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Irreversibility of thermodynamic processes
Thermodynamic processes that occur in nature are all irreversible. This 
irreversibility means that the thermodynamic process can happen in one 
direction, but not the other direction.

Despite the preferred direction for natural processes, we can think of a class 
of idealized processes that would be reversible. A system that undergoes 
such an idealized reversible process is always very close to being in 
thermodynamic equilibrium within itself and with its surroundings.



Which of the following conditions should NOT be met to make a 
process perfectly reversible?

A. Any mechanical interactions taking place in the process 
should be frictionless.

B. Any thermal interactions taking place in the process should 
occur across infinitesimal temperature or pressure gradients.

C. The system should be far from equilibrium.



Which of the following is an irreversible process?

A. The slow and adiabatic expansion of a gas.

B. The free expansion of a gas.

C. The conversion of heat into mechanical energy.



The thermodynamic processes that occur in nature ____________.

A. lead to a more ordered state

B. cannot be reversed

C. do not conserve energy



Second law of thermodynamics
The second law of thermodynamics is commonly referred to by either of the 
following statements (where the statements are a result of the same physical 
principal)

Kelvin & Planck statement – No process is possible whose sole result is the 
absorption of heat from a reservoir and the conversion of this heat into work.

Clausius statement – No process is possible whose sole result is the 
transfer of heat from a cooler to a hotter body.

Note that the Kelvin-Planck statement is specifically referring to cyclical 
systems such as heat engines, and the Clausius statement refers to the 
directional flow of heat (work is done for refrigerators to transfer heat).



Is it possible to transfer heat from a cold reservoir to a hot 
reservoir?

A. Yes, this transfer process will happen naturally.

B. Yes, it is theoretically possible to transfer heat from a cold 
reservoir to a hot reservoir, but this has not yet been 
accomplished experimentally.

C. Yes, if work is done, this transfer process can take place.

D. No, it is not possible to transfer heat from a cold reservoir to a 
hot reservoir.



Heat engines
Any device that transforms heat partly into work or mechanical energy is 
called a heat engine.

All heat engines absorb heat from a source at a high temperature, perform 
some mechanical work, and discard some heat at a lower temperature.

The simplest kind of engine to analyze is one in which the working substance 
undergoes a cyclic process, a sequence of processes that eventually leaves the 
substance in the same state in which it started.



Efficiency of heat engines

where is the work done and ு is the heat 
absorbed by the engine.

The thermal efficiency of an engine is the quotient

The work done by an engine is given by

where  is the heat discarded to the cold reservoir.

Using the expression for the work done by the 
engine, the efficiency may be rewritten as



How is the thermal efficiency of a heat engine defined?

A. The efficiency is defined as the ratio between the heat input at 
the higher temperature and the heat output at the lower 
temperature.

B. The efficiency is defined as the ratio between the work 
performed and the heat output at the lower temperature.

C. The efficiency is defined as the ratio between the heat output 
at the lower temperature and the heat input at the higher 
temperature.

D. The efficiency is defined as the ratio between the work 
performed and the heat input at the higher temperature.



An engine transfers 2.00×103 J of energy from a hot reservoir during 
a cycle and transfers 1.50×103 J as exhaust to a cold reservoir.

(a) Find the efficiency of the engine.

(b) How much work does this engine do in one cycle?

Example



The Otto cycle

The idealized model of the thermodynamic processes in a gasoline engine is 
the Otto cycle.

1. The gasoline–air mixture enters the cylinder.

2. The mixture is compressed adiabatically and then ignited.

3. Heat ு is added to the system by the burning gasoline.

4. The power stroke is the adiabatic expansion to move the piston back to 
its original position.

Steps in the Otto cycle



Efficiency of the Otto engine
For processes at constant volume the heats have 
the relationship

The ratio of the above expressions follows as

where is the minimum volume and is the expansion factor.

The two adiabatic processes are

The efficiency can be determined from because



The idealized cycle shown is known as the 
Otto cycle. Suppose an engine is executing 
this Otto cycle, using a gas (not necessarily 
ideal) as its working substance. From state A 
to state B, the gas is allowed to expand 
adiabatically. The gas is then cooled at 
constant volume until it reaches state C, at 
which point it is adiabatically compressed to 
state D. Finally, it is heated at constant 
volume until it returns to state A.

