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1. [bookmark: _Toc219667096]INTRODUCTION

Thermodynamics is foundational to mechanical and aerospace engineering, governing energy conversion, propulsion, and environmental systems. This coursework analyses ideal gases, kinetic theory, and heat engine cycles through integrated numerical and theoretical methods. Presenting equations step-by-step with clear assumptions, it connects microscopic molecular behaviour to macroscopic engineering applications, fostering deep practical and conceptual understanding of these universal principles.


2. [bookmark: _Toc218765927][bookmark: _Toc219667097]Part A

2.1. [bookmark: _Toc218765928][bookmark: _Toc219667098]Question 1







(i) Number of moles of gas

The ideal gas law, PV = nRT, provides the foundational relationship between pressure, volume, temperature, and the amount of substance. This equation emerges from the combination of Boyle's Law (pressure-volume relationship at constant temperature), Charles' Law (volume-temperature relationship at constant pressure), and Avogadro's Law (volume-amount relationship at constant temperature and pressure).



(ii) Number of molecules of the gas




This immense number illustrates the statistical nature of thermodynamics—while we cannot track individual molecules, we can predict their collective behaviour through statistical mechanics.





(iii) Mass of one molecule of oxygen

This extremely small mass explains why quantum mechanical effects become significant at the molecular scale, though classical thermodynamics remains valid for macroscopic systems.

2.2. [bookmark: _Toc218765929][bookmark: _Toc219667099]Question 2







Initial total moles in the system

bulb A

bulb B

Total 





Physical Interpretation: This problem demonstrates how temperature gradients in connected systems create pressure differences that drive gas flow until equilibrium is reached. Such principles are fundamental in understanding heat exchangers, gas storage systems, and atmospheric phenomena.

2.3. [bookmark: _Toc218765930][bookmark: _Toc219667100]Question 3






 of molecules collide with a given face
A molecule travels from one face to the opposite face and back.




(ii) Change in momentum of one molecule on a face 





(iii) Total force on one face




Significance: This calculation bridges microscopic molecular motion with macroscopic pressure, demonstrating how random molecular collisions produce measurable forces. The factor of 1/3 arises from the three-dimensional nature of molecular motion—a beautiful connection between geometry and physics.

2.4. [bookmark: _Toc218765931][bookmark: _Toc219667101]Question 4






For an isothermal process:

Physical Insight: During isothermal compression, work done on the gas increases its pressure while temperature remains constant. This requires heat transfer to the surroundings to maintain constant temperature—a common process in slow compression cycles.
For an adiabatic process:



Comparison: The final pressure after adiabatic expansion (1.44 × 10⁶ Pa) is lower than if the expansion were isothermal (which would give 2.0 × 10⁶ Pa). This difference occurs because adiabatic expansion does work at the expense of internal energy, causing temperature and pressure to drop more significantly.

2.5. [bookmark: _Toc218765932][bookmark: _Toc219667102]Question 5.



Interpretation: The positive ΔU indicates increased internal energy, meaning the system's temperature rises. This could represent a gas being heated while doing work—like in an expanding piston engine where combustion adds heat while the piston moves outward.

2.6. [bookmark: _Toc218765933][bookmark: _Toc219667103]Question 6.

Case (a)

Case (b)



Practical Implication: These calculations show why high-temperature heat sources and low-temperature heat sinks are desirable for efficient heat engines. This explains the engineering drive toward higher combustion temperatures in gas turbines and the use of cooling water or ambient air for heat rejection.



2.7. [bookmark: _Toc218765934][bookmark: _Toc219667104]Question 7.








Analysis: This exceptionally high efficiency suggests either extremely favourable temperature conditions (Th >> Tc) or an idealized reversible engine. Real engines typically achieve 20-40% efficiency due to irreversibilities.




2.8. [bookmark: _Toc218765935][bookmark: _Toc219667105]Question 8.














