positive area from 0Os to
approximately 3.0s, the remote-controlled car will return to its

original position. This will occur over the time range 7 s < ¢ < 10s.

(D)

Incorrect. When the area bound by the best-fit curve and the
horizontal axis is negative and equal in magnitude to the positive
area from Os to approximately 3.0s, the remote-controlled car will
return to its original position. During 10 s < # <12 s, the negative

area will have a greater magnitude than the positive area will.




Question 24

Science Practice Learning Objective Topic

2.2

Interference and
6.D.4.2 Superposition (Waves in

Tubes and on Strings)

(A)

Incorrect. This frequency is calculated by incorrectly assuming that
the fundamental frequency and the string length are proportional,
when in fact they are inversely proportional.

(B)

Incorrect. This option is based on the incorrect assumption that the
fundamental frequency does not depend on the length of the string.

(©)

Correct. At the fundamental frequency, the standing wave on a
string of length L that is fixed at both ends has a wavelength
A = 2L . First, the wave speed can be determined from the equation

A= % or v=Af =(2x0.8m)(320s™") = 512 m/s. Next, the

fundamental frequency for the new string length of 0.65m can be
v 512 m/ N

determined from f = 2 2x065m 394Hz ~ 390Hz.

Note that fundamental frequency and string length are inversely
proportional, since v = Af = 2Lf . Thus, equating L, f; = L, f, for
the two string lengths would also allow determination of the new
fundamental frequency:

L _(O.SOm) 3 N
fr = L fi= 065 m 320Hz = 394Hz ~ 390Hz.

(D)

Incorrect. This option is based on two incorrect assumptions: first,
that the standing wave for the 0.65m string length has a wavelength
equal to the string length, and second, that the wave speed is equal to
343 m/s, a value typically used for the speed of sound in air.




Question 25

Science Practice Learning Objective Topic
5.1 6.B.4.1 Periodic Waves
(A) Correct. This is a situation in which the student must linearize data

to produce a graph that has a line of best fit. Data must be linearized
so that the line of best fit has the form of y = mx + b. The student is
plotting data that pertains to the wavelength A and frequency f for

each standing wave produced. The equation to use to determine the

speed of the wave is A = Y.

To linearize the data, the following quantities correspond to the

equation for a line of best fit.

y=A1

1L
S

b=0

Therefore, m = v.

Graph 4 as a function of % , and the slope of the line of best fit will

be v.

(B)

Incorrect. If a graph of A4 as a function of f* is created, the curve will

be that of an inverse function in which the slope always changes
between two data points.

(©

Incorrect. If a graph of 4 as a function of 1 is created, the area

under the line between two points will not be the same with respect
to two other points. Furthermore, the interval used on the horizontal

axis to calculate the area would represent a A(%) and the unit for

the area would be m - s, which is not the unit for speed.

(D)

Incorrect. If a graph of A4 as a function of f is created, the area
under the curve between two points will not be the same with respect
to two other points. Furthermore, the interval used on the horizontal
axis to calculate the area would represent Af, which is physically
insignificant when determining the speed of a sound wave due to its

wavelength and frequency.




Question 26

Science Practice Learning Objective Topic

1.5 3.A.1.1 Rotational Kinematics

(A) Incorrect. Although the linear speed is constant, that does not mean
the linear velocity is also constant. Although the wheel is rotating,
that does not mean that the angular speed, which is the rate of
rotation, is changing.

(B) Incorrect. Although the linear speed is constant, that does not mean
the linear velocity is also constant.

(©) Incorrect. Although the wheel is rotating, that does not mean that
the angular speed, which is the rate of rotation, is changing.

(D) Correct. The passenger is undergoing uniform circular motion.
While the linear speed is constant, the linear velocity, a vector
quantity, is changing direction and is therefore changing. Since the
passenger's linear speed is constant, the wheel is turning at a constant
rate and so the angular speed is constant.

Question 27
Science Practice Learning Objective Topic
Applications of Circular
1.1 3.A.2.1 . o
Motion and Gravitation

(A) Incorrect. This is the magnitude of the centripetal or net force
exerted on the rider, not the normal force.

(B) Incorrect. While this is the normal force exerted on the rider at point
A, the normal force at point D has a different value.

(©) Incorrect. This is the gravitational force. While the normal and
gravitational forces are equal in magnitude for situations where an
object is on a horizontal surface and not accelerating, the rider is
undergoing uniform circular motion is therefore accelerating. As a
result, it cannot be assumed that the normal and gravitational forces
are equal in magnitude.

(D) Correct. Since the rider is undergoing uniform circular motion, the

net force on the rider is a force of constant magnitude F, that is

always directed toward the center of the rider's circular path.

At point A4, taking the downward direction to be positive, F,, is
foundtobe F, =XF = F, - F,, = F, = 0.8F, = 0.2F,.

At point D, this time taking the upward direction to be positive,
F, = XF = F,p — F, . Solving this equation for the normal force at

point D gives F,p = F, + F, = 02F, + F, =1.2F,.




Question 28

Science Practice Learning Objective Topic

Conservation of Energy,

14 5.B.4.2 the Work-Energy
Principle, and Power

(A) Incorrect. This is the kinetic energy of the rock when it is first
released with speed v at point 4. After being released, the rock
picks up speed and will have a greater kinetic energy when it is at the
same height as point D.

(B) Incorrect. This would be the kinetic energy if the block were dropped
from rest and then fell a distance R . However, the rock is released
with speed v and its change in height is 2R .

(©) Incorrect. This would be the kinetic energy if the block were dropped
from rest. However, the rock is released with speed v .

(D) Correct. The rock is released at point 4 and has the same speed v

as the person when released. The kinetic energy will then increase by
an amount equal to the decrease in potential energy of the rock-
Earth system, mgAy = mg(2R) or 2mgR . Adding this to the initial

I 1 . I
kinetic energy of Emv2 gives a kinetic energy of

1 2 1 2
> my + 2mgR = Em(v + 4ng).

Alternatively, the kinematics equation vy2 = vy02 +2a,(y =)
can be applied to the rock's vertical motion, with downward taken as
the positive direction, to find vy2 =0+2g(2R) = 4gR . Since

Vx

= v, the kinetic energy of the rock when it is at the same height

as point D is %m(vx2 + vyz) = %m(v2 + 4ng).




Question 29

Science Practice Learning Objective Topic
1.1 1.A5.1 Systems
(A) Incorrect. Unless air molecules come into contact with the rod, the

excess negative charge from the rod will not transfer to the
surrounding air.

(B)

Correct. According to the law of conservation of charge, electrical
charge can be neither created nor destroyed, but it may transfer from
one object to another object and from one position to another
position. When charge is transferred between two objects, the total
net charge of the two objects remains constant. Therefore, if the air
around the originally negatively charged rod has a negative charge,
excess negative charge must have been transferred from the rod to
the air. This transfer of charge took place because air molecules came
into contact with the rod.

(©

Incorrect. This option is based on the assumption that charge is
created on the air molecules because of their proximity to the rod,
without the molecules coming into contact with the rod.

