
 

   PHYS 101 – General Physics I Midterm Exam 

Duration: 120 minutes Saturday, 23 November 2024; 09:30 
 

1. Two identical satellites of mass m are tied with an inextensible rope of length L. The mass of the rope is negligible. Assume that the 

two satellites are near a planet of mass M and radius R. The mass of the planet is so much larger than the satellite mass that the 

gravitational attraction between the satellites can be neglected in your calculations. 

(a) (8 Pts.) Assume that initially both satellites are stationary, and the two satellites 

and the center of the planet are on a straight line as shown in the figure. The closer 

satellite is at distance 𝑟0 from the center of the planet, and the other satellite is at 𝑟0 +

𝐿, as shown in the figure. The satellites are released from this configuration, 

accelerate towards the planet and crash to the surface. What is the tension in the rope 

as a function of 𝑟 (the distance of the closer satellite to the center of the planet) after the satellites are released?   

(b) (8 Pts.) What is the speed of the satellites when the lower satellite crashes to the surface? 

(c) (9 Pts.) Now assume that instead of being released with zero velocity, satellites are 

given initial velocities so that they are in circular orbits about the planet. Both 

satellites go through uniform circular motion so that the center of the planet and the 

two satellites always remain on a straight line, and the closer satellite is always at 

distance 𝑟0 from the center of the planet. What is the period of this orbit? 

Solution: 

(a) When the closer satellite is at a distance 𝑟 from the center of the planet, 

magnitudes of the gravitational force acting on the satellites are  

𝐹1 = 𝐺
𝑀𝑚

𝑟2
 , 𝐹2 = 𝐺

𝑀𝑚

(𝑟 + 𝐿)2
 . 

Since the satellites are connected by an inextensible rope, their accelerations are 

equal. Considering the free-body diagrams for the two satelites, we have 

𝐹1 − 𝐹𝑇 = 𝑚𝑎 , 𝐹2 + 𝐹𝑇 = 𝑚𝑎    →      𝐹𝑇 =
1

2
(𝐹1 − 𝐹2) =

𝐺𝑀𝑚

2
(

1

𝑟2
−

1

(𝑟 + 𝐿)2
) =

𝐺𝑀𝑚

2
(

𝐿2 + 2𝐿𝑟

𝑟2(𝑟 + 𝐿)2
) . 

(b) Mechanical energy is conserved during the fall. Satellites start from rest. Therefore, initial energy is 

𝐸𝑖 = 𝑈𝑖 = −𝐺𝑀𝑚 (
1

𝑟0

+
1

𝑟0 + 𝐿
) . 

At the instant the closer satellite strikes the surface of the planet 

𝐸𝑓 = 𝐾𝑓 + 𝑈𝑓 =
1

2
(2𝑚)𝑣2 − 𝐺𝑀𝑚 (

1

𝑅
+

1

𝑅 + 𝐿
) . 

𝐸𝑓 = 𝐸𝑖    →     𝑣2 = 𝐺𝑀 (
1

𝑅
+

1

𝑅 + 𝐿
) − 𝐺𝑀 (

1

𝑟0

+
1

𝑟0 + 𝐿
)    →     𝑣 = √𝐺𝑀(𝑟0 − 𝑅) √

1

𝑅𝑟0

+
1

(𝑅 + 𝐿)(𝑟0 + 𝐿)
 . 

(c) Both satellites are in circular orbits and have the same period. This means, 

𝐺
𝑀𝑚

𝑟0
2 − 𝐹𝑇 = 𝑚𝑟0𝜔2 , 𝐺

𝑀𝑚

(𝑟0 + 𝐿)2
+ 𝐹𝑇 = 𝑚(𝑟0 + 𝐿)𝜔2   →      𝜔 = √(

𝐺𝑀

2𝑟0 + 𝐿
) (

2𝑟0
2 + 2𝑟0𝐿 + 𝐿2

𝑟0
2(𝑟0 + 𝐿)2

) . 

𝑇 =
2𝜋

𝜔
=

2𝜋𝑟0(𝑟0 + 𝐿)

√𝐺𝑀
√

2𝑟0 + 𝐿

2𝑟0
2 + 2𝑟0𝐿 + 𝐿2

 . 
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2. As illustrated in the figure, a smaller block with mass 𝑚 rests atop a larger block with mass 𝑀. The larger block is free to slide on a 

perfectly smooth, frictionless horizontal surface. Coefficients of static 

and kinetic friction between the two blocks are denoted as 𝜇𝑠 and 𝜇𝑘, 

respectively. Initially, both blocks are at rest. At time 𝑡 = 0, a constant 

horizontal force begins acting on the upper block. The gravitational 

acceleration is given as g.  

