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Part A - Calculations Section

[bookmark: _Toc219703781]1.1 Question 1

1) A container of volume 8.0 x 10-3 m3 contains oxygen gas at a pressure of 1.5 x 10 6 Nm-2 and a temperature of 127 degrees Celsius. Calculate :
0. The number of moles of the gas

0. The number of molecules of the gas 
0. The mass of one molecule of the gas. 

To complete question one, the Ideal Gas Equation, shown below in Equation 1, as well as the given values for pressure, volume, temperature, and the Molar Gas Constant must be used and manipulated to first find the number of moles.
i)

Given that the number of moles of gas in the container is 3.61, as calculated, the number of molecules can be calculated, as the number of molecules in a mole, is a known constant, Avogadro’s Constant.
ii)


Using the calculated number of molecules in the container, the total mass and therefore the mass of each molecule can be calculated using the following simple equation.
iii)



[bookmark: _Toc219703782]1.2 Question 2

2) A glass bulb ‘A’ of volume 2.0 x 10-3 m3 is connected to a second bulb B of volume 1.0 x 10-3 m3 and the whole system is full of air at STP. If bulb ‘A’ is heated to 500 K whilst ‘B’ remains constant at 273 K, find the new pressure of the system (STP: Standard temperature and pressure 1 x105 Pa and 273 K).

To complete question two, the Equations for Combined Ideal Gas Laws can be used, where bulb ‘A’ is compared to bulb ‘B’. 
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Figure 1 - Diagram representing the System in Question 2, and the relevant Equations


As shown above in Figure 1, the Combined Ideal Gas Laws show that both of these systems can be equated to a constant, and therefore, can be equated to each other. Given the values above, the new pressure in bulb ‘B’ can be calculated as follows.



[bookmark: _Toc219703783]1.3 Question 3 

3) A cubical box of dimensions 1.0m by 1.0m by 1.0 m contains, 9.0 x1024 molecules of a gas. The mass of each molecule is 5.0 x10-26 kg and each molecule has an average velocity of 500m/s. 
Assume if 1/3 of the molecules collide on each face.
Find:
1. The time between collisions on two parallel faces of the cube.
1. The change in momentum on a face of a single gas molecule.


1. The total force experienced on this face of the box. 
1. The pressure on this face of the box.  

To complete question three, Figure 2 below can be used to visualise the system. To first calculate the time between collisions, the simple equation for distance, speed, and time can be used.








i)Figure 2 - Visual representation of System in Question 3




To calculate the momentum change per collision, the momentum before and after the collision must be considered, which is a result of the direction travelled by the molecule as well as the mass.
ii)

To calculate the total force experienced on this face, the below equation for force can be utilised, using the calculated answers for change in momentum and time between collisions. However, the time between collisions in this system is different from the answer to i), as that calculated answer is for time between collisions of parallel faces, and for this system, we are interested in the time between collisions on only one face. Therefore, the calculated result from i) must be doubled to equate for the return time. 
iii)

This value has been calculated for the change in momentum for one molecule, however, to calculate the total force experienced by this face, the total number of molecules must be considered. As in the question, assuming 1/3 of the molecules collide on each face, this gives a simple multiplication for the total force.



To calculate the pressure experienced by this face, the simple relationship between force, pressure, and area can be used.
iv)


[bookmark: _Toc219703784]1.4 Question 4
4) A fixed mass of a polyatomic gas, initially at 17 degrees Celsius and a pressure of 2.0 x106 Pa is compressed isothermally to a third of its original volume, it is then allowed to expand adiabatically to its original volume. Calculate the final pressure of the system. 

Take γ=1.3





To calculate the final pressure of this system, it needs to be broken down into to stages, the first stage is an isothermal reaction, condensing the gas down to one third of its original volume. The second stage of the reaction is the adiabatic expansion, back to its original volume. First, using Boyle’s Law , the pressure at the end of the first stage can be calculated.



Now, with the calculated value for pressure at the end of the first stage of the process, this value can now be used in the equation for an adiabatic process, .


[bookmark: _Toc219703785]1.5 Question 5

5) A gas is contained within a well lagged cylinder with a frictionless piston. 800 J of heat are applied to the cylinder allowing the gas to expand. If the work done in expansion is 375 J, find the change in the internal energy of the gas.



This system can be explained simply using the First Law of Thermodynamics, which states that energy cannot be created or destroyed, only converted from one form to another. This is shown in the equation , where  is the heat energy, supplied or removed, is the change in internal energy, and  is the work done, on or by the system.








[bookmark: _Toc219703786]1.6 Question 6

6) A Carnot engine has the same efficiency when working:
1. between 1000 K and 500 K and
1. between 300 K and T K.
Calculate the temperature T of the source in case (b).  



To find the value of the heat source T, the two systems (a) and (b) can be compared and equated as it is known they have the same efficiency. Using the simple equation for efficiency of a Carnot engine, .





