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1 Describing motion and reading graphs

— Part 1

Name: Class: Date:

Vocabulary &R

Write each word three times. E4GAN IR E =k

English 3z Write it 3 times (English)
Kinematics B3
scalar frE
magnitude KN
vector =
Distance BREg
Displacement i
Speed HFR
Velocity R
Acceleration iBEER
deceleration W
gradient Fri
Recall

You met motion long before AP. Bring it with you:

¢ You measured distance with a ruler and time with a clock, and found speed from
speed = distance =+ time.
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e You described a moving car, a falling ball, a running friend — how fast each one goes.
o At AP we look more carefully at direction (not just how fast, but which way) and
at how motion changes.

Nothing on this sheet is harder than what you already know. It just lines up the ideas
the AP course starts with.

New ideas

Read these first. Each idea has a short worked example. Once you have read them you
can do the Practice below.

B ] Distance and displacement

Kinematics j£3/j2# is the study of how things move. It uses two kinds of quantity.
A scalar Fi& has only size (its magnitude K/]N): distance, speed, time, mass. A
vector 2 has size and direction: displacement, velocity, acceleration.

Distance ¥ is the whole path length you travel — it only grows. Displacement

Vi#% is the straight line from start to finish, together with a direction.

Worked example. Walk 3 m east, then 1 m back west. The distance is 3+ 1 =4 m,
but the displacement is only 2 m east — how far you ended from where you began.

B 2 Speed and velocity

Speed #F tells you how fast, as a scalar. Velocity i#J& tells you how fast and
which way, so it is a vector.

In one dimension, direction is just a sign. First choose which way is positive. Then a
velocity of —5 m/s means 5 m/s in the negative direction — it does not mean "slow.”
Worked example. A car covers 100 m in 5 s in the 4+x direction, so its velocity is
100

- = +20 m/s. A car going the other way at the same rate has velocity —20 m/s.

B 3 Acceleration

Acceleration fjjli# J&F is how quickly velocity changes: a = v

(change in velocity
+ time taken). Its unit is m/s’.

An object speeds up when velocity and acceleration point the same way, and slows
down (deceleration J##) when they point opposite ways.

8—2
Worked example. A bike speeds up from 2 m/s to 8 m/s in 3 s: a = 5 = 2 m/s”.

B 4 Position—time graphs

A graph shows motion at a glance. On a position—time graph, the gradient #}Z
(steepness) is the velocity.

o A flat line means the object is not moving.
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o A straight slope means constant velocity (steeper = faster).

e A curve means the velocity is changing.

B 5 Velocity—time graphs

On a velocity—time graph, two useful things are hidden in the shape:

12 4
slope = acceleration a=5%

velocity v (m/s)

area = displacement Ax

0 1 2 3 4 5 6
time t (s)

o The gradient (slope) is the acceleration.
e The area under the line is the displacement.

Worked example. A car holds 6 m/s for 4 s. On the velocity—time graph this is a
rectangle, so the displacement is 6 x 4 = 24 m.

‘Watch out: a negative velocity does not mean slow — it means moving in the negative
direction. Speed is the size of the velocity, so it is always positive.

Practice

Try these in order. They get a little harder. The methods are all above.

2.1 A car travels 6 km north, then 2 km south. Find (a) the distance travelled, (b) the

displacement,.
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2.2 State whether each quantity is a scalar or a vector: (a) speed, (b) velocity,

distance, (d) acceleration.

2.3 A runner covers 200 m in 25 s. Calculate the average speed.

2.4 A velocity is written as —8 m/s. Explain what the minus sign tells you.

2.5 A train speeds up from 5 m/s to 20 m/s in 6 s. Calculate its acceleration.

2.6 A velocity—time graph shows a constant 12 m/s for 8 s. Find the displacement.

(c)

[

[

2.7 On a position-time graph, describe the motion shown by (a) a flat horizontal line,

(b) a straight upward slope.

AP Physics C: Mechanics « Holiday Homework 1 Describing motion and reading graphs

®

2]



Name:(  }—————— AP Physics C: Mechanics: 2019 Set 2

2. A toy rocket of mass 0.50 kg starts from rest on the ground and is launched upward, experiencing a vertical net
force. The rocket’s upward acceleration a for the first 6 seconds is given by the equation @ = K — Lt*, where

K =90 m/s2, L =025 m/s4 , and ¢ is the time in seconds. At ¢ = 6.0 s, the fuel is exhausted and the rocket is AP PHYSICS C: MECHANICS « HOLIDAY HOMEWORK fB#ifEl.
under the influence of gravity alone. Assume air resistance and the rocket’s change in mass are negligible.

. . 1 Equations of motion, free fall, and
(a) Calculate the magnitude of the net impulse exerted on the rocket from t=0to r=6.0s. .
(b) Calculate the speed of the rocket at # = 6.0 s. 2D mOt 10n — Part 2
(©)

i. Calculate the kinetic energy of the rocket at # = 6.0 s.

.. . . . Name: Class: Date:
ii. Calculate the change in gravitational potential energy of the rocket-Earth system from =0 to r = 6.0 s. e 5 -

(d) Calculate the maximum height reached by the rocket relative to its launching point.

(e) On the axes below, assuming the upward direction to be positive, sketch a graph of the velocity v of the Vocabulary ﬁ‘]ﬂ:
rocket as a function of time ¢ from the time the rocket is launched to the time it returns to the ground.
T,,, represents the time the rocket reaches its maximum height. Explicitly label the maxima with numerical Write each word three times. FERFANFRIATYE = .
values or algebraic expressions, as appropriate. English i Write it 3 times (Fnelish)
v air resistance 251N
(m/s)
acceleration due to = Jj i #
gravity i3
free fall H gk
i 1(s)
Tiop components R
projectile iRV
Recall

In Part A you learned to describe motion and read graphs. Now bring two more tools:

¢ When velocity is constant, velocity = displacement <+ time.

¢ When something speeds up steadily, you need equations that include acceleration —
that is this sheet.

o From maths you know right-angled triangles (Pythagoras, sine, cosine). You will use
them to split motion into two directions.

Take it slowly. Each idea has a worked example before the Practice.

New ideas
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B ] The constant-acceleration equations

When acceleration is constant (steady), four equations link five quantities: start
velocity vy, final velocity v, acceleration a, time ¢, and displacement Ax.

v =1y + at, Ax = vot + %at2, v = v§ + 2a Az, Az = %(Uo +v)t.

The trick: list what you know, then pick the equation that holds your three knowns
plus the one you want, so only one unknown is left.

Worked example. A car starts from rest (vy = 0) and accelerates at 2.0 m/s” for 6.0 s.
Final velocity: v = vy + at = 0+ 2.0 x 6.0 = 12 m/s. Distance: Az = vyt + $at? =
0+ 3 x 2.0 x 6.0 =236 m.

B 2 Free fall

Near Earth, if we ignore air resistance %35 [H Jj, everything falls with the same
acceleration due to gravity @ I g = 9.8 m/s”, pointing down. This is free
fall gk,

Worked example. A stone is dropped (vyp = 0) and falls for 2.0 s. Taking down as
positive: speed v = gt = 9.8x2.0 = 20 m/s, and distance Az = 1gt* = 1 x9.8x2.02 =
20 m.

B 3 Motion in two directions — components

A vector at an angle splits into two components 4} & at right angles: a horizontal
part and a vertical part.

IVI=/V2+V2Z - Vi=Vcosb, V, =Vsin®

V,=Vsin@

Vi =VcosO

For a velocity v at angle # above the horizontal:

Uy = vCosb, v, = vsinf.
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Worked exzample. A ball leaves at 10 m/s, 30° above the horizontal: v, = 10 cos 30° =
8.7m/s, and v, = 10sin30° = 5.0 m/s.

B 4 Projectile motion

A projectile #ill{& moves under gravity alone. The big idea: its horizontal and
vertical motions are independent and share only the time.

at the top: vy =0, vy = ucosf

wcos 6

o Horizontal: no acceleration, so the horizontal velocity stays constant.
o Vertical: acceleration g downward, exactly like free fall.

So a ball dropped and a ball thrown sideways from the same height reach the ground
at the same moment — their vertical motions are identical.

‘Watch out: the two directions share only the time. Never mix a horizontal distance
with a vertical velocity in one equation — solve each direction on its own, then join
them through t.

Practice
Try these in order. The methods are all above.

2.1 A car accelerates from rest at 3.0 m/s” for 5.0 s. Find its final velocity.
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2. A toy rocket of mass 0.50 kg starts from rest on the ground and is launched upward, experiencing a vertical net

force. The rocket’s upward acceleration a for the first 6 seconds is given by the equation a = K — Lt*, where
2.2 Using the same car, find the distance it travels in those 5.0 s.

K =90 m/s2 , L =025 m/s4, and ¢ is the time in seconds. At t = 6.0 s, the fuel is exhausted and the rocket is
under the influence of gravity alone. Assume air resistance and the rocket’s change in mass are negligible.

(a) Calculate the magnitude of the net impulse exerted on the rocket from t=0to t=6.0s.

(b) Calculate the speed of the rocket at = 6.0 s.

(©)
i. Calculate the kinetic energy of the rocket at # = 6.0 s.
) ) 5 o . ii. Calculate the change in gravitational potential energy of the rocket-Earth system from 7 =0to = 6.0 s.
zf‘c?:eflb; E.IS dropped from rest. Taking g = 9.8 m/s” and down as positive, find its Spccl) (d) Calculate the maximum height reached by the rocket relative to its launching point.

(e) On the axes below, assuming the upward direction to be positive, sketch a graph of the velocity v of the
rocket as a function of time 7 from the time the rocket is launched to the time it returns to the ground.

T,,, represents the time the rocket reaches its maximum height. Explicitly label the maxima with numerical
values or algebraic expressions, as appropriate.
v
(m/s)

2.4 A velocity of 12 m/s points 60° above the horizontal. Find its horizontal and vertical
components. 2]

' 1(s)

top

2.5 A stone is thrown horizontally from a cliff at the same moment another is dropped.
Explain why they hit the ground at the same time. 2

2.6 A motorbike slows from 20 m/s to 8 m/s while covering 42 m. Use v? = v2 + 2a Az
to find its acceleration. [3]
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M =050 kg
R=0.10m 1.0m
30° O
Table T
0.75m
l Floor R

| D I

3. A uniform solid cylinder of mass M = 0.50 kg and radius R = 0.10 m is released from rest, rolls without slipping
down a 1.0 m long inclined plane, and is launched horizontally from a horizontal table of height 0.75 m. The
inclined plane makes an angle of 30° with the horizontal. The cylinder lands on the floor a distance D away
from the edge of the table, as shown in the figure above. There is a smooth transition from the inclined plane to
the horizontal table, and the motion occurs with no frictional energy losses. The rotational inertia of a cylinder

around its center is MR> / 2.
(a) Calculate the total kinetic energy of the cylinder as it reaches the horizontal table.
(b) Calculate the angular velocity of the cylinder around its axis at the moment it reaches the floor.

(c) Calculate the ratio of the rotational kinetic energy to the total kinetic energy for the cylinder at the moment
it reaches the floor.

(d) Calculate the horizontal distance D.
A sphere of the same mass and radius is now rolled down the same inclined plane. The rotational inertia of

a sphere around its center is %MR2 .

(©)]

i. Is the total kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the total kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

ii. Is the rotational kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the rotational kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

iii. Is the horizontal distance the sphere travels from the table to where it hits the floor greater than, less
than, or equal to the horizontal distance the cylinder travels from the table to where it hits the floor?

Greater than Less than Equal to

Justify your answer.

STOP

END OF EXAM




AP PHYSICS C: MECHANICS « HOLIDAY HOMEWORK {R¥IfEI.

2 Forces and Newton’s laws — Part 1

Name: Class: Date:

Vocabulary &)

Write each word three times. 4G4 EIRFIE =ik .

English E:p'e Write it 3 times (English)

force i
free-body diagram =2 J7[&
Weight EW)|

Newton’s first law  Z}- i &5 —

EE
inertia B
net force &h
equilibrium S

Newton’s second 4= i 55 —

law ER

Newton’s  third 4= 1ifi 45 =

law EfE
Recall

You have met forces before. Bring these ideas with you:

« A force is a push or a pull, measured in newtons (N).

o Gravity pulls things down; a table pushes up; a rope pulls along its length.

« You know that a heavier object is harder to get moving. At AP we make this exact

with Newton’s laws.

Nothing here is harder than what you already know — we just line it up carefully and

draw good diagrams.

AP Physics C: Mechanics  Holiday Homework — 2 Forces and Newton’s laws
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Part 1

New ideas

Read these first. Each idea has a short worked example. Then do the Practice below.

B 1 Force and the free-body diagram

A force Jj is a push or pull. It is a vector, so it has a size and a direction.

To solve any force problem, first draw a free-body diagram 3% J7[&: show the object
as a dot, then draw an arrow for every force acting on it — weight down, the surface’s
push, any rope or hand.

w

Two rules keep it honest: draw only forces acting on your object (not forces it pushes
on other things), and draw only real forces (a rope, a surface, gravity) — never an
"ma” arrow.

B 2 Weight

Weight T Jj is the force of gravity on an object: F, = mg, pointing down. Here m
is the mass and g = 9.8 m/ s? near Earth.

Worked example. A 2.0 kg bag has weight Fj, = mg = 2.0 x 9.8 = 19.6 N. On the
Moon (g = 1.6 m/s) the same bag weighs only 2.0 x 1.6 = 3.2 N — but its mass is
still 2.0 kg.

B 3 Newton’s first law

Newton’s first law 455 — &t (the law of inertia {fi{4): an object keeps a
constant velocity unless a net force 4 JJ acts on it. So if the forces balance to zero,
the object stays at rest or keeps moving at steady speed — it is in equilibrium 4.

Worked example. A car moves at a steady 25 m/s. Because the velocity is constant,
the net force is zero — the engine’s push exactly balances friction and air drag.