(D)

Incorrect. This option is based on the assumption that the rod exerts
a force that creates negative charge on the air molecules, rather than
the negatively charged electrons initially in the rod exerting a
repulsive force on each other.




Question 30

Science Practice Learning Objective Topic

6.4

Ohm’s Law, Kirchhoff’s
5.B.9.3 Loop Rule (Resistors in
Series and Parallel)

(A)

Incorrect. Although the current that passes through each resistor is
the same, that does not mean that the potential difference across each
resistor is the same.

(B)

Incorrect. The potential difference across resistors in series is the
same only if each resistor has the same resistance. This is not
necessarily true for the circuit shown.

(©)

Correct. An application of Kirchhoff’s loop rule can be applied to
determine the potential difference across a circuit element or group
of circuit elements. According to the rule, the sum of the potential
difference values across each circuit element must be equal to the
potential difference of the battery.

AVBattery = AV, + AV,
AV, = AVBmery - AV
AV, =(9V)—-(3V)
AV, =6V

An equivalent statement of Kirchhoff's loop rule is that a coulomb of
charge that passes through the resistors must lose the same 9J of
energy that is provided by the battery. Since a coulomb of charge
loses 3J of energy when passing through resistor R, it must lose an

additional 6J of energy when passing through resistor R,.

(D)

Incorrect. Although the potential difference across resistor R, is
6V, itis incorrect to say that current is used up in either resistor. In
fact, two resistors in series must have the same current, in
accordance with Kirchhoff's junction rule.




Question 31

Science Practice Learning Objective Topic

1.4

Conservation of Energy,
5.B.3.3 the Work-Energy
Principle, and Power

(A)

Incorrect. While the gravitational potential energy of the object-
Earth system is greatest at point Z, and might be incorrectly ranked
as equal at points X and Y, the elastic potential energy of the spring
has a different ranking than the gravitational potential energy of the
object-Earth system.

(B)

Incorrect. While points X and Z are the same distance from where
the object hangs in equilibrium, the amount that the spring is
stretched is different for these two points. Therefore the potential
energy stored in the spring is not equal at points X and Z.

(©)

Correct. Elastic potential energy of a spring is described by the
equation U = %kxz. Therefore, the elastic potential energy of the

spring increases whenever there is an increase in x, the amount that
the spring is stretched (or compressed) relative to its unstretched
length. While we do not know what x is when the object is hanging
from the spring in equilibrium, we do know that, for point Z, the
spring will be stretched so that x has increased by an amount that is
less than d. For point X, the spring is stretched so that x has
increased by an amount equal to d. For point Y, the spring is
stretched so that x has increased by an amount that is greater than
d. Since xy > xy > x,, it can be concluded that Uy > Uy > U,.

(D)

Incorrect. While the gravitational potential energy of the object-
Earth system is greater at point Z than at point X, the elastic
potential energy is greater at point X than at point Z.




Question 32

Science Practice Learning Objective Topic

2.2

Position, Velocity, and
3.A.1.1 .
Acceleration

(A)

Correct. The acceleration of the projectile is vertically downward.
Therefore, the horizontal velocity component is constant and, in this
case, nonzero. Since the horizontal velocity component is a nonzero
constant, the graph of the horizontal displacement is a straight line
with a nonzero slope, as depicted in the graph on the left. The
downward acceleration means that the graph of the vertical velocity
component is a straight line with a nonzero slope. Moreover, since
the projectile is launched at a 30 degree angle below the horizontal,

Vet 18 initially nonzero, as depicted in the graph on the right.

v

(B)

Incorrect. The initial vertical velocity of the projectile is nonzero and
downward, which means that the graph of v, should not start at

the origin.

(©

Incorrect. The graph on the left is the horizontal velocity component,

not the horizontal displacement.

(D)

Incorrect. The graph on the left is the horizontal velocity component,
not the horizontal displacement. The initial vertical velocity of the
projectile is nonzero and downward, which means that the graph of

Vyert Should not start at the origin.

v




Question 33

Science Practice Learning Objective Topic

1.4

Representations of
4.B.1.1

Changes in Momentum

(A)

Incorrect. The momentum of the system actually changes at # =2 s.

(B)

Correct. The velocity of each cart is given by the slope of the
corresponding graph, and each cart's momentum is its mass M,
times that slope. Before ¢ = 2 s each graph has a slope of

Im 1

2—s25m/s,80

Pecom :(Mcxém/s)—F(McX%m/S)ZMcXIm/S.AfteI‘

t = 2 s, the graphs for carts 1 and 2 have slopes of 23_m = %m /s
s

and zero, respectively. We then have
Peom = (MC X %m / s) +(0) =M, x %m /'s, which is smaller than

it was before ¢ = 2 s.

(©

Incorrect. Although the speed, and therefore the momentum, for
Cart | is larger after t = 2's, p.,p, is smaller after # = 2 s.

(D)

Incorrect. Although the speed, and therefore the momentum, for
Cart | increases, it only does so at # = 2 s and does not increase at a
constant rate for the entire time interval shown. Moreover, p_..
actually decreases at ¢ = 2 s and is constant for the time intervals
before and after t = 2 s.




Question 34

Science Practice Learning Objective Topic

6.4

Conservation of Linear
5.D.2.3

Momentum

(A)

Incorrect. This option is based on the assumption that the collision is
elastic. However, since the spheres stick together immediately after
the collision, the collision is completely inelastic and there is a loss of
kinetic energy for the two-sphere system.

Alternatively, this option could result from simplifying the

2
expression %(Sm)(%vl) incorrectly as %x %mvi2 = K; instead of

2 1

3.1
the correct 9 %5

(B)

Incorrect. This option is the negative of the final kinetic energy %Ki

of the two-sphere system, not the change in kinetic energy of the
system.

(©

Incorrect. This option is based on using an incorrect mass of 2m
rather than 3m when finding the speed of the two-sphere system
immediately after the collision.

(D)

Correct. This question can be solved by applying conservation of
momentum to the collision between the spheres.

Let the speed of sphere 1 immediately before the collision be v;. In
terms of v;, the kinetic energy and momentum of the two-sphere

2

and

system immediately before the collision are then K; = %mvl-

p = my;, respectively. Since the momentum of the system does not
change during the collision, the common speed v of the two
spheres immediately after the collision can be found by equating
expressions for the momentum of the system immediately before and

after the collision: p = mv; = (3m)v. Solving for v, gives

1
Vf = gvl-.

As aresult, the kinetic energy of the system immediately after the

2
collisionis K, = %(3m)vf2 = %(3m)(%vi) = % X %mvl-z, which

is %Kl- . During the collision, then, the kinetic energy changes by an
1 2

amount AK = K, - K; =§Kl- - K; =—§Ki.




Question 35

Science Practice Learning Objective Topic

Angular Momentum

2.2 4D.3.1
and Torque
(A) Incorrect. The net torque exerted on the wheel is not proportional to
the square of the average angular acceleration of the wheel.
(B) Correct. The average angular acceleration must first be determined
by applying the correct angular kinematic equation.
®=w,+at
at=w-,
w—
a= 2
t
(0.0 rad/s)—(3.0 rad/s)
a =
(6.0s)
—3.0 rad/s
o=—
6.0s
o =-0.5 rad/s®
Newton’s second law in the context of rotational motion may now be
applied to this situation.
Xr=la
Sr= (2.0 kg-m’ )(0.5 rad/sz)
2r=1.0N-m
(©) Incorrect. The net torque exerted on the wheel is not inversely
proportional to the average angular acceleration of the wheel.
(D) Incorrect. This option corresponds to the average net force exerted

on the wheel rather than the average net torque exerted on the wheel.