Suppose you want positive work to be done by the gas. In which 
direction should the Otto cycle be run?

1. clockwise (A to B to C to D to A)

2. counterclockwise (A to D to C to B to A)



Diesel cycle
The Diesel engine is similar in operation to the gasoline engine; 
however, there is no fuel in the cylinder at the beginning of the 
compression stroke.

The diesel fuel injectors start to inject fuel directly into the cylinder just 
before the compression stroke, and the high temperature of the adiabatic 
compression causes the fuel to ignite with a spark.

The main 
difference 
between the 
diesel cycle 
and the Otto 
cycle is the 
isobaric step 
from b to c.

Diesel Otto



Refrigerator
A refrigerator is a heat engine operating in reverse. A heat engine has a net 
output of mechanical work while a refrigerator requires a net input of 
mechanical work.

From the first law of thermodynamics 
for a cyclic process, 

The best refrigeration cycle removes the greatest 
amount of heat from the inside of the refrigerator 
for the least expenditure of mechanical work.

where

The coefficient of performance is then given by



If the coefficient of performance of a refrigerator is 1, which the 
following statements is true?

A. The temperature outside equals the temperature inside of the 
refrigerator.

B. The rate at which heat is removed from the inside equals the 
rate at which heat is delivered outside.

C. The power consumed by the refrigerator equals the rate at 
which heat is removed from the inside.

D. The power consumed by the refrigerator equals the rate at 
which heat is delivered to the outside.



A heat engine is designed to do work. This is possible only if 
certain relationships between the heats and temperatures at the 
input and output hold true. Which of the following sets of 
statements must apply for the heat engine to do work?

A. and .

B. and .

C. and .

D. and .



The heat pump is designed to move heat. This is only possible if 
certain relationships between the heats and temperatures at the 
hot and cold sides hold true. Indicate the statement that must 
apply for the heat pump to work.

A. and .

B. and .

C. and .

D. and .



A certain refrigerator has a coefficient of performance . 
When the refrigerator is running, its power input is 500 W. A sample 
of water of mass 500 g and temperature 20.0°C is placed in the 
freezer compartment. How long does it take to freeze the water to ice 
at 0°C? Assume all other parts of the refrigerator stay at the same 
temperature and there is no leakage of energy from the exterior, so the 
operation of the refrigerator results only in energy being extracted 
from the water. [cwater = 4186 J/kg °C and L = 333000 J/kg]

Example



The pV diagram in the figure shows a cycle of a heat engine. The 
curved part ab of the cycle is adiabatic. In which step does the 
entering of heat happen?

A. a→b

B. b→c

C. c →a



The pV diagram in the figure shows a cycle of a heat engine. The 
curved part ab of the cycle is adiabatic. In which step does the 
leaving of heat happen?

A. a→b

B. b→c

C. c →a



The pV diagram in the figure shows a cycle of a heat engine. The 
curved part ab of the cycle is adiabatic. In which step is there NO
work done on the system or done by the system on the 
environment?

A. a→b

B. b→c

C. c →a



A cyclic process of an engine is shown in the diagram. Processes 
AB and CD are isothermal (constant temperature), and processes 
BC and DA are isochoric (constant volume). Indicate the processes 
during which heat is flowing into the system.

A. DA only

B. CD and DA

C. DA and AB

D. AB and BC



The Carnot cycle

Carnot cycle steps

1. [a → b] The gas expands isothermally at temperature ு absorbing heat ு.

2. [b → c] It expands adiabatically until its temperature drops to .

3. [c → d] It is compressed isothermally at  discarding heat .

4. [d → a] It is compressed adiabatically back to its initial state at temperature ு.



Efficiency of the Carnot engine
An engine based on the ideal Carnot cycle is the most efficient heat engine 
possible.

For the Carnot cycle, the two isothermal processes have the following 
heats,

The two relationships for the adiabatic processes are given by

The ratio of heats follows as                                       .

The efficiency follows as

Note that the temperature is the absolute temperature here (SI unit of Kelvin)



To increase the efficiency of an ideal heat engine, one must 
increase which of the following?

A. The amount of heat consumed per second.

B. The temperature of the cold reservoir.

C. The temperature of the hot reservoir.

D. The size of the cold reservoir.



Which cycle produces the most efficient heat engine possible? 