AP Physics C: Mechanics « Holiday Homework — 2 Forces and Newton’s laws — Part 1



B 4 Newton’s second law

When the net force is not zero, the object accelerates: Newton’s second law 4-iiii
B EHE says
_XF

SO E F =ma.
m

The acceleration points the same way as the net force.

a

Worked example. A 4.0 kg box is pulled with 18 N while friction pulls back 6.0 N.

The net force is 18 — 6.0 =12 N, so a = % =3.0 m/s”.

B 5 Newton’s third law

Newton’s third law 4155 = Ef: if A pushes on B, then B pushes back on A
with an equal and opposite force.

R: table pushes the
book up

R': book pushes the
table down

The two forces act on different objects, so they never cancel.

Watch out: a book’s weight and the table’s push on the book are not a third-law
pair — they act on the same object (the book). A third-law pair is always “A on B”
with “B on A

Practice

Try these in order. The methods are all above.

2.1 State the size and direction of the weight of a 3.0 kg book (g = 9.8 m/sQ). 2

AP Physics C: Mechanics  Holiday Homework — 2 Forces and Newton’s laws — Part 1
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2.2 A box rests on a table. Name the two forces on the box and state their directions.|2

2.3 A 6.0 kg trolley is pushed with a net force of 18 N. Find its acceleration. 2

2.4 A lift moves upward at a constant speed. What is the net force on it? Explain. [2]

2.5 A 2.0 kg ball is pulled by a 10 N force while a 4.0 N friction force opposes it. Find
the acceleration. 2]

2.6 A student says “the ground pushes up on my feet, and my feet push down on the
ground — these cancel out, so I feel nothing.” State what is wrong with this reasoning. 2|

AP Physics C: Mechanics « Holiday Homework — 2 Forces and Newton’s laws — Part 1
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vo=3

— Sensor =130N/m

.00 m/s F
m/s orce bo0

Cart 1 Cart 2
m = 0.500 kg m=1.05kg

)

C ) C

2. Two carts are on a horizontal, level track of negligible friction. Cart 1 has a sensor that measures the force
exerted on it during a collision with cart 2, which has a spring attached. Cart 1 is moving with a speed of
vy = 3.00 m/ s toward cart 2, which is at rest, as shown in the figure above. The total mass of cart 1 and

the force sensor is 0.500 kg, the mass of cart 2 is 1.05 kg, and the spring has negligible mass. The spring has
a spring constant of & =130 N/m. The data for the force the spring exerts on cart 1 are shown in the graph

below. A student models the data as the quadratic fit F = (3200 N/sz)t2 - (500 N/s)t .

F(N)
5,,,,,J:,,,Jj,,,,L,,,JL,,,L,,,i,,,J,,,J,,,,L,
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
— it
0 o | ! | | | I | | |
T
o | ! | | | | | | |
S
| o | | | | | o | | |
I W Rt e e o
| | | | | | |
L A L B e
| ! | | | | | | |
e e e e

(a) Using integral calculus, calculate the total impulse delivered to cart 1 during the collision.

i. Calculate the speed of cart 1 after the collision.

ii. In which direction does cart 1 move after the collision?

Right

The direction is undefined, because the speed of cart 1 is zero after the collision.

i. Calculate the speed of cart 2 after the collision.

(b)
Left
()
ii. Show that the col
(d)

lision between the two carts is elastic.

i. Calculate the speed of the center of mass of the two-cart—spring system.

ii. Calculate the maximum elastic potential energy stored in the spring.
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Block [[13String GM AX
|._qu Mass of Block 1 =3M
(Y 7 Mass of Block 2 = M
IBloglg -~

S .

2L AN

4L

Note: Figure not drawn to scale.

2. A pendulum of length L consists of block 1 of mass 3M attached to the end of a string. Block 1 is released
from rest with the string horizontal, as shown above. At the bottom of its swing, block 1 collides with block 2 of
mass M, which is initially at rest at the edge of a table of height 2L. Block 1 never touches the table. As a result
of the collision, block 2 is launched horizontally from the table, landing on the floor a distance 4L from the base
of the table. After the collision, block 1 continues forward and swings up. At its highest point, the string makes

an angle 6y, to the vertical. Air resistance and friction are negligible. Express all algebraic answers in terms of
M, L, and physical constants, as appropriate.

(a) Determine the speed of block 1 at the bottom of its swing just before it makes contact with block 2.

(b) On the dot below, which represents block 1, draw and label the forces (not components) that act on block 1
just before it makes contact with block 2. Each force must be represented by a distinct arrow starting on, and
pointing away from, the dot. Forces with greater magnitude should be represented by longer vectors.

(c) Derive an expression for the tension F;. in the string when the string is vertical just before block 1 makes

contact with block 2. If you need to draw anything other than what you have shown in part (b) to assist in
your solution, use the space below. Do NOT add anything to the figure in part (b).

For parts (d)—(g), the value for the length of the pendulum is L =75 cm.

(d) Calculate the time between the instant block 2 leaves the table and the instant it first contacts the floor.
(e) Calculate the speed of block 2 as it leaves the table.

(f) Calculate the speed of block 1 just after it collides with block 2.

(g) Calculate the angle 6y that the string makes with the vertical, as shown in the original figure, when
block 1 is at its highest point after the collision.



Name: :7 AP Physics C: Mechanics: 2016 Name: :7 AP Physics C: Mechanics: 2016

v (e
M ~— M , o . . .
i. In which direction is the net force, if any, on the block of mass 2M when the spring is at maximum
0 compression?
Left Right The net force on the block of mass 2M is zero.

Mech.2.

. o . . . Justify your answer.

A block of mass 2M rests on a horizontal, frictionless table and is attached to a relaxed spring, as shown in the

. Lo . 3 . . . ii. Which of the following correctly describes the magnitude of the net force on each of the two blocks
figure above. The spring is nonlinear and exerts a force F(x) = —Bx”, where B is a positive constant and x is S ESRIN
when the spring is at maximum compression?

the displacement from equilibrium for the spring. A block of mass 3M and initial speed v, is moving to the left

b The magnitude of the net force is greater on the block of mass 2M.
as shown.

. The magnitude of the net force is greater on the block of mass 3M.
(a) On the dots below, which represent the blocks of mass 2M and 3M, draw and label the forces (not .
components) that act on each block before they collide. Each force must be represented by a distinct arrow __ The magnitude of the net force on each block has the same nonzero value.

starting on, and pointing away from, the appropriate dot. The magnitude of the net force on each block is zero.

Block of Mass 2M Block of Mass 3M Justify your answer.

(f) Do the two blocks, which remain stuck together and attached to the spring, exhibit simple harmonic motion
after the collision?

. . _ Yes ____No

Justify your answer.

mmMm M

—-F
D 0

The two blocks collide and stick to each other. The two-block system then compresses the spring a maximum
distance D, as shown above. Express your answers to parts (b), (c), and (d) in terms of M, B, v,, and physical
constants, as appropriate.

(b) Derive an expression for the speed of the blocks immediately after the collision.
(c) Determine an expression for the kinetic energy of the two-block system immediately after the collision.

(d) Derive an expression for the maximum distance D that the spring is compressed.
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PHYSICS C: MECHANICS
SECTION II
Time—45 minutes
3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,

which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

Object Cylinder
Mass =12 ¢g

Fluid

Table

1. In an experiment, students used video analysis to track the motion of an object falling vertically through a fluid
in a glass cylinder. The object of m = 12 g is released from rest at the top of the column of fluid, as shown above.
The data for the speed v of the falling object as a function of time ¢ are graphed on the grid below. The dashed
curve represents the best fit chosen by the students for these data.
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(2)

iii.

. Does the speed of the object increase, decrease, or remain the same?

Increase Decrease Remain the same

. In a brief statement, describe the direction of the object’s acceleration and how the magnitude of this

acceleration changed as the object fell.

Using the graph, calculate an approximate value for the magnitude of the acceleration of the object at
t=0.20s.

The students use the equation v = A (1 —e B ) to model the speed of the falling object and find the best fit

coefficients tobe A =1.18 m/s and B =5 s

(b) Use the above equation to:

i

Derive an expression for the magnitude of the vertical displacement y(¢) of the falling object as a
function of time 7 .

. Derive an expression for the magnitude of the net force F(¢) exerted on the object as it falls through

the fluid as a function of time 7 .

The students repeat the experiment with a taller glass cylinder that is filled with the same fluid. The cylinder is
tall enough so that the object reaches a constant speed.

(©)

i.

ii.

Determine the constant speed of the object.
Justify your answer.
Determine the force exerted by the fluid on the object at this time.

Justify your answer.
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PHYSICS C: MECHANICS (b)
SECTION II i. On the grid below, plot data points for the acceleration of the cart as a function of the force sensor
Time—45 minutes reading. Clearly scale all axes. Draw a straight line that best represents the data.

3 Questions

I I I ) I
| | | I |
Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions, L | =t | !
which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this - | i | C
booklet in the spaces provided after each part. F4==F 4= R e sl Tt R
= (e ) =1 =t =+ =t =
—~ . I— L I - | -+ L4 .
] | [ | [ [ [ [ |
@ I [ [ ) [l [ T [l I
> = 1= =t =1 =+ =1 =t =
- C i R W S O
Motion Sensor R i e e NS NS RSN
Cart Force S 3 DR R N R NN
. orce Sensor g I T 0 Y A R R A I A
String 5 VIR O O
§ Mot e
3 | |
i L e I Y A B A
F+——F+a—F+——F+—— 4=k 4=+ 4+t -+ A=+ —— 4 —— =]
RS H S Bt RS R WA WIS IS R
Mech.1. 5 v e e I I e e B
1 1 1 O R A
A cart of mass m is pulled along a level dynamics track as shown above. A force sensor is attached to the cart 0 T T L
. . B . . . T rT T I TITTI R T I T T T T T T T 1
with a string and used to measure the horizontal force exerted on the cart to the right. A motion sensor is used A A A
to measure the acceleration of the cart with the positive direction toward the right. Friction is not negligible.
(a) On the dot below, which represents the cart, draw and label the forces (not components) that act on the cart.
Each force must be represented by a distinct arrow starting on, and pointing away from, the dot. Force Sensor Reading (N)
ii. Using the straight line from the graph, calculate the mass of the cart.
‘ iii. Using the straight line from the graph, determine the magnitude of the force of friction.

The above experiment is repeated by using a constant force sensor reading of 0.45 N. The cart starts from rest
at time # = 0 s and is pulled for a time of 2.0 s along the dynamics track.

A student pulls the force sensor with a constant force, and the cart accelerates. This is repeated for several trials, ©
with a different constant force used for each trial. The data are recorded in the table below. i. Determine the acceleration of the cart.
Trial 1 2 3 4 5 ii. The string breaks at time 7 = 2.0 s. Calculate the time it takes for the cart to stop after the string breaks.
Force sensor reading (N) 0.32 038 0.44 0.50 0.60 The expef%mfznt and analysis in parts (a) and (b) are repeated with a cart that has the same mass but a greater
force of friction.
Acceleration (m/s” ) 0.12 0.22 0.33 0.50 0.70 (d
i. Will the slope of your new line be greater than, less than, or equal to the slope of your line in
part (b)i?
Greater than Less than Equal to

ii. Will the horizontal intercept of your new line be greater than, less than, or equal to the horizontal
intercept of your line in part (b)i?

Greater than Less than Equal to
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2 Friction, springs, and circular mo-
tion — Part 2

Name: Class: Date:

Vocabulary &R

Write each word three times. E4GAN IR E =k

English 3z Write it 3 times (English)
normal force NEIV

Friction EEHE S
Static friction TR
Kinetic friction R
coefficient of fric- EEREZEK
tion

Hooke’s law BTLERE
spring constant  JHEEHTE
centripetal accel- [A] 0> il 3

eration JE

centripetal force [0 J)

Recall

In Part A you drew free-body diagrams and used Y F = ma. Now meet three everyday
forces that appear again and again:

o Friction slows sliding — you feel it when you drag a heavy box.
o A spring pulls back when you stretch it.

o Anything moving in a circle needs a force pulling it inward.

Each idea below has a worked example before the Practice.

AP Physics C: Mechanics » Holiday Homework — 2 Friction, springs, and circular motion — Part 2

@

New ideas

B 1 The normal force

When an object rests on a surface, the surface pushes back at right angles to it. This
is the normal force %[\ JJ N. On a flat floor it balances the weight, so N = mg.

Worked example. A 5.0 kg box on a level floor has N = mg = 5.0 x 9.8 = 49 N.

B 2 Friction

Friction J#4# /7 acts along a surface and opposes sliding. It comes in two kinds:

« Static friction ##E# (before sliding) adjusts itself up to a maximum f; < pN
to stop motion starting.

 Kinetic friction z)EE# (while sliding) is fy = uxN.

Here p is the coefficient of friction FE#E Z%{ (a number for how rough the contact
is).

Worked example. A crate with N =49 N and p, = 0.40 needs a push above f; nax =
psN = 0.40 x 49 = 19.6 N to start moving. A 15 N push is too small, so it stays still.
B 3 Springs and Hooke’s law

A spring pulls (or pushes) back toward its natural length. Hooke’s law #f] 7 & fi
says the force is proportional to the stretch x:

Fs‘ = kI-,
where k is the spring constant §fS& % (its stiffness).
A

limit of
proportionality

load (force), F

straight line:
Fox

v

extension, x

Worked ezample. A spring with k& = 200 N/m holds a 0.50 kg mass at rest. The spring

0.50 x 9.8
mg _ 000 X398 0.025 m = 2.5 cm.

force balances the weight, kx = mg, so v = —— 200

AP Physics C: Mechanics » Holiday Homework — 2 Friction, springs, and circular motion — Part 2



B 4 Circular motion

An object moving in a circle at steady speed is still accelerating, because its direction
keeps changing. This centripetal acceleration [i].0>}jlI3# & points to the centre:

2
e = —.
r

velocity v

,/ force ' path of ball

, .
’ and acceleration a

7

.
centre

2
mv

It is caused by a real inward centripetal force [a].[»Jj F, = —— — supplied by
r

tension, gravity, or friction.
Watch out: there is no outward “centrifugal” force pulling you out of the circle. The

only force is the real one pulling you inward; you feel pushed out only because your
body wants to keep going straight.