Question 36

Science Practice Learning Objective Topic
L1 3 A1 Newton’s Third Law
’ o and Free-Body Diagram

(A)

Incorrect. The force of magnitude P is exerted on block 1 only, not
on block 3, and should not be in the diagram. The only rightward
force on block 3 is from block 2 pushing on block 3 by exerting the
contact force of magnitude F.

(B)

Incorrect. Block 2 pushes on block 3 by exerting the contact force of
magnitude F toward the right, so this force should be drawn
pointing to the right instead of to the left. The force of magnitude P
is exerted on block 1 only, not on block 3, and should not be in the

diagram.

(©)

Correct. Block 2 pushes on block 3 by exerting the contact force of
magnitude F toward the right. The friction force of magnitude F;
will then be in the opposite direction, or toward the left. The
gravitational force F{; is exerted by Earth downward on block 3. To
balance the downward gravitational force, the surface pushes upward
on block 3 with a normal force of magnitude Fy.

(D)

Incorrect. The rough surface exerts a frictional force to the left on
block 3. This force should be included in the diagram.




Question 131

Science Practice Learning Objective Topic
4.2 3.B.1.2 Newton’s Second Law
(A) Incorrect. The mass of the block does not affect the acceleration of

the block down the inclined plane.

(B)

Correct. To determine if the velocity of the block is constant,
Newton’s second law of motion can be applied to determine if the
acceleration of the block is zero. Downward along the ramp is
considered to be the positive x direction, and upward and
perpendicular to the ramp is considered to be the positive y

direction.

First, determine the normal force exerted on the block by applying
Newton's second law to the y direction, in which the acceleration

ay 1S Zero.

ZFy:may:O
Fn—ng:0

F, = F,, = mgcost

Next, apply Newton's second law to the x direction, along which the
block moves.

2F, = ma,

ma, = XF, = F,. — F; = mgsinf — i F,
ma, = mgsin@ — py,mgcos

a, = gsinf — pgcos = g(sin€ — 1y.cos0)

To determine if the block's acceleration a, is zero, it is necessary to

evaluate the expression in parentheses. To do this, the angle 6 of the
inclined plane and the coefficient of kinetic friction £ are needed.

(©

Incorrect. Although the block's acceleration a, is proportional to g,

the value of g is not needed to determine whether a, is zero.




Question 131 (continued)

(D)

Correct. To determine if the velocity of the block is constant,
Newton’s second law of motion can be applied to determine if the
acceleration of the block is zero. Downward along the ramp is
considered to be the positive x direction, and upward and
perpendicular to the ramp is considered to be the positive y

direction.

First, determine the normal force exerted on the block by applying
Newton's second law to the y direction, in which the acceleration

ay 1S Zero.

ZFy:may:O
Fn—ng:0

F, = Fy, = mgcost

Next, apply Newton's second law to the x direction, along which the
block moves.

XF, = ma,

ma, = XF, = F,, — Fp = mgsin0 — y F,
ma, = mgsinf — Ly mgcosl

a, = gsinf — py gcos@ = g(sinf — yy.cos0)

To determine if the block's acceleration a, is zero, it is necessary to
evaluate the expression in parentheses. To do this, the angle @ of the
inclined plane and the coefficient of kinetic friction z; are needed.




Question 132

Science Practice Learning Objective Topic

Work and Mechanical
7.2 3.E.1.1

Energy
(A) Correct. The mechanical energy dissipated as the car skids and

comes to rest is equal to the initial kinetic energy K = %MVO2 ,

where M = 600 kg is the known mass of the car and driver, and v,
is the unknown initial car speed. This can be shown to be equal to

F fo , where F i is the frictional force exerted on the car and Ax is

the distance the car travels as it skids, as follows.

The kinematics relation vy> = 2aAx and Newton's second law

E F F
a= ﬁ = ﬁf can be combined as v02 = 2ﬁfo' Rearranging

terms gives %Mvo2 = F;Ax, as claimed.
Since the car is skidding, F s represents a force of kinetic, not static,
friction. It is related to the normal force, which equals the weight of
the car and driver, by Fy = iy F, = Mg, so the amount of
mechanical energy dissipated is FAx = 14 MgAx. Knowing the
coefficient of kinetic friction g4 and the length Ax of the skid marks

would allow the engineers to find the total mechanical energy

dissipated during the skid.

(B) Incorrect. The contact area between the tires and the road does not
affect the magnitude of the force of kinetic friction exerted on the car
as it skids across the road.

(©) Incorrect. When a car skids, the frictional force exerted on the car is

due to kinetic friction rather than static friction.




Question 132 (continued)

(D)

Correct. The mechanical energy dissipated as the car skids and
1

comes to rest is equal to the initial kinetic energy K = EMVOZ ,

where M = 600 kg is the known mass of the car and driver, and v,
is the unknown initial car speed. This can be shown to be equal to

F fo , where F i is the frictional force exerted on the car and Ax is

the distance the car travels as it skids, as follows.

The kinematics relation vy> = 2aAx and Newton's second law

F F
a= ﬁet = ﬁf can be combined as v02 = 2ﬁfo' Rearranging

terms gives %Mvo2 =F fo , as claimed.

Since the car is skidding, F r representsa force of kinetic, not static,
friction. It is related to the normal force, which equals the weight of
the car and driver, by Fy = i F, = Mg, so the amount of
mechanical energy dissipated is FAx = 14 MgAx. Knowing the
coefficient of kinetic friction z; and the length Ax of the skid marks

would allow the engineers to find the total mechanical energy

dissipated during the skid.




Question 133

Science Practice Learning Objective Topic

1.1

Interference and
6.D.1.1 Superposition (Waves in

Tubes and on Strings)

(A)

Incorrect. Between 5 < x < 6 the two waves would constructively
interfere so that the height of the resultant wave is 6 units tall above
the horizontal axis. This is not what is shown in the figure. There are
other instances in which the waves interfere that do not match what

is shown in the figure.

(B)

Correct. At 2 s before this graph was created, the wave pulse
traveling toward the left and the wave pulse traveling toward the
right would destructively interfere between 4 < x < 5 so that the
two wave pulses completely cancel each other. Between 5 < x < 6
the two waves would constructively interfere so that the height of the
resultant wave is 3 units tall above the horizontal axis. Between

6 < x < 8, the wave pulse traveling to right has a height of 1 unit

below the horizontal axis.

(©

Incorrect. Between 7 < x < 8 the two waves would constructively
interfere so that the height of the two wave pulses completely cancel
each other. This is not what is shown in the figure. There are other
instances in which the waves interfere that do not match what is

shown in the figure.

