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AP® Physics C: Mechanics 2023 Scoring Guidelines

Question 3: Free-Response Question

15 points

(@)

For stating the parallel axis theorem

1 point

Example Response

1

blade

= I +Md’

For using correct substitutions of the rotational inertia of one blade about its center of mass 1 point

and substituting the distance from the center of mass

Example Response

2
I =iML2 +M L
18 3

blade

For multiplying the rotational inertia of one blade by 3

1 point

Example Response

1

L igor = 3 o = EMLZ

rotor

Example Solution

1

blade

=1, +Md’

2
Iy = Lo smE
18 3

1

I blade — EMLZ

I =30 = %ME

rotor

Total for part (a) 3 points

(b)

For calculating the correct answer with correct units (2.4 s)

1 point

Example Solution

V=ro
v=Lw,
d

7:LCO0

. d 2zl 2rm

Lo, Lo, o
2

(2.6 rad/s)

St=24s

Total for part (b) 1 point
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(c)(i) For indicating that the total initial rotational kinetic energy is dissipated 1 point

Example Response

A]<r0t = Edis
1
0 _Elwoz = Eg;

For substituting correct values for the rotational inertia and initial angular speed of the system 1 point

Example Response

Eg = —%(6.7 x10° kg-m’ )(2.6 rad/s)’

For an answer consistent with substitutions above and with correct units 1 point

Example Response

E, =-23x10"]

Example Solution

AK , =E,,

rot

1
O_Ela’oz = Eg

E, = —%(6.7 x10° kg-m”)(2.6 rad/s)’

E. =-23x10"J

dis =

Scoring Note: A response may earn full credit for positive or negative values of dissipated
energy.
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(c)(ii) For using Newton’s second law in rotational form 1 point

For attempting to differentiate the equation for @ 1 point

Example Response

=1, jt(a)oeﬁ"t)

For a correct expression for the torque on the system 1 point

Example Response

_ —Bot
T _ﬂOIsys 0)03 !

Example Solution

r=la
=1, do
* o dt
d =Bt
T= ]SyS Z(a)oe )
ﬂolsysa) e’
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(c)(iii) For attempting to integrate the expression for angular speed 1 point

Example Response

AO=[o(t)dt

For using the correct limits of integration 1 point

Example Response

t
A0 =[ o, dt
0

For a correct expression for angular displacement 1 point

Example Response

A= (1-e )

0

Example Solution
AO=[o(t)dt

A = Iwoe_ﬁ°’dt
0

Total for part (c) 9 points
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AP® Physics C: Mechanics 2023 Scoring Guidelines

(d) For drawing a continuous curve showing an exponential decay 1 point

For starting at @ = 2.6 rad/s and drawing a curve below the original curve 1 point

Example Solution

w(rild/s)
3.0:
I“\
1\
A
2.0: ]
1 A\
S
1 b
1.0: <
! \~\
OFLL-4LLl ---———---—::--“-:::'--'-"—'-_-'-->t(S)
0 5 10 15 20 25 30 35

Total for part (d) 2 points

Total for question 3 15 points
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~ PCMQ3 Sample 3A Page 1 of 3
Question 3 "

Begin your response to QUESTION 3 on this page.

Three-Blade System

Single Blade

Axis of Rotation - L l,’/ﬁms of Rotation

Blade \\"74767
Center of Mass

W=

Figure 1 Figure 2

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
Figure 1. Each blade has a length L and mass M, with a center of mass located at a distance % from the axis of
rotation, as shown in Figure 2.

(a) Derive an expression for the rotational inertia of the three-blade system, Express your answer in terms of M,
L, and physical constants, as appropriate. The rotational inertia of each blade about an axis through its center

of mass is given by the equation I, = %MLZ.

Is"s g 3’: ‘Irlqk_
ralll ! Yoente
v . Tt ok —
bele b
S
- l'l{’ MI.?' o M( 'iJ
i 'L+-'LM\-L
=¥ ML 1
| T
= -;;ML.
h -
T, Isw 3 ('t net) =
Unauthorized copying or reuse of this page Is illegal. Page 10 GO ON TO THE NEXT PAGE.
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PC M Q3 Sample 3A Page 2 of 3

Question 3

Continue your response to QUESTION 3 on this page.

(b) While the wind blows, the three-blade system operates at a constant angular speed @ = 2.6 rad/s. The length
of one blade is L = 36 m. The numerical value of the rotational inertia of the system is
Iiys = 6.7 % 10°kg-m”. Calculate the time T it takes the outer edge of a single blade to complete one
revolution.

r
2T _ = N2 SCttdol.'..
T 7 vbwnk ~ E

(c) When the wind stops blowing, the angular speed of the system decreases. The angular speed @ of the system
wiﬁleslwinsduwnilgimulfmcﬁmofﬁmetbytheequlﬁmn-noe“’ﬂ'.whma By is a constant with
appropriate units, as shown on the graph in Figure 3.

