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Part A – Fundamental Thermo-Fluid Analysis

Question 1 – Oxygen in a container (Ideal Gas)

Given:








Number of moles, 

Ideal gas law:




Answer:



Number of molecules, 



Answer:



Mass of one molecule, 



Answer:



Question 2 – Two connected bulbs

Given:



Initially at STP: 
After heating: 
Final pressure is uniform: 
Note: Total mass (moles) of gas is constant.

Since the bulbs are connected, total moles before = total moles after:



Initially, both bulbs are at STP, so:

,  

After heating:

,  

Substituting values:



Left-hand side:



Right-hand side:



So:





Answer: 



Question 3 – Gas Molecules in a Cubical Box

Given:

Cube dimensions : 1.0m x 1.0m x 1.0m
m, face area 
Number of molecules: 
Mass per molecule: 
Average velocity: 
Assume molecules striking force: 

Time between collisions on two parallel faces



Answer: 



Change in momentum of a single molecule on collision

For an elastic collision with a wall, velocity reverses: 




Answer:



 Total force on one face

Force per molecule:



Number hitting the face:



Total force:



Answer: 



Pressure on that face



Answer:



Question 4 – Isothermal Compression and then Adiabatic Expansion

Given:

Initial pressure: 
Initial temperature:  (constant during isothermal step)
Isothermal compression: 
Adiabatic expansion back to: 


Isothermal compression - 





Adiabatic expansion - 




Since :





Answer: 



Question 5 – Change in Internal Energy

Given:

Heat supplied to the gas: 
Work done by the gas: 

Note: The cylinder is well lagged and the piston is frictionless.

Using the First Law if Thermodynamics:



Substituting the given values: 





Answer:



Question 6 – Carnot Engine Efficiency

Given:

Case A:
Hot reservoir temperature -  
Cold reservoir temperature -  

Case B:
Hot reservoir temperature - 
Cold reservoir temperature - 

The efficiency of a Carnot engine is given by:



Case A:



Case B:



Since  :






Answer: 



Question 7 – Maximum Efficiency of a Carnot Heat Engine

Given:

Heat absorbed from the source: 
Heat rejected to the sink: 

The maximum efficiency of a heat engine is given by:



Substituting the given values:




Answer:



Question 8 – Change in Entropy

Given:

Mass of water: 
Initial temperature: 
Final temperature: 
Heat capacity of water: 
Process: Reversible heating

For a reversible heating process at constant specific heat capacity, the change in entropy is:







Answer:





Part B – The Ideal Carnot Heat Engine and Related Thermodynamic Cycles.
Concept of the Ideal Carnot Heat Engine

The Carnot heat engine provides an idealised reference framework for assessing the upper performance limits of thermal systems operating between two thermal reservoirs. First proposed by Sadi Carnot in 1824, the Carnot engine is not intended to be a practical machine, but rather a benchmark against which real engines can be evaluated (Çengel and Boles, 2019).
The engine operates between two absolute temperatures, a high temperature reservoir  and a low temperature reservoir at . Heat energy  is absorbed from the hot reservoir, part of which is converted into useful work , while the remaining heat  is rejected to the cold reservoir. A defining assumption of the Carnot engine is that all processes are perfectly reversible, meaning no entropy is generated within the system (Moran et al., 2018).
Figure 1 illustrates a schematic layout of an ideal Carnot heat engine, showing the direction of heat transfer and work output between the system and its surroundings.


Figure 1 – Schematic diagram of an ideal Carnot heat engine operating between hot and cold thermal reservoirs (adapted from Çengel and Boles, 2019).


The Carnot Cycle: Four Ideal Processes

The Carnot engine operates on a closed thermodynamic cycle consisting of four idealised, reversible processes. Two isothermal and two adiabatic processes occur sequentially and return the working fluid to its original state.

Isothermal Expansion at 
The working fluid expands at constant temperature while absorbing heat  from the hot reservoir. The absorbed heat is partially converted into mechanical work, with the remainder maintaining constant temperature.
Adiabatic Expansion
The system continues to expand without heat exchange. During this reversible adiabatic process, the temperature of the working fluid falls from  to .
Isothermal Compression at 
The working fluid is compressed at constant temperature, rejecting heat  to the cold reservoir.
Adiabatic Compression
The system is compressed reversibly without heat transfer, raising the temperature of the working fluid back to  and completing the cycle.

These processes are commonly represented on temperature - entropy  or a pressure – volume  diagrams. As shown in Figure 2, the Carnot cycles form a closed loop, illustrating the reversible nature of each stage (Çengel and Boles, 2019).


Figure 2 – Pressure - Volume (P – V) and temperature – entropy (T – S) representations of the ideal Carnot cycle, showing isothermal and adiabatic process (Merchant Navy Decoded, 2023).

Because all processes are reversible, the Carnot cycle represents the theoretical upper limit of efficiency for any heat engine operating between two thermal reservoirs.

Carnot Efficiency

Thermal efficiency expresses the fraction of supplied heat energy that is successfully converted into mechanical work during a cycle. This relationship may be expressed mathematically as:



For an ideal Carnot engine, efficiency depends solely on the absolute temperatures of the upper and lower thermal reservoirs:



This upper limit follows directly from the Second Law of Thermodynamics, which prohibits any real engineer from exceeding the performance of a fully reversible cycle operating between the same temperatures (Moran et al., 2018). Importantly, efficiency is independent of the working fluid or engine design, highlighting the fundamental role of temperature in energy conversion.