(D)

Correct. At 2 s before this graph was created, the wave pulse
traveling toward the left and the wave pulse traveling toward the
right would constructively interfere between 5 < x < 6 so that the
height of the resultant wave is 3 units tall above the horizontal axis.
Between 6 < x < 7, the two waves would destructively interfere so
that the height of the resultant wave is 1 unit tall below the
horizontal axis. Between 7 < x < 8, the wave pulse traveling to the

right has a height of 1 unit below the horizontal axis.




Question 134

Science Practice Learning Objective Topic
Torque and Angular
6.4 3.F2.1 )
Acceleration
(A) 1

RF
Incorrect. The torque produced by F| is —— counterclockwise.

2
While the force F; is in the opposite direction of F|, they

produce torques in the same direction (both counterclockwise).
Consequently, the torques exerted by F; and F;, while of the same

magnitude, do not combine to exert zero net torque.

(B)

Correct. The torque exerted on an object by a force F is

7 =r F =rFsin@. Since F|, F,, and F; all exert torques in the
same (counterclockwise) direction, no two of them can be combined
to produce a net torque of zero. One of them must combine with the
torque exerted by F}, the only force that exerts a clockwise torque,

in order to produce zero net torque.

The magnitude of the torque exerted by F is

R
2

74 = rFsin@ = = F,sin(30°) = § F% _ % RF,.

This equals the magnitude of the torque exerted by F,, which is

|

. R, . o _ R R F, 1
75 =rFs1n0=7Fzsm(90 )=7 =E-74=ZRF4 =1y.
Since F, and F, exert torques of equal magnitude in opposite

directions, they combine to exert zero net torque on the disk.

(©

Incorrect. The torque produced by Fj is RF; = %

counterclockwise. While the force F| is in the opposite direction of

F; , they produce torques in the same direction (both
counterclockwise). Consequently, the torques exerted by F; and F3,
while of the same magnitude, do not combine to exert zero net

torque.




Question 134 (continued)

(D)

Correct. The torque exerted on an object by a force F' is

7 =r F =rFsinf. Since F|, F,, and F; all exert torques in the
same (counterclockwise) direction, no two of them can be combined
to produce a net torque of zero. One of them must combine with the
torque exerted by F}, the only force that exerts a clockwise torque,

in order to produce zero net torque.
The magnitude of the torque exerted by F is

. R . o R 1 1
74 = rFsinf = 3F4sm(30 )= ?F45 = ZRF4'

This equals the magnitude of the torque exerted by F,, which is

>

. R . . R R E 1
7, = rFsinf =7F2s1n(90 )=3-7=3-74=ZRF4 =17,.

Since F, and F, exert torques of equal magnitude in opposite

directions, they combine to exert zero net torque on the disk.
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Question 1
7 points total Distribution
of points

Ceiling

Floor

Two blocks, with masses m and 3m, are attached to the ends of a string with negligible mass that passes
over a pulley, as shown above. The pulley has negligible mass and friction and is attached to the ceiling
by a bracket. The blocks are simultaneously released from rest.

Note: Quantities associated with the block of mass m are denoted by a subscript 4 (e.g. F, ¢4 ), and quantities
associated with the block of mass 3m are denoted by a subscript B (e.g. F, 9B )-
(a) LO3.A.1.1,SP2.2; LO4.A23,SP14,22; LO4A3.1,SP22; LO4.C.1.1,SP14,2.1,2.2;

LO5B4.2,SP1.4,2.1,2.2
4 points

Derive an equation for the speed v of the block of mass 3m after it falls a distance d in terms of m, d, and
physical constants, as appropriate.

For using an appropriate equation for Newton’s second law 1 point

>F = ma

For using Newton’s second law to find the magnitude of the common acceleration of the 1 point
blocks

Let F, ¢4 and F, ¢B be the gravitational forces exerted on the blocks of mass m and 3m,

respectively.

Example 1: Apply Newton’s second law to the two-block system along the path of
motion

SF = (Bm + m)Zl

Fop — Foy = Bm + m)a
3mg — mg = 4ma

2mg = 4ma

a=2mg/dm=2g/4=g/2

© 2019 The College Board.
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Question 1 (continued)

(continued)

Distribution
of points

Example 2: Apply Newton’s second law to each block separately, and eliminate the
tension force F;

For block B: =F = 3ma

Fop — Fp =3ma

3mg — I, =3ma

Fy =3mg —3ma

For block A: SF = ma

Fr — Fgy = ma

3mg — 3ma — mg = ma
4dma = 2mg

a=2mg/dm =2g/4 = g/2

For using correct kinematics equation(s) to find the speed of the block

1 point

Example 1: vﬁ = vio +2a,(y = »)

Example 2: y = yg + Vyol + l/Zayt2 and Vv, =V +ayt

For a correct answer, or an answer consistent with the acceleration identified earlier,
with supporting work

1 point

Example 1:
2 2
=V t 2ay(y - yO)

\4
y
v =0 =250~ d) = (-g)(~d) = gd

v = e
‘Vy‘ = Jgd
Example 2:

First apply y = yo + vyt +1/2 ayt2
0=d +(0)t) — (1/2)(g/2)?

—~d = —(g/4)’
> =4d/g, thus r = +2.[d/g
1| = 2yd/g

Then apply v, = v, +a,t
v, =(0) - (g/2)(2{d[g) = —gd
[v| = Ved

© 2019 The College Board.
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Question 1 (continued)

Distribution
of points

(continued)
Alternate solution (using conservation of energy) Alternate points
For using an appropriate equation for conservation of energy 1 point
Example 1: —AU = AK
Example 2: UiB + UiA + KiB + KiA = UfB + UfA + KfB + KfA
For correctly relating the types of energy present (e.g., correct expressions are 1 point

used for the gravitational potential energy of both mass-Earth systems and the

kinetic energy of both masses)
For correct qualitative application for the upward motion of the block of mass M 1 point

(i.e. - appropriate signs for gravitational potential energy terms for the two

blocks)
For a correct answer with supporting work 1 point
Example 1:

-AU = AK

—(AUz + AU, ) = Ky + K,

3mgd — mgd = (1/2)3mn* + (1/2)(m)v?
2mgd = 2mv*

gd =v?

v =tJgd
M = Ved

Example 2:
UiB +UiA +KiB +KiA :UfB +UfA +KfB +KfA

3mgd + mg(0) + (0) + (0) = 3mg(0) + mgd + (1/2)(3m)W* + (1/2)mv?
3mgd = mgd + 2mv?

3gd — gd = 2v*
2gd = 2v°
gd =V*

v=+fgd
M = Ve

© 2019 The College Board.
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Question 1 (continued)
Distribution

of points

(b) LO5.B.5.5,SP2.2,6.4
1 point

Determine the work done by the string on the two-block system as each block moves a distance d.

For a correct answer of zero OR an algebraic expression (in terms of m, d, and/or g) that 1 point
is equivalent to zero

Note: This point can be earned if an incorrect unit is written or if no unit is indicated.