Practice
Try these in order. The methods are all above.

2.1 A 4.0 kg block sits on a flat floor. Find the normal force on it (g = 9.8 m/s?).

AP Physics C: Mechanics » Holiday Homework — 2 Friction, springs, and circular motion — Part 2

2.2 Using that block, the coefficient of static friction is ps = 0.30. Find the largest static

friction force before it slides. 2]

2.3 A spring stretches 0.040 m when a 12 N force pulls it. Find the spring constant &.[2]

2.4 Explain why an object going around a circle at constant speed is still accelerating.|2]

2.5 A 0.30 kg ball is whirled in a circle of radius 0.80 m at 4.0 m/s. Find the centripetal
force needed. (3]

2.6 A student says a car turning a corner is pushed outward by a force. Correct this

statement. 2]

AP Physics C: Mechanics » Holiday Homework — 2 Friction, springs, and circular motion — Part 2
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PHYSICS C: MECHANICS
SECTION II
Time—45 minutes
3 Questions

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

Electromagnet

T_ Sphere

h

Pad

Table

1. A student wants to determine the value of the acceleration due to gravity g for a specific location and sets up
the following experiment. A solid sphere is held vertically a distance / above a pad by an electromagnet, as
shown in the figure above. The experimental equipment is designed to release the sphere when the electromagnet
is turned off. A timer also starts when the electromagnet is turned off, and the timer stops when the sphere lands
on the pad.

(a) While taking the first data point, the student notices that the electromagnet actually releases the sphere after
the timer begins. Would the value of g calculated from this one measurement be greater than, less than, or
equal to the actual value of g at the student’s location?

Greater than Less than Equal to
Justify your answer.

The electromagnet is replaced so that the timer begins when the sphere is released. The student varies the
distance A. The student measures and records the time Ar of the fall for each particular height, resulting in the
following data table.

h (m) 0.10 0.20 0.60 0.80 1.00
At (s) 0.105 0.213 0.342 0.401 0.451

(b) Indicate below which quantities should be graphed to yield a straight line whose slope could be used to
calculate a numerical value for g.

Vertical axis:
Horizontal axis:

Use the remaining rows in the table above, as needed, to record any quantities that you indicated that are not
given in the table. Label each row you use and include units.

Name:(  }——————— AP Physics C: Mechanics: 2018

(c) Plot the data points for the quantities indicated in part (b) on the graph below. Clearly scale and label all
axes, including units if appropriate. Draw a straight line that best represents the data.
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(d) Using the straight line, calculate an experimental value for g.
Another student fits the data in the table to a quadratic equation. The student’s equation for the distance fallen y

as a function of time ¢ is y = Ar> + Bt + C, where A = 5.75 m/s?, B=-0.524 m/s,and C = +0.080 m .
Vertically down is the positive direction.

(e) Using the student’s equation above, do the following.
i. Derive an expression for the velocity of the sphere as a function of time.
ii. Calculate the new experimental value for g.
iii. Using 9.81 m/ s as the accepted value for g at this location, calculate the percent error for the value
found in part (e)ii.

iv. Assuming the sphere is at a height of 1.40 m at #= 0, calculate the velocity of the sphere just before it
strikes the pad.
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4. A uniform disk and ring, each of mass M and radius R, roll without slipping along a horizontal
surface, as shown in Figure 1. The outer edges of the disk and ring are made of the same
material. The center of mass of the disk and the center of mass of the ring each initially move
with the same constant speed v.

The disk and the ring then smoothly transition to a ramp that is inclined at an angle 6 above
the horizontal. Both the disk and the ring continue to roll without slipping as they move up the
ramp, as shown in Figure 2.

The ring travels a greater distance along the ramp than the disk travels before each
momentarily comes to rest.

Disk Ring

@0 _.

Figure 1

W

Figure 2

A. While the disk and the ring are rolling on the ramp without slipping, the magnitudes of
the static frictional force exerted on the disk and on the ring by the ramp are f, and fg,
respectively.

Indicate whether fj, is greater than, less than, or equal to fz by writing one of the following.
* >Rk
* <R
c =R

Justify your answer using qualitative reasoning beyond referencing equations.

Name:(  }——————— AP Physics C: Mechanics: 2025

P R TRV APV DSV R TR TV N

B. A cylinder has mass M, radius R, and rotational inertia I about its central axis. The cylinder
rolls without slipping up a ramp that is inclined at an angle 6 above the horizontal.

Derive an expression for the magnitude of the static frictional force fexerted on the
cylinder by the ramp. Express your answer in terms of M, R, I, 6, and physical constants,
as appropriate. Begin your derivation by writing a fundamental physics principle or an
equation from the reference information.

C. In a different scenario, the centers of mass of the original disk and ring each have the same
initial speed v as they did in the original scenario. The ramp is replaced by a new ramp on
which the disk and the ring initially slip as they roll up the new ramp.

Indicate whether the magnitude of the kinetic frictional force exerted on the disk by the
new ramp is greater than, less than, or equal to the magnitude of the kinetic frictional force
exerted on the ring by the new ramp while both are slipping.

Briefly justify your answer.

STOP
END OF EXAM
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v (e
M ~— M , o . . .
i. In which direction is the net force, if any, on the block of mass 2M when the spring is at maximum
0 compression?
Left Right The net force on the block of mass 2M is zero.

Mech.2.

. o . . . Justify your answer.

A block of mass 2M rests on a horizontal, frictionless table and is attached to a relaxed spring, as shown in the

. Lo . 3 . . . ii. Which of the following correctly describes the magnitude of the net force on each of the two blocks
figure above. The spring is nonlinear and exerts a force F(x) = —Bx”, where B is a positive constant and x is S ESRIN
when the spring is at maximum compression?

the displacement from equilibrium for the spring. A block of mass 3M and initial speed v, is moving to the left

b The magnitude of the net force is greater on the block of mass 2M.
as shown.

. The magnitude of the net force is greater on the block of mass 3M.
(a) On the dots below, which represent the blocks of mass 2M and 3M, draw and label the forces (not .
components) that act on each block before they collide. Each force must be represented by a distinct arrow __ The magnitude of the net force on each block has the same nonzero value.

starting on, and pointing away from, the appropriate dot. The magnitude of the net force on each block is zero.

Block of Mass 2M Block of Mass 3M Justify your answer.

(f) Do the two blocks, which remain stuck together and attached to the spring, exhibit simple harmonic motion
after the collision?

. . _ Yes ____No

Justify your answer.

mmMm M

—-F
D 0

The two blocks collide and stick to each other. The two-block system then compresses the spring a maximum
distance D, as shown above. Express your answers to parts (b), (c), and (d) in terms of M, B, v,, and physical
constants, as appropriate.

(b) Derive an expression for the speed of the blocks immediately after the collision.
(c) Determine an expression for the kinetic energy of the two-block system immediately after the collision.

(d) Derive an expression for the maximum distance D that the spring is compressed.
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h

|

2. A block of mass m starts at rest at the top of an inclined plane of height %, as shown in the figure above. The
block travels down the inclined plane and makes a smooth transition onto a horizontal surface. While traveling
on the horizontal surface, the block collides with and attaches to an ideal spring of spring constant k. There is
negligible friction between the block and both the inclined plane and the horizontal surface, and the spring has
negligible mass. Express all algebraic answers for parts (a), (b), and (c) in terms of m, h, k, and physical
constants, as appropriate.

(a)

Note: Figure not drawn to scale.

i. Derive an expression for the speed of the block just before it collides with the spring.

ii. Is the speed halfway down the incline greater than, less than, or equal to one-half the speed at the
bottom of the inclined plane?

Greater than Less than Equal to
Justify your answer.
(b) Derive an expression for the maximum compression of the spring.

(c) Determine an expression for the time from when the block collides with the spring to when the spring
reaches its maximum compression.

The block is again released from rest at the top of the incline, and when it reaches the horizontal surface it is

moving with speed V. Now suppose the block experiences a resistive force as it slides on the horizontal surface.

The magnitude of the resistive force F is given as a function of speed v by F = ﬁvz, where f is a positive

constant with units of kg/m.

(d)
i. Write, but do NOT solve, a differential equation for the speed of the block on the horizontal surface as
a function of time ¢ before it reaches the spring. Express your answer in terms of m, h, k, f, v, and
physical constants, as appropriate.

ii. Using the differential equation from part (d)i, show that the speed of the block v(f) as a function of
1 Bt

time ¢ can be written in the form 1 =—+

~—, where V, is the speed at r = 0.
v(it) vy m 0 P

(e) Sketch graphs of position x as a function of time ¢, velocity v as a function of time ¢, and acceleration a as
a function of time ¢ for the block as it is moving on the horizontal surface before it reaches the spring.

——————
Bt

X v a
A
i
i
S — ] pemm————————— O -
!
1
1
1
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Blockm String Oniax
N

[— L_>i

. Mass of Block 1 =3M
Yy Mass of Block 2 = M
Block ‘~

e )

2L AN

4L

Note: Figure not drawn to scale.

2. A pendulum of length L consists of block 1 of mass 3M attached to the end of a string. Block 1 is released
from rest with the string horizontal, as shown above. At the bottom of its swing, block 1 collides with block 2 of
mass M, which is initially at rest at the edge of a table of height 2L. Block 1 never touches the table. As a result
of the collision, block 2 is launched horizontally from the table, landing on the floor a distance 4L from the base
of the table. After the collision, block 1 continues forward and swings up. At its highest point, the string makes
an angle 6y, to the vertical. Air resistance and friction are negligible. Express all algebraic answers in terms of

M, L, and physical constants, as appropriate.
(a) Determine the speed of block 1 at the bottom of its swing just before it makes contact with block 2.
(b) On the dot below, which represents block 1, draw and label the forces (not components) that act on block 1

just before it makes contact with block 2. Each force must be represented by a distinct arrow starting on, and
pointing away from, the dot. Forces with greater magnitude should be represented by longer vectors.

(c) Derive an expression for the tension F;. in the string when the string is vertical just before block 1 makes

contact with block 2. If you need to draw anything other than what you have shown in part (b) to assist in
your solution, use the space below. Do NOT add anything to the figure in part (b).

For parts (d)—(g), the value for the length of the pendulum is L =75 cm.

(d) Calculate the time between the instant block 2 leaves the table and the instant it first contacts the floor.
(e) Calculate the speed of block 2 as it leaves the table.

(f) Calculate the speed of block 1 just after it collides with block 2.

(g) Calculate the angle 6y that the string makes with the vertical, as shown in the original figure, when
block 1 is at its highest point after the collision.
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3 Work, kinetic energy, and potential
energy — Part 1

Name: Class: Date:

Vocabulary &R

Write each word three times. E4GAN IR E =k

English 3z Write it 3 times (English)
Energy BEH
joules EH

kinetic energy i

Work I

work—energy theo- ZfjfEEHE
rem

Potential energy — #+HE

Gravitational po- H JJ#fHE
tential energy

Elastic potential % HE
energy

Recall

You already know a lot about energy:

Energy comes in forms — movement, height, heat, light — and can change from one
form to another.
You cannot make energy from nothing or destroy it; it is only moved around.

You met the idea that a fast or heavy object carries more energy. At AP we make
this exact with formulas.

Each idea below has a worked example. Then do the Practice.

AP Physics C: Mechanics ¢ Holiday Homework 3 Work, kinetic energy, and potential energy — Part 1

New ideas

B 1 Kinetic energy
Energy AE& is the capacity to do work, measured in joules £ H: (J). A moving
object has kinetic energy zljfi:

K = %mvz.

It depends on the square of the speed, so doubling the speed makes the kinetic energy
four times larger.

Worked example. A 1500 kg car at 20 m/s has K = % x 1500 x 202 = 3.0 x 10° J. At
40 m/s it is four times as much.

B 2 Work

Work Ijj is energy transferred when a force pushes something through a distance:
W = Fdcos9,

where 6 is the angle between the force and the movement. Work is positive if the
force helps the motion, negative if it opposes it, and zero if the force is at right
angles to the motion.

F'sinf

[4
F cosf

(1o

~

Worked example. A 20 N force pushes a box 3.0 m in its own direction: W = Fd =
20 x 3.0 =60 J.

B 3 The work—energy theorem

The net work done on an object equals the change in its kinetic energy — the work—
energy theorem ZfjfE & HH:
Whet = AK.

Worked example. 1f 60 J of net work is done on a resting 3.0 kg trolley, then 60 =
% 3.0 x v?, giving v* =40 and v = 6.3 m/s.

AP Physics C: Mechanics ¢ Holiday Homework 3 Work, kinetic energy, and potential energy — Part 1



B 4 Potential energy
Potential energy #f¢ is stored energy that depends on position:

« Gravitational potential energy T Jj#H8 (from height h): U, = mgh.
« Elastic potential energy 5% 4 (in a stretched spring): U, = ka?.

Worked example. Lifting a 2.0 kg book 1.5 m stores U, = mgh = 2.0 x 9.8 x 1.5 =

29.4 J.
‘Watch out: carrying a bag horizontally at steady height does no work on the bag —

the lifting force is vertical but the movement is horizontal, so cos 90° = 0.

Practice
Try these in order. The methods are all above.

2.1 Find the kinetic energy of a 0.50 kg ball moving at 6.0 m/s.

2.2 A 40 N force pushes a crate 5.0 m in its own direction. Find the work done.

2.3 State whether the work is positive, negative, or zero when (a) friction acts on a sliding
box, (b) you carry a box horizontally at constant height. 2

3 Work, kinetic energy, and potential energy — Part 1

AP Physics C: Mechanics ¢ Holiday Homework

2.4 A 3.0 kg mass is lifted 2.0 m. Find the gain in gravitational potential energy (g
2

9.8 m/s%).

2.5 A 2.0 kg trolley starts at rest. A net work of 36 J is done on it. Use the work—energy
3]

theorem to find its final speed.