3. [bookmark: _Toc218765936][bookmark: _Toc219667106]Part B
The ideal Carnot heat engine the heat is transfer between two thermal reservoirs and turn heat into work. A hot source at temperature and a cold sink at . The heat transfer from hot source to cold sink. The point cycle is to transfer part of the absorbed heat into mechanical work while rejecting the remaining heat to the cold sink. The Carnot cycle consists of four internally reversible processes (Bejan, 2016): 
· Isothermal expansion at , where heat is absorbed and the working fluid expands.
· Adiabatic expansion, producing further work without heat transfer. 
· Isothermal compression at , where heat is expelled as the fluid is compressed. 
· Adiabatic compression, returning the system to its initial state

[image: Heat engine - Wikipedia]

3.1. [bookmark: _Toc219667107]PV diagram of Carnot cycle 
[image: The p − V indicator diagram of a Carnot cycle 1-2-3-4, where T C < T H .]

Starting at point 1, the working fluid expands isothermally at a high temperature . During this process, heat is absorbed from the heated reservoir, the gas gently expands, and pressure drops as volume expands along a curved line, creating positive work as the piston proceeds outwards. From 2 to 3, the system expands by adiabatic expansion, which involves no heat exchange. The curve is steeper than the isothermal curve because internal energy is consumed to support the expansion, causing the temperature to drop from to . At point 3, the cycle reverses direction and undergoes isothermal compression at  and arrive to cold reservoir temperature.  heat is rejected to the cold reservoir as the gas is compressed, reducing volume and rising pressure along with curved isothermal path, representing negative work done on the system. From 4 to 1, the gas is compressed adiabatically, again without heat transfer. This curve is steep, showing that compression raises the temperature back from to , restoring the system to its original state at point 1




3.2. [bookmark: _Toc219667108]Assumption of Carnot cycle

· Perfect reversibility
· No friction
· No heat loss
· Infinite time for equilibrium
· No turbulence or viscous dissipation

The main reason real heat engines differ from the ideal cycle is that they have irreversible losses that cause entropy and impair performance. Piston, crankshaft, friction decreases total work output and limits the smooth expansion–compression paths move away from ideal motion. Which cause the useful mechanical work into wasted as heat. The percentage of input heat that can contribute to work is reduced by heat leakage through engine walls, valves, and exhaust systems, which results in unintentional thermal energy losses will create none iso thermal process (Moran et al., 2018). 



3.3. [bookmark: _Toc219667109]Refrigeration Cycle 
[image: Refrigeration Cycle Diagram - EEEGUIDE.COM]
The refrigeration cycles a vapor-compression cooling loop that employs external work to transfer heat from a cold source to a hot sink. The compressor raises the temperature and pressure of the refrigerant by doing work. The hot, high-pressure vapor enters the condenser, where it rejects heat and emits heat into the atmosphere. Following that, the liquid passes through the expansion valve, causing a sudden reduction in pressure and cooling. The cycle is complete when the cold low-pressure mixture reaches the evaporator/heat extractor, where it collects heat from the refrigerated region and returns to vapor (Stoecker et al., 1982).

Coefficient of Performance (COP)
Carnot Heat Pump 

Carnot Refrigerator


	
	Heat Pump Cycle
	Refrigeration Cycle

	Main Goal
	Deliver heat to a warm space
	Remove heat to maintain a cold space

	Useful Heat Term
	
	 

	Work Requirement
	Requires external work 
	Requires external work 

	Heat Flow Direction
	Cold → Hot (driven by work input)
	Cold → Hot (driven by work input)

	Performance Metric
	
	

	Which COP is Higher?
	Always higher for same  because 
	Lower than heat pump for same temperatures

	Cycle Components
	Compressor, condenser, expansion valve, evaporator
	Compressor, condenser, expansion valve, evaporator



3.4. [bookmark: _Toc219667110]Historical and Philosophical Significance:
Carnot's work laid the foundation for the Second Law of Thermodynamics before the First Law was fully formulated. His "Reflections on the Motive Power of Fire" (1824) introduced the concept of reversibility and established that perpetual motion machines of the second kind (devices that convert heat completely to work without other effects) are impossible. This insight predated the formal statements of the Second Law by Clausius and Kelvin by decades.