Example 1: 0J

Example 2: W, = F,d + (—Fyd) = (3/2)mgd — (3/2)mgd = 0]

Example 3: Wy + Wg = AK
Wg = AK - W,
= (1/2)(m + 3m)v* — (3mgd — mgd)
=2m* - 2mgd = 2mgd —2mgd =01

(c) LO4.A23,SP1.4,22;1L04.A3.1,SP2.2
2 points

The acceleration of the center of mass of the blocks-string-pulley system has magnitude acqy, -
Briefly explain, in terms of any external forces acting on the system, why a,, is less than g.

For indicating that there is an upward force on the system 1 point
Note: String tension is NOT a force on the system because the string is part of the system
For relating the net force to the acceleration of the center of mass to show that 1 point

acom < g OR for showing that 7, is less than the weight of the system

Example explanation: The force of gravity acts downward on the system, but there is an
upward external force exerted on the pulley by the bracket attached to the ceiling,
This makes the net force on the system less than the weight of the system. Thus, the
acceleration of the system is less than g: F = macqy, and if F, < mg then

dcom < & -

Claim (given): acq,, 1S less than g.
Evidence:
The system is supported at the pulley by the bracket (shown in earlier figure).

Reasoning:
The upward supporting force exerted by the bracket makes the net force on the
system less than the weight of the system. Thus, the acceleration of the system is less

than g.

© 2019 The College Board.
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Question 1 (continued)

LOs

Learning Objective (3.A.1.1): The student is able to express the motion of an object using narrative,
mathematical, and graphical representations. [See Science Practices 1.5, 2.1, 2.2]

Learning Objective (4.A.2.3): The student is able to create mathematical models and analyze graphical
relationships for acceleration, velocity, and position of the center of mass of a system and use them to
calculate properties of the motion of the center of mass of a system. [See Science Practices 1.4 and 2.2]

Learning Objective (4.A.3.1): The student is able to apply Newton’s second law to systems to calculate
the change in the center-of-mass velocity when an external force is exerted on the system.

[See Science Practice 2.2]

Learning Objective (4.C.1.1): The student is able to calculate the total energy of a system and justify the
mathematical routines used in the calculation of component types of energy within the system whose sum is
the total energy. [See Science Practices 1.4, 2.1, and 2.2]

Learning Objective (5.B.4.2): The student is able to calculate changes in kinetic energy and potential energy of
a system, using information from representations of that system. [See Science Practices 1.4, 2.1, and 2.2]

Learning Objective (5.B.5.5): The student is able to predict and calculate the energy transfer to (i.e., the work
done on) an object or system from information about a force exerted on the object or system through
a distance. [See Science Practices 2.2 and 6.4]

© 2019 The College Board.
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Question 2
12 points total Distribution
of points

Passenger Compartment

Floor

J Book

A passenger compartment of a rotating amusement park ride contains a bench on which a book of mass

is placed, as indicated by the dot in the left figure above. The compartment moves with a constant angular
speed about the center of the ride along a circular path of radius R. The bench remains horizontal throughout

the compartment's motion. The right figure above shows a magnified view of the compartment.

The graph below shows the horizontal (x) component of the book's position as a function of time, where the
+x-direction is to the right.

40
0 ™\ ™\ ™\ ™\
_ 10 /1 1\ /1 1\ JANA JANA
E o
N N NN
-20
EHAV \V \V \V
—40
0 100 200 300 400 500
Time (s)
(a) LO3.A.1.1,SP1.5,2.1,2.2
(1)
1 point
Determine the period of revolution of the book.
| For indicating the correct period of 120 seconds, 2 minutes, OR the equivalent | | 1point |
(i1)
2 points
Calculate the tangential speed v, (not the angular speed) of the book.
For using the correct radius of 30 m as found from the graph 1 point
For substitution of the period, consistent with the answer in (a)(i), into a correct 1 point

expression
Speed = d/T = 2zR/T = 27(30 m)/(120 s) = 1.6 m/s
Notes: (z/2) m/s is acceptable.
7R/(605s) or (zR/60) m/s can only earn 1 of the two points.
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Question 2 (continued)
Distribution
of points

(b) LO3.A21,SP1.1;LO3.A3.1,SP6.4,7.2;LO3.B.1.1,64,7.2
)
3 points
On the dot below, which represents the book, draw and label the forces (not components) that act on the

book at the lowest point of its circular path. Each force must be represented by a distinct arrow starting
on, and pointing away from, the dot.

Fy
F
For a correctly drawn and labeled normal force 1 point
For a correctly drawn and labeled gravitational force 1 point
For drawing no extraneous forces, given that at least one force is drawn 1 point
(i1)
1 point

At the lowest point of the circular path, the book is moving only in the horizontal direction. In what
direction, if any, is the net vertical force on the book?

Up _____Down _____Nodirection, since the net vertical force is equal to zero
Without deriving any equations, briefly explain your reasoning in terms of the book’s motion.

Correct answer: “Up”

Note: Response cannot earn credit if incorrect selection is made.

For an explicit or implicit assertion based on forces 1 point

Example explanation: Because there is a centripetal force

Claim: The direction of the net vertical force on the book is up.

Evidence:
The book is at the lowest point of its circular path. (Given)
For an object in uniform circular motion, the centripetal force is always directed
toward the center of the circular path.

Reasoning:
The net force is the centripetal force on the book, which must be upward toward the
center of the book’s circular path.
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Question 2 (continued)

Distribution

LO3.B.1.3,SP1.5,22;LO3.B.2.1,SP 1.1, 1.4,2.2
3 points

of points

Derive an algebraic equation for the vertical force that the bench exerts on the book at the lowest point of
the circular path in terms of the book’s mass m, , tangential speed v, , radius R of the path, and physical

constants, as appropriate. Do not substitute any numerical values for variables or physical constants.

For using Newton’s 2nd law correctly or consistent with the diagram in (b)(i) 1 point
SF = ma (for the rotating system)

F,,; =ma, = mvz/r

For a correct expression for the centripetal acceleration 1 point
a, = mv2/r =my, vg/R

For a correct final expression with no numbers substituted for values 1 point

net =me§/R=FN _FG
Fy = mpy?[R+F,
:mb("g/RJfg)

F,

LO3.A31,SP64,72;,L03.B.1.1,SP64,7.2;LO3.B.2.1,SP1.1,14,2.2
2 points

At the lowest point of the circular path, is the force that the bench exerts on the book greater than, less

than, or equal to the weight of the book?
Greater than Less than Equal to
Briefly explain how your answers in (b)ii and (c) support your selection.

Correct Answer: “Greater than”

For correct reasoning with a selection consistent with the answer from (b)(ii) and (c)

1 point

For explaining why the force from the bench is greater than the weight of the book.

1 point

Note: A response with an incorrect selection consistent with parts (b)(ii) and (c¢) can earn
2 points.

Claim: At the lowest point of the circular path, the force that the bench exerts on the
book is greater than the weight of the book.

Evidence:
The direction of the net vertical force on the book is up. (Part (b)(ii) answer)

The book exerts a vertical force on the bench of magnitude s, (vg / R+ g) . (Part (¢)
answer)
Reasoning:

The upward force exerted by the bench must be greater than the downward
gravitational force, in order for the net force to be upward as stated in the answer to

(b)(ii).
The magnitude m,, (vlf / R+ g) of the force exerted by the bench derived in part (c)

is greater than the book’s weight m, g .
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Question 2 (continued)

LOs

Learning Objective (3.A.1.1): The student is able to express the motion of an object using narrative,
mathematical, and graphical representations. [See Science Practices 1.5, 2.1, and 2.2]

Learning Objective (3.A.2.1): The student is able to represent forces in diagrams or mathematically using
appropriately labeled vectors with magnitude, direction, and units during the analysis of a situation.