2.6 A car’s speed triples. By what factor does its kinetic energy increase?

3 Work, kinetic energy, and potential energy — Part 1

AP Physics C: Mechanics ¢ Holiday Homework
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2. A toy rocket of mass 0.50 kg starts from rest on the ground and is launched upward, experiencing a vertical net
force. The rocket’s upward acceleration a for the first 6 seconds is given by the equation @ = K — Lt*, where

K =90 m/s2 , L=025 m/s4 , and ¢ is the time in seconds. At ¢ = 6.0 s, the fuel is exhausted and the rocket is
under the influence of gravity alone. Assume air resistance and the rocket’s change in mass are negligible.

(a) Calculate the magnitude of the net impulse exerted on the rocket from t=0to r=6.0s.
(b) Calculate the speed of the rocket at # = 6.0 s.
(©
i. Calculate the kinetic energy of the rocket at # = 6.0 s.
ii. Calculate the change in gravitational potential energy of the rocket-Earth system from =0 to r = 6.0 s.
(d) Calculate the maximum height reached by the rocket relative to its launching point.

(e) On the axes below, assuming the upward direction to be positive, sketch a graph of the velocity v of the
rocket as a function of time ¢ from the time the rocket is launched to the time it returns to the ground.
T,,, represents the time the rocket reaches its maximum height. Explicitly label the maxima with numerical

values or algebraic expressions, as appropriate.

v
(m/s)

} 1(s)

top
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Begin your response to QUESTION 1 on this page.

PHYSICS C: MECHANICS
SECTION II
Time—45 minutes

3 Questions

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

String~7¥>
14
Block A Block B
) X \ D }
S | o
m I H I 3m
I 1 |

} + + + t X
0 R X X X3

Note: Figure not drawn to scale.

Figure 1

1. Block A and Block B of masses m and 3m, respectively, are arranged in a setup consisting of an ideal spring

with spring constant k and a horizontal surface. Friction between the surface and the blocks is negligible except in
aregion of length D, where the coefficient of kinetic friction between Block A and the surface is u. Block B is
attached to a string of length ¢ and negligible mass, as shown in Figure 1. Block A is held against the spring,
compressing the spring a distance x,.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 1 on this page.

Attime r = 0, Block A is located at position x = x( and is released from rest. After the block is released, the
following occurs.

* Attime t = 1;, Block A is at x = xj after traveling a distance x.. Block A moves with speed v,
and the spring is at its equilibrium position.

* Attime ¢ = t,, the left side of Block A is at x = x, after passing through a distance D across
the region with nonnegligible friction.

» Attime ¢ = 13, Block A is at x = x3 and Block A collides with and sticks to Block B.

(a) For parts (a)(i) and (a)(ii), express your answer in terms of m, k, D, u, x., and physical constants, as
appropriate.

i. Derive an expression for the speed v of Block A at time £.

ii. Derive an expression for the speed v g of the two-block system immediately after the collision at
time 73.

GO ON TO THE NEXT PAGE.
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(b)

Continue your response to QUESTION 1 on this page.

Stringl,
14
Block A Block B
" x ) D ]
% | W
m | H | 3m |
I I ]

t + + + + X
0 X0 X1 X2 A3

Note: Figure not drawn to scale.

Figure 1

i. On the following axes, sketch a graph of the kinetic energy K of Block A as a function of time ¢ from
time ¢ = 0 to time f3.

e

O X

-~
A e

ii. Use principles of work and energy to justify the graph drawn in part (b)(i) for the time interval r = 0 to
t = 1. Explicitly reference features of the shape of the graph you drew in part (b)(i).

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 1 on this page.

\\ AP PHYSICS C: MECHANICS « HOLIDAY HOMEWORK {E#ifEl

AN 3 Conservation of energy and power
— Part 2

3 Name: Class: Date:

Note: Figure not drawn to scale.

Figure 2 Vocabulary Jaly[
After the collision, the two-block system instantaneously comes to rest at time 74, which occurs when the string Write each word three times. 4GB E =k,
makes a small angle 6,,,,, with the vertical, as shown in Figure 2. For times ¢ > 4, the system oscillates with - — - - :
frequency f,. The support holding the string is raised, and the procedure is then repeated using a new string of English 3 Write it 3 times (English)
length 2 7. mechanical energy HUHfE
(c) Indicate how the new frequency of oscillation f;, of the system on the new string of length 2 £ will compare conserved B2l
to the frequency of oscillation f, from the original procedure.
thermal energy i
YRS he <ty —— he =4
Briefly justify your answer. Power S
watts FUFr
efficiency S
Recall

In Part A you met kinetic energy K = %va and potential energy U = mgh. Now put
them together:

o Energy is never lost — it only changes form.
« A falling ball speeds up (gains K) as it drops (loses U).
e Doing the same job faster needs more power — that is the last idea on this sheet.

Each idea has a worked example before the Practice.

New ideas
GO ON TO THE NEXT PAGE.

AP Physics C: Mechanics o Holiday Homework — 3 Conservation of energy and power — Part 2




B 1 Mechanical energy

The mechanical energy Hl##E of an object is its kinetic plus potential energy:

E=K+U.

B 2 Conservation of energy

When only gravity and springs act (no friction), the mechanical energy is conserved
SPIE - it stays the same:
K+ U = Ky + Us.

So energy lost from one form appears in another.

in time ¢
= power P

same work
W done

in time ¢/2
= power 2P

w .
P = i less time, more power

Worked ezample. A motor lifts a 50 kg load at a steady 2.0 m/s. The force equals
the weight, so P = Fv = mgv = 50 x 9.8 x 2.0 = 980 W.

highest: highest:
GPE max, GPE max,
KE =0 KE =0

B 5 Efficiency

lowest: KE max, GPE =0

Worked example. A ball is released from rest at the top of a smooth ramp 5.0 m
high. All its potential energy becomes kinetic: mgh = %mzﬁ, S0 v = /2gh =

V2% 9.8 x5.0=9.9m/s. The mass cancels, so every object reaches the same speed.

B 3 When friction acts

by total input:

. useful output
efficiency = ———.
total input

Worked example. A motor that draws 1400 W but delivers 980 W of useful lifting is
980

1400 = 0.70 = 70% efficient.

Watch out: at constant speed the net force is zero, but power is not zero — the
motor still does work against gravity or friction. “Balanced forces” does not mean

“no energy used.”

Real machines waste some energy, so we quote efficiency & — useful output divided

Friction turns mechanical energy into thermal energy #HE (heat). Then energy is
still conserved overall, but some has left the "useful” K + U pool.

Worked example. If the ramp above loses 30 J to friction, you subtract it: mgh —30 =

Practice

Try these in order. The methods are all above.

2.1 A 0.20 kg ball is dropped from 1.8 m. Using energy conservation, find its speed ju

before it lands (g = 9.8 m/s%).

1, .2
Smu’.
B 4 Power

Power 3% is the rate of transferring energy, measured in watts F45F (W):

w
pP= AL and at steady speed P = Fu.

AP Physics C: Mechanics « Holiday Homework 3 Conservation of energy and power — Part 2
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vo=3.00m/s Force -0
— Sensor =130 N/m V=

2.2 State the energy change as a pendulum swings from its highest point down to its Cart | _{ I_\QQQQQQQQ_ Cart 2
lowest point. (o] m=0.500 kg m=1.05kg

“ ) C ) C

2. Two carts are on a horizontal, level track of negligible friction. Cart 1 has a sensor that measures the force
exerted on it during a collision with cart 2, which has a spring attached. Cart 1 is moving with a speed of
vy = 3.00 m/ s toward cart 2, which is at rest, as shown in the figure above. The total mass of cart 1 and
2.3 A crane does 6000 J of work in 4.0 s. Find its power output. 2] the force sensor is 0.500 kg, the mass of cart 2 is 1.05 kg, and the spring has negligible mass. The spring has
a spring constant of & =130 N/m. The data for the force the spring exerts on cart 1 are shown in the graph

below. A student models the data as the quadratic fit F = (3200 N/sz)t2 - (500 N/s)t .

F (N)
| | | | | | | | |
St—4-——4—+t-—t--t-dof -
0.|02 0.94 0.p6 0.98 0.]0 0.|12 0.’]4 0.‘16 0.|18
o« | | | T
2.4 A machine takes in 500 W and delivers 300 W of useful power. Find its efficiency as e w T o s e S
a percentage. 2] o I | I I | I I |
) R M L
4 0 00 P B
| + I. | | | | |
R B A
S e e e e S S

(a) Using integral calculus, calculate the total impulse delivered to cart 1 during the collision.

2.5 A ball rolls down a smooth slope 2.0 m high but 15 J is lost to friction. If the ball’s ®)
mass is 1.0 kg, find its speed at the bottom. 9] i. Calculate the speed of cart 1 after the collision.
ii. In which direction does cart 1 move after the collision?
_ Left ___ Right
____The direction is undefined, because the speed of cart 1 is zero after the collision.
(©)
i. Calculate the speed of cart 2 after the collision.
ii. Show that the collision between the two carts is elastic.
(d
2.6 Explain why a car moving at constant speed still uses fuel (energy), even though the i. Calculate the speed of the center of mass of the two-cart-spring system.
net force on it is zero. 2] ii. Calculate the maximum elastic potential energy stored in the spring.

AP Physics C: Mechanics ¢ Holiday Homework 3 Conservation of energy and power — Part 2
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vo=3.00 m/s Force ~0
— Sensor k= 130N/m V=

Cart 1 Cart 2
m = 0.500 kg m=1.05kg
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2. Two carts are on a horizontal, level track of negligible friction. Cart 1 has a sensor that measures the force
exerted on it during a collision with cart 2, which has a spring attached. Cart 1 is moving with a speed of
vy = 3.00 m/ s toward cart 2, which is at rest, as shown in the figure above. The total mass of cart 1 and

the force sensor is 0.500 kg, the mass of cart 2 is 1.05 kg, and the spring has negligible mass. The spring has
a spring constant of & =130 N/m. The data for the force the spring exerts on cart 1 are shown in the graph

below. A student models the data as the quadratic fit F = (3200 N/sz)t2 - (500 N/s)t .

F(N)
| ! | | | | | | |
e e Y v S e e o
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
o« | | | T i
e TR o o o
o | ! | | | | | | |
L A it s s
| o | | | | | o | | |
] U J N s s s e
| | | | | | |
L A L B e
| ! | | | | | | |
T e e s s s M

(a) Using integral calculus, calculate the total impulse delivered to cart 1 during the collision.
(b)
i. Calculate the speed of cart 1 after the collision.

ii. In which direction does cart 1 move after the collision?

_ Left ____ Right
____ The direction is undefined, because the speed of cart 1 is zero after the collision.
(©
i. Calculate the speed of cart 2 after the collision.
ii. Show that the collision between the two carts is elastic.
(@

i. Calculate the speed of the center of mass of the two-cart—spring system.

ii. Calculate the maximum elastic potential energy stored in the spring.
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4 Momentum and impulse — Part 1

Name: Class: Date:

Vocabulary &)

Write each word three times. 4G4 EIRFIE =ik .

English E:p'e Write it 3 times (English)

Linear momentum Zfj &

impulse M

Recall

You already have a feel for momentum, even without the word:

o A heavy truck is harder to stop than a bicycle at the same speed.

o A fast ball hurts more than a slow one when you catch it.

« Catching a ball gently (moving your hands back) hurts less. This sheet explains why,

exactly.

Each idea has a worked example before the Practice.

New ideas

B 1 Momentum

Linear momentum 3}j5& is mass times velocity — a vector pointing the same way
as the velocity:
p=muv.

It measures how hard something is to stop. Its unit is kg m/s.

Worked example. A 0.40 kg ball moving at 5.0 m/s has momentum p = mv =
0.40 x 5.0 = 2.0 kg m/s.

AP Physics C: Mechanics « Holiday Homework — 4 Momentum and impulse — Part 1

®

B 2 Impulse

A force acting for a time changes the momentum. The impulse 14 is
J = FAt,

and it equals the change in momentum: J = Ap. This is the impulse-momentum
theorem.

force

area
= impulse
=Ap

time

Worked example. A 12 N force pushes a trolley for 3.0 s: impulse = FAt = 12x 3.0 =
36 kg m/s, so the momentum increases by 36 kg m/s.

B 3 Why time matters

Ap
Because F' = —, spreading the same momentum change over a longer time makes

the force smaller. That is exactly how airbags, crash mats and bending your knees
on landing protect you.

Worked exzample. A 0.15 kg ball hits a wall at 20 m/s and bounces back at 15 m/s;
contact lasts 0.020 s. Taking the rebound direction as positive, Ap = m(v — u) =
Ap  5.25
0.15(15 — (—20)) =5.25 k F=—=——=260N.
(15 = (=20)) = 5.2 kg m/s, so "= 3 = G755
Watch out: when a ball bounces back, its velocity reverses sign, so the change

in momentum is large. Forgetting the sign flip is the most common mistake here.

Practice
Try these in order. The methods are all above.

2.1 Find the momentum of a 2.0 kg ball moving at 6.0 m/s. 2]

AP Physics C: Mechanics « Holiday Homework — 4 Momentum and impulse — Part 1



2.2 A 5.0 N force acts on a cart for 4.0 s. Find the impulse.

2.3 The cart in 2.2 started at rest with mass 2.0 kg. Find its final speed.

2.4 Explain, using impulse, why bending your knees when landing from a jump reduces
the force on your legs. 2]

2.5 A 0.20 kg ball moving at 8.0 m/s is caught and stopped in 0.50 s. Find the average
force on it. 3]

2.6 A ball hits a wall at 10 m/s and rebounds at 10 m/s. Its mass is 0.25 kg. Find the
size of the change in momentum. 2

AP Physics C: Mechanics « Holiday Homework I Momentum and impulse — Part 1
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Question 1: Version J

1. Two blocks, 1 and 2, slide toward each other on a horizontal surface. Block 1 has mass m
and slides in the +x-direction with constant speed 2v,. Block 2 has mass 6m and slides in the
—x-direction with constant speed vy, as shown in Figure 1. The blocks then collide and stick
together. The collision occurs from time ¢ = 0 to ¢ = ¢.. After the collision, where ¢ > ¢,, the blocks
move together with the same constant speed.

