
 

PHYS 101 – General Physics I Final Exam Solution (17.05.2022) 
 

1. The pulley in the figure has radius R and a moment of inertia I. The 

rope does not slip over the pulley, and the pulley spins on a frictionless 

axle. The coefficient of kinetic friction between block A and the tabletop 

is 𝜇𝑘. The system is released from rest, and block B descends. Block A 

has mass 𝑚𝐴 and block B has mass 𝑚𝐵. 
(a) (4 Pts.) Draw free body diagrams for both blocks and the pulley. 

(b) (6 Pts.) Find the acceleration of the blocks. 

(c) (5 Pts.) Find the expression for the speed of block A as a function of the distance ℎ block B descends. 

(d) (5 Pts.) Find the work done on the system by the friction force as a function of the distance ℎ block B descends. 

 

Solution: (a) 

 

 

 

 

(b) 

𝑇1 − 𝑓 = 𝑚𝐴𝑎 , 𝑅𝑇2 − 𝑅𝑇1 = 𝐼𝛼 , 𝑚𝐵𝑔 − 𝑇2 = 𝑚𝐵𝑎 , 𝑛 − 𝑚𝐴𝑔 = 0 , 𝑓 = 𝜇𝑘𝑛 , 𝛼 =
𝑎

𝑅
  

 

𝑇1 − 𝜇𝑘𝑚𝐴𝑔 = 𝑚𝐴𝑎 , 𝑇2 − 𝑇1 =
𝐼

𝑅2
𝑎 , 𝑚𝐵𝑔 − 𝑇2 = 𝑚𝐵𝑎     →      𝑎 = (

𝑚𝐵 − 𝜇𝑘𝑚𝐴

𝑚𝐵 + 𝑚𝐴 + 𝐼 𝑅2⁄
) 𝑔  

 

(c)  

𝑣2 − 𝑣0
2 = 2𝑎ℎ     →      𝑣 = √(

𝑚𝐵 − 𝜇𝑘𝑚𝐴

𝑚𝐵 + 𝑚𝐴 + 𝐼 𝑅2⁄
) 2𝑔ℎ  

 

(d) 

𝑊𝑓 = −𝑓ℎ     →      𝑊𝑓 = −𝜇𝑘𝑚𝐴𝑔ℎ 

 

 

  

𝑻ሬሬԦ1 
𝑻ሬሬԦ1 

𝑻ሬሬԦ2 

𝑻ሬሬԦ2 

𝑚𝐴𝐠ሬԦ 
𝑚𝐵𝒈ሬሬԦ 

𝒇ሬԦ 

𝒏ሬሬԦ 

𝑚𝐴 

𝑚𝐵 



2. A ball is attached to a horizontal cord (assumed massless) of length ℓ 

whose other end is fixed.  

(a) (5 Pts.) If the ball is released from rest, what will be its speed at the lowest 

point of its path?  

(b) (15 Pts.) A peg is located a distance h directly below the point of 

attachment of the cord. What is the minimum value of h if the ball is to swing 

in a complete circle centered on the peg? 

 

Solution: 

(a) Total energy is conserved. Speed 𝑣𝐵 of the ball at the bottom is 

 

𝑚𝑔ℓ =
1

2
𝑚𝑣𝐵

2      →      𝑣𝐵 = √2𝑔ℓ . 

 

 

(b) The ball will start to move around a circle of radius  ℓ − ℎ. Total energy is conserved. The speed 𝑣𝑇 of the ball at 

the top of its swing is 

 

1

2
𝑚𝑣𝐵

2 =
1

2
𝑚𝑣𝑇

2 + 2𝑚𝑔(ℓ − ℎ)      →      𝑣𝑇 = √2𝑔(2ℎ − ℓ) . 

 

To complete a full swing with the cord going slack exactly at the top, we need to have 

 

𝑚𝑣𝑇
2

ℓ − ℎ
≥ 𝑚𝑔     →      𝑣𝑇

2 ≥ (ℓ − ℎ)𝑔     →      2𝑔(2ℎ − ℓ) ≥ (ℓ − ℎ)𝑔     →      ℎmin =
3

5
ℓ . 

 

 

 

 

  



3. A hockey puck is a cylinder of mass M and radius R which has moment of inertia 𝐼 = 𝑀𝑅2 2⁄  around its center. 

The puck is motionless on ice (which has negligible friction), when a small particle of mass m hits it with velocity 

𝐯ሬԦ = 𝑣0𝑖.̂ The line of motion of the small particle is a distance d away from the center of the puck as shown in the 

figure.The small particle sticks to the puck and they move together subsequently. 