[See Science Practice 1.1]

Learning Objective (3.A.3.1): The student is able to analyze a scenario and make claims (develop arguments,
justify assertions) about the forces exerted on an object by other objects for different types of forces or
components of forces. [See Science Practices 6.4 and 7.2]

Learning Objective (3.B.1.1): The student is able to predict the motion of an object subject to forces exerted
by several objects using an application of Newton’s second law in a variety of physical situations with
acceleration in one dimension. [See Science Practices 6.4 and 7.2]

Learning Objective (3.B.1.3): The student is able to reexpress a free-body diagram representation into a
mathematical representation and solve the mathematical representation for the acceleration of the object.
[See Science Practices 1.5 and 2.2]

Learning Objective (3.B.2.1): The student is able to create and use free-body diagrams to analyze

physical situations to solve problems with motion qualitatively and quantitatively.
[See Science Practices 1.1, 1.4, and 2.2]
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Question 3

12 points total Distribution

of points

A company selling a type of spring makes the following claim: “The elastic potential energy that

the spring is capable of storing for a given compression distance does not decrease, even after the spring
compresses and/or stretches hundreds of times.” The students in a physics class have decided to test

the company’s claim.

(a)dandii)) LO4.C.2.1,SP6.4;LO5.B.3.1,SP 6.4; LO5.B.4.1,SP 6.4, LO 5.B.5.1,SP 4.2

(b)

1 point

(i) State a basic physics principle or law the students could use in designing an experiment to test
the company’s claim.

(i1) Using the principle or law stated in part (a)i, determine an equation for the elastic potential energy stored
in the spring in terms of quantities that can be obtained from measurements made with equipment
usually found in a school physics laboratory.

For a valid equation or valid equations in (a)ii that is/are consistent with (a)i AND that 1 point
include(s) the elastic potential energy stored in the spring

Example:
Conservation of Energy, Work-Energy Theorem

2 2
U, = 1/2k%, Uy =1/2mv},,, OR AU, = mgAy

max >

LO3.B.3.2,SP4.1;LO4.C2.1,SP6.4,1.O05B.3.1,SP 6.4, 1.0 5B.4.1,SP 6.4, LO 5.B.5.1, SP 4.2
5 points

Design an experimental procedure the students could use to collect the data needed to test the
company’s claim. Assume equipment usually found in a school physics laboratory is available.

In the table below, list the quantities and associated symbols that would be measured in your experiment
and the equipment used to measure them. Also list the equipment that would be used to measure each
quantity. You do not need to fill in every row. If you need additional rows, you may add them to the
space just below the table.

Quantity to Be Measured Symbol for Quantity Equipment for Measurement

Describe the overall procedure to be used, referring to the table. Provide enough detail so another
student could replicate the experiment, including any steps necessary to reduce experimental
uncertainty. As needed, use the symbols defined in the table and/or include a simple diagram

of the setup.
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Question 3 (continued)

Distribution
of points
(continued)

Measurements and equipment

For listing relevant/appropriate equipment that matches the measured quantities 1 point

Procedure

For a plausible/practical way to directly or indirectly determine the stored energy in the 1 point
spring or spring constant of the spring

For compressing and/or stretching the spring multiple (hundreds of) times in between 1 point
the initial and final measurements

For including both initial and final measurements so that the stored energy can be 1 point
compared

For attempting to reduce uncertainty (e.g. - multiple trials with either one spring or 1 point
multiple springs)

Example Procedure 1:

Quantity to Be Measured Symbol for Quantity Equipment for Measurement
Spring Compression D Meterstick
Maximum Velocity Vinax Motion Sensor

Attach the spring to a wall horizontally. Push a block into the spring, compressing the spring a
displacement D. Measure the displacement, D, with a meterstick. Release the block and use the
motion sensor to record the block’s maximum velocity, vmax. Repeat the experiment to verify the
maximum velocity. Compress the spring from equilibrium to distance D and back to equilibrium
hundreds of times and then repeat the displacement and maximum velocity measurements.

Example Procedure 2:

Quantity to Be Measured Symbol for Quantity Equipment for Measurement
Spring Compression D Meterstick
Maximum Compression Force Foax Force Sensor

Attach the spring horizontally to a wall. Apply a force F.x to compress the spring a displacement D
from equilibrium. Measure D with a meterstick and Fmax with a force sensor. Relax the spring and
repeat the experiment to confirm Fmax. Compress the spring from equilibrium to the displacement D
and back to equilibrium hundreds of times, then repeat the displacement and force measurements.
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Question 3 (continued)

Distribution

LO3.B.3.3,SP5.1; LO3.E.1.1,SP6.4,7.2; LO5.B.3.2,SP2.2; LO5B.3.3,
SP2.2;LO5.B.5.1,SP 5.1
2 points

of points

Explain how the students should analyze the data to determine whether the company’s claim is true,
i.e., whether the energy stored by the spring for a given compression distance does not decrease after

the spring has compressed and/or stretched hundreds of times.

For explaining how to compare the initial elastic spring potential energy to the final 1 point
spring potential energy after many trials (or a plausible alternative) to quantify if the
energy stored by the spring for a given compression distance does not decrease after
the spring has compressed and/or stretched hundreds of times

For indicating how the comparison would confirm or refute the hypothesis 1 point

Example Analysis 1:

When the spring is compressed and comes back to equilibrium, all the stored elastic
potential energy is transferred to kinetic energy of the block, causing the block to reach
maximum velocity. If the maximum velocity v__ of the block before and after the

max

hundreds of stretches is the same, then the stored elastic potential energy is the same,
and the company’s claim is true.

Claim: If the maximum velocity v__ of the block before and after the hundreds of

max

stretches is the same, then the stored elastic potential energy is the same, and the
company’s claim is true.

. . . 1 1
Evidence: Energy is a conserved quantity. Ug = Ekxz K= Emv2
Reasoning: When the spring is compressed and comes back to equilibrium, all the stored
elastic potential energy is transferred to kinetic energy of the block, causing the

block to reach maximum velocity.

Example Analysis 2:

The work done on the spring is equal to average applied force (%Fmax) times the

displacement from equilibrium. The work done is also equivalent to the elastic
potential energy stored by the spring. If £, remains the same for displacement D
after several hundred stretches, then the elastic potential energy is the same, and the
company’s claim is true.

Claim: If F nax remains the same for displacement D after several hundred stretches, then
the elastic potential energy is the same, and the company’s claim is true.