+x
Block 2
Block 1

Vo

2\)0 - 6m

1]

m

Figure 1

A. The diagrams in Figure 2 can be used to represent the momentum of blocks 1 and 2 hefore
and after the collision. The momentum vector diagram for Block 1 before the collision is
shown.

i. Draw arrows on the grids to represent the momentum vectors of Block 2 before the
collision and the two-block system before and after the collision.

¢ Arrows should start at the zero-momentum line.

¢ The length of the arrows should be proportional to the relative magnitudes of the
vectors.

* Represent an arrow of zero length by drawing a dot at zero.
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Momentum Momentum
Before Collision After Collision
AR A S A
b=+ o+ A o=
Block 1 e e e e e S i o
0
AR A S A
FAA—F++4A——F++4 -+
Block 2 e e S i skt e b o ol b
0
I I Y U A
Two-Block | r4——FF++4———F++a4——+4 | FH4d—+++o——F++4——+4
e b el o I I o o o o b ot o B e o
System | v
() 0
Figure 2

ii. During the time interval 0 < ¢ < ¢., a force F is exerted on Block 2 by Block 1 along the
x-direction as a function of t that is modeled by F(¢) = Fy,.,sin(4¢), where A is a positive
constant and Fj,,, is the magnitude of the maximum force exerted on Block 2 by Block 1
during the collision.

Derive an expression for F,,. Express your answer in terms of m, vy, 4, t., and physical
constants, as appropriate. Begin your derivation by writing a fundamental physics
principle or an equation from the reference information.

B. Consider a new scenario where Block 1 initially slides in the +x-direction with a new

constant speed v; and Block 2 again initially slides in the —x-direction with constant speed v.

The blocks collide and stick together. In this new scenario, the two-block system has constant
speed v, after the collision.
Derive an expression for v; in terms of v,. Begin your derivation by writing a fundamental
physics principle or an equation from the reference information.
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.00 m/s Force
— Sensor =130N/m

vo=3

v=0

m=0

Cart 1 Cart 2
.500 kg m=1.05kg
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2. Two carts are on a horizontal, level track of negligible friction. Cart 1 has a sensor that measures the force
exerted on it during a collision with cart 2, which has a spring attached. Cart 1 is moving with a speed of
vy = 3.00 m/ s toward cart 2, which is at rest, as shown in the figure above. The total mass of cart 1 and

the force sensor is 0.500 kg, the mass of cart 2 is 1.05 kg, and the spring has negligible mass. The spring has

a spring constant of k =13

0 N/m. The data for the force the spring exerts on cart 1 are shown in the graph

below. A student models the data as the quadratic fit F = (3200 N/sz)t2 - (500 N/s)t .

F(N)
| | | | | | | | |
T v e e e T T
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
1)
0 . | | | | ! | | | |
e T e S e
e | | | | | | | | |
L B e e L e
sbode o e
e e T T
20 et e
I B e e e e B R

(a) Using integral calculus,

(b)

calculate the total impulse delivered to cart 1 during the collision.

i. Calculate the speed of cart 1 after the collision.

ii. In which direction does cart 1 move after the collision?

Left

Right

The direction is undefined, because the speed of cart 1 is zero after the collision.

(©

i. Calculate the speed of cart 2 after the collision.

ii. Show that the collision between the two carts is elastic.

(d

i. Calculate the speed of the center of mass of the two-cart—spring system.

ii. Calculate the maximum elastic potential energy stored in the spring.
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4 Conservation of momentum and col-
lisions — Part

Name: Class: Date:

Vocabulary &liC

Write each word three times. FEEANBATETSE =3k .

English 2y Write it 3 times (English)

conserved SR

perfectly inelastic E 3 4 filf
collision 1

elastic collision Ll 1

recoils sy

Recall
In Part A you met momentum p = mv and impulse. Now the big payoff:

o When two things push on each other, their pushes are equal and opposite (Newton’s
third law).

e So in a crash or an explosion, the total momentum does not change.

o This one idea solves collisions that would be hard to do with forces.

Each idea has a worked example before the Practice.
New ideas

B ] Conservation of momentum

If no outside force acts on a system, its total momentum is conserved <F{H — the
total before equals the total after:

Z Phefore = Z Pafter-

The internal pushes come in equal-and-opposite pairs, so they cancel and cannot
change the total.

AP Physics C: Mechanics ¢ Holiday Homework 1 Conservation of momentum and collisions — Part 2

Uy Ug

- 5 -—
before: Q Q
A B
vy vy
— _—
after: Q Q
A B

B 2 Collisions that stick

In a perfectly inelastic collision FEi{:flf 1 the objects stick together and move
off with one shared velocity.

Worked exzample. A 1000 kg car at 20 m/s hits a stationary 1500 kg car and they lock
together. Momentum is conserved:

20000
1000 x 20 = (1000 + 1500) v = v =

2500 8.0 m/s.

B 3 Elastic and inelastic

Momentum is conserved in every collision, but kinetic energy is not:

« Inan elastic collision 3{i4:Alif#, kinetic energy is also conserved (a clean bounce).

 In an inelastic collision, some kinetic energy becomes heat and deformation (a
crash).

B 4 Recoil

When one part of a still system is pushed one way, the rest recoils JZ it the other
way so the total momentum stays zero.

Worked example. A 60 kg skater at rest throws a 2.0 kg ball at 8.0 m/s. Starting

16
from zero total momentum: 0 = (60)v + (2.0)(8.0), so v = 60 = —0.27 m/s — she
slides back at 0.27 m/s. This is how rockets work.

‘Watch out: momentum is a vector. Give one direction a + sign and the opposite a —
sign before you add — two equal speeds in opposite directions add to zero momentum,
not double.

AP Physics C: Mechanics ¢ Holiday Homework 4 Conservation of momentum and collisions — Part 2



Practice
Try these in order. The methods are all above.

2.1 A 2.0 kg trolley at 3.0 m/s hits a stationary 1.0 kg trolley and they stick together
Find their common speed. 3

2.2 State what is always conserved in a collision, and what is conserved only if the
collision is elastic. 2]

2.3 A 50 kg student on frictionless ice throws a 1.0 kg ball at 6.0 m/s. Find the student’s
recoil speed. 3

2.4 Two identical balls roll toward each other at the same speed and stick together.
Explain why they stop. 2]

2.5 A 0.50 kg ball at 4.0 m/s collides head-on with a stationary 0.50 kg ball. After an
elastic collision the first stops. State the second ball’s speed and give your reason.  [2]

AP Physics C: Mechanics o Holiday Homework 1 Conservation of momentum and collisions — Part 2
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2. Two carts are on a horizontal, level track of negligible friction. Cart 1 has a sensor that measures the force
exerted on it during a collision with cart 2, which has a spring attached. Cart 1 is moving with a speed of
vy = 3.00 m/ s toward cart 2, which is at rest, as shown in the figure above. The total mass of cart 1 and

the force sensor is 0.500 kg, the mass of cart 2 is 1.05 kg, and the spring has negligible mass. The spring has
a spring constant of & =130 N/m. The data for the force the spring exerts on cart 1 are shown in the graph

below. A student models the data as the quadratic fit F = (3200 N/sz)t2 - (500 N/s)t .

F(N)
| | | | | | | | |
T v e e e T T
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
1)
0 . | | | | | | | | |
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e | | | | | | | | |
e B e B e e
R T e e e R
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A0 e e
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(a) Using integral calculus, calculate the total impulse delivered to cart 1 during the collision.
()
i. Calculate the speed of cart 1 after the collision.

ii. In which direction does cart 1 move after the collision?

_ Left ___ Right
____The direction is undefined, because the speed of cart 1 is zero after the collision.
(©
i. Calculate the speed of cart 2 after the collision.
ii. Show that the collision between the two carts is elastic.
(d)

i. Calculate the speed of the center of mass of the two-cart—spring system.

ii. Calculate the maximum elastic potential energy stored in the spring.
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2. Two carts are on a horizontal, level track of negligible friction. Cart 1 has a sensor that measures the force
exerted on it during a collision with cart 2, which has a spring attached. Cart 1 is moving with a speed of
vy = 3.00 m/ s toward cart 2, which is at rest, as shown in the figure above. The total mass of cart 1 and

the force sensor is 0.500 kg, the mass of cart 2 is 1.05 kg, and the spring has negligible mass. The spring has
a spring constant of & =130 N/m. The data for the force the spring exerts on cart 1 are shown in the graph

below. A student models the data as the quadratic fit F = (3200 N/sz)t2 - (500 N/s)t .

F(N)
| ! | | | | | | |
e e Y v S e e o
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(a) Using integral calculus, calculate the total impulse delivered to cart 1 during the collision.
(b)
i. Calculate the speed of cart 1 after the collision.

ii. In which direction does cart 1 move after the collision?

_ Left ____ Right
____ The direction is undefined, because the speed of cart 1 is zero after the collision.
(©
i. Calculate the speed of cart 2 after the collision.
ii. Show that the collision between the two carts is elastic.
(@

i. Calculate the speed of the center of mass of the two-cart—spring system.

ii. Calculate the maximum elastic potential energy stored in the spring.
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5 Rotational motion and torque — Part 1

Name: Class: Date:

Vocabulary &)

Write each word three times. 4G4 EIRFIE =ik .

English E:p'e Write it 3 times (English)
angular displace- F{ %

ment

radians CINES

angular velocity — ff

Torque Ji5E
moment arm 7 ’%
Recall

You already know spinning things — wheels, gears, a spinning top:

o A wheel turns through an angle; you have measured angles in degrees.
e A point on the edge of a big wheel moves faster than one near the middle.

« You have used a seesaw and a spanner: pushing farther from the pivot turns things
more easily.

This sheet gives these ideas exact names and formulas. Each idea has a worked example.

New ideas

B 1 Angular quantities

Rotation copies straight-line motion, with new names:

« angular displacement ffifif% 6 — the angle turned, measured in radians &
(one radian is the angle whose arc length equals the radius).

Al
« angular velocity fii# ¥ w = A how fast it spins.

AP Physics C: Mechanics  Holiday Homework — 5 Rotational motion and torque — Part 1

arc length s =7

0 =1rad
when s =17

20
Worked example. A wheel turns 20 rad in 4.0 s, so w = 0= 5.0 rad/s.

B 2 Linking spin to straight-line speed

A point at distance r from the axis moves at speed
v =rw.

Points farther from the axis move faster.

Worked example. A bicycle wheel of radius 0.35 m spins at 12 rad/s, so the rim (and
the bike) moves at v = rw = 0.35 x 12 =4.2 m/s.
B 3 Torque — the turning effect

Torque F7%4f (also called the moment) is how strongly a force turns something about
a pivot:

T:FXTL,

where 7, is the moment arm Jj% — the perpendicular distance from the pivot to
the line of the force.

AP Physics C: Mechanics « Holiday Homework — 5 Rotational motion and torque — Part 1



pivot

Worked example. Pushing with 20 N at the end of a 0.30 m spanner, at right angles,
gives 7 = Fr =20 x 0.30 = 6.0 N m.

Watch out: a force pointing straight through the pivot has zero moment arm, so it
makes no torque. Push at a right angle, as far out as you can, for the biggest turning
effect.

Practice

Try these in order. The methods are all above.

[

2.1 A wheel turns through 18 rad in 3.0 s. Find its angular velocity.

2.2 A point on a rim of radius 0.20 m has the wheel spinning at 10 rad/s. Find the speed
of the point. 2

AP Physics C: Mechanics  Holiday Homework — 5 Rotational motion and torque — Part 1

2.3 A force of 15 N is applied at right angles 0.40 m from a pivot. Find the torque. [2]

2.4 Explain why a door handle is placed far from the hinges, not near them. 2]

2.5 Two points sit on a spinning disc, one at the rim and one halfway to the centre. State
which moves faster and why. 2]

2.6 A spanner is 0.25 m long. You push with 30 N at right angles to it. Find the torque,
then state what happens to the torque if you push at the same force but only halfway
along. 3]

AP Physics C: Mechanics « Holiday Homework — 5 Rotational motion and torque — Part 1
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Object A

Pivot M
e .

I 2L I

2. Object A is a long, thin, uniform rod of mass M and length 2L that is free to rotate about a pivot of negligible
friction at its left end, as shown above.

(a) Using integral calculus, derive an expression to show that the rotational inertia I, of object A about the

4
pivot is given by 3 ML?.

y Object B

A |
I = ‘

Object B of total mass M is formed by attaching two thin, uniform, identical rods of length L at a right angle
to each other. Object B is held in place, as shown above. Express your answers in part (b) in terms of L .

(b) Determine the following for the given coordinate system shown in the figure.

i. The x-coordinate of the center of mass of object B

ii. The y-coordinate of the center of mass of object B

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.

@
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Object B has a rotational inertia of Iz about its pivot.
(c) Is the value of Ig greater than, less than, or equal to I, ?
Less than

Greater than Equal to

Justify your answer.

Object B is released from rest and begins to rotate about its pivot.

(d) On the axes below, sketch graphs of the magnitude of the angular acceleration o and the angular speed @
of object B as functions of time 7 from the time it is released to the time its center of mass reaches its lowest
point.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write vour name. Do NOT write outside the box.

@
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(e) While object B rotates from the horizontal position down through the angle 8 shown above, is the

magnitude of its angular acceleration increasing, decreasing, or not changing?
Increasing Decreasing Not changing

Justify your answer.

Object B rotates through the position shown above.

(f) Derive an expression for the angular speed of object B when it is in the position shown above. Express your
answer in terms of M, L , Ig , and physical constants, as appropriate.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.