3.5. [bookmark: _Toc219667111]Modern Applications and Extensions:
Carnot principles extend beyond traditional heat engines to:
- Thermoelectric generators (solid-state devices converting temperature differences to electricity)
- Ocean thermal energy conversion (OTEC) systems
- Stirling engines (which approximate Carnot efficiency more closely than internal combustion engines)
- Cryogenic systems and liquefaction plants
The Carnot limit remains the gold standard against which all real heat engines are measured, driving continuous innovation in materials science (to withstand higher temperatures) and system design (to minimize irreversibilities).






4. [bookmark: _Toc219667112]PART C

4.1. [bookmark: _Toc219667113](i) Ideal Gas Law and Van der Waals Equation

The ideal gas law, PV = nRT, is a cornerstone equation of state derived from combining Boyle's Law (1662), Charles' Law (1787), and Avogadro's Law (1811). It assumes:
1. Molecules are point particles with zero volume
2. No intermolecular forces except perfectly elastic collisions
3. Molecules are in constant random motion
4. Collisions with walls are perfectly elastic

This approximation holds well at high temperatures and low pressures where molecules are far apart relative to their size and interaction energies are negligible compared to thermal energy.

Limitations of the Ideal Gas Law:
- Fails near condensation points
- Inaccurate at high pressures (> 10 atm)
- Poor predictor of critical phenomena
- Cannot describe phase transitions

Van der Waals Equation (1873):

Real gases exhibit deviations due to finite molecular volume and intermolecular attractive and repulsive forces. Johannes Diderik van der Waals proposed:
[P + a(n/V) ²] (V - nb) = nRT

Where:
-a accounts for intermolecular attraction, reducing effective pressure
-b accounts for excluded volume per mole (approximately 4× the actual molecular volume)

[bookmark: _Toc219667114]4.1.1. Physical Interpretation:
1.Pressure correction (a term): Attractive forces between molecules reduce the momentum transfer to container walls, effectively lowering pressure. The reduction is proportional to the square of density because each molecule is attracted by neighbours on all sides.
2.Volume correction (b term): Molecules occupy physical space, reducing the available volume for motion. For hard-sphere molecules of diameter d, b = (2/3) πNA d³.

Example Applications:
- For N₂: a ≈ 0.137 Pa m⁶ mol⁻², b ≈ 3.87 × 10⁻⁵ m³ mol⁻¹
- For CO₂: a ≈ 0.364, b ≈ 4.27 × 10⁻⁵
- For H₂O: a ≈ 0.553, b ≈ 3.05 × 10⁻⁵

The Van der Waals equation qualitatively predicts:
1. Gas-liquid phase transition
2. Critical point (where ∂P/∂V = 0 and ∂²P/∂V² = 0)
3. Corresponding states principle

Critical Constants from Van der Waals Parameters:
- Vc = 3b
- Tc = 8a/(27Rb)
- Pc = a/(27b²)

Despite its limitations, the Van der Waals equation represents a significant advancement, earning its creator the 1910 Nobel Prize in Physics. Modern equations of state (Redlich-Kwong, Peng-Robinson, Benedict-Webb-Rubin) extend this approach for greater accuracy in industrial applications.
4.2. [bookmark: _Toc219667115](ii) Kinetic Theory and Temperature
The kinetic theory of gases provides a microscopic foundation for temperature, connecting molecular motion to macroscopic thermodynamic properties. Developed by Maxwell, Boltzmann, and Clausius in the 19th century, it establishes that temperature is a measure of average molecular kinetic energy.
Key Results:
1.Average translational kinetic energy:
   (KEtrans) = (1/2)mv² = (3/2)kBT 
   where kB = R/NA = 1.38 × 10⁻²³ J K⁻¹ is Boltzmann's constant.