. . . 1
Evidence: Energy is a conserved quantity. Ug = Ekxz AE =W = Fd

Reasoning: The work done on the spring is equal to average applied force (%Fmax)

times the displacement from equilibrium. The work done is also equivalent to the
elastic potential energy stored by the spring.
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Question 3 (continued)
Distribution
of points

LO3.B.3.1,SP 6.4, LO 3.B.3.3,SP 5.1; LO4.A.2.1, SP 6.4; SP 4.C.2.1, SP 6.4; LO 5.B.3.3,
SP1.4,2.2;LO5.B.5.2,SP 5.1

The students also investigate two springs, spring A and spring B, made by another company. The students
hang spring A vertically, attaching blocks of various known masses from the bottom end of the spring and
measuring the total length of the spring for each block. The students graph the spring length as a function of
hanging mass and draw the line of best fit, as shown below.

A
e 75
2
=] ‘X
L]
w 25 \
£ —— Spring A
(=5 0 .
w2
0 50 100 150 200
Hanging Mass (g)
)
3 points

The students follow the same procedure using spring B, which has the same equilibrium length as spring A
but stores more energy than spring A for a given displacement. On the graph above, sketch what the line
of best fit could look like for the data obtained using spring B.

For a curve starting at (0, 25) 1 point

For a straight line with positive slope 1 point

For a line with a smaller slope than the original best fit line, regardless of vertical-axis 1 point
intercept.
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Question 3 (continued)
Distribution
of points

(d) (continued)

(i)
1 point
The students attach a 100 g block to spring B and let it hang at rest. The students pull the block down
by 1 cm, release it, and measure the time interval A¢ for one oscillation. The students then repeat
the procedure, but pull the block down by 2 ¢cm instead of 1 cm. For which initial displacement,
if either, is At greater?
At is greater for the At is greater for the At is the same
1 cm displacement. 2 cm displacement. in both cases.
Briefly explain your reasoning.

Correct answer: “ At is the same in both cases”

Note: Response cannot earn credit if incorrect selection is made.

1 point
For indicating that the mathematical model T = 2%@ only depends on the mass and P

the spring constant OR that the period does not depend on distance the spring is
stretched

Claim: Af is the same in both cases.

Evidence: T = 27r\/%

Reasoning: The period of an object oscillating on a spring depends on the mass and the
spring constant, but not the amplitude.
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Question 3 (continued)

LOs

Learning Objective (3.B.3.1): The student is able to predict which properties determine the motion
of a simple harmonic oscillator and what the dependence of the motion is on those properties.
[See Science Practices 6.4 and 7.2]

Learning Objective (3.B.3.2): The student is able to design a plan and collect data in order to ascertain
the characteristics of the motion of a system undergoing oscillatory motion caused by a restoring force.
[See Science Practice 4.2]

Learning Objective (3.B.3.3): The student can analyze data to identify qualitative or quantitative relationships
between given values and variables (i.e., force, displacement, acceleration, velocity, period of motion,
frequency, spring constant, string length, mass) associated with objects in oscillatory motion to use that data
to determine the value of an unknown. [See Science Practices 2.2 and 5.1]

Learning Objective (3.E.1.1): The student is able to make predictions about the changes in kinetic energy
of an object based on considerations of the direction of the net force on the object as the object moves.
[See Science Practices 6.4 and 7.2]

Learning Objective (4.A.2.1): The student is able to make predictions about the motion of a system based on
the fact that acceleration is equal to the change in velocity per unit time, and velocity is equal to the change
in position per unit time. [See Science Practice 6.4]

Learning Objective (4.C.2.1): The student is able to make predictions about the changes in the mechanical
energy of a system when a component of an external force acts parallel or antiparallel to the direction
of the displacement of the center of mass. [See Science Practice 6.4]

Learning Objective (5.B.3.1): The student is able to describe and make qualitative and/or quantitative
predictions about everyday examples of systems with internal potential energy.

[See Science Practices 2.2, 6.4, and 7.2]

Learning Objective (5.B.3.2): The student is able to make quantitative calculations of the internal potential
energy of a system from a description or diagram of that system. [See Science Practices 1.4 and 2.2]

Learning Objective (5.B.3.3): The student is able to apply mathematical reasoning to create a description
of the internal potential energy of a system from a description or diagram of the objects and interactions
in that system. [See Science Practices 1.4 and 2.2]

Learning Objective (5.B.4.1): The student is able to describe and make predictions about the internal energy
of systems. [See Science Practices 6.4 and 7.2]

Learning Objective (5.B.5.1): The student is able to design an experiment and analyze data to examine how

a force exerted on an object or system does work on the object or system as it moves through a distance.
[See Science Practices 4.2 and 5.1]

© 2019 The College Board.
Visit the College Board on the web: collegeboard.org.



AP® PHYSICS 1
2019 SCORING GUIDELINES

Question 4
7 points total Distribution
of points
Tube Speaker
Ze

l L i

Note: Figure not drawn to scale.

A speaker is placed near a narrow tube of length L = 0.30 m, open at both ends, as shown above.
The speaker emits a sound of known frequency, which can be varied. A student slowly increases the
frequency of the emitted sound waves, without changing the amplitude, until the fundamental frequency £,

inside the tube is reached and standing waves are produced (fundamental resonance). The speed of sound
in air is 340 m/s.

(a) LO6D.3.2,SP6.4;L06D.3.4,SP1.2;,LO06D.4.2,SP2.2
(i) 3 points

Calculate the period 7;, of the sound waves at the fundamental resonance.

For correctly (explicitly or implicitly) relating wavelength to the length of the pipe 1 point

A=2L=0.6m

Forusing f =v/A or T = A/v 1 point

fo =Vv/2L or T = (2L)/v earn 2 out of 3 points

For an answer with units from having correctly used the relationship ( f = v/4 or 1 point
T = A/v) that is consistent with the wavelength used.

Note: The wavelength need not be correct to earn this point.
Correct answer: 0.0018 s

(i1) 2 points

For the fundamental resonance, consider the air pressure at point Z inside the tube. On the axes below,
sketch the air pressure at point Z as a function of time. At time ¢ = 0, the pressure at point Z is P,

which is the atmospheric pressure.
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Question 4 (continued)

Distribution
of points

(a)(il) (continued)

N

E

£

®

£
For drawing a periodic function with at least two cycles shown 1 point
For an approximate sinusoidal graph (with any phase) of period 7; that is vertically 1 point

centered on the horizontal axis

Notes:

A graph with the incorrect phase can still earn full credit (i.e., the pressure at # = 0
may be any value).

The response can earn 1 point for a drawing indicating a standing wave pattern if the
period is 7; , but no credit is earned if the period is not 7;,

(b) LO6.A.1.2,SP1.2;LO6.D.3.2,SP 6.4; LO 6.D.3.4,SP 1.2; LO 6.D.4.1, SP 1.5, 6.1
1 point

The student continues to slowly increase the frequency of the sound waves emitted by the speaker without
making any other changes to the setup. The student hears additional resonances at two higher frequencies,

1, and £, .

On the axes below, sketch the loudness of the sound (sound volume) heard by the student as a function
of the frequency generated by the speaker for the range of frequencies shown on the horizontal axis.
The fundamental frequency is £, .