©
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M=050kg
R=0.10m 1.0m
30° e
Table I
0.75m
L Floor R

| D |

3. A uniform solid cylinder of mass M = 0.50 kg and radius R = 0.10 m is released from rest, rolls without slipping
down a 1.0 m long inclined plane, and is launched horizontally from a horizontal table of height 0.75 m. The
inclined plane makes an angle of 30° with the horizontal. The cylinder lands on the floor a distance D away
from the edge of the table, as shown in the figure above. There is a smooth transition from the inclined plane to
the horizontal table, and the motion occurs with no frictional energy losses. The rotational inertia of a cylinder

around its center is MR2/2 .
(a) Calculate the total kinetic energy of the cylinder as it reaches the horizontal table.
(b) Calculate the angular velocity of the cylinder around its axis at the moment it reaches the floor.

(c) Calculate the ratio of the rotational kinetic energy to the total kinetic energy for the cylinder at the moment
it reaches the floor.

(d) Calculate the horizontal distance D.
A sphere of the same mass and radius is now rolled down the same inclined plane. The rotational inertia of

a sphere around its center is %MR2 .

(e)

i. Is the total kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the total kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

ii. Is the rotational kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the rotational kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

iii. Is the horizontal distance the sphere travels from the table to where it hits the floor greater than, less
than, or equal to the horizontal distance the cylinder travels from the table to where it hits the floor?

Greater than Less than Equal to

Justify your answer.

STOP

END OF EXAM
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-— . 2 . . . .
m A student now uses the rotating platform (I p = 3.1kgem ) to determine the rotational inertia I;; of an
unknown object about a vertical axis that passes through the object’s center of mass. The platform is rotating at
Ir an initial angular speed ®; when the unknown object is dropped with its center of mass directly above the center
Vertical Axis of the platform. The platform and object are observed to be rotating together at angular speed @, . Trials are

D \Motor—Driven Wheel repeated for different values of ;. A graph of @ as a function of @; is shown on the axes below.

3. A horizontal circular platform with rotational inertia /, rotates freely without friction on a vertical axis. A small

motor-driven wheel that is used to rotate the platform is mounted under the platform and touches it. The wheel __i_J;_i‘_ EREREN _J"._J;__i___J;_ R A
has radius r and touches the platform a distance D from the vertical axis of the platform, as shown above. The S S O I O OO
platform starts at rest, and the wheel exerts a constant horizontal force of magnitude F tangent to the wheel until :::: _:: 1 - ::_ ]’_ _::: - 1 - l ::_ T _:: 1 - T - '::_ :}: _::0
the platform reaches an angular speed o, after time Ar. During time At, the wheel stays in contact with the 44— bt bt bt bt
platform without slipping. ::i:]lj‘: :I[:‘[]I::I‘:II:IE::]I:]I:‘I;;:I[:F]I:
(a) Derive an expression for the angular speed @p of the platform. Express your answer in terms of I, , r, D, F, ::::;:::: I::;]: :::II:II:: ::;:i:]:
i . 3 1 ! ! [ L1 I
At , and physical constants, as appropriate. SCZ 3 N O I N OO IO
T P
(b) Determine an expression for the kinetic energy of the platform at the moment it reaches angular speed wp . g S O O O I
. . . > 7 7T 1 7 737 rr "
Express your answer in terms of I, r, D, F, At and physical constants, as appropriate. Sttt
IS S SN0 N S N A
(c) Derive an expression for the angular speed of the wheel @y, when the platform has reached angular ::i:;::j‘: :F:F]u:;;jfilzl[:;::ll:; ::;:i:::
speed @, . Express your answer in terms of D, r, ®p , and physical constants, as appropriate. P A
IR P AU O N N O I
e
I A
i P A e e e i A
0 L L 1 L I L ! L L L L 1 L 1 L
0 2 4 6 8 10
o, (rad/s)

When the platform is spinning at angular speed o , the motor-driven wheel is removed. A student holds a disk
directly above and concentric with the platform, as shown above. The disk has the same rotational inertia /, as

the platform. The student releases the disk from rest, and the disk falls onto the platform. After a short time, the
disk and platform are observed to be rotating together at angular speed @ -

(d) Derive an expression for @, . Express your answer in terms of @p, Ip, and physical constants, as

appropriate.
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(e)

i. On the graph on the previous page, draw a best-fit line for the data.

AP PHYSICS C: MECHANICS « HOLIDAY HOMEWORK {&#ifE\.
ii. Using the straight line, calculate the rotational inertia of the unknown object I;; about a vertical axis

passing through its center of mass. 5 Rotational inertia, balance, and torque
(f) The kinetic energy of the spinning platform before the object is dropped on itis K;. The total kinetic energy — I alp h a — P art 2
of the platform-object system when it reaches angular speed @, is K. Which of the following

expressions is true?

Kf <K; Kf =K; Kf > K; Name: Class: Date:

Justify your answer.

-

(g) One of the students observes that the center of mass of the object is not actually aligned with the axis of

A s ot Vocabulary Ay
the platform. Is the experimental value of /; obtained in part (¢) greater than, less than, or equal to the

actual value of the rotational inertia of the unknown object about a vertical axis that passes through its Write each word three times. A EAIRYDE =k o
center of mass?

English 2 h'e Write it 3 times (English)
Greater than Less than Equal to
. Rotational inertia #&zh1H &
Justify your answer.

rotational equilib- F&3f i

rium

Recall

In Part A you met torque — the turning effect of a force. Now use it two ways:

STOP
« to balance things (a seesaw, a shelf), which you have done before;
END OF EXAM « to find how fast something starts to spin, the rotational copy of F' = ma.

Each idea has a worked example before the Practice.

New ideas

B ] Rotational inertia

Rotational inertia ##f1{fi5 (symbol I) measures how hard it is to change some-
thing’s spin — the rotational version of mass. It depends on the mass and how far
that mass sits from the axis: mass spread farther out makes I larger.

This is why a spinning skater speeds up when she pulls her arms in — she brings her
mass closer to the axis, making I smaller.

B 2 Rotational equilibrium

An object is in rotational equilibrium #;3f]°F-fff when the total turning effect is
zero — the clockwise torques balance the anticlockwise torques. Then it does not start
to spin.

AP Physics C: Mechanics « Holiday Homework 5 Rotational inertia, balance, and torque = I alpha — Part 2

@




anticlockwise clockwise
A’\ dl d4 /ﬂ

ds3

B L
I_W_l_, W3
-

Worked example. A 30 kg child sits 2.0 m from the pivot of a seesaw. Where must a
40 kg child sit to balance it? Set the two torques equal (the g cancels):

30x20=40xd = d:%:lﬁm.

The heavier child sits closer to the pivot.

B 3 The rotational Newton’s second law

Just as a net force gives linear acceleration, a net torque gives angular acceleration:

ZT:[OL,

the exact twin of Y F' = ma (with 7 <> F, I <3 m, a <> a).

Worked example. A net torque of 12 N m acts on a wheel with I = 3.0 kg m?. Its

angular acceleration is o = % =30 4.0 rad/s”.

‘Watch out: the same mass can have different rotational inertia depending on where

it sits — a ring is harder to spin than a solid disc of the same mass, because its mass
is all at the edge.

Practice
Try these in order. The methods are all above.

2.1 State what two things the rotational inertia of an object depends on.

AP Physics C: Mechanics o Holiday Homework 5 Rotational inertia, balance, and torque = I alpha — Part 2

[

AP Physics C: Mechanics ¢ Holiday Homework — 5 Rotational inertia, balance, and torque = I alpha — Part 2

2.2 A 20 kg child sits 1.5 m from a seesaw pivot. A 25 kg child sits on the other side.
How far from the pivot must the second child sit to balance? 3]

2.3 A net torque of 8.0 N m acts on a wheel of rotational inertia 2.0 kg m?. Find the
angular acceleration. 2]

2.4 Explain why a spinning ice skater speeds up when she pulls her arms in. 2]

2.5 A shelf is held by a bracket. State the condition on the torques for the shelf to stay
balanced (not rotate). 1]

2.6 A wheel with 7 = 5.0 kg m? must reach v = 3.0 rad/s”. Find the net torque needed. ||
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3. A triangular rod, shown above, has length L, mass M, and a nonuniform linear mass density given by the

equation A = Z—A;Ix , where x is the distance from one end of the rod.
L

(a) Using integral calculus, show that the rotational inertia of the rod about its left end is ML2/2.

Figure 1 Figure 2

The thin hoop shown above in Figure 1 has a mass M, radius L, and a rotational inertia around its center of MI?.

Three rods identical to the rod from part (a) are now fastened to the thin hoop, as shown in Figure 2 above.

(b) Derive an expression for the rotational inertia /,,, of the hoop-rods system about the center of the hoop.
Express your answer in terms of M, L, and physical constants, as appropriate.

The hoop-rods system is initially at rest and held in place but is free to rotate around its center. A constant force
F is exerted tangent to the hoop for a time Az .

(c) Derive an expression for the final angular speed @ of the hoop-rods system. Express your answer in terms
of M, L, F, At, and physical constants, as appropriate.

Name:(  }——————— AP Physics C: Mechanics: 2018

—

The hoop-rods system is rolling without slipping along a level horizontal surface with the angular speed @
found in part (c). At time 7 = 0, the system begins rolling without slipping up a ramp, as shown in the figure
above.

(@

i. On the figure of the hoop-rods system below, draw and label the forces (not components) that act on
the system. Each force must be represented by a distinct arrow starting at, and pointing away from, the
point at which the force is exerted on the system.

ii. Justify your choice for the direction of each of the forces drawn in part (d)i.

(e) Derive an expression for the change in height of the center of the hoop from the moment it reaches the
bottom of the ramp until the moment it reaches its maximum height. Express your answer in terms of M, L,
1,,,, o, and physical constants, as appropriate.

STOP

END OF EXAM



Name: :)7 AP Physics C: Mechanics: 2024 Set 1 Name: :)7 AP Physics C: Mechanics: 2024 Set 1

Begin your response to QUESTION 3 on this page. ) )
Continue your response to QUESTION 3 on this page.

3 6
(b) In Figure 1, Point P is located 3 L from the pivot and Point Q is located 3 L from the pivot. Derive an

String equation for the tension Fr in the horizontal string in terms of L, m, €, and physical constants, as appropriate.
Q

Pivot\fs(

Figure 1

Note: Figure not drawn to scale.

3. A uniform rod of length L and mass m is attached to a pivot on a vertical pole, as shown in Figure 1. There is
negligible friction between the rod and the pivot. A horizontal string connects Point Q on the rod to the pole. The
rod makes an angle 6 with the pole. A block of mass 3m hangs from the rod at Point P. The center of mass of the
rod is located at Point C.

(a) On the following representation of the rod, draw and label the forces (not components) that are exerted on the
rod. Each force must be represented by a distinct arrow that starts on and points away from the point at which
the force is exerted on the rod.

Pivotﬂ'

Figure 2

Note: Figure not drawn to scale.

(c) The original string is replaced with a longer string that connects Point Q to a higher location on the vertical
pole, as shown in Figure 2. The angle 6 remains the same. How does the new tension Fr ., compare with
the original tension Fp from part (b) ? Justify your reasoning.

GO ON TO THE NEXT PAGE. GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 3 on this page.

SString

PiVOt\S—R ¥ | x (m)

0 Nonuniform Rod

s

STOP

END OF EXAM
Figure 3

Note: Figure not drawn to scale.

(d) A nonuniform rod is now attached to the pivot, as shown in Figure 3. There is negligible friction between the
nonuniform rod and the pivot. The rod has a length of 1.2 m and a linear mass density A(x) = A + Bx,
where x is the distance from the pivot, A = 6.0 kg/m, and B = 10.0 kg/mz.

i. Calculate the mass of the rod.

ii. Calculate the rotational inertia of the rod about the pivot.

GO ON TO THE NEXT PAGE.
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4. A uniform disk and ring, each of mass M and radius R, roll without slipping along a horizontal
surface, as shown in Figure 1. The outer edges of the disk and ring are made of the same
material. The center of mass of the disk and the center of mass of the ring each initially move
with the same constant speed v.

The disk and the ring then smoothly transition to a ramp that is inclined at an angle 6 above
the horizontal. Both the disk and the ring continue to roll without slipping as they move up the
ramp, as shown in Figure 2.

The ring travels a greater distance along the ramp than the disk travels before each
momentarily comes to rest.

Disk Ring

@0 _.

Figure 1

W

Figure 2

A. While the disk and the ring are rolling on the ramp without slipping, the magnitudes of
the static frictional force exerted on the disk and on the ring by the ramp are f, and fg,
respectively.

Indicate whether fj, is greater than, less than, or equal to fz by writing one of the following.
* >Rk
* <R
c =R

Justify your answer using qualitative reasoning beyond referencing equations.

Name:(  }——————— AP Physics C: Mechanics: 2025

P R TRV APV DSV R TR TV N

B. A cylinder has mass M, radius R, and rotational inertia I about its central axis. The cylinder
rolls without slipping up a ramp that is inclined at an angle 6 above the horizontal.

Derive an expression for the magnitude of the static frictional force fexerted on the
cylinder by the ramp. Express your answer in terms of M, R, I, 6, and physical constants,
as appropriate. Begin your derivation by writing a fundamental physics principle or an
equation from the reference information.

C. In a different scenario, the centers of mass of the original disk and ring each have the same
initial speed v as they did in the original scenario. The ramp is replaced by a new ramp on
which the disk and the ring initially slip as they roll up the new ramp.

Indicate whether the magnitude of the kinetic frictional force exerted on the disk by the
new ramp is greater than, less than, or equal to the magnitude of the kinetic frictional force
exerted on the ring by the new ramp while both are slipping.

Briefly justify your answer.

STOP
END OF EXAM
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6 Rotational energy and angular mo-
mentum — Part 1

Name: Class: Date:

Vocabulary &R

Write each word three times. E4GAN IR E =k

English 3z Write it 3 times (English)
rotational kinetic ¥%#hzEhEE

energy

Angular momen- FZE

tum

conserved S2iE
Recall

In the last topic you met angular velocity w and rotational inertia I. Now spinning things
get energy and momentum, just like moving things:

o A moving object has kinetic energy %va and momentum muv.
o A spinning object has rotational copies of both.

o A spinning skater who pulls her arms in speeds up — this sheet explains exactly why.