2.Internal energy for monatomic ideal gas:
   U = (3/2)nRT
   (For diatomic gases at moderate temperatures: U = (5/2)nRT due to rotational degrees of freedom)
3.Equipartition theorem: Each quadratic degree of freedom in energy contributes (1/2)kBT per molecule or (1/2)RT per mole.
[bookmark: _Toc219667116]4.2.1.  Temperature as an Average Property:
Temperature emerges statistically from the distribution of molecular speeds (Maxwell-Boltzmann distribution):
f(v) = 4π (m/(2πkBT))(3/2) v² e(-mv²/(2kB T))

This distribution gives:
- Most probable speed: vmp = 
- Average speed: vavg = 
- Root-mean-square speed: vrms = 

[bookmark: _Toc219667117]4.2.2. Implications:
1.Absolute zero (0 K): Classically, all molecular motion ceases (quantum mechanics modifies this with zero-point energy)
2.Negative temperatures: Possible in population-inverted systems (lasers, magnetic systems) but hotter than all positive temperatures
3.Temperature measurement: All thermometers ultimately measure average kinetic energy of some substance

4.3. [bookmark: _Toc219667118](iii) RMS Speed and Graham's Law

The root-mean-square (RMS) speed is derived from equating average kinetic energy to (3/2)kB T:
vrms = = )
where m is molecular mass and M is molar mass.

[bookmark: _Toc219667119]4.3.1. Dependence on Temperature and Molecular Mass:
- At constant T: vrms ∝ 1/ (lighter molecules move faster)
- For a given gas: vrms ∝  (speed increases with temperature)

[bookmark: _Toc219667120]4.3.2. Graham's Law of Effusion (1833):
For gas effusion (flow through small orifices where mean free path >> hole diameter), the rate of effusion is inversely proportional to the square root of molar mass:
r₁/r₂ = 
This arises because effusion rate ∝ average speed ∝ 1/.

[bookmark: _Toc219667121]4.3.3. Derivation:
Effusion rate = (number of molecules striking area A per unit time) ∝ (1/4)n(v)A
Since (v) ∝ 1/ and n ∝ ρ/M (at constant P and T, ρ ∝ M), we get:
Rate ∝ ρ(v)/M ∝ M × (1/) / M = 1/

[bookmark: _Toc219667122]4.3.4. Industrial Applications:
1.Uranium enrichment: Gaseous diffusion of UF₆ exploits the slight mass difference between ²³⁵UF₆ and ²³⁸UF₆
2.Isotope separation: Deuterium from hydrogen, carbon isotopes
3.Gas purification: Separation of noble gases, hydrogen recovery
4.Leak detection: Using tracer gases (helium) with high effusion rates

[bookmark: _Toc219667123]4.3.5. Atmospheric Implications:
Graham's law explains:
- Why light gases (H₂, He) escape planetary atmospheres more readily
- The composition of Earth's atmosphere over geological time
- The hydrogen loss from exoplanets

[bookmark: _Toc219667124]4.3.6. Limitations:
Graham's law assumes:
1. Ideal gas behaviour
2. Small pressure difference across orifice
3. Hole diameter << mean free path
4. Isothermal conditions

In practice, deviations occur due to non-ideal behaviour, viscous flow, and surface interactions.


5. [bookmark: _Toc219667125]CONCLUSION

This coursework demonstrates the essential integration of mathematical rigor with thermodynamic theory. Numerical problems validate fundamental laws such as the ideal gas law, first law of thermodynamics, and kinetic theory relations, while theoretical discussions bridge idealized models (Carnot cycle, ideal gas) and real-world complexities (Van der Waals corrections, irreversibility).

Key insights include:
1.Microscopic-macroscopic connection: Molecular properties determine bulk behaviour
2.Ideal versus real: All models have limits; knowing these limits is crucial for engineering design
3.Efficiency limits: The Second Law sets fundamental bounds on energy conversion
4.Mathematical framework: Thermodynamics provides powerful predictive tools when properly applied
The analysis confirms the universal relevance of thermodynamic principles in engineering systems ranging from power generation and refrigeration to aerospace propulsion and environmental control. Future advancements in materials science (high-temperature alloys, superconductors) and nanotechnology (molecular machines, quantum thermal devices) may push systems closer to thermodynamic limits, but the foundational laws will remain inviolable guides for energy conversion and management.
As global energy demands grow and climate concerns intensify, thermodynamic efficiency becomes not just an engineering goal but an environmental imperative. The principles explored in this coursework—from Carnot's elegant efficiency formula to Van der Waals' molecular corrections—provide the intellectual toolkit needed to design sustainable energy systems for the 21st century.
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Fig. 9.1. Referigeration Cycle