-(r:dfs}
3.0;
A
L]
204N
[ ]
1.0+ k
E I
= ‘""In-.._
0.3.- e -'i- P N e ==, o {5)
5 10 15 20 25 30 35

Figure 3
i. Calculate the amount of energy dissipated from ¢ = 0, when the wind stops blowing, until the system
comes to rest.

A STW = £ (baxe?)(2.6) = 22k %@’ T

Unauthorized copying or reuse of this page is illegal. Page 11 GO ON TO THE NEXT PAGE.
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PC M Q3 Sample 3A Page 3 of 3

Question 3

Continue your response to QUESTION 3 on this page.

ii. Derive an expression for the net torque exerted on the system as a function of ¢ as the system slows down.
Express your answers in terms of 3, @g, M, L, Ly, and physical constants, as appropriate.

rl:--:__:[,'p( = T -;ﬁw@’)

% w‘:n.tJ
i :gu [ *

o

% 3

-— M

iii. Derive an expression for the angular displacement of the system A# as a function of ¢. Express your
mwu'inumfﬂo.-o,u.l.. Iy, and physical constants, as appropriate.

p0= Swo&

e
. gw.c""oh. 2 [“"p’fﬁul
[}

'Ihetlnw—bladuymmilmwmphmdwithamd thiee-blad uynamidan&cd‘t_otluﬂ:ﬁ.uuptmme
second three-blade system slows down according to the equation @ = noe“’.whuuoa::usmdn and B > B,
The original angular speed function is shown as a dashed line in Figure 4.

 (rad/s)
3.0 '
2-'*#

1.0

P

| L

.\‘
\i~ ™
::" bl --:(3)

5710 15 20 25 30 135

Figure 4
(d) On the graph in Figure 4, sketch the angular speed of the second three-blade system as a function of time ¢.
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PC M Q3 Sample 3B Page 1 of 3
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Question 3

Begin your response to QUESTION 3 on this page.

Three-Blade System
‘Single Blade
Axis of Rotation fa L y‘MlS of Rotation
Blade
\ Center of Mass L
3
Figure | Figure 2

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
Fiml.EwhbhdehnalmgthLmdmusu,withacmurofmauhutaduadim% from the axis of

rotation, as shown in Figure 2.

(a) Derive an expression for the rotational inertia of the three-blade system. Express your answer in terms of M,
L, and physical constants, as appropriate. The rotational inertia of each blade about an axis through its center

ofmaui:sivmbytheoquaﬁonfm=%ul.z.
i.ﬂsw"-:- TC‘" + M!)L
\ - 1N
oML+ (z1)

=

TALh AL M)

Unauthérized copying or reuse of this page Is flegal. Page 10 GO ON TO THE NEXT PAGE.
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PC M Q3 Sample 3B Page 2 of 3

Question 3

Continue your response to QUESTION 3 on this page.

(b) While the wind blows, the three-blade system operates at a constant angular speed @, = 2.6 rad/s. The length
of one blade is L = 36 m. The numerical value of the rotational inertia of the system is
Iys = 6.7 x 10%kg:m”. Calculate the time T it takes the outer edge of a single blade to complete one

revolution.
2 W 2%
B — — — = ’201"‘1
w 2.6 Secals

(c) When the wind stops blowing, the angular speed of the system decreases. The angular speed @ of the system
whihlbwhsdwnhgimulmmﬁmofdmlbyﬂ:eequlﬁouc-.oe""b'.whumﬂn is a constant with
appropriate units, as shown on the graph in Figure 3.

o (rad/s)

L
(=]

Of-——f==F-—deFf=—fpr -

=

o

hh ‘hh

(=]

o e e ke ..--l--..
3770 15 20 25 30 35 '™

Figure 3
i. Calculate the amount of energy dissipated from 7 = 0, when the wind stops blowing, until the system
comes to rest. h__ X R w“L ’
£k -
hg = 1
' % e )6y = 121646000 T
bante in B des €-0 1((’_“'0)@ 2 2
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PC M Q3 Sample 3B Page 3 of 3

e

Question 3

Continue your response to QUESTION 3 on this page.

il. Derive an expression for the net torque exerted on the system as a function of ¢ as the system slows down.
Express your answers in terms of §, @g, M, L, Iyy,, and physical constants, as appropriate.

ST R AT

o— Wi 4 ot

iii. Derive an expression for the angular displacement of the system A@ as a function of r. Express your
answer in terms of f, @y, M, L, Iy, and physical constants, as appropriate.

