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[bookmark: _Toc219375798]Ideal Carnot Heat Engine 
In an ideal heat engine, all thermodynamic processes are assumed to be completely reversible and no energy losses occur due to friction, heat dissipation or other irreversible. Such an engine represents a theoretical model that achieves the maximum possible efficiency when operating between two fixed temperature reservoirs. The concept of this ideal engine was first proposed by Sadi Carnot, he described a heat engine operating between a high temperature reservoir and a low temperature reservoir, known as the Carnot heat engine (Zohuri, 2022). 
According to the second law of thermodynamics, no heat engine can be 100% efficient as it is impossible to convert all absorbed heat into useful work without rejecting some heat to a lower temperature reservoir (Manchester, 2025). The Carnot heat engine defines the upper limit of efficiency by operating through a series of reversible quasistatic processes. Ensuring that no entropy is generated during the cycle. The Carnot cycle consists of four ideal processes, two isothermal processes during which heat is transferred at constant temperature. Two adiabatic processes during which no heat transfer occurs (LibreTexts Physics, 2025). 
Carnot demonstrated that the maximum efficiency of any heat engine depends on the temperatures of the hot and cold reservoirs, represented as TH and TC. No real heat engine operates between these two temperatures can exceed the efficiency of a Carnot engine. Despite representing the theoretical upper bound of efficiency, the Carnot engine cannot be relied in practice. This is because it requires perfectly reversible processes, heat transfer across small temperature differences and the complete absence of friction and heat loss. Through infinitely slow operating conditions that cannot be achieved in real engineering systems. 


[bookmark: _Toc219375799]The Carnot cycle and Schematic Representation 
The Carnot cycle consist of four reversible processes which can be clearly illustrated through a schematic pressure-volume (PV) diagram as seen in figure 1, it shows how the pressure and volume of a working fluid changes throughout the thermodynamic cycle. Figure 2 shows an ideal gas contained within a frictionless piston-cylinder, allowing the gas to expand and compress reversibly. 
[image: Carnot Cycle - Chemistry LibreTexts]
[bookmark: _Toc218758374]Figure 1 – A PV diagram of Carnot Heat Engine  (LibreTexts, 2025)
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[bookmark: _Toc218758375]Figure 2 – An ideal gas-piston model of the Carnot cycle (LibreTexts, 2025)
1. Isothermal Expansion (1-2)
At the start of the cycle the gas filled cylinder is placed in thermal contact with a high temperature reservoir at temperature TH. As heat QH is transferred into the gas, it undergoes isothermal expansion remaining at a constant temperature. During this process the piston moves outward, increasing the volume of the gas. Since the temperature of an ideal gas remains a constant, its internal energy does not change. Therefore, all heat absorbed is converted into work done by the gas on the piston. This process is represented by the downwards sloping curve from state 1 to state 2, where pressure decreases as the volume increases. 
2. Adiabatic Expansion (2-3)
After the isothermal expansion, the cylinder is thermally insulated so that no heat transfer can occur. The gas continues to expand pushing the piston further outwards, although this expansion is now adiabatic. As the gas does work on the piston without receiving any heat, its internal energy decreases causing the temperature to fall from TH to TC. This stage is represented on the PV diagram by a curve that is steeper than the isothermal expansion, reflecting the more rapid decrease in pressure with increasing volume during adiabatic process. 
3. Isothermal Compression (3-4)
The cylinder is then placed in thermal contact with the low temperature reservoir at temperature TC. The piston is slowly pushed inwards, compressing the gas isothermally. During this process the heat QC is rejected from the gas to the cold reservoir in order to maintain a constant temperature. Since the temperature of the ideal gas remains a constant, its internal energy does not change and the work done on the gas by the piston equals to the heat rejected. This stage is represented between states 3 and 4 by an upwards slope isothermal curve, where pressure increases as volume decreases. 
4. Adiabatic Compression (4-1)
The cylinder Is now thermally insulated, and the gas is compressed adiabatically as the piston continuous to move inwards. No heat is transferred during this stage, the work done on the gas increases its internal energy and raises the temperature from TC back to TH. This completes the cycle and returns the system to its initial stage. This process is represented by a steep curve connecting the lower temperature isotherm back to the higher isotherm temperature. 