(a) (5 Pts.) Draw free-body diagrams for both blocks. 

(b) (5 Pts.) Determine the maximum value of the magnidude of 𝐅Ԧ for which that the top block remains at rest relative to the bottom 

block. 

(c) (5 Pts.) Assume that the force 𝐅Ԧ is large enough and the top block starts to slide on the bottom one. What are the accelerations of 

the two blocks?  

(d) (5 Pts) Find the work done by the force 𝐅Ԧ on the sliding top block until it reaches the other end of the bottom block in terms of the 

accelerations 𝑎1, 𝑎2, the force 𝐹 and 𝐿? 

(e) (5 Pts.) What is the average power lost to heat until the top block reaches the other end of the bottom block in terms of the 

quantities 𝑎1, 𝑎2, 𝑀 and 𝐿? 

Solution:        (a) 

(b) Since there is no relative motion, accelerations of the two blocks are equal.  

𝐹 − 𝑓 = 𝑚𝑎 , 𝑓 = 𝑀𝑎   →      𝑎 =
𝐹

𝑀 + 𝑚
 , 𝑓 =

𝑀 𝐹

𝑀 + 𝑚
 

𝑓 ≤ 𝜇𝑠𝑁1   →      𝑓 ≤ 𝜇𝑠𝑚g   →      
𝑀 𝐹

𝑀 + 𝑚
≤ 𝜇𝑠𝑚g   →      F ≤ (

𝑀 + 𝑚

𝑀
) 𝜇𝑠𝑚g 

(c) In this case the top block slides on the bottom one. Therefore, accelerations of the two block are different. 

𝐹 − 𝑓 = 𝑚𝑎1 , 𝑓 = 𝑀𝑎2 , 𝑓 = 𝜇𝑘𝑚g   →      a1 =
𝐹 − 𝜇𝑘𝑚g

𝑚
 , 𝑎2 =

𝑚

𝑀
𝜇𝑘g 

(d) Relative acceleration of the top block with respect to the bottom one is 𝑎1 − 𝑎2.The top block coveres the distance 𝐿 in time 𝑇, 

where  

1

2
(𝑎1 − 𝑎2)𝑇2 = 𝐿   →      𝑇 = √

2𝐿

𝑎1 − 𝑎2

 . 

During this time the top block is displaced by 𝑑 = 𝑎1𝑇2 2⁄ = 𝑎1𝐿 (𝑎1 − 𝑎2)⁄  with respect to the floor, and the work done by the force 

on the top block is 

𝑊𝐹 = 𝐹𝑑 =
𝑎1𝐹𝐿

𝑎1 − 𝑎2

 . 

(e) Friction force does positive work on the bottom block while it does negative work on the top block. Energy dissipated as heat is 

equal to the work done on the top block by the friction force as the top block coveres the distance 𝐿 relative to the bottom block. 

𝑊𝑓𝑡𝑜𝑝 = −𝑓𝐿 = −𝑀𝑎2𝐿 

𝑃̅𝐻 =
|𝑊𝑓𝑡𝑜𝑝|

𝑇
   →       𝑃̅𝐻 = 𝑓𝐿√

𝑎1 − 𝑎2

2𝐿
= 𝑀𝑎2√

𝐿

2
(𝑎1 − 𝑎2) . 
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3. A box of mass 𝑀 starts from rest and slides a distance 𝑑 down an inclined 

plane with angle of inclination 𝜃 before colliding with a spring. The coefficient 

of kinetic friction between the box and the surface is 𝜇𝑘, such that tan 𝜃 > 𝜇𝑠 ≥

𝜇𝑘. 

(a) (8 Pts.) What is the speed of the box just before it hits the spring? 

(b) (9 Pts.) If the box compresses the spring a distance 𝑋 from its equilibrium 

position before coming to rest, what is the stiffness constant of the spring? 

(c) (8 Pts.) We observe that after it stops momentarily, the compressed spring 

can push the block back up the inclined plane. What is the maximum value of the 

coefficient of static friction 
s  betweeen the box and the surface, so that this can happen? 

