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The Second Law of Thermodynamics

• Introduce the second law of thermodynamics.

• Identify valid processes as those that satisfy both the first and second 

laws of thermodynamics.

• Discuss thermal energy reservoirs, reversible and irreversible processes, 

heat engines, refrigerators, and heat pumps.

• Describe the Kelvin–Planck and Clausius statements of the second law 

of thermodynamics.

• Discuss the concepts of perpetual-motion machines.

• Apply the second law of thermodynamics to cycles and cyclic devices.

• Apply the second law to develop the absolute thermodynamic 

temperature scale.

• Describe the Carnot cycle.

• Examine the Carnot principles, idealized Carnot heat engines, 

refrigerators, and heat pumps.

• Determine the expressions for the thermal efficiencies and coefficients 

of performance for reversible heat engines, heat pumps, and 

refrigerators.



Introduction to Second Law

A cup of hot coffee does not 

get hotter in a cooler room.

Transferring 

heat to a wire 

will not 

generate 

electricity.

Transferring 

heat to a 

paddle wheel 

will not cause 

it to rotate.

These processes 

cannot occur 

even though they 

are not in violation 

of the first law.



REVERSIBLE AND IRREVERSIBLE PROCESSES

Two familiar 

reversible processes.

Reversible process: A process that can be  reversed without leaving any trace 

on the  surroundings. 

Irreversible process: A process that is not reversible.

• All the processes occurring in nature are irreversible.

• Why are we interested in reversible processes?

• (1) they are easy to analyze and (2) they serve as 

idealized models (theoretical limits) to which actual 

processes can be compared. 

• Some processes are more irreversible than others.



Irreversibilities

• The factors that cause a process to be irreversible are called 

irreversibilities.

• They include friction, unrestrained expansion, mixing of two fluids, heat 

transfer across a finite temperature difference, electric resistance, 

inelastic deformation of solids, and chemical reactions.



Heat Engines 

Work  other forms of energy (easy)

Other forms of energy  work (hard)

Work can always be converted to heat 

directly and completely, but the reverse is 

not true.

 We need some special devices!     

(Heat Engines)



Heat Engines 

The devices that convert heat to work.

1. They receive heat from a high-temperature 

source (solar energy, oil furnace, nuclear 

reactor, etc.).

2. They convert part of this heat to work 

(usually in the form of a rotating shaft.)

3. They reject the remaining waste heat to a 

low-temperature sink (the atmosphere, 

rivers, etc.).

4. They operate on a cycle.

Heat engines and other cyclic devices 

usually involve a fluid to and from which 

heat is transferred while undergoing a 

cycle. This fluid is called the working fluid.



Steam Power Plant



Thermal Efficiency 



THE CARNOT CYCLE

P-V diagram of the Carnot cycle.

Reversible Isothermal Expansion 

(process 1-2, TH = constant)

Reversible Adiabatic Expansion 

(process 2-3, temperature drops from TH to TL)

Reversible Isothermal Compression 

(process 3-4, TL = constant)

Reversible Adiabatic Compression 

(process 4-1, temperature rises from TL to TH)



THE CARNOT HEAT ENGINE

The Carnot heat engine is the most efficient of all 

heat engines operating between the same high-

and low-temperature reservoirs.

Any heat 

engine
Carnot heat 

engine

e.g., Steam power plant: TH=1000 K

TL=300K 

ηideal = 70% (in reality  ηmax = ~40%)



The Thermodynamic Temperature Scale 

For reversible cycles, the 

heat transfer ratio QH /QL

can be replaced by the 

absolute temperature ratio 

TH /TL.

A conceptual experimental setup 

to determine thermodynamic 

temperatures on the Kelvin 

scale by measuring heat 

transfers QH and QL.

This temperature scale is 

called the Kelvin scale, 

and the temperatures on 

this scale are called 

absolute temperatures.



Kelvin–Planck Statement

It is impossible for any device 

that operates on a cycle to 

receive heat from a single 

reservoir and produce a net 

amount of work.

No heat engine can have a thermal 

efficiency of 100 percent, or as for a 

power plant to operate, the working fluid 

must exchange heat with the 

environment as well as the furnace.

The impossibility of having a 100% 

efficient heat engine is not due to 

friction or other dissipative effects. It is a 

limitation that applies to both the 

idealized and the actual heat engines.

A heat engine that violates the 

Kelvin–Planck statement of the 

second law.



Clausius Statement

It is impossible to construct a device that 

operates in a cycle and produces no effect 

other than the transfer of heat from a lower-

temperature body to a higher-temperature 

body.

It states that a refrigerator cannot operate unless 

its compressor is driven by an external power 

source, such as an electric motor.

This way, the net effect on the surroundings 

involves the consumption of some energy in the 

form of work, in addition to the transfer of heat 

from a colder body to a warmer one.

To date, no experiment has been conducted that 

contradicts the second law, and this should be 

taken as sufficient proof of its validity.

A refrigerator that violates 

the Clausius statement of 

the second law.



Entropy

• Apply the second law of thermodynamics to processes.

• Define a new property called entropy to quantify the second-

law effects.

• Establish the increase of entropy principle.

• Calculate the entropy changes that take place during 

processes for pure substances, incompressible substances, 

and ideal gases.

• Examine a special class of idealized processes, called 

isentropic processes, and develop the property relations for 

these processes.

• Derive the reversible steady-flow work relations.

• Develop the isentropic efficiencies for various steady-flow 

devices.

• Introduce and apply the entropy balance to various systems.



Entropy

The system considered 

in the development of 

the Clausius inequality.

Clasius inequality

For the reversed cycle 



Entropy

Formal 

definition 

of entropy

A quantity whose cyclic 

integral is zero (i.e., a 

property like volume)

The net change in volume 

(a property) during a cycle 

is always zero.



The Increase of Entropy Principle

A cycle composed of 

a reversible and an 

irreversible process.

The equality holds for an internally 

reversible process and the inequality 

for an irreversible process.

Some entropy is generated or created during an irreversible 

process, and this generation is due entirely to the presence of 

irreversibilities.

The entropy generation Sgen is always a positive quantity or zero.



Isolated System 

The entropy change of an isolated 

system is the sum of the entropy 

changes of its components, and is 

never less than zero.

A system and its surroundings 

form an isolated system.

The increase 

of entropy 

principle



Example 

A heat source at 800 K loses 2000 kJ of heat to a sink at (a) 500 K 

and (b) 750 K (c) 799 K. Determine which heat transfer process is the most

irreversible. 



T-s Diagram 

Schematic of the T-s diagram for water.

Entropy change

-Why important?

The amount of heat transfer can be 

visualized.  
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Example



Microscopic Point of View 

Entropy: a measure of molecular disorder, or molecular randomness. 

Boltzmann relation: S=k lnp (k: Boltzmann constant: 1.38e-23 J/K) 

p: Thermodynamic probability 

Third law of thermodynamics: The entropy of a pure crystalline substance

at absolute zero temperature is zero since there is no uncertainty about 

the state of the molecules. 



Organized vs Disorganized Energy



Tds Relation

The T ds relations are valid 

for both reversible and 

irreversible processes and 

for both closed and open 

systems.

the first T ds, or Gibbs equation

the second T ds equation

Differential 

changes in 

entropy in terms of 

other properties


