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Assessed problem 

You need to answer this problem on Blackboard Learn. Type in numerical values; 

for a vector, type in each component into the separate box provided. 

Two masses, 𝑚1 = 4𝑘𝑔 and 𝑚2 = 6𝑘𝑔 lie on the 𝑥 − 𝑦 plane. In the lab frame, 

mass 1 has a position given by (𝑥1, 𝑦1) = (1 + 3𝑡, 𝑡)𝑚; that of mass 2 is 
(𝑥2, 𝑦2) = (−2𝑡, 5)𝑚. 

(a) What is the reduced mass of the system? 

 [2 marks] 

 

(b) What is the velocity of the centre of mass in the lab frame? 

 [2 marks] 

 

(c) What is the velocity of m1 relative to m2? 

 [2 marks] 

 

(d) What is the momentum of 𝑚1 in the centre of mass frame? 

 [2 marks] 

 

(e) What is the total kinetic energy of the particles in the centre of mass frame? 

 

 [2 marks] 
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Homework problems 

Attempt these in your own time; if you have problems, ask at your tutorial. 

1. In section 3 we defined the centre of mass for two bodies, but this can be 

generalised to an arbitrary number of masses. If there are 𝑁 objects with masses 

𝑚𝑖 at positions 𝑥𝑖 in the lab frame, then the centre of mass position is given by 

𝑋 =
∑ 𝑚𝑖𝑥𝑖
𝑁
𝑖=1

∑ 𝑚𝑖
𝑁
𝑖=1

. 

Show that in the centre of mass frame, the vector sum of the momenta of all the 

bodies is zero.  

 

2. In section 2.2 we considered velocity-dependent forces and used the example of 

a boat where the drag force is a linear function of speed: 𝐹 = −𝛼𝑣. Derive an 

expression for the distance travelled by a boat of mass 𝑚 in a time 𝑡 if its initial 

speed is 𝑣0. What is the final distance travelled?  

 

3. The Ffestiniog power station is a 50-year-old pumped water energy storage 

system in Wales that can provide power at very short notice to the UK 

electricity grid to cover short term surges in demand. It has two reservoirs, one 

above the other on the side of a hill: at night, when electricity is cheap, water is 

pumped into the upper reservoir, which has a total capacity of 2×106𝑚3. When 

power is required, four pipes each carry 27𝑚3 of water a second down from the 

upper reservoir, through generators and into the lower reservoir.  

 

The power station claims to generate 360𝑀𝑊 of power. How far must the 

water fall between the upper and lower reservoirs if the generators are perfectly 

efficient? For how long can the station generate power at peak capacity? The 

average UK household uses 400𝑊 of electricity on average: how many homes 

can the station support? There are around 25 million households in the UK: 

what fraction of the total population can this single station support if required? 

 

Bonus question: why is electricity cheap in the middle of the night? 

 

Take 𝑔 = 9.8𝑚/𝑠2.The density of water is 103𝑘𝑔/𝑚3. 
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Tutorial problem 

This is a problem that your tutor might choose to cover during the tutorial.  

The Lennard-Jones potential function, also known as the “6-12” potential function, 

describes the interaction between a pair of neutral atoms or molecules. If the 

molecules are forced together, interactions between their electrons leads to a strong 

repulsive force. At larger distances, however, there is a weak attraction due to so-

called “Van Der Waals” forces which arise from induced dipolarisation between 

the positive nuclei and negative electrons.  

We consider two neutral molecules separated by a distance 𝑟. The potential is 

given by 

𝑈(𝑟) = 4𝜖 [(
𝜎

𝑟
)
12

− (
𝜎

𝑟
)
6

], 

where 𝜎 and 𝜖 are constants for a particular pair of atoms or molecules. 

(a) Which of these two terms corresponds to the attraction, and which to the 

repulsion? Verify that as expected, 𝑈(𝑟 = ∞) = 0 and sketch the form of 

the potential.  

 

(b) Calculate the force due to this potential. Show that there is an equilibrium 

separation 𝑟0 and find an expression for it. What is the potential energy at 

𝑟 = 𝑟0? 

 

(c) Now show that, for separations near 𝑟0, the molecules undergo simple 

harmonic motion. Find an expression for the frequency of this oscillation. 

 

(d) For the case of water molecules, 𝜎 = 0.32×10−9𝑚 and 𝜖 = 1.08×10−21𝐽. 
What is the equilibrium separation of the molecules and at what frequency 

do they oscillate? 

 