@a-»@.‘* W,’n-‘;’ﬁ’fz 0= w:!:*lz it
20= w;g v) okt

} Vigk
nG,Not‘rz._L{.‘_ o

The three-blade system is now replaced with a second three-blade system identical to the first, except that the
second three-blade system slows down according to the equation @ = oos"’.whareao- 2.6rad/s and § > B,
The original angular speed function is shown as a dashed line in Figure 4.

b
b
]
2

@ (n:d!s)
3-0; .
g |
2.04 é
HLS 1
i b 4
l.{}; 5 [ !
: \ h.. L
= ~~hu. “"" - ‘%
L ad [ 1'-. ..'_
Oy 15 20 25 30 35 ® |

b

Figure 4

scsidansian

(d) On the graph in Figure 4, sketch the angular speed of the second three-blade system as a function of time .

ol
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PC M Q3 Sample 3C Page 1 of 3

Question 3

Begin your response to QUESTION 3 on this page.

Three-Blade System

Single Blade

Axis of Rotation e L

I/—Alltis of Rotation

Blade

|

Figure 1 Figure 2

3. A wind turbine includes a three-blade system that rotates about an axis through the end of each blade, as shown in
Figure 1. Each blade has a length L and mass M,wid:acenterofmasslocawdmadism% from the axis of
rotation, as shown in Figure 2.

(a) Derive an expression for the rotational inertia of the three-blade system. Express your answer in terms of M,
L, and physical constants, as appropriate. The rotational inertia of each blade about an axis through its center

of mass is given by the equation Iy, = —SMLZ
1= Sr“dm
T =l mLt

1B

Congys= ¥=0
"X\S 08

= %(Ir_mj 3(‘- ML ;%ML'& 'l'gML_z'

o
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® Question 3

Continue your response to QUESTION 3 on this page.

(b) While the wind blows, the three-blade system operates at a constant angular speed @, = 2.6 rad/s. The length
of one blade is L = 36 m. The numerical value of the rotational inertia of the system is
Iys = 6.7 x 10° kg:m”. Calculate the time T it takes the outer edge of a single blade to complete one
revolution.

t RAanw
=2A.bY[5 o= @ e |

Lewo.m® 360 = B6.99%9.
Tiyer 6. 3710 wgym?® —
ITivr=2T(36)= 72T = 10re &

Ciccumierence
o% PAAt, |

(c) When the wind stops blowing, the angular speed of the system decreases. The angular speed @ of the system
whileu}owingdownisgimuahmcﬁonofﬁmtbylhnaqmﬁonu-uoe"“ﬂ'.whﬁe By, is a constant with
appropriate units, as shown on the graph in Figure 3.

o (rad/s)
3.04
A
20 \
1oHHHN
] \\\
hﬂh L
O N0 15 20 25 30 35 Y
Figure 3
i. Calculate the amount of energy dissipated from ¢ = 0, when the wind stops blowing, until the system
comes to rest.
r__———-_'N—
w33 2.3-60:2 .6 5|
(25(397:=0:\ Yoo
Unauthorized copying or reuse of this page is llegal. Page 11 GO ON TO THE NEXT PAGE.
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PC M Q3 Sample 3C Page 3 of 3

Question 3

Continue your response to QUESTION 3 on this page.

ii. Derive an expression for the net torque exerted on the system as a function of ¢ as the system slows down.
Express your answers in terms of g, @y, M, L, lyy,, and physical constants, as appropriate.

= IR T LeyslL

& e T T
‘«53;"”"‘9 Kgm? e 19”,_1
R=36m=L 4 ¢ L

-Le
()= w,e

iii. Derive an expression for the angular displacement of the system A# as a function of ¢. Express your
answer in terms of B, @g, M, L, Iy, and physical constants, as appropriate.

L€z &g Wbt-l%m‘ba

The three-blade system is now replaced with a second three-blade system identical to the first, except that the
wcondﬂnwbladesystemslmdownaooadingtoﬂuequaﬁona=aoe“*.whue oo = 2.6rad/s and £ > f,
The original angular speed function is shown as a dashed line in Figure 4.

@ (rad/s)

s
[=]

(=]
SF-—t==f-=q-=rF—<f--F+

—
(=]

N A

ey

F e = L

-

=]

=1(s)

oy = - -
10 15 20 25 30 35

Figure 4

(d) On the graph in Figure 4, sketch the angular speed of the second three-blade system as a function of time ¢.
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AP® Physics C: Mechanics 2023 Scoring Commentary

Question 3
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses were expected to demonstrate the ability to:

o Identify and use the parallel axis theorem to find one blade’s rotational inertia for a point parallel to the
center of mass.

e Determine the total rotational inertia of a three-blade system, using logical algebraic pathways.

e Recognize that time for one revolution is period and select relevant given values to calculate an unknown
quantity with units.