[bookmark: _Toc219703787]1.7 Question 7 

7) Calculate the maximum efficiency of a ‘Carnot’ type heat engine which takes in heat energy at source of 10,000J and ejects heat to a sink with energy of 2000J.



To calculate the efficiency of this heat engine, the equation for efficiency used in Question Six can be altered to consider heat energy as opposed to temperature, as shown below.



[bookmark: _Toc219703788]1.8 Question 8 

8) Find the change in entropy of 10 kg of water when it is heated reversibly from 373 K to 573 K. 
The specific heat capacity of water in this temperature range is 


4.20 x 103 J.kg-1.K-1.

To find the change in entropy of a system for reversible heating, the equation below can be used in conjunction with simple rules of integration.

[bookmark: _Toc219703789]2.0 Part B – The Ideal Carnot Heat Engine

[bookmark: _Toc219703790]2.1 Introduction
The Carnot heat engine is an extremely important theory in classical thermodynamics as the theoretical model that defines the maximum possible efficiency with which heat can be converted into mechanical work. First proposed in 1897 by the French engineer Nicolas Léonard Sadi Carnot in Reflections on the Motive Power of Fire, the Carnot engine was developed during a period when steam engines were the dominant drivers of industrial progress. Carnot’s aim was not to design an engine, but to understand the fundamental principles of the conversion of heat into work, not relating to any specific machine or design.
Carnot introduced the idea of an idealised cyclic engine operating between two thermal reservoirs at fixed temperatures, undergoing only reversible processes. By eliminating variables such as friction, turbulence, and other real-world losses, he demonstrated that the efficiency of such an engine depends only on the temperatures of the heat source and sink, and not on the nature of the working fluid. This insight was revolutionary and later formed the basis of the second law of thermodynamics.
The Carnot engine provides a benchmark against which all real heat engines are measured. While no real engine can achieve Carnot efficiency, its theoretical importance lies in establishing an upper limit for performance and in clarifying the directionality of natural heat transfer processes. Furthermore, the Carnot cycle provides a conceptual link between heat engines, refrigerators, and heat pumps, showing that these devices are fundamentally related through reversible thermodynamic cycles (Çengel and Boles, 2015).

[bookmark: _Toc219703791]2.2 Concept and Structure of the Carnot Heat Engine

A Carnot heat engine operates between two thermal reservoirs:
· A hot reservoir at absolute temperature 
· A cold reservoir at absolute temperature 
The working fluid undergoes a cyclic process, absorbing heat ​ from the hot reservoir, rejecting heat ​ to the cold reservoir, and producing net work output .
A schematic layout consists of:
· A working substance (often modelled as an ideal gas in a piston–cylinder system)
· Thermal contact with the hot and cold reservoirs
· A mechanism for extracting work
The net work output over one cycle is given by:

[bookmark: _Toc219703792]2.3 The Carnot Cycle Processes
The Carnot cycle consists of four reversible processes, illustrated on pressure–volume 
(P–V) and temperature–entropy (T–S) diagrams.
Isothermal Expansion (at ​)
The working fluid is placed in thermal contact with the hot reservoir and expands slowly at constant temperature ​. Heat ​ is absorbed and partially converted into work. As the temperature is constant, all absorbed heat is converted into work, therefore, because the process is isothermal and reversible:

Adiabatic Expansion
The system is thermally insulated and continues to expand. No heat is exchanged, and the fluid does work on its surroundings, and temperature of the working fluid falls from ​ to ​. Entropy remains constant.
Isothermal Compression (at ​)
The system is placed in contact with the cold reservoir and compressed reversibly at constant temperature  ​. Heat ​ is rejected:

Adiabatic Compression
The system is again insulated and compressed until its temperature rises back to ​, completing the cycle.




[image: Carnot Cycle - Thermodynamics of Carnot Engine | Theorem, Explanation &  Limitation - eigenplus]





Figure 3 - Simple Diagram depicting the Carnot Heat Engine (Bagaria, 2022)
These four processes can be seen above, in Figure 3, which shows the flow and output of the work done.

[bookmark: _Toc219703793]2.4 Carnot Efficiency
The thermal efficiency  of a heat engine is defined as:

For the Carnot engine:

Since the cycle is reversible, entropy changes satisfy:


Substituting gives the Carnot efficiency:

This expression shows that:
· Efficiency depends only on reservoir temperatures
· Efficiency is maximised when  is as small as possible, and  is as large as possible.
· No engine operating between  and ​ can exceed this efficiency
[bookmark: _Toc219703794]2.5 Differences Between the Carnot Engine and Real Heat Engines

Real heat engines differ fundamentally from the Carnot ideal due to variables that remove energy from the system, including:
· Mechanical friction
· Heat transfer across finite temperature differences
· Fluid turbulence and shock losses
· Non-ideal material behaviour
· Heat losses to the surroundings
Real engines operate on practical cycles such as:
· Otto cycle (petrol engines)
· Diesel cycle
· Brayton cycle (gas turbines)
· Rankine cycle (steam power plants)
These cycles sacrifice reversibility in order to produce finite power output. As a result, real efficiencies are always lower than the Carnot limit. For example, modern combined-cycle gas turbine plants achieve efficiencies of approximately 60%, still below the Carnot efficiency corresponding to their operating temperatures (Moran et al., 2014).