Limitations of the Carnot Engine in Practice

Although the Carnot engine defines the upper limit of efficiency, it cannot be realized in practice due to several physical and engineering constraints. Perfect reversibility requires heat transfer to occur across infinitesimally small temperature differences, resulting in infinitely slow processes and zero power output. In addition, real systems are subject to friction, turbulence, mechanical losses and non-ideal material behavior (Çengel and Boles, 2019).

Comparison with Heat Pumps and Refrigerators

While a heat engine converts thermal energy into mechanical work, a refrigerator and a heat pump operate by using work input to transfer heat against a temperature gradient. These systems are governed by the same thermodynamic principles but differ in their intended purpose.
The performance of a refrigerator (ref) is measured using the coefficient of performance (COP):



For a heat pump (hp), the COP is defined as:



Unlike thermal efficiency, COP values can exceed unity. This does not violate the laws of thermodynamics because the system is not converting work entirely into heat, but rather relocating existing thermal energy (Gengel, 2014). The apparent contradiction arises from the different performance metrics used for engines and refrigeration systems.
For ideal (Carnot) devices, the maximum COP values are:

   and,  

These expressions again emphasize the importance of temperature differences in determining thermodynamic performance.

Summary

The Carnot head engineer provides a fundamental theoretical framework for understanding the limits of thermal energy conversion. Although unattainable in practical applications, it defines the maximum possible efficiency that any heat engineer can achieve when operating between two thermal reservoirs. This upper bound depends solely on the absolute temperatures of the heat source and sink, reinforcing the central role of temperature in thermodynamic performance.
Comparisons with heat pumps and refrigerators demonstrate that all thermal systems are governed by the same underlying thermodynamic principles, despite having different operations objectives. While heat engines aim to convert thermal energy into work, heat pumps and refrigerators require work input to transfer heat against a temperature gradient. In each case, the Carnot efficiency or coefficient of performance represents an idealized limit that cannot be exceeded by real devices.
In practice, real heat engines fall below Carnot efficiency because they cannot operate in a perfectly reversible way. Friction, pressure losses and heat transfer across a temperature difference all reduce the amount of heat that can be converted to work, so the actual efficiency is always lower than the ideal limit.
Importantly, the Carnot framework highlights the distinction between idealized and real behavior in thermodynamics. This distinction motivates further analysis of molecular motions, kinetic theory and real gas effects which are explored in Part C. By establishing theoretical limits before examining microscopic behavior, the Carnot cycle provides a coherent link between macroscopic thermodynamic laws and the molecular foundations of gas behavior.



Part C – Ideal and Real Gases, Kinetic Theory and Diffusion
Ideal Gas and Real Gas Behaviour

The ideal gas model represents a simplified description of gaseous behaviour in which molecular volume and intermolecular forces are assumed insignificant. Under the assumptions, the thermodynamic behaviour of the gas is described by the ideal gas equation:



Where  is pressure,  is volume,  is the number of moles,  is the universal gas constant and  is the absolute temperature (Çengel and Boles, 2019).
In practice, real gases deviate from ideal behavior, particularly at high pressures and low temperatures. Such deviations occur when molecular size and attractive forces being to influence pressure-volume behavior, particularly under dense conditions. To account for this, the Van der Waals equation modifies the ideal gas law:



To account for real gas behavior, Van der Waals introduced two correction terms to the ideal gas equation:

Pressure correction, :
In real gases, attractive forces between molecules reduce the frequency and momentum of collisions with container walls, leading to a measured pressure lower than that predicted by the ideal gas model. The  term increases the effective pressure to account for these intermolecular attractions, with larger values of  indicating stronger molecular interactions (Çengel and Boles, 2019; Moran et al., 2018)

Volume correction, :
The ideal gas model assumes molecules occupy no volume. In reality, gas molecules have finite size, reducing the free volume available for molecular motion. The  term corrects this by subtracting the excluded volume from the total container volume, becoming increasingly significant at high pressures where molecular spacing is small (Atkins and de Paula, 2014).

These corrections highlight the limitations of the ideal gas model and emphasize that its validity is restricted mainly to low-pressure and high-temperature conditions. As gas density increases, molecular size and intermolecular forces increasingly influence behavior, making real-gas effects significant. Under such conditions, modified equations of state are required to obtain realistic and physically meaningful thermodynamic predictions.

Kinetic Theory and Temperature

Kinetic theory connects macroscopic gas properties to molecular motion. For an ideal gas, pressure arises from molecular collisions with container walls. The standard theory result is:



Multiply both sides by  :



For an ideal gas, the microscopic and macroscopic descriptions must be consistent with:



Where  is Boltzmann’s constant. Equating the two expressions for :



Cancel  :



Multiplying both side by  :



The term  represents the average translational kinetic energy per molecule, therefore:



This demonstrates that for an ideal gas, the absolute temperature is directly proportional to the average molecular kinetic energy (Çengel and Boles, 2019).

Molecular Speed, Density and Graham’s Law

From Kinetic theory, the pressure of an ideal gas may be expressed as:



Where  is the gas density and  is the root mean square molecular speed.
At constant pressure, rearrange to solve for  :



Since  is constant:



Therefore, at the same pressure, gases with lower density have higher molecular speeds. For an ideal gas, the rms speed may also be written as:



Where  is molar mass of the gas. At constant temperature:



This relationship leads directly to Graham’s law of diffusion, which states the rate of diffusion  of a gas is inversely proportional to the square root of its molar mass:



Because lighter gases have higher RMS speeds, they diffuse more rapidly through porous media. This principle is applied in practice to separate gas mixtures, including isotope enrichment and industrial gas separation processes (Atkins, De Paula and Keeler, 2014).
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