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Abstract
This report examines the mathematical principles of thermodynamics as applied to ideal gases and common heat-engine cycles, including the Otto, Diesel and Brayton cycles. Fundamental thermodynamic laws are reviewed and used to derive relationships for pressure, temperature and volume changes within idealised systems. The behaviour of ideal gases under various thermodynamic processes—isochoric, isobaric, isothermal and adiabatic—is analysed to highlight the differences in energy transfer and work interactions.
Using these principles, the report evaluates the thermal efficiency and work output of selected heat-engine cycles, applying ideal-gas equations and first-law energy balances. The analysis demonstrates how compression ratio, specific heat ratio and process selection directly influence the theoretical performance of engines. Limitations arising from idealisation, real-gas deviations and practical losses are also discussed.
Overall, the report shows that mathematical thermodynamics provides a powerful framework for predicting and optimising the behaviour of heat engines. Although real systems are affected by inefficiencies, the ideal-cycle analysis forms an essential baseline for engineering design and performance comparison.
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Introduction  
This coursework integrates ideal gas theory, kinetic theory, thermodynamic work and entropy, and the principles of heat engines and heat pumps, with emphasis on the Carnot cycle and its practical limitations. The assessment is structured in three parts. Part A focuses on applied calculations using the ideal gas equation, kinetic theory and the first law of thermodynamics. Part B provides a conceptual analysis of the Carnot engine and comparisons with real engines, refrigerators and heat pumps. Part C examines real gas behaviour, Van der Waals corrections, and molecular interpretations of temperature and diffusion, demonstrating analytical competence overall.

PART A— Thermo-fluid Calculations 
1) O₂ gas in a container
Given:




(i) Number of moles

(ii) Number of molecules

(iii) Mass of one molecule

2) Two bulbs at different temperatures
Bulb A: , 
Bulb B: , 
Initial conditions: STP → , 
Total initial moles:

Final state:

Set equal and solve for :

Substitute:

3) Cubical box molecular impacts
Given:
Cube side = 1 m
Molecules 
Mass per molecule 
Speed 
1/3 molecules collide with each face
(i) Time between collisions
Distance between opposite faces = 1 m.

(ii) Change in momentum per molecule
Elastic collision: momentum change:

(iii) Total force on one face
Collisions per second:

Force:

(iv) Pressure
Face area = 1 m².


4) Iso-thermal compression then adiabatic expansion
Initial:

Compression: 
Step 1: Isothermal

Step 2: Adiabatic expansion

5) First Law of Thermodynamics

6) Equal efficiencies

Case (a):

Case (b):

7) Maximum Carnot efficiency
Input heat: 
Rejected heat: 

8) Entropy changes of heating water

Given:






 PART B — The Carnot Heat Engine 
The Carnot heat engine represents the theoretical upper limit of efficiency for any heat-based power system. First proposed by Nicolas Léonard Sadi Carnot in 1824, it is based on cyclic processes that are completely reversible and frictionless. Although idealised and impossible to perfectly achieve in practice, the Carnot cycle remains fundamental to thermodynamics because it defines the maximum possible efficiency for converting thermal energy into work.
1. Conceptual Overview of the Carnot Cycle
A Carnot engine uses a working fluid—commonly modelled as an ideal gas—that moves through four reversible processes arranged in a closed loop. These processes guarantee that the system returns to its initial thermodynamic state after completing each full cycle. The idea of reversibility is key: it implies that no entropy is generated within the system and that every stage could, in principle, be reversed without any loss of energy. Although such ideal behaviour cannot be achieved in practice, it provides a pristine theoretical reference against which real processes can be compared.
The four stages of the Carnot cycle are:
(a) Isothermal Expansion at the Hot Reservoir Temperature 
During this stage, the engine absorbs thermal energy from the high-temperature reservoir. Because the temperature remains constant throughout the expansion, the internal energy of an ideal gas does not change. Instead, all the heat that enters the system is transformed into mechanical work as the gas expands. The pressure gradually decreases as the volume increases, but the temperature holds steady at . This is one of the distinctive features of isothermal processes: the work done by the gas can be directly calculated from the area under the isothermal curve on a pressure–volume (P–V) diagram.
This step models the phase in a real engine where fuel combustion or external heating provides the thermal input that drives the piston outward. In the ideal scenario, the heat transfer occurs infinitely slowly, ensuring that the gas remains in perfect thermal equilibrium with the hot reservoir.
(b) Adiabatic Expansion
Once heat addition stops, the gas continues to expand, but now in a perfectly insulated environment—meaning no heat is exchanged with the surroundings. This type of expansion is known as reversible adiabatic (or isentropic) expansion.
During this stage, the temperature of the working fluid decreases from to the cold-reservoir temperature . Because the system performs work while losing internal energy, the temperature drop is a natural consequence of the adiabatic condition. Even though no heat enters the system, the gas still performs useful work on the surroundings. The pressure and temperature both fall in a predictable manner described by the adiabatic relations for an ideal gas.
(c) Isothermal Compression at 
In the third stage, the working fluid is compressed at the lower temperature . Here the surroundings perform work on the gas, forcing its volume to decrease. Because the temperature is held constant, the decrease in internal energy caused by compression must be balanced by releasing heat to the cold reservoir. The working fluid therefore rejects thermal energy during this step.
This isothermal compression can be interpreted as the theoretical inverse of the isothermal expansion that occurred at . In real-world cooling devices such as refrigerators, this stage is analogous to parts of the cycle where heat is rejected to the environment.
(d) Adiabatic Compression
Finally, the gas undergoes a reversible adiabatic compression. With no heat exchanged, the work done on the gas raises its temperature from back up to . Once this stage is completed, the system returns precisely to its initial thermodynamic state, ready to repeat the cycle indefinitely.

Diagram Description:
On a P–V diagram, a complete Carnot cycle appears as a closed loop composed of two smooths, gently sloping isothermal curves and two steeper adiabatic curves. The area enclosed by the loop is equal to the network output of the cycle. A T–S (temperature–entropy) diagram representation is elegant: the isothermal processes appear as horizontal lines, and the adiabatic processes appear as vertical lines, forming a neat rectangle.
2. Efficiency of the Carnot Engine
The significance of the Carnot cycle is captured by its remarkably simple efficiency equation:

This expression is notable because it shows that the efficiency depends solely on the temperatures of the hot and cold reservoirs, and not on the working fluid, engine geometry, or specific physical construction. The formula implies that increasing , decreasing , or both, will improve the theoretical maximum efficiency.
This theoretical limit reinforces a fundamental principle of thermodynamics:
No real engine operating between two fixed temperatures can ever surpass the efficiency of a Carnot engine.
It also shows why extremely high-temperature heat sources or extremely low-temperature sinks are attractive in advanced power generation—such conditions push the achievable efficiency closer to the Carnot limit, though never beyond it.
3. Why Real Engines Cannot Achieve Carnot Efficiency
Although the Carnot cycle provides an ideal upper boundary, real heat engines invariably fall short due to unavoidable irreversibilities such as:
mechanical friction in pistons, bearings, and rotating components,
heat transfer occurring across finite temperature differences (which generates entropy),
turbulence and viscous effects in moving fluids,
leakage in valves and seals,
non-equilibrium behaviour due to rapid combustion or expansion,
and material limitations that restrict extreme temperatures or pressures.
Real processes are neither quasi-static nor perfectly reversible, meaning entropy is always generated. Because the Carnot engine assumes zero entropy production, any real engine must necessarily operate below its efficiency limit. Thus, Carnot efficiency should be understood not as a practical goal to be directly implemented but as a theoretical boundary that informs engineering decisions.
4. Comparison with Heat Pumps and Refrigeration Systems
Heat pumps and refrigeration systems operate as the thermodynamic inverse of heat engines. Instead of converting heat to work, they use work to transfer heat between reservoirs.
The coefficient of performance (COP) for a heat pump is:

For a refrigerator, the COP is:

These expressions reveal that performance improves when the temperature difference is small. Consequently, refrigerators are less effective in hot environments, and heat pumps perform best in moderate climates (Çengel & Boles, 2020). The mathematical symmetry between these devices and heat engines highlights the unified principles governing thermal energy transfer.
Summary
The Carnot cycle remains a foundational benchmark for evaluating the performance of all heat engines. Although no real device can implement a perfectly reversible cycle, the Carnot model provides a powerful conceptual framework rooted in the second law of thermodynamics. It clarifies the unavoidable limitations that govern energy conversion, and it guides the development of practical systems such as internal combustion engines, industrial heat-pump networks, gas-turbine power plants, and refrigeration units. By establishing the theoretical upper bound on efficiency, the Carnot cycle reminds us that all engineered systems operate within the constraints of nature’s laws—and that improvements in heat-engine performance must always respect these thermodynamic boundaries.

PART C— Ideal and Real Gases, Kinetic Theory and Diffusion
1. Ideal Gas Model and It’s Limitations
An ideal gas is a theoretical construct in which gas molecules are assumed to have negligible volume and experience no intermolecular forces. Under these assumptions, the state 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 absolute temperature. This equation provides excellent agreement with experimental data at low pressures and high temperatures, where real gas molecules are far apart and interactions between them are minimal.
However, at high pressures the finite size of molecules becomes significant, and at low temperatures intermolecular attractive forces become important. Under these conditions, real gases deviate noticeably from ideal behaviour, motivating the need for improved models.
2. The Van der Waals Equation for Real Gases
The Van der Waals equation modifies the ideal gas law to account for these two major non-ideal effects:

Here, and are empirical constants specific to each gas.
The term corrects the volume to account for the finite molecular size. Since molecules occupy physical space, the volume available for molecular motion is less than the container volume.
The term corrects the pressure to account for intermolecular attractions, which reduce the effective force exerted on the container walls.
By including these corrections, the Van der Waals equation provides a more realistic description of gas behaviour over a wider range of conditions.
3. How Much Better Is the Van der Waals Equation?
The Van der Waals equation is significantly better than the ideal gas equation when gases are moderately compressed or cooled. It successfully explains phenomena such as:
Deviations from Boyle’s law at high pressures
The existence of a critical point, beyond which gas and liquid phases are indistinguishable
Qualitative features of real gas isotherms
Quantitatively, it predicts compressibility factors closer to experimental values than the ideal gas model and gives reasonable estimates for real gases under many engineering conditions.
However, its accuracy is still limited. The constants and are assumed to be independent of temperature, which is not strictly true. As a result, while Van der Waals’ equation improves realism, it remains an approximation.
Breakdown at High Pressures and Temperatures
4. Breakdown at High Pressures and Temperatures
The Van der Waals equation performs poorly under extreme conditions:
Very high pressures: Molecular shapes and short-range repulsive forces become important, which are not fully captured by the simple volume correction .
Very high temperatures: Although gases tend toward ideal behaviour, the pressure correction term may still introduce inaccuracies.
Near phase transitions: The equation fails to accurately predict liquid-phase behaviour and coexistence curves.
For precise calculations at high pressures and temperatures, more advanced equations of state such as the Redlich–Kwong or Peng–Robinson equations are preferred.
5. Accuracy and Limitations of the Van der Waals Model
The Van der Waals equation is significantly better than the ideal gas equation for moderately dense gases and near-room temperatures. It produces compressibility factors closer to experimental values and allows for a basic description of phase behaviour. Nevertheless, it remains an approximation with important limitations. The parameters a and b are assumed constant for a given gas, despite their weak dependence on temperature. At very high pressures, short-range repulsive forces and molecular shape effects become important, which are not fully captured by the simple excluded volume term. Near phase transitions and in the liquid region, the equation fails to provide quantitatively accurate predictions. At very high temperatures, where gases tend towards ideal behaviour, the pressure correction can introduce unnecessary error. Consequently, more advanced equations of state, such as the Redlich–Kwong or Peng–Robinson models, are used when higher accuracy is required.
6. Kinetic Theory and the Meaning of Temperature
Kinetic theory provides a microscopic interpretation of gas properties by considering the motion of individual molecules. Gas pressure arises from elastic collisions of molecules with the walls of a container. For a gas consisting of N molecules, each of mass m, with mean square speed c², the pressure is given by P = (1/3)(Nm/V)c². Rearranging gives PV = (1/3)Nm c².
From thermodynamics, the ideal gas equation may also be written as PV = NkT, where k is the Boltzmann constant. Equating the two expressions for PV yields NkT = (1/3)Nm c². Cancelling N and rearranging leads to (1/2)mc² = (3/2)kT. The left-hand side represents the average translational kinetic energy of a gas molecule. This result demonstrates that the absolute temperature of an ideal gas is directly proportional to the average kinetic energy of its molecules and is independent of the chemical nature of the gas.
7. Root Mean Square Speed and Density Dependence
The root mean square (rms) speed is defined as:

From the kinetic energy relation derived above:

Rearranging:

Thus, at constant temperature, the rms speed is inversely proportional to the square root of molecular mass.
Substituting this relationship shows that  ∝ 1/√ρ. Thus, at a given pressure, gases with lower density have higher root mean square molecular speeds.
8. Graham’s Law of Diffusion
Graham’s law states that the rate of diffusion of a gas is inversely proportional to the square root of its density or molar mass:

This law arises directly from the kinetic theory result that lighter molecules move faster than heavier ones at the same temperature.
Summary
Part C shows how the ideal gas equation, when combined with kinetic theory, provides a coherent framework for connecting microscopic motion to macroscopic thermodynamic variables. Real-gas corrections such as the Van der Waals equation extend these ideas to high-pressure regimes, where interactions become significant. Diffusion and RMS speed relationships demonstrate how molecular properties influence observable gas behaviour.

[bookmark: _Toc216800858] Conclusion
This coursework examined key thermodynamic and thermo-fluid principles fundamental to mechanical engineering. In Part A, computational exercises applied concepts such as the ideal gas law, kinetic theory, first-law energy analysis, Carnot efficiency, and entropy to practical problems. These tasks highlighted relationships between pressure, temperature, and molecular behaviour, and illustrated differences between isothermal and adiabatic processes. They also demonstrated how the Second Law of Thermodynamics limits real heat-engine performance and emphasised the need for accurate modelling, unit consistency, and sound physical reasoning.
 
Part B explored the Carnot cycle as the theoretical standard for heat-engine efficiency. By analysing its two isothermal and two adiabatic stages, the discussion showed that the Carnot engine’s ideal behaviour arises from the absence of irreversibilities such as friction or non-uniform heat transfer. Although no practical engine is reversible, the Carnot model serves as an upper performance bound for systems like gas turbines and steam engines. The cycle’s reversal also clarified how refrigerators and heat pumps achieve coefficients of performance greater than one, resolving the contrast between engine efficiency and heat-pump COP.
 
Part C deepened the theoretical framework by examining ideal-gas assumptions and introducing the Van der Waals equation to account for molecular interactions and volume. Kinetic theory linked temperature to molecular kinetic energy, while root-mean-square speed and density relationships supported an understanding of Graham’s Law of diffusion.
 
Overall, the coursework demonstrated how thermodynamics connects microscopic behaviour to macroscopic engineering systems, providing essential tools for analysing and optimising engines, turbines, compressors, and refrigeration devices.
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