[bookmark: _Toc219703795]2.6 Heat Pumps and Refrigerators: The Reverse Carnot Cycle
Heat pumps and refrigerators operate on cycles that are thermodynamically the reverse of a heat engine.
Refrigerator
A refrigerator extracts heat from a cold reservoir using work input . Its performance is measured using the coefficient of performance (COP):


For an ideal Carnot refrigerator:

Heat Pump
A heat pump delivers heat ​ to a warm space:

For a Carnot heat pump:



[bookmark: _Toc219703796]2.7 Apparent Contradictions and Thermodynamic Consistency

At first glance, COP values greater than unity may appear to contradict energy conservation. However, this is not the case:
· Heat pumps and refrigerators move heat, rather than converting work entirely into heat
· COP is not an efficiency, but a performance ratio
· All devices obey the first law of thermodynamics
· The second law limits directionality and maximum performance
The Carnot cycle resolves these apparent contradictions by showing that all thermodynamic devices are constrained by the same fundamental temperature limits.

[bookmark: _Toc219703797]2.8 Conclusion

The Carnot heat engine provides a powerful theoretical framework for understanding the fundamental limits of converting heat to work. Although unattainable in practice, it establishes the maximum efficiency achievable by any engine operating between two temperatures and forms the basis of the second law of thermodynamics. By comparing the Carnot engine with real heat engines, refrigerators, and heat pumps, it becomes clear that all thermal devices are governed by the same universal principles. The enduring significance of the Carnot cycle lies not in its practicality, but in its role as the benchmark against which all thermodynamic systems are measured.



[bookmark: _Toc219703798]3.0 Part C – Ideal Gas Model, Kinetic Theory and Molecular Action

[bookmark: _Toc219703799](i) The Ideal Gas 
The Ideal Gas Concept
An ideal gas is a theoretical model used to describe the behaviour of gases under conditions of low pressure and high temperature. In this model, gas molecules are assumed to be point masses with negligible volume and no intermolecular forces acting between them, as well as only completing perfectly elastic collisions. These assumptions allow the macroscopic properties of a gas to be related by a simple mathematical equation (Çengel and Boles, 2015).
The ideal gas equation of state is given by:

here
 is the pressure,
 is the volume,
 is the number of moles,
 is the universal gas constant, and
 is the absolute temperature.
While this equation accurately models many gases under ordinary conditions, deviations occur at high pressures or low temperatures, where molecular volume and intermolecular forces become significant (Clark, 2010).

Modification for Real Gas Behaviour: van der Waals Equation
To account for real gas behaviour, van der Waals introduced a corrected equation as follows, 
 ​
The modifications represent,
· Pressure correction ​:
Accounts for intermolecular forces, which reduce the measured pressure by pulling molecules inward before collision with the container walls.
· Volume correction 
More accurately represents the actual volume occupied by the molecules.
As the correction terms  and  approach zero, the equation reduces to the ideal gas law, showing that ideal gas behaviour is a limiting case of real gas behaviour (Nave, 2019).

[bookmark: _Toc219703800](ii) The relevance of Temperature in Kinetic Theory

According to the kinetic theory of gases, pressure arises from the momentum change of molecules colliding elastically with the walls of a container. For a gas of density  and mean square molecular speed , the pressure is given by:

Using the molecular form of the ideal gas law:

where  is the number of molecules and  is Boltzmann’s constant, and noting that , these expressions can be combined to give:


Seeing that the coefficient of T is a constant, ,  this result shows that the average kinetic energy of gas molecules is directly proportional to the absolute temperature:

Importantly, this relationship is independent of the type of gas, demonstrating that temperature is a measure of the average molecular kinetic energy for any ideal gas.





[bookmark: _Toc219703801](iii) Root Mean Square Speed, and Graham’s Law of Diffusion
The root mean square (rms) speed of molecules in an ideal gas is defined as:
​​
where  is the molecular mass and  is the molar mass.
From kinetic theory, pressure may also be written as:
​
At constant pressure, this expression shows that:

Thus, at the same pressure, gases with lower density (or lower molar mass) have higher molecular speeds.
This result leads directly to Graham’s law of diffusion, which states that the rate of diffusion  of a gas is inversely proportional to the square root of its molar mass:

Since diffusion rate is proportional to molecular speed, Graham’s law follows naturally from kinetic theory. This principle is widely applied in gas separation processes, including isotope separation and membrane diffusion technologies.
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