 

Solution: 

(a) If tan 𝜃 > 𝜇𝑠 ≥ 𝜇𝑘, the box will start from rest and slide down the inclined plane. Because of friction, mechanical enegy is not 

conserved. Choosing the zero level of the gravitational potential energy at the equilibrium position of the top of the spring, we have 

Δ𝐸 = 𝑊𝑓    →     
1

2
𝑀𝑣2 − 𝑀g𝑑 sin 𝜃 = −𝜇𝑘𝑀g cos 𝜃  𝑑   →      𝑣 = √2g𝑑(sin 𝜃 − 𝜇𝑘 cos 𝜃) 

 

 

(b) Using the work-energy relation Δ𝐸 = 𝑊𝑓 once more, we have  

1

2
𝑘𝑋2 − 𝑀g𝑋 sin 𝜃 −

1

2
𝑚𝑣2 = −𝜇𝑘𝑀g𝑋 cos 𝜃    →      𝑘 =

2

𝑋2
(

1

2
𝑀𝑣2 + 𝑀g𝑋 sin 𝜃 − 𝜇𝑘𝑀g𝑋 cos 𝜃) 

 

𝑘 =
2𝑀g(𝑋 + 𝑑)(sin 𝜃 − 𝜇𝑘 cos 𝜃)

𝑋2
 

 

 

(c) The compressed spring can push the block back up the inclined plane if the force of the spring satisfies 

𝑘𝑋 ≥ 𝑀g sin 𝜃 + 𝜇𝑠𝑀g cos 𝜃    →      𝜇𝑠 ≥
𝑘𝑋

𝑀g cos 𝜃
− tan 𝜃 . 

  

 



4. Two identical blocks of mass 𝑚 are on a frictionless horizontal table. Another block of the same mass m is on top of one of the 

blocks, which also has an ideal spring of spring constant k attached, as shown in the figure. The static friction coefficient between the 

top and the bottom blocks is 𝜇𝑠. The blocks stacked on top of each other remain stationary while the other block is moving towards 

them with speed 𝑣0. Assume that the top block does not slide on the bottom block. 

(a) (8 Pts.) What are the final velocities of  masses in the system? 

(b) (8 Pts.) What is the maximum compression of the spring during the collision? 

(c) (9 Pts.) What is the maximum speed 𝑣0 so that the top block does not slide on the 

bottom block during the collision? 

 

Solution: 

(a) Because of the spring the collision is elastic. Therefore, both linear momentum and kinetic energy is conserved in the collision. 

 

𝑚𝑣0 = 𝑚𝑣1
′ + 2𝑚𝑣2

′  ,
1

2
𝑚𝑣0

2 =
1

2
𝑚𝑣1

′2 +
1

2
(2𝑚)𝑣2

′2 or, 𝑣0 = −𝑣1
′ + 𝑣2

′  

 

𝑣1
′ = −

1

3
𝑣0 , 𝑣2

′ =
2

3
𝑣0 . 

 

 

(b) Maximum compression occurs when the relative velocity of the colliding objects is zero, or when they have the same velocity. 

𝑚𝑣0 = (𝑚 + 2𝑚)𝑣′   →      𝑣′ =
1

3
𝑣0 

 

1

2
𝑚𝑣0

2 =
1

2
(𝑚 + 2𝑚)𝑣′2 +

1

2
𝑘Δ2    →      Δ = 𝑣0√

2𝑚

3𝑘
 

 

 

(c) The force which keeps the top block from sliding is the static friction force,which has an upper bound. 𝑓𝑠 ≤ 𝜇𝑠𝑚g. Therefore, for 

the top block 𝑚𝑎 ≤ 𝜇𝑠𝑚g   →      a ≤ 𝜇𝑠g, which gives an upper bound for the acceleration of the top block without sliding. When the 

spring starts to compress, it will cause the two blocks on top of each other to accelerate. Maximum acceleration occurs when the force 

is maximum at maximum compression, found in part (b). This force will accelerate both blocks, so  

𝑘Δ = 2𝑚𝑎 , 𝑘𝑣0√
2𝑚

3𝑘
= 2𝑚𝑎   →      𝑎 = √

𝑘

6𝑚
𝑣0 . 

Using the result a ≤ 𝜇𝑠g, we get 

√
𝑘

6𝑚
𝑣0 ≤ 𝜇𝑠g   →      𝑣0 ≤ √

6𝑚

𝑘
 𝜇𝑠g    →      𝑣0max = √

6𝑚

𝑘
 𝜇𝑠g . 
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