[bookmark: _Toc219375800]Mathematical Efficiency of the Carnot Engine 
The thermal efficiency of any heat engine is; 

For a heat engine operating in a cycle, the network output is the difference between the heat absorbed and the heat rejected; 

This can be substituted to; 



For a reversible Carnot cycle the ratio of heat transfer is directly related to the absolute temperatures of the reservoir therefore; 

Substituting this relationship into the efficiency equation gives Carnot efficiency; 

This equation demonstrated that the efficiency of a Carnot heat engine depends only on the temperature of the hot and cold reservoirs and not on the working fluid or the specific details of the piston cylinder mechanisms. The increasing temperature difference between the two isothermals on the PV diagram increases the enclosed area and shows the correlation between greater work output and higher efficiency. 


[bookmark: _Toc219375801]Difference between the Carnot ideal engine and a real engine  
The Carnot heat engine is a theoretical, idealised heat engine that represents the maximum possible efficiency for converting heat into work when operating between two temperature reservoirs (applied science tutoring , 2025). In contrast, real heat engines such as internal combustion engines, steam turbines and gas turbines operate under practical constraints and unavoidable irreversibilities. While both ideal and real engines aim to convert thermal energy into mechanical work, their assumptions, processes and efficiencies differ significantly. As a result, the efficiency of a real heat engine is always lower than the Carnot efficiency when operating between the same temperature limits. 
The Carnot cycle assumes that all thermodynamic processes are perfectly reversible and consists of two isothermal heat transfer processes and two adiabatic processes. Heat transfer occurs at constant temperature and all processes take place infinitely slowly to maintain thermodynamic equilibrium. Because the Carnot cycle is entirely reversible, it defines the upper theoretical limit of thermal efficiency achievable by any heat engine operating between two thermal reservoirs (British Columbia press book, 2025). However, these ideal conditions cannot be achieved in practice.  
Real heat engines operate with irreversible processes. For example, in a spark ignition internal combustion engine the heat is added rapidly through the combustion of a fuel-air mixture and rejected through exhaust gases and cooling systems. These processes occur over time and involve friction, turbulence, loss of pressure and heat transfer across finite temperature differences. All of these factors generate entropy and reduce the overall efficiency of the engine compared to the ideal Carnot cycle. 
Within the Carnot cycle, heat is absorbed and rejected through contact with ideal thermal reservoirs using a small temperature difference, which minimises the entropy. In contrast, real heat engine requires larger temperature difference to achieve practical power outputs. This leads to further efficiency losses. As the Carnot cycle is not a practical engine design, it instead serves as a benchmark against which the performance of real heat engines can be evaluated of their efficiency. 



[bookmark: _Toc219375802]Comparison of an ideal heat engine vs Heat pump vs Fridges 
Although heat engines, heat pumps and fridges all differ in purpose, they are all governed by the same fundamental laws of thermodynamics and can be described using the idealised Carnot cycle. The key distinctions between these devices are in the direction of energy transfer and the desired output, as the second law of thermodynamics states that heat always flows from areas of higher temperature to areas of lower temperature unless work is done to reverse this natural process (Physics Mastered, 2025).
An ideal heat engine operates between a hot reservoir at temperature TH and a cold reservoir at temperature TC. Its purpose is to convert part of the heat absorbed from the cold reservoir into useful mechanical work, while rejecting the remaining heat to the cold reservoir. In the ideal Carnot heat engine this process occurs reversibly producing the maximum possible work output from the given temperature limit. The performance of a heat engine is measured by its thermal efficiency. 
A heat pump operates on a reversed cycle, the objective of a heat pump is to deliver heat to a high temperature space. Typically for space heating applications within homes and buildings. The useful output is the heat delivered to the hot reservoir. the performance of a heat pump is calculated through the coefficient of performance;  

Carnot cycle can be relevant to heat pumps and define the most efficient process; 

A fridge operates on the reverse of a heat engine cycle. Instead of producing work, the external work is supplied to remove heat from a low temperature space and reject it to a higher temperature environment. The purpose of a fridge is to maintain a region at a temperature lower than its surroundings. A fridge produces the work that is required to move the heat from its natural direction. The performance of a fridge is calculated through the coefficient of performance; 