e Relate amount of dissipated energy to the total initial rotational kinetic energy, select relevant given values,
and calculate the unknown quantity with units.

e Derive an expression for torque using the appropriate equation and a derivative of the angular speed decay

equation.
o Use integral calculus to derive angular displacement from the known exponential decay expression for
angular speed.
e Sketch a graph of a new three-blade system’s exponential decay where a variable was changed.
Sample: 3A
Score: 15

Part (a) earned 3 points. The first point was earned because the response correctly states the parallel axis theorem.
The second point was earned because the response correctly substitutes both the rotational inertia of one blade
about its center of mass and the distance from the center of mass. The third point was earned because the response
correctly multiplies the rotational inertia of one blade by three to derive the rotational inertia of the three-blade
system. Part (b) earned 1 point because the response correctly calculates the time T with correct units for one
revolution of the outer edge of a blade. Part (c)(i) earned 3 points. The first point was earned because the response
correctly indicates that the total rotational kinetic energy is dissipated. The second point was earned because the
response correctly substitutes the correct values for rotational inertia and the initial angular speed into the
rotational kinetic energy equation. The third point was earned because the response correctly calculates the
numerical value for the energy dissipated with the appropriate units. Part (c)(ii) earned 3 points. The first point
was earned because the response uses Newton’s second law in rotational form. The second point was earned
because the response correctly differentiates the equation for @. The third point was earned because the response
has a correct expression for the torque on the system. Part (¢)(iii) earned 3 points. The first point was earned
because the response correctly integrates the expression for angular speed. The second point was earned because
the response shows correct limits of integration. The third point was earned because the response has a correct
expression for angular displacement. Part (d) earned 2 points. The first point was earned because the response
correctly graphs a continuous curve showing exponential decay. The second point was earned because the
response correctly starts at @=2.6 rad/s and is drawn below the original curve.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.



AP® Physics C: Mechanics 2023 Scoring Commentary

Question 3 (continued)

Sample: 3B
Score: 9

Part (a) earned 2 points. The first point was earned because the response correctly states the parallel axis theorem.
The second point was earned because the response correctly substitutes both the rotational inertia of one blade
about its center of mass and the distance from the center of mass. The third point was not earned because the
response does not multiply the rotational inertia of one blade by three to derive the rotational inertia of the three-
blade system. Part (b) earned 1 point because the response correctly calculates the time T with correct units for
one revolution of the outer edge of a blade. Part (c)(i) earned 3 points. The first point was earned because the
response correctly indicates that the total rotational kinetic energy is dissipated. The second point was earned
because the response correctly substitutes the correct values for rotational inertia and the initial angular speed into
the rotational kinetic energy equation. The third point was earned because the response correctly calculates the
numerical value for the energy dissipated with the appropriate units. Part (c)(ii) earned 1 point. The first point was
earned because the response uses Newton’s second law in rotational form. The second point was not earned
because the response does not differentiate the equation for @. The third point was not earned because the
response does not have the correct expression for the torque on the system. Part (c)(iii) earned 0 points. The first
point was not earned because the response does not integrate the expression for angular speed. The second point
was not earned because the response does not show correct limits of integration. The third point was not earned
because the response does not have a correct expression for angular displacement. Part (d) earned 2 points. The
first point was earned because the response correctly graphs a continuous curve showing exponential decay. The
second point was earned because the response correctly starts at @=2.6 rad/s and is drawn below the original
curve.

Sample: 3C
Score: 2

Part (a) earned 1 point. The first point was not earned because the response does not state the parallel axis
theorem. The second point was not earned because the response does not substitute both the rotational inertia of
one blade about its center of mass and the distance from the center of mass. The third point was earned because
the response multiplies the rotational inertia of one blade by three. Part (b) earned 0 points because the response
does not calculate the time T for one revolution of the outer edge of a blade. Part (c)(i) earned 0 points. The first
point was not earned because the response does not indicate that the total rotational kinetic energy is dissipated.
The second point was not earned because the response does not substitute the correct values for rotational inertia
and the initial angular speed into the rotational kinetic energy equation. The third point was not earned because
the response does not calculate the numerical value for the energy dissipated. Part (c)(ii) earned O points. The first
point was not earned because the response does not use Newton’s second law in rotational form. The second point
was not earned because the response does not differentiate the equation for @. The third point was not earned
because the response does not have the correct expression for the torque on the system. Part (c)(iii) earned 0
points. The first point was not earned because the response does not integrate the expression for angular speed.
The second point was not earned because the response does not show correct limits of integration. The third point
was not earned because the response does not have a correct expression for angular displacement. Part (d) earned
1 point. The first point was earned because the response correctly graphs a continuous curve showing exponential
decay. The second point was not earned because the response does not start at ®=2.6 rad/s nor is it drawn entirely
below the original curve.
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