A. Carnot cycle

B. diesel cycle

C. Otto cycle

D. kerosene cycle



In order for the efficiency of a Carnot engine to reach 100%, what 
would the temperature of the cold reservoir have to be?

A. Equal to that of the hot reservoir.

B. Absolute zero.

C. Equal to the freezing point of water.

D. Equal to the boiling point of water.



A steam engine has a boiler that operates at 500 K. The energy from 
the burning fuel changes water to steam, and this
steam then drives a piston. The cold reservoir’s temperature is that of 
the outside air, approximately 300 K. What is the
maximum thermal efficiency of this steam engine?

Example



Entropy on the microscopic scale

For equally probable microscopic configurations, the entropy is a 
measure of the number of these configurations.

Example: consider a system of two states, Left state Right state

If we throw a yellow ball in the system, then it can either be in the left 
state or the right state (2 possibilities).

If we throw a yellow ball and a blue ball in the system, then there are 4 
possible configurations.



A container has a left state and a right state.

How many configurations are there when a yellow ball, blue ball, and 
green ball are placed in the container?

Left state Right state

Example



Entropy an order of a system

As the entropy increases, the order of a 
system decreases.

Consequently, the disorder must 
increase as the entropy increases.



Entropy and the 2nd law
We can define a quantity called entropy which is a measure of disorder in a 
system.

A quasi-static thermodynamic process (slow process always nearly in 
thermal equilibrium) is often approximated as being reversible. For 
such as process, the change in entropy is given by

The entropy of an isolated system may increase but can never decrease.

The entropy of an irreversible cyclical process increases, .

The entropy of a reversible cyclical process does not change, . 
The Carnot cycle is reversible.

Reversible and irreversible processes



A solid that has a latent heat of fusion melts at a temperature . 
Calculate the change in entropy of this substance when a mass of 
the substance melts.

Example



The microscopic description of entropy based on Boltzmann statistics can 
be stated from a modern perspective. A modern theory of entropy was 
introduced by Claude Shannon in 1948 from the perspective of information 
theory.

Microscopic description of entropy

Shannon’s entropy defined in terms of probabilities is given by

The thermodynamic entropy known as the Boltzmann entropy was first 
introduced to discuss the entropy of a given macroscopic state based on the 
possible microscopic states (the possible values of the constituents of the 
macroscopic state,

The Shannon entropy is a broadly defined entropy which is very similar 
to the Gibbs entropy for a thermodynamic system.



Quantity A of an ideal gas is at absolute temperature , and a 
second quantity B of the same gas is at absolute temperature 2 . 
Heat is added to each gas, and both gases are allowed to expand 
isothermally. If both gases undergo the same entropy change, is 
more heat added to gas A or gas B?

A. More heat is added to gas A.

B. More heat is added to gas B.

C. The same amount of heat is added to each gas.



What happens to the entropy of water when it freezes?

A. The entropy of water decreases when it freezes.

B. The entropy of water increases when it freezes.

C. The entropy of water remains constant when it freezes.

D. The entropy of water can either decrease or increase when it 
freezes. It depends on the freezing conditions.



Bonus: What is implied by the phrase “heat death of the universe?”

A. The universe will end in an extended ice age.

B. The universe will end in a giant inferno.

C. The universe will eventually reach thermal equilibrium.



Suppose you have a bag of 100 marbles of which 50 are red and 50 
are green. You are allowed to draw four marbles from the bag 
according to the following rules. Draw one marble, record its color, 
and return it to the bag. Shake the bag and then draw another marble. 
Continue this process until you have drawn and returned four 
marbles.

(a) What are the possible macrostates for this set of events?

(b) What is the most likely macrostate?

(c) What is the least likely macrostate?

Example



Let’s verify that the macroscopic and microscopic approaches to the 
calculation of entropy lead to the same conclusion for the adiabatic 
free expansion of an ideal gas. Suppose an ideal gas expands to four 
times its initial volume. As we have seen for this process, the initial 
and final temperatures are the same.

(a) Using a macroscopic approach, calculate the entropy change for 
the gas.

(b) Using statistical considerations, calculate the change in entropy 
for the gas and show that it agrees with the answer you obtained in 
part (a).

Example