[bookmark: _Toc219375803]Part C
(i) [bookmark: _Toc219375804]
An ideal gas is a theoretical model used in thermodynamics to simplify the understanding of gas behaviors. An ideal gas is assumed to consist of particles that undergo perfectly elastic collisions between molecules with no existing forced between the particles therefore, no energy is lost during collisions (Chemistry learner, 2025). Although no real gas behaves in this way, many gases may have these ideal behaviors at low pressure and high temperatures. 
The behavior of an ideal gas is described by the ideal gas equation which combines several gas laws. Boyles Law states that for a fixed mass of gas at constant temperature, the pressure is inversely proportional to the volume. 

Charles Law states that for a fixed mass of gas at constant pressure the volume is directly proportional to the absolute temperature, given by; 

Avogadro’s constant NA is defined as the number of atoms in exactly 12g of the isotope carbon 12. Combining these two equations gives the ideal gas equation; 

P = Pressure                                     
V = Volume                                          
 = Number of moles
R = Gas constant
T = Temperature
Real gases will show different behaviors to what an ideal gas would, such as high pressure and low temperature. To account for these effects, modifications can be applied to the ideal gas equation. The Van der Waals equation provides a more realistic description of a real gas behavior, his equation modifies the pressure and volume from the ideal gas equation to account for changes within real gases. 

The pressure and volume modifications introduce two constants’ labels “a” and “b” that must be determined experimentally for each gas, their values are found my measuring the real behaviors of a gas in experiments (Ellgen, 2014). The constant “a” corrects for the attractive intermolecular forces that reduce the measured pressure, while “b” accounts for the finite volume occupied by the gas molecules, which reduces the available volume for molecular motion (Fiveable , 2025). 
The Van der Waals equation is an improvement over the ideal gas equation as it more accurately predicts the behaviors of real gases. However, the ideal gas equation is still widely used within thermodynamics because it is mathematically simpler and does not require experimentally determined constants. The ideal gas equation produces results with less than 2% error compared with the more accurate modified Van der Waals equation (Pearson, 2024). As a result, the ideal gas equation will provide sufficient accurate results for many gases, this equation remains the preferred option although if more accuracy is required the Van der Waals equation would then be used. 


(ii) [bookmark: _Toc219375805]
The kinetic theory of gases state that a gas consists of point molecules moving at random motion. The kinetic theory explains how gas pressure changes with the volume and temperature. If the volume of a container is decreases there will be grated number of molecules hitting the inside of the container per second which causes greater force to be exerted. This will increase the pressure. If the temperature of a container is increased the molecules will be moving at greater speeds. As more molecules will be hitting the inside of the container per second and they will each exert a greater force. With a greater overall force, the pressure will increase. 
Since the kinetic energy of a molecule is given by,

An increase in molecular speed is equal to an increase in kinetic energy. Kinetic theory shows that the average kinetic energy of gas molecules is proportional to the absolute temperature. Therefore, an ideal gas temperature is a measurement of the average kinetic energy of its molecules. The kinetic energy of a single molecule can be combined with the ideal gas equation, this would give an equation which shows the temperature is directly proportional to the average kinetic energy of gas molecules. 




(iii) [bookmark: _Toc219375806]
The root mean square (rms) speed is a measure of the average speed of gas molecules. From the kinetic theory it is given by;

Where is the mean of the squares of molecular speeds. 
Kinetic theory shows that the pressure of a gas depends molecular speed and the density of the gas according to;  

P is constant (K) therefore, 



For two gases at the same temperature and pressure, they can be separated by the below equation; 



The kinetic theory equation can be rearranged to make rms the subject;


At constant pressure, 3P is a constant therefore; 

This shows that the rms speed of a gas molecule is inversely proportional to the square root of the gas density. 
Graham’s law states that the rate of diffusion of a gas is Inversely proportional to the square root of its density. As the diffusion depends in molecular speed, lighter gases with lower density diffuse faster that heavier gases (Chemostry Learner , 2025). 

Within a gas mixture the lighter gases pass through small holes or membranes more quickly than heavier gases. This difference in diffusion rates allows gas mixtures to be separated. 
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