Solution: 

(a) (5 Pts.) Indicate whether the following quantities are conserved or not conserved in this collision. 

Quantity Conserved Not Conserved 

Total Mechanical Energy  X 

Momentum in the x direction X  

Momentum in the y direction X  

Angular momentum with respect to the collision point X  

Angular momentum with respect to the center of the puck X  
 

b) (5 Pts.) Find the final velocity of the total center of mass of the 

system.  

Linear momentum is conserved. 

𝑚𝐯ሬԦ = (𝑚 + 𝑀)𝐕ሬሬԦCM      →      𝐕ሬሬԦCM =
𝑚𝐯ሬԦ

𝑚 + 𝑀
=

𝑚𝑣0 �̂�

𝑚 + 𝑀
 . 

 

c) (10 Pts.) Find the final angular velocity of the combined puck-

particle system. 

The puck with the particle embedded at its rim will be rotating around 

their center of mass, and angular momentum with respect to the center of mass is conserved. 

 

𝑦CM =
𝑚 𝑑

𝑚 + 𝑀
 ,

𝑑

𝑅
=

𝑦CM

𝑟
     →      𝑟 =

𝑚 𝑅

𝑚 + 𝑀
 , 

 

where 𝑟 is the radial distance between the center of mass and the origin. Moment of inertia of the puck with the 

particle embedded at the rim around the center of mass is found by using the paralllel axis theorem. 

 

𝐼CM =
1

2
𝑀𝑅2 + 𝑀 (

𝑚 𝑅

𝑚 + 𝑀
)

2

+ 𝑚 (
𝑀 𝑅

𝑚 + 𝑀
)

2

     →      𝐼CM =
1

2
(

𝑀 + 3𝑚

𝑀 + 𝑚
) 𝑀𝑅2 . 

 

Conservation of angular momentum with respect to the center of mass means 

 

𝐿𝑖 = 𝑚𝑣0(𝑑 − 𝑦CM) =
𝑚𝑀𝑣0𝑑

𝑀 + 𝑚
 , 𝐿𝑓 = 𝐼CM𝜔     →      𝜔 =

𝑚𝑀𝑣0𝑑

𝐼CM(𝑀 + 𝑚)
 . 

 

𝜔 =
2𝑚𝑣0𝑑

(𝑀 + 3𝑚)𝑅2
  

  

𝑑 < 𝑅 

𝑥 

𝑦 

𝑚 𝐯ሬԦ 

𝑀, 𝑅 

𝐶𝑀 

𝑦CM 



4. Consider a spherical planet with mass 𝑀𝑃 which has a radius 𝑅𝑃.  

(a) (5 Pts.) Ignoring the effect of all other heavenly bodies around, what is the minimum initial velocity for a 

projectile that is fired from the surface to go infinitely far away from the planet.  

Now assume that this planet has a moon which has mass 𝑀𝑚 and radius 𝑅𝑚. The moon is at a circular orbit around 

the planet and the distance between the centers of the planet and the moon is always 𝐿 (𝐿 > 𝑅𝑃 + 𝑅𝑚). You can 

ignore the slow rotation of the moon around the planet and assume that it is stationary.  

(b) (10 Pts.) What is the minimum initial speed for a projectile fired from the planet surface so that it can reach the 

moon? 

(c) (5 Pts.) What will be the minimum speed of a projectile that hits the moon if it is fired from the planet’s surface? 

 

Solution: (a) 

1

2
𝑚𝑣𝑒

2 − 𝐺
𝑀𝑃𝑚

𝑅𝑝
= 0     →      𝑣𝑒 = √

2𝐺𝑀𝑝

𝑅𝑝
 . 

 

(b) To reach the moon, the projectile must reach the point where the attractive forces of the planet and the moon 

cancel each other. From that point on, the attractive force of the moon will pull the projectile. Let 𝑑 be the distance 

of this point to the center of the planet. Then 

𝐺
𝑀𝑝𝑚

𝑑2
= 𝐺

𝑀𝑚𝑚

(𝐿 − 𝑑)2
     →      𝑑 =

𝐿

1 + √𝑀𝑚 𝑀𝑝⁄
 . 

