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[bookmark: _Toc219054740] Part A – Thermodynamics Numerical Problems 
[bookmark: _Toc219054741]1) Oxygen in a container
Given:

Molar mass of oxygen: 


[bookmark: _Toc219054742](i) The number of moles of gas
Using ideal gas law:


[bookmark: _Toc219054743](ii) The number of molecules of gas


[bookmark: _Toc219054744](iii) The mass of one molecule of gas



[bookmark: _Toc219054745]2) Two bulbs connected (one heated)
Given:
Bulb A:  heated to 
Bulb B:  stays at 
Initially at STP: , 
Because the bulbs are connected, final pressure is uniform, but temperatures differ.
Step 1: Total moles initially

Step 2: Express final moles in each bulb and sum


[bookmark: _Toc219054746]3) Cube of gas molecules and kinetic theory style force/pressure
Given:
Cube:  so 
Number of molecules: 
Mass per molecule: 
Average velocity (take as normal to a face): 
Assume collide on each face 
[bookmark: _Toc219054747](i) The time between collisions on two parallel faces of the cube
A molecule travelling between opposite faces covers distance per “round trip”:



[bookmark: _Toc219054748](ii) The change in momentum on a face of a single gas molecule
Elastic rebound reverses velocity: 

Magnitude:

 (magnitude)
[bookmark: _Toc219054749](iii) The total force experienced on this face of the box
Each of the molecules hits that same face once every , so collision rate:

Force = (collision rate) × (momentum change per collision):

Substitute values:



[bookmark: _Toc219054750](iv) The pressure on this face of the box



[bookmark: _Toc219054751]4) Isothermal compression then adiabatic expansion
Given:
Initial: , , volume 
Step 1: isothermal compression to 
Step 2: adiabatic expansion back to 


Step 1 (isothermal): 

Step 2 (adiabatic): 



[bookmark: _Toc219054752]5) Heat added and work done — internal energy change
Given: applied, work done by gas 
First law (sign convention: done by system):



[bookmark: _Toc219054753]6) Carnot engine equal efficiency
Efficiency:

Case (a): between and 

Case (b): between (source) and 



[bookmark: _Toc219054754]7) Maximum efficiency from heat in/out
Given: , 
Work:

Efficiency:


[bookmark: _Toc219054755]8) Entropy change heating water reversibly
Given: , 
, 
For reversible heating with (approx.) constant :


[bookmark: _Toc219054756]Part B – Carnot Heat Engine, Heat Pumps and Refrigerators
The Carnot heat engine is an idealised, fully reversible heat engine operating between two thermal reservoirs at different temperatures. It defines the maximum theoretical efficiency achievable by any heat engine operating between a hot reservoir at temperature and a cold reservoir at temperature  where  (Çengel, Boles and Kanoglu, 2019). Although the Carnot engine is an idealised and unattainable system, it is of fundamental importance in thermodynamics as it defines the maximum theoretical efficiency for engines operating between two thermal reservoirs and serves as a benchmark for evaluating the performance of real heat engines.
In a Carnot engine, heat is absorbed from the hot reservoir, part of this energy is converted into useful work , and the remaining heat is rejected to the cold reservoir, as illustrated schematically in Figure 1. 
[image: ]
[bookmark: _Toc219038192]Figure 1 Heat Engine working between temperature Th and Tc (Bagaria, 2022).
Over one complete cycle, the first law of thermodynamics requires:

This energy balance applies to all cyclic heat engines. What distinguishes the Carnot engine from real engines is that all processes are assumed to be reversible, meaning that no entropy is generated within the system or its surroundings.
The Carnot cycle consists of four reversible processes: two isothermal and two adiabatic (isentropic). During isothermal expansion at temperature the working fluid absorbs heat reversibly from the hot reservoir. Because the temperature remains constant, all absorbed heat contributes to work output. This is followed by adiabatic expansion, during which the fluid continues to do work without heat transfer, causing its temperature to decrease from to . The third process is isothermal compression at , where heat is rejected to the cold reservoir, followed by adiabatic compression that returns the working fluid to its original state (Zemansky and Dittman, 1997). On a temperature–entropy (T–s) diagram, the Carnot cycle appears as a rectangle bounded by two horizontal isotherms and two vertical isentropes.
Figure 2 illustrates that the area enclosed by the Carnot cycle on a T–s diagram represents the net work output of the engine. Any deviation from the ideal rectangular shape, as observed in real engine cycles, reduces the enclosed area and therefore the useful work produced. This directly links thermodynamic irreversibility to reduced engine performance.
[image: ]
[bookmark: _Toc219038193]Figure 2. Carnot Cycle P-V diagram and T-S diagram (Bagaria, 2022).
Because the Carnot cycle is fully reversible, the entropy transferred during heat absorption and rejection must be equal:

Rearranging this relationship leads directly to the Carnot efficiency:

This expression is fundamental because it shows that the efficiency of an ideal heat engine depends only on the temperatures of the reservoirs, not on the working fluid or engine design (Moran et al., 2018). It demonstrates that some heat must always be rejected to a lower-temperature reservoir and that complete conversion of heat into work is impossible.
In practice, the Carnot efficiency is unattainable because all real heat engines are subject to irreversible processes such as friction and finite-temperature heat transfer. Heat transfer requires a finite temperature difference, which inevitably generates entropy and violates the reversibility condition assumed in the Carnot cycle (Çengel, Boles and Kanoglu, 2019). Additional irreversibilities arise from friction, turbulence, pressure losses, and mechanical inefficiencies in components such as pistons, turbines, compressors, and valves. These effects reduce the net work output available from a given heat input.
In practical power generation, real thermodynamic cycles are used in place of the Carnot cycle. For example, the Rankine cycle is widely employed in steam power plants because it accommodates phase change and allows efficient heat rejection through condensation. In contrast to the idealised Carnot cycle, the Rankine cycle involves heat transfer over finite temperature differences, leading to entropy generation and a reduction in efficiency. This illustrates the inherent compromise between ideal thermodynamic performance and practical engineering considerations, where real cycles are designed for robustness, controllability, and cost-effectiveness rather than reversibility (Moran et al., 2018). Material limitations further restrict achievable efficiency. Increasing the upper reservoir temperature  improves Carnot efficiency, but real systems are constrained by material strength, oxidation, creep, and thermal fatigue at high temperatures. As a result, practical cycles such as the Otto, Diesel, Brayton, and Rankine cycles are deliberately designed to trade efficiency for mechanical feasibility, durability, and safety. These cycles deviate from Carnot behaviour to enable finite-time operation, realistic heat-transfer rates, and manageable component sizes.
Despite its impracticality, the Carnot cycle remains critically important in engineering analysis. Comparing real engine efficiency to Carnot efficiency provides a quantitative measure of irreversibility and indicates how closely a system approaches theoretical limits. This comparison allows engineers to identify dominant loss mechanisms and assess whether performance improvements are fundamentally possible or constrained by thermodynamic laws.
The Carnot cycle also provides a clear interpretation of the second law of thermodynamics. The second law states that no cyclic process can convert all of the absorbed heat into work, and that entropy generation is unavoidable in real systems. The Carnot engine represents the limiting case where entropy generation is zero, and the total entropy change of the system and surroundings is exactly zero over a complete cycle (Moran et al., 2018). Any deviation from Carnot efficiency, therefore, directly reflects entropy generation within the system.
This perspective is valuable in engineering design because it distinguishes between losses that can be reduced and those that are unavoidable. While insulation, improved component efficiency, and reduced pressure losses can decrease entropy generation, no design can eliminate the need to reject heat to a lower-temperature reservoir.
Heat pumps and refrigerators operate as reversed heat engines, using work input to transfer heat from a lower-temperature reservoir to a higher-temperature reservoir. Because their objective is heat transfer rather than work production, performance is measured using the coefficient of performance (COP) rather than efficiency (Moran et al., 2018).
For a refrigerator:

and for a heat pump:

A COP greater than unity does not violate thermodynamic laws because the device moves existing thermal energy rather than converting work directly into heat (Çengel, Boles and Kanoglu, 2019).
For an ideal reversible device operating on the reversed Carnot cycle, the maximum COP values are:

These expressions show that performance improves as the temperature difference between reservoirs decreases. This explains why ground-source heat pumps, operating over relatively small temperature differences, typically achieve higher COP values than air-source systems. In real systems, irreversibilities such as compressor inefficiency, pressure losses, and non-ideal heat exchange reduce COP below the Carnot limit, but Carnot COP values remain essential benchmarks for evaluating system performance and minimum work requirements.



[bookmark: _Toc219054757]Part C – Ideal Gas, Kinetic Theory, RMS Speed and Diffusion
[bookmark: _Toc219054758](i) – Ideal Gas Model and Assumptions
An ideal gas is modelled as a large number of identical particles treated as point masses in continuous random motion. Intermolecular forces are neglected except during perfectly elastic collisions, and the volume occupied by the molecules themselves is assumed negligible (Atkins and De Paula, 2010). Under these assumptions, the macroscopic behaviour of an ideal gas is described by the equation of state:

where pressure, volume, and temperature are related through the universal gas constant (Moran et al., 2018). This model is most accurate at low pressures and high temperatures, where molecular interactions are minimal.
While the ideal gas equation provides a useful approximation under many conditions, it becomes inaccurate at high pressures and low temperatures where intermolecular interactions and molecular volume can no longer be neglected. To account for real gas behaviour, the Van der Waals equation introduces correction terms to the ideal gas law:

where the constant represents the effect of attractive intermolecular forces, which reduce the effective pressure exerted by the gas, and the constant accounts for the finite volume occupied by gas molecules, thereby reducing the available volume for molecular motion (Çengel, Boles and Kanoglu, 2019).
At low pressures and high temperatures, the specific volume is large, so the correction terms and become negligible. Under these conditions, the Van der Waals equation reduces to the ideal gas law, and ideal gas behaviour is a valid approximation. At high pressures the molecular spacing decreases, which makes the finite molecular volume term significant, increasing the influence of attractive intermolecular forces. As a result, deviations from ideal gas behaviour increase and real gas models are required to accurately predict thermodynamic properties (Moran et al., 2018).
Although the ideal gas model provides valuable insight, its assumptions impose clear limitations. At high pressures or low temperatures, intermolecular forces and finite molecular volume become significant, leading to deviations from ideal behaviour. These limitations are particularly important in engineering applications such as refrigeration cycles and compressed gas storage, where ideal gas assumptions may lead to inaccuracies if applied indiscriminately.
[bookmark: _Toc219054759](ii) – Kinetic Theory Interpretation of Pressure and Temperature
Kinetic theory provides a microscopic explanation of gas behaviour by considering molecular motion and elastic collisions with container walls. Pressure arises from the cumulative effect of momentum transfer during these collisions. By analysing the momentum change of molecules, the pressure exerted by an ideal gas can be expressed as:

where  is the gas density and  is the mean square molecular speed (Claus Borgnakke, 2019). The factor of one-third arises from the assumption that molecular motion is equally distributed among the three orthogonal spatial directions.
Combining this expression with the ideal gas law leads to:

The left-hand side represents the total translational kinetic energy of the gas molecules. This result provides a physical interpretation of temperature, showing that the average kinetic energy of an ideal gas is directly proportional to its absolute temperature (Atkins and De Paula, 2010). Increasing temperature therefore increases molecular speed, resulting in more energetic collisions and higher pressure for a fixed volume.
This microscopic interpretation provides a physical basis for macroscopic gas laws, linking measurable properties such as pressure and temperature directly to molecular motion and energy.
[bookmark: _Toc219054760](iii) – RMS Speed, Diffusion and Engineering Implications
The root mean square (RMS) speed is defined as:

RMS speed is preferred over simple averages because it avoids cancellation effects associated with molecular velocities in opposite directions and directly reflects kinetic energy (Zemansky and Dittman, 1997). Rearranging the kinetic theory expression yields:

At constant pressure, this relationship shows that the RMS speed is inversely proportional to the square root of the gas density (Claus Borgnakke, 2019), meaning that lighter gases move faster on average than heavier gases under identical conditions.
This result leads directly to Graham’s law of diffusion, which states that at constant temperature and pressure, the rate of diffusion or effusion of a gas is inversely proportional to the square root of its molar mass (Atkins and de Paula, 2010). Lighter gases, therefore, diffuse more rapidly than heavier gases. This principle has important engineering applications in gas separation, membrane technology, leak detection, and safety analysis, particularly for low-molecular-weight gases such as hydrogen and helium.
The RMS speed and molecular speed distribution underpin important macroscopic transport properties such as viscosity, thermal conductivity, and diffusion rates. Faster-moving molecules transfer momentum and energy more effectively. This explains why these properties increase with temperature. In engineering systems such as combustion chambers and chemical reactors, these effects influence mixing efficiency, heat transfer, and reaction kinetics. Lighter gases, with higher RMS speeds, also present increased leakage risks, highlighting the relevance of kinetic theory in safety analysis.
In practice, Graham’s law applies most accurately to dilute gases at low pressures, with deviations occurring when intermolecular interactions or turbulent mixing dominate.
In reality, molecular speeds are not uniform but follow the Maxwell–Boltzmann distribution, meaning that at any temperature, there exists a range of molecular speeds. As temperature increases, this distribution shifts toward higher speeds and broadens, increasing diffusion rates, transport properties, and reaction kinetics. These effects are particularly important in engineering systems such as combustion chambers and chemical reactors, where mixing and reaction rates depend strongly on molecular motion.
While the ideal gas model and kinetic theory provide valuable insights, they become inaccurate at high pressures and low temperatures, where molecular spacing decreases, and intermolecular forces become significant. Under these conditions, real gases deviate from ideal behaviour. The Van der Waals equation introduces corrective terms to account for finite molecular volume and attractive forces, improving accuracy in applications such as compressed gas storage, refrigeration systems, and internal combustion engines (Çengel, Boles and Kanoglu, 2019). Recognising the limits of idealised models is essential for applying thermodynamic principles effectively in real engineering systems. 
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