Each idea has a worked example before the Practice.

New ideas

B ] Rotational kinetic energy
A spinning object stores rotational kinetic energy 433l {E:
Ko = %]wzv

the twin of 1mw? A rolling ball has both: 1mv? from moving plus $Iw? from
spinning.

Worked ezample. A wheel with I = 2.0 kg m? spins at w = 3.0 rad/s: Ky =
$x20x3.02=9.0J.

AP Physics C: Mechanics ¢ Holiday Homework 6 Rotational energy and angular momentum — Part 1

B 2 Work done by a torque

A torque turning through an angle does work: W = 7 Af (the twin of W = Fd).
Worked example. A motor gives a steady torque of 8.0 N m while a flywheel turns
10 rad: W =7A60=8.0x10=280J.

B 3 Angular momentum

Angular momentum fz}j& is the rotational version of momentum:

L=1Iw.

B 4 Conservation of angular momentum

If no outside torque acts, angular momentum is conserved <F{H:
Ilwl = ]2&}2.

So if I goes down, w goes up to keep L the same.

Worked example. A skater spins at 2.0 rev/s with [; = 4.0 kg m?. She pulls her arms
I 4.0
in, dropping I to I, = 1.6 kg m% w, = I—lwl =16 x 2.0 = 5.0 rev/s.
2 .
Watch out: pulling the arms in raises both the spin rate and the kinetic energy
— the extra energy comes from the work her muscles do pulling inward. Angular
momentum stays the same; energy does not.

Practice
Try these in order. The methods are all above.

2.1 A flywheel with I = 3.0 kg m?* spins at 4.0 rad/s. Find its rotational kinetic energy. 2]

2.2 A torque of 6.0 N m turns a wheel through 5.0 rad. Find the work done. 2]

AP Physics C: Mechanics ¢ Holiday Homework —— 6 Rotational energy and angular momentum — Part 1



2.3 Find the angular momentum of a disc with I = 0.50 kg m* spinning at 8.0 rad/s. 2]

2.4 A spinning student on a stool has I; = 6.0 kg m? at w; = 1.0 rad/s. He pulls weights
in so I, = 2.0 kg m®. Find his new angular velocity. 3

2.5 State what stays the same and what changes when the student in 2.4 pulls the weights
in. 2

AP Physics C: Mechanics « Holiday Homework 6 Rotational energy and angular momentum — Part 1
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M=050kg
R=0.10m 1.0m
30° e
Table I
0.75m
L Floor R

| D |

3. A uniform solid cylinder of mass M = 0.50 kg and radius R = 0.10 m is released from rest, rolls without slipping

down a 1.0 m long inclined plane, and is launched horizontally from a horizontal table of height 0.75 m. The
inclined plane makes an angle of 30° with the horizontal. The cylinder lands on the floor a distance D away
from the edge of the table, as shown in the figure above. There is a smooth transition from the inclined plane to
the horizontal table, and the motion occurs with no frictional energy losses. The rotational inertia of a cylinder

around its center is MR2/2 .
(a) Calculate the total kinetic energy of the cylinder as it reaches the horizontal table.
(b) Calculate the angular velocity of the cylinder around its axis at the moment it reaches the floor.

(c) Calculate the ratio of the rotational kinetic energy to the total kinetic energy for the cylinder at the moment
it reaches the floor.

(d) Calculate the horizontal distance D.
A sphere of the same mass and radius is now rolled down the same inclined plane. The rotational inertia of

a sphere around its center is %MR2 .

(e)

i. Is the total kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the total kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

ii. Is the rotational kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the rotational kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

iii. Is the horizontal distance the sphere travels from the table to where it hits the floor greater than, less
than, or equal to the horizontal distance the cylinder travels from the table to where it hits the floor?

Greater than Less than Equal to

Justify your answer.

STOP

END OF EXAM
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dr2
dr

Figure 1 Figure 2

Mech.3.

A uniform rod of length d has one end fixed to the central axis of a horizontal, frictionless circular platform of
radius R = 2d . Fixed at the other end of the rod is an ideal spring of negligible mass to which a block is
attached. The block is set in frictionless grooves so that it can only move along a radius of the platform, as
shown in Figure 1 above. The equilibrium length of the spring is d/2 . Below is a table showing the mass of the
block and the masses and rotational inertias of the rod and platform.

Mass Rotational Inertia
Block m
my, d*
Rod mg = 3m R3 (about the end of the rod)
2
Platform mp = 5m sz R (about the central axis)

A motor begins to slowly rotate the platform counterclockwise as viewed from above until the platform reaches
a constant angular speed @. Under these conditions, the spring has stretched by an additional length d/2, as
shown in Figure 2.

Answer the following questions for the platform rotating at constant angular speed @. Express all algebraic
answers in terms of m, d, @, and physical constants, as appropriate.

(a) Derive an expression for the spring constant of the spring.
(b)

i. Determine an expression for the rotational inertia of the block around the axis of the platform.

ii. Derive an expression for the rotational inertia of the entire system about the axis of the platform.

(c) Determine an expression for the angular momentum of the entire system about the axis of the platform.

Name:(  }——————— AP Physics C: Mechanics: 2016

Figure 3

While the system continues to rotate, a small mechanism in the pivot moves the rod slowly until the center of the
rod is positioned on the axis, as shown in Figure 3 above. The same constant angular speed @ is maintained by
the motor driving the platform.

(d) Derive an expression for the distance x that the spring is stretched when the rod reaches the position shown
in Figure 3 above.

For parts (e), (f), and (g), assume the center of the rod is still moving toward the axis of the platform.
(e) Is the angular momentum of the entire system increasing, decreasing, or staying the same?
__ Increasing __ Decreasing ___ Staying the same
Justify your answer.

(f) In order to keep the system rotating with constant angular speed @, is the motor doing positive work,
negative work, or no work on the rotating system?

Positive Negative No work

Justify your answer.
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(g) On the block in Figure 4 below, draw a single vector representing the direction of the acceleration
of the block. Draw the vector so that it is starting on, and pointing away from, the block.

Figure 4

STOP

END OF EXAM
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6 Rolling and orbiting satellites — Part

Name: Class: Date:

Vocabulary Ay

Write each word three times. FEEANBATETE =k .

English 225'd Write it 3 times (English)
rolls without slip- #4iVEZ)

ping

satellite TE
Recall

In Part A you met rotational energy and angular momentum. Two everyday examples
bring them together:

o A wheel that rolls is moving and spinning at the same time.
« A satellite stays in orbit because gravity keeps pulling it toward the planet.

Each idea has a worked example before the Practice.

New ideas

B ] Rolling without slipping

When a wheel rolls without slipping 4li/& ], the point touching the ground is
momentarily still, and the speed of the centre links to the spin:

VvV =Tw.

Worked example. A wheel of radius 0.30 m rolls so its centre moves at 6.0 m/s. Its

=20 rad/s.

v
spin rate is w = — =
p r - 0.30

B 2 Rolling shares the energy

A rolling object splits its kinetic energy between moving (%va) and spinning
(%Ioﬂ). Because some energy goes into spin, a ball rolling down a ramp speeds
up more slowly than a block that slides down without friction.

AP Physics C: Mechanics » Holiday Homework — 6 Rolling and orbiting satellites — Part 2



B 3 Satellites and orbits

A satellite TLE in orbit is really in free fall: gravity provides exactly the centripetal
force needed to bend its path into a circle. Setting gravity equal to the centripetal
requirement gives the orbit speed

GM
v = .
r
T T TNl planet
L . mass m
K
// F
, Sun v LAy
! mass M !

Worked example. For a low orbit, r = 6.4 x 10 m and GM = 4.0 x 10™ m?/s%

[0 x 10™ ;
V= a1 7.9 x 10° m/s, about 7.9 km/s.

B 4 Bigger orbit, slower speed

Because v = /GM /r, a satellite farther out (larger r) moves slower. The satellite’s
own mass cancels, so all satellites in the same orbit move at the same speed.

Watch out: a satellite is not “beyond gravity.” Gravity is exactly what holds it in
orbit — it is falling toward the planet all the time, but moving sideways fast enough
to keep missing it.

AP Physics C: Mechanics  Holiday Homework — 6 Rolling and orbiting satellites — Part 2

Practice
Try these in order. The methods are all above.

2.1 A wheel of radius 0.25 m rolls without slipping; its centre moves at 5.0 m/s. Find its
angular velocity. (2]

2.2 Explain why a ball rolling down a slope accelerates more slowly than a block sliding

down the same frictionless slope. 2]

2.3 What force provides the centripetal force that keeps a satellite in orbit? 1]

2.4 Two satellites orbit the same planet, one close and one far. State which moves faster,

and why. 2]

2.5 A wheel of radius 0.40 m spins at w = 15 rad/s while rolling. Find the speed of its
centre. 2]

AP Physics C: Mechanics » Holiday Homework — 6 Rolling and orbiting satellites — Part 2
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3. A triangular rod, shown above, has length L, mass M, and a nonuniform linear mass density given by the

equation A = Z—A;Ix , where x is the distance from one end of the rod.
L

(a) Using integral calculus, show that the rotational inertia of the rod about its left end is ML2/2.

Figure 1 Figure 2

The thin hoop shown above in Figure 1 has a mass M, radius L, and a rotational inertia around its center of MI?.

Three rods identical to the rod from part (a) are now fastened to the thin hoop, as shown in Figure 2 above.

(b) Derive an expression for the rotational inertia /,,, of the hoop-rods system about the center of the hoop.
Express your answer in terms of M, L, and physical constants, as appropriate.

The hoop-rods system is initially at rest and held in place but is free to rotate around its center. A constant force
F is exerted tangent to the hoop for a time Az .

(c) Derive an expression for the final angular speed @ of the hoop-rods system. Express your answer in terms
of M, L, F, At, and physical constants, as appropriate.

Name:(  }——————— AP Physics C: Mechanics: 2018
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The hoop-rods system is rolling without slipping along a level horizontal surface with the angular speed @
found in part (c). At time 7 = 0, the system begins rolling without slipping up a ramp, as shown in the figure
above.

(@

i. On the figure of the hoop-rods system below, draw and label the forces (not components) that act on
the system. Each force must be represented by a distinct arrow starting at, and pointing away from, the
point at which the force is exerted on the system.

ii. Justify your choice for the direction of each of the forces drawn in part (d)i.

(e) Derive an expression for the change in height of the center of the hoop from the moment it reaches the
bottom of the ramp until the moment it reaches its maximum height. Express your answer in terms of M, L,
1,,,, o, and physical constants, as appropriate.

STOP

END OF EXAM
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dr2
dr

Figure 1 Figure 2

Mech.3.

A uniform rod of length d has one end fixed to the central axis of a horizontal, frictionless circular platform of
radius R = 2d . Fixed at the other end of the rod is an ideal spring of negligible mass to which a block is
attached. The block is set in frictionless grooves so that it can only move along a radius of the platform, as
shown in Figure 1 above. The equilibrium length of the spring is d/2 . Below is a table showing the mass of the
block and the masses and rotational inertias of the rod and platform.

Mass Rotational Inertia
Block m
my, d*
Rod mg = 3m R3 (about the end of the rod)
2
Platform mp = 5m sz R (about the central axis)

A motor begins to slowly rotate the platform counterclockwise as viewed from above until the platform reaches
a constant angular speed @. Under these conditions, the spring has stretched by an additional length d/2, as
shown in Figure 2.

Answer the following questions for the platform rotating at constant angular speed @. Express all algebraic
answers in terms of m, d, @, and physical constants, as appropriate.

(a) Derive an expression for the spring constant of the spring.
(b)

i. Determine an expression for the rotational inertia of the block around the axis of the platform.

ii. Derive an expression for the rotational inertia of the entire system about the axis of the platform.

(c) Determine an expression for the angular momentum of the entire system about the axis of the platform.
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Figure 3

While the system continues to rotate, a small mechanism in the pivot moves the rod slowly until the center of the
rod is positioned on the axis, as shown in Figure 3 above. The same constant angular speed @ is maintained by
the motor driving the platform.

(d) Derive an expression for the distance x that the spring is stretched when the rod reaches the position shown
in Figure 3 above.

For parts (e), (f), and (g), assume the center of the rod is still moving toward the axis of the platform.
(e) Is the angular momentum of the entire system increasing, decreasing, or staying the same?
__ Increasing __ Decreasing ___ Staying the same
Justify your answer.

(f) In order to keep the system rotating with constant angular speed @, is the motor doing positive work,
negative work, or no work on the rotating system?

Positive Negative No work

Justify your answer.
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(g) On the block in Figure 4 below, draw a single vector representing the direction of the acceleration
of the block. Draw the vector so that it is starting on, and pointing away from, the block.

Figure 4

STOP

END OF EXAM
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M=050kg
R=0.10m 1.0m
30° e
Table I
0.75m
L Floor R

| D |

3. A uniform solid cylinder of mass M = 0.50 kg and radius R = 0.10 m is released from rest, rolls without slipping
down a 1.0 m long inclined plane, and is launched horizontally from a horizontal table of height 0.75 m. The
inclined plane makes an angle of 30° with the horizontal. The cylinder lands on the floor a distance D away
from the edge of the table, as shown in the figure above. There is a smooth transition from the inclined plane to
the horizontal table, and the motion occurs with no frictional energy losses. The rotational inertia of a cylinder

around its center is MR2/2 .
(a) Calculate the total kinetic energy of the cylinder as it reaches the horizontal table.
(b) Calculate the angular velocity of the cylinder around its axis at the moment it reaches the floor.

(c) Calculate the ratio of the rotational kinetic energy to the total kinetic energy for the cylinder at the moment
it reaches the floor.

(d) Calculate the horizontal distance D.
A sphere of the same mass and radius is now rolled down the same inclined plane. The rotational inertia of

a sphere around its center is %MR2 .