Potential energy of the projectile as a function of the distance 𝑟 measured from the center of the planet is 

𝑈(𝑟) = −𝐺
𝑀𝑃𝑚

𝑟
− 𝐺

𝑀𝑚𝑚

𝐿 − 𝑟
= −𝐺𝑚 (

𝑀𝑃

𝑟
+

𝑀𝑚

𝐿 − 𝑟
) 

 

To reach the point 𝑟 = 𝑑, the minimum initial speed of the projectile on the surface of the planet must satisfy 

1

2
𝑚𝑣min

2 − 𝐺𝑚 (
𝑀𝑃

𝑅𝑃
+

𝑀𝑚

𝐿 − 𝑅𝑃
) = −𝐺𝑚 (

𝑀𝑃

𝑑
+

𝑀𝑚

𝐿 − 𝑑
)      →      𝑣min

2 = 2𝐺 (
𝑀𝑃

𝑅𝑃
+

𝑀𝑚

𝐿 − 𝑅𝑃
−

𝑀𝑃

𝑑
−

𝑀𝑚

𝐿 − 𝑑
) 

 

𝑣min = √2𝐺𝑀𝑃 [
1

𝑅𝑃
+

𝑀𝑚 𝑀𝑃⁄

𝐿 − 𝑅𝑃
−

1

𝐿
(1 + √𝑀𝑚 𝑀𝑃⁄ )

2
] 

 

(c) Noting that total energy is conserved, we have 

 

−𝐺𝑚 (
𝑀𝑃

𝑑
+

𝑀𝑚

𝐿 − 𝑑
) =

1

2
𝑚𝑣min

2 − 𝐺𝑚 (
𝑀𝑚

𝑅𝑚
+

𝑀𝑃

𝐿 − 𝑅𝑚
)      →      𝑣min

2 = 2𝐺 (
𝑀𝑚

𝑅𝑚
+

𝑀𝑃

𝐿 − 𝑅𝑚
−

𝑀𝑃

𝑑
−

𝑀𝑚

𝐿 − 𝑑
) 

 

 

𝑣min = √2𝐺𝑀𝑚 [
1

𝑅𝑚
+

𝑀𝑃 𝑀𝑚⁄

𝐿 − 𝑅𝑚
−

1

𝐿
(1 + √𝑀𝑚 𝑀𝑃⁄ )

2
] 

  



5. (20 Pts.) A thin, uniform rod with mass M and length ℓ is 

pivoted without friction about an axis through its midpoint and 

perpendicular to the rod. A horizontal spring with force constant k 

is attached to the lower end of the rod, with the other end of the 

spring attached to a rigid support. The rod is displaced by a small 

angle 𝜃 from the vertical equilibrium position and released. Find 

the period of small oscillations.  

(𝐼CM = 𝑀ℓ2 12⁄  for the rod.) 

 

Solution: 

Method 1. 

𝜏 = 𝐼𝛼     →      
1

12
𝑀ℓ2

𝑑2𝜃

𝑑𝑡2
= −

ℓ

2
𝑘𝑥 sin (𝜃 +

𝜋

2
)  

 

For small angles 

sin (𝜃 +
𝜋

2
) = cos 𝜃 ≈ 1 , 𝑥 =

ℓ

2
sin 𝜃 ≈

ℓ

2
𝜃     →      

1

12
𝑀ℓ2

𝑑2𝜃

𝑑𝑡2
= −

ℓ2

4
𝑘 𝜃     →      

𝑑2𝜃

𝑑𝑡2
= −

3𝑘

𝑀
𝜃  

 

𝜔 = √
3𝑘

𝑀
     →      𝑇 = 2𝜋√

𝑀

3𝑘
 

 

 

Method 2. Total energy of the system is  

 

𝐸 =
1

2
𝐼𝜔2 +

1

2
𝑘𝑥2      →      𝐸 =

1

2
(

1

12
𝑀ℓ2) 𝜔2 +

1

2
𝑘

ℓ2

4
(sin 𝜃)2 

 

Since total energy is constant, we have 

 

𝑑𝐸

𝑑𝑡
= (

1

12
𝑀ℓ2) 𝜔

𝑑𝜔

𝑑𝑡
+ 𝑘

ℓ2

4
sin 𝜃 cos 𝜃  

𝑑𝜃

𝑑𝑡
= 0 

 

Since 
𝑑𝜔

𝑑𝑡
=

𝑑2𝜃

𝑑𝑡2
 ,

𝑑𝜃

𝑑𝑡
= 𝜔, and cos 𝜃 ≈ 1, sin 𝜃 ≈ 𝜃 for small angles, we have 

 

𝑑𝐸

𝑑𝑡
= 0     →      

𝑑2𝜃

𝑑𝑡2
+

3𝑘

𝑀
𝜃 = 0     →      𝜔 = √

3𝑘

𝑀
 

 

 

ℓ 2⁄  

𝑥 