'
]
]
]
o 1
:" ]
2
"'3 f,' .L -------- _---------: -------- .-----.- E:IJ.‘I.ILII."IIL'}
2 fo I} fy
= ]
[ ]
L]
]
]
For drawing a function with both of the following: 1 point

e Peaks at 7, f,,and f,, with no extraneous peaks

® No negative values
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Question 4 (continued)
Distribution
of points

(c) LO6.D.3.2,SP 6.4, L0 6.D.3.4,SP 1.2
1 point

The temperature of the air in the tube is increased. As the temperature increases, the speed of sound in
the air increases. (Assume the size of the tube does not change). Does the tube’s fundamental frequency
increase, decrease, or stay the same?

_ Increase _ Decrease __ Stay the same

Briefly explain your reasoning.

Correct Answer: “Increase”

Note: The response cannot earn credit if an incorrect selection is made.

For using correct reasoning that explicitly or implicitly uses v = f1 1 point

Example: v = £ 1. Since 4 is constant and v increases, f must increase.

Claim: The tube’s fundamental frequency increases.
Evidence: v = A
Reasoning: Since 4 is constant and v increases, f must increase.

LOs

Learning Objective (6.A.1.2): The student is able to describe representations of transverse and
longitudinal waves. [See Science Practice 1.2]

Learning Objective (6.D.3.2): The student is able to predict properties of standing waves that result from
the addition of incident and reflected waves that are confined to a region and have nodes and antinodes.
[See Science Practice 6.4]

Learning Objective (6.D.3.4): The student is able to describe representations and models of situations
in which standing waves result from the addition of incident and reflected waves confined to a region.
[See Science Practice 1.2]

Learning Objective (6.D.4.1): The student is able to challenge with evidence the claim that the wavelengths
of standing waves are determined by the frequency of the source regardless of the size of the region.
[See Science Practices 1.5 and 6.1]

Learning Objective (6.D.4.2): The student is able to calculate wavelengths and frequencies

(if given wave speed) of standing waves based on boundary conditions and length of region within

which the wave is confined, and calculate numerical values of wavelengths and frequencies.
Examples should include musical instruments. [See Science Practice 2.2]
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Question 5

7 points total Distribution

(a)

of points

Platform f
\
Water ‘
\\

Figure | Figure 2 Figure 3

The figures above show three stages of a dive performed by an athlete. During the dive, the athlete
completes several rotations in midair while traveling from the platform to the surface of the water. Figure 1
shows the athlete just after jumping off the platform. Figure 2 shows the athlete rotating in midair. Figure 3
shows the athlete about to enter the water.

LO4D.2.1,SP1.2,14,LO5.E.1.1,SP 6.4
5 points

In a clear, coherent paragraph-length response that may also contain figures and/or equations, explain why
the athlete’s angular speed increases between Figure 1 and Figure 2 but decreases between Figure 2 and
Figure 3.

For a statement that angular momentum is conserved (i.e. - statement that angular 1 point
momentum stays the same while the athlete is in the air)

For reasoning in terms of mass distribution why rotational inertia is less in Figure 2 than 1 point
in 1 and/or 3

For a correct indication that / and angular speed are inversely related. 1 point

Note: The response can refer to “L = [@” or a similar word-based statement.

For explicitly addressing both intervals 1-2 and 2-3. 1 point

Note: The response can simply refer to earlier reasoning without repeating it.

For a logical, relevant, and internally consistent argument that addresses the required 1 point

argument, explanation or question asked, and follows the guidelines described in the
published requirements for the paragraph-length response

Example paragraph response: The angular momentum of the athlete remains constant
throughout the dive. In Figure 2 the athlete pulls in her arms and legs closer to the
point of rotation, so the rotational inertia decreases. Since angular momentum is
conserved, and L = [w, the angular velocity increases. In Figure 3 the athlete
extends her arms and legs increasing the rotational inertia and decreasing the
angular velocity.

Claim (given): The athlete’s angular speed increases between Figure 1 and Figure 2 but
decreases between Figure 2 and Figure 3.

Evidence: Angular momentum is a conserved quantity.

Reasoning: In Figure 2 the athlete pulls in her arms and legs closer to the point of
rotation, so the rotational inertia decreases. Since angular momentum is conserved,
and L = lw, the angular velocity increases. In Figure 3 the athlete extends her arms
and legs increasing the rotational inertia and decreasing the angular velocity.
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Question 5 (continued)
Distribution
of points

(b) LO5B.3.1,SP2.2,64,7.2
2 points
Is the rotational kinetic energy Kz’mt of the athlete in Figure 2 greater than, less than, or equal to
the rotational kinetic energy Kl,rot of the athlete in Figure 1 ?
K2,rot > Kl,rot KZ,rot < Kl,rot KZ,rot = Kl,rot

Briefly explain your answer.

Correct answer: K or > K ¢

Note: the response can earn credit even if an incorrect selection is made.

For reasoning that there is an increase in angular velocity and a decrease in rotational 1 point
inertia
For reasoning qualitatively or quantitatively that the decrease in rotational inertia does 1 point

not “compensate for” the increase in angular velocity
Claim: K2,rot > Kl,rot

Evidence: L=Iw K= %]a)2

Reasoning: There is an increase in angular velocity and a decrease in rotational inertia.

In terms of the rotational kinetic energy K, = %I w* = %(1 0)o = %La) , the

decrease in / does not “compensate for” the increase in @ .

Alternate solution (using angular momentum and energy) Alternate
points
For reasoning that angular speed increases or rotational inertia decreases and angular 1 point
momentum is constant
For reasoning qualitatively or quantitatively that kinetic energy depends on angular speed 1 point

or rotational inertia

Claim: KZ,rot > Kl,rot

: 1 1, (L) _ 11
E ; L = ] = — = — == ——
vidence o K, 5 Lo 5 L( 7 ) 37
Reasoning: There is an increase in angular velocity @ (or a decrease in rotational inertia 1) and angular

1 172

momentum is constant. In terms of rotational kinetic energy K,y = ELQ) (— ET] a constant

angular momentum means that K, must increase, so Kz,mt > Kl,rot'
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Question 5 (continued)

Distribution
of points
(b) (continued)
Alternate solution (using work and energy): | | Alternate points
For reasoning that no work is done on the athlete by external torques 1 point
For reasoning that mechanical energy was increased by the work done by her muscles 1 point

(and/or conversion of cellular chemical energy into mechanical energy)

Claim: K2,rot > Kl,rot
Evidence: AE =W = F”a’ = Fdcos0d

Reasoning: The force exerted by the athlete’s muscles on the arms and legs is inward,
in the same direction that the arms and legs are moving between Figures 1 and 2,
so positive work is done by the muscles. No other forces exert a torque on the
athlete, so the positive work done by the muscles results in greater kinetic energy.

LOs

Learning Objective (4.D.2.1): The student is able to describe a model of a rotational system and use that model
to analyze a situation in which angular momentum changes due to interaction with other objects or systems.
[See Science Practices 1.2 and 1.4]

Learning Objective (5.B.3.1): The student is able to describe and make qualitative and/or quantitative
predictions about everyday examples of systems with internal potential energy.

[See Science Practices 2.2, 6.4, and 7.2]

Learning Objective (5.E.1.1): The student is able to make qualitative predictions about the angular momentum

of a system for a situation in which there is no net external torque. [See Science Practices 6.4 and 7.2]
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