(e)

i. Is the total kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the total kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

ii. Is the rotational kinetic energy of the sphere at the moment it reaches the floor greater than, less than,
or equal to the rotational kinetic energy of the cylinder at the moment it reaches the floor?

Greater than Less than Equal to
Justify your answer.

iii. Is the horizontal distance the sphere travels from the table to where it hits the floor greater than, less
than, or equal to the horizontal distance the cylinder travels from the table to where it hits the floor?

Greater than Less than Equal to

Justify your answer.

STOP

END OF EXAM
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7 Simple harmonic motion, period, and
frequency — Part 1

Name: Class: Date:

Vocabulary Fa)jLC

Write each word three times. B4 BRI E =k

English F3g Write it 3 times (English)
Simple harmonic f&i&iE5h

motion

oscillation =3l

restoring force [u] 45 11

period JEH
frequency LTES
Recall

You have watched things swing and bounce back and forth:

¢ A pendulum swings side to side; a mass on a spring bounces up and down.

o The motion repeats over and over, each cycle taking about the same time.

o A stiffer spring bounces faster; a longer pendulum swings slower.

This sheet gives the repeating motion a name — simple harmonic motion — and simple

formulas. Each idea has a worked example.

New ideas

AP Physics C: Mechanics o Holiday Homework 7 Simple harmonic motion, period, and frequency — Part 1

B 1 Simple harmonic motion

Simple harmonic motion fiji¥iz 3} (SHM) is a back-and-forth oscillation #zzf
caused by a restoring force [A]4Z J7 that always pulls the object back toward the
middle, and grows with the distance from the middle (F = —kx).

m

equilibrium

position
a] & ——— displacement =

——> acceleration a (restoring)

A mass on a spring, and a pendulum swinging through small angles, are the standard
examples.

B 2 Period and frequency
o The period J&#] T is the time for one full cycle.

1 .
o The frequency #i% f = T is the number of cycles per second (in hertz, Hz).

B 3 The period formulas

For SHM the period depends only on the system, not on how big the swing is:

[m | L
Tspring =2 L’ Tpcndulum =2 E

AP Physics C: Mechanics  Holiday Homework 7 Simple harmonic motion, period, and frequency — Part 1



A X = XoSin(wt)

Xo

period T

Worked example. A 0.25 kg mass hangs on a spring of stiffness £ = 100 N/m:

m 0.25 1
T=2 — =2 — =0.31 = — =23.2 Hz.
m/k M/IOO 0.31s, f 7 3 V

Watch out: the period does not depend on the amplitude — a wide swing and a
narrow swing take the same time. That is exactly what makes a pendulum a good
clock.

Practice
Try these in order. The methods are all above.

2.1 A pendulum completes one full swing (there and back) in 2.0 s. State its period and
find its frequency. 2]

2.2 Name the two conditions a force must meet to cause simple harmonic motion. 2]

AP Physics C: Mechanics o Holiday Homework 7 Simple harmonic motion, period, and frequency — Part 1

2.3 A 0.40 kg mass sits on a spring of stiffness k¥ = 160 N/m. Find the period of its

oscillation. 3]

2.4 State what happens to a spring’s period if the mass is increased. 1]

2.5 A pendulum has period 1.0 s. A student makes the swing wider (larger amplitude).
State the effect on the period, and explain.

[

AP Physics C: Mechanics  Holiday Homework 7 Simple harmonic motion, period, and frequency — Part 1
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2. A block of mass m starts at rest at the top of an inclined plane of height %, as shown in the figure above. The
block travels down the inclined plane and makes a smooth transition onto a horizontal surface. While traveling
on the horizontal surface, the block collides with and attaches to an ideal spring of spring constant k. There is
negligible friction between the block and both the inclined plane and the horizontal surface, and the spring has
negligible mass. Express all algebraic answers for parts (a), (b), and (c) in terms of m, h, k, and physical
constants, as appropriate.

(a)

Note: Figure not drawn to scale.

i. Derive an expression for the speed of the block just before it collides with the spring.

ii. Is the speed halfway down the incline greater than, less than, or equal to one-half the speed at the
bottom of the inclined plane?
____ Greater than _ Lessthan ___ Equalto
Justify your answer.
(b) Derive an expression for the maximum compression of the spring.

(c) Determine an expression for the time from when the block collides with the spring to when the spring
reaches its maximum compression.

The block is again released from rest at the top of the incline, and when it reaches the horizontal surface it is

moving with speed V. Now suppose the block experiences a resistive force as it slides on the horizontal surface.

The magnitude of the resistive force F is given as a function of speed v by F = ﬁvz, where f is a positive

constant with units of kg/m.

(d)
i. Write, but do NOT solve, a differential equation for the speed of the block on the horizontal surface as
a function of time ¢ before it reaches the spring. Express your answer in terms of m, h, k, f, v, and
physical constants, as appropriate.

ii. Using the differential equation from part (d)i, show that the speed of the block v(f) as a function of

time ¢ can be written in the form % = L + Bt

~—, where Vy is the speed at r = 0.
Vo m

(e) Sketch graphs of position x as a function of time ¢, velocity v as a function of time ¢, and acceleration a as
a function of time ¢ for the block as it is moving on the horizontal surface before it reaches the spring.

X v a
A
i
i
S — ] pemm————————— O -
!
1
1
1

——————
Bt
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2. A block of mass m starts at rest at the top of an inclined plane of height %, as shown in the figure above. The
block travels down the inclined plane and makes a smooth transition onto a horizontal surface. While traveling
on the horizontal surface, the block collides with and attaches to an ideal spring of spring constant k. There is
negligible friction between the block and both the inclined plane and the horizontal surface, and the spring has
negligible mass. Express all algebraic answers for parts (a), (b), and (c) in terms of m, h, k, and physical
constants, as appropriate.

(2)

Note: Figure not drawn to scale.

i. Derive an expression for the speed of the block just before it collides with the spring.

ii. Is the speed halfway down the incline greater than, less than, or equal to one-half the speed at the
bottom of the inclined plane?

Greater than Less than Equal to

Justify your answer.
(b) Derive an expression for the maximum compression of the spring.
(c) Determine an expression for the time from when the block collides with the spring to when the spring
reaches its maximum compression.
The block is again released from rest at the top of the incline, and when it reaches the horizontal surface it is
moving with speed V. Now suppose the block experiences a resistive force as it slides on the horizontal surface.

The magnitude of the resistive force F is given as a function of speed v by F = /3\/2, where f is a positive

constant with units of kg/m.

(@)
i. Write, but do NOT solve, a differential equation for the speed of the block on the horizontal surface as
a function of time ¢ before it reaches the spring. Express your answer in terms of m, h, k, f, v, and
physical constants, as appropriate.

ii. Using the differential equation from part (d)i, show that the speed of the block v() as a function of
1 Bt

time ¢ can be written in the form % =—+

~—, where Vj, is the speed at = 0.
Vo m

(e) Sketch graphs of position x as a function of time ¢, velocity v as a function of time ¢, and acceleration a as
a function of time 7 for the block as it is moving on the horizontal surface before it reaches the spring.

-
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7 The energy of oscillations — Part 2

Name: Class: Date:

Vocabulary Fa)jC

Write each word three times. R4S FAIRPE =k

English Fi3C Write it 3 times (English)
equilibrium  posi- P E

tion

amplitude PrIE
Recall

In Part A you met simple harmonic motion and its period. Now follow the energy and
speed through one cycle:

o At the far ends of a swing the object stops for an instant, then turns back.
o At the middle it is moving fastest.

o The energy keeps swapping between two forms while the total stays fixed.

Each idea has a worked example before the Practice.

New ideas

B 1 Speed and acceleration through the cycle

As the object oscillates about its equilibrium position “F#i{7 % (the middle):

o At the ends (maximum displacement, called the amplitude #If A): the speed
is zero and the acceleration is largest.

o At the middle (z = 0): the acceleration is zero and the speed is largest.

B 2 Energy swaps between two forms

The energy slides back and forth between kinetic and elastic potential, while the total
stays constant (no friction):
E=1kA%

AP Physics C: Mechanics « Holiday Homework 7 The energy of oscillations — Part 2

@

Etotal (cOnstant)

Ex (kinetic)

energy, E

Ep (potential)

displacement, x
—Xo 0 Xo

o At the ends: all potential (stretched spring, not moving).
o At the middle: all kinetic (moving fastest, spring relaxed).

Worked example. A 0.50 kg mass on a spring (kK = 200 N/m) has amplitude A =
0.10 m. All the energy is kinetic at the middle, so 1kA? = Imv2, ., giving Umax =

k 200
A\/E70.10>< UmfZ.O m/s.

B 3 Amplitude and energy

Because E = %k/ﬁ the energy depends on the square of the amplitude — double the
amplitude and the energy becomes four times larger.

‘Watch out: the fastest point is the middle, not the ends. At the ends the object is
momentarily at rest, even though the force on it is largest there.

Practice
Try these in order. The methods are all above.

2.1 State where in its swing an oscillating mass has (a) maximum speed, (b) zero speed.[2]

2.2 At which point of the motion is all the energy kinetic? 1]

AP Physics C: Mechanics « Holiday Homework — 7 The energy of oscillations — Part 2
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2.3 A spring (k = 300 N/m) oscillates with amplitude A = 0.20 m. Find the total energy
E=1pA% 2

—2

2.4 A 0.20 kg mass on a spring (k = 80 N/m) has amplitude 0.15 m. Find its maximum
speed. 3

2.5 The amplitude of an oscillation is doubled. State the factor by which the total energy
changes. (1]

2.6 Explain why the acceleration is largest at the ends of the swing, even though the
speed there is zero. 2

AP Physics C: Mechanics o Holiday Homework 7 The energy of oscillations — Part 2
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Question 2: Version J

2. In Scenario 1, a system composed of two springs, A and B, and a block of mass m is at rest on
a horizontal surface. Friction between the block and the surface is negligible. Each spring is
attached to a fixed wall and the block, as shown in Figure 1. Spring A has a spring constant
and Spring B has a spring constant 2k. Each spring is at its relaxed length when the block is at
position x = 0, as shown.

Spring Spring
A B

x=0

Figure 1

The block is moved to x = x; and held at rest, as shown in Figure 2.
+y

Spring
] -
+x

Spring ;

Figure 2
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A. An energy bar chart can be used to represent the elastic potential energy U, of Spring A, C. In Scenario 1, the block oscillates with period 7. The position x of the block in Scenario 1 as a
the elastic potential energy Uy of Spring B, and the kinetic energy Ky, of the block. On the function of time ¢ is shown in Figure 4.
energy bar chart in Figure 3, draw shaded bars to represent the energy of the system for

when the block is at x = x;.

x
* The height of the shaded bars should be proportional to the relative values of Uy, Uy,
and Kblock'
* Any energy that is equal to zero should be represented by a distinct line on the zero- X1
energy line.
Energy
Ua U Kplock 0 : : : ' : : t
7777777777777777777777777 1 T 3 2T 5 3T
=T =T =T
,,,,,,,,,,,,,,,,,,,,,,,,, 2 2 2
I R i1
0 i
7777777777777777777777777 Scenario 1
7777777777777777777777777 Figure 4

Figure 3

B. The block is released from rest at x = x; and begins to oscillate. Derive an expression for the
speed v of the block as the block passes through x = %xl. Express your answer in terms of m,

k, x,, and physical constants, as appropriate. Begin your derivation by writing a fundamental
physics principle or an equation from the reference information.
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In Scenario 2, the block-springs system is placed on a new surface. There is friction between
the block and the new surface. The block is again moved to the same position x = x; and
released from rest. The block completes multiple oscillations with the same period as in
Scenario 1 before coming to rest.

On the axes shown in Figure 5, sketch a graph of the kinetic energy K of the block as a
function of ¢ for Scenario 2.

K

2T 5

N

Scenario 2

Figure 5

D. In Scenario 3, the block is replaced with a new block of larger mass. The coefficient of kinetic
friction between the new block and the surface in Scenario 3 is the same as the coefficient of
kinetic friction between the original block and the surface in Scenario 2.

The new block is moved to position x = x; and released from rest. The kinetic energy of the
new block is plotted as a function of time.

Describe how one feature of the graph of K as a function of ¢ in Scenario 3 would differ
from the graph you drew in Figure 5 for Scenario 2.

Briefly justify your answer.
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String 0,
Blockm— MAX
[INGS
;\%

[— L_.i

. Mass of Block 1 =3M
Yy Mass of Block 2 = M
Block ‘~

S .

2L AN

4L

Note: Figure not drawn to scale.

2. A pendulum of length L consists of block 1 of mass 3M attached to the end of a string. Block 1 is released
from rest with the string horizontal, as shown above. At the bottom of its swing, block 1 collides with block 2 of
mass M, which is initially at rest at the edge of a table of height 2L. Block 1 never touches the table. As a result
of the collision, block 2 is launched horizontally from the table, landing on the floor a distance 4L from the base
of the table. After the collision, block 1 continues forward and swings up. At its highest point, the string makes

an angle 6y, to the vertical. Air resistance and friction are negligible. Express all algebraic answers in terms of
M, L, and physical constants, as appropriate.

(a) Determine the speed of block 1 at the bottom of its swing just before it makes contact with block 2.

(b) On the dot below, which represents block 1, draw and label the forces (not components) that act on block 1
just before it makes contact with block 2. Each force must be represented by a distinct arrow starting on, and
pointing away from, the dot. Forces with greater magnitude should be represented by longer vectors.

(c) Derive an expression for the tension F;. in the string when the string is vertical just before block 1 makes

contact with block 2. If you need to draw anything other than what you have shown in part (b) to assist in
your solution, use the space below. Do NOT add anything to the figure in part (b).

For parts (d)—(g), the value for the length of the pendulum is L =75 cm.

(d) Calculate the time between the instant block 2 leaves the table and the instant it first contacts the floor.
(e) Calculate the speed of block 2 as it leaves the table.

(f) Calculate the speed of block 1 just after it collides with block 2.

(g) Calculate the angle 6y that the string makes with the vertical, as shown in the original figure, when
block 1 is at its highest point after the collision.






