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Introduction
 The second law of thermodynamics states that processes occur in

a certain direction, not in just any direction. Physical processes in
nature can proceed toward equilibrium spontaneously:

 Water flows down a waterfall.
 Gases expand from a high pressure to a low pressure.
 Heat flows from a high temperature to a low temperature.

 Once it has taken place, a spontaneous process can be reversed,
but it will not reverse itself spontaneously. Some external inputs,
energy, must be expended to reverse the process.

 The first law of thermodynamics gives no information about
direction; it states only that when one form of energy is
converted into another.



Some Definitions
 Heat (thermal) reservoir

 A heat reservoir is a sufficiently large system in stable equilibrium to which
and from which finite amounts of heat can be transferred without any change in
its temperature.

 A low temperature heat reservoir to which heat is transferred is sometimes
called a heat sink.

 Work reservoir
 A work reservoir is a sufficiently large system in stable equilibrium to which

and from which finite amounts of work can be transferred adiabatically without
any change in its pressure.

 Thermodynamic cycle
 A system has completed a thermodynamic cycle when the system undergoes a

series of processes and then returns to its original state
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Heat Engine
 Work can easily be converted to other forms of energy, but converting

other forms of energy to work is not that easy.

 We conclude that work can be converted to heat directly and completely,
but converting heat to work requires the use of some special devices. These
devices are called heat engines.

 A heat engine is a thermodynamic system operating in a thermodynamic
cycle to which net heat is transferred and from which net work is
delivered.

 The system, or working fluid, undergoes a series of processes that
constitute the heat engine cycle.



 Heat engines differ considerably from one another, but all can 
be characterized by the following

 They receive heat from a high-temperature source (solar energy, oil furnace, nuclear 
reactor, etc.).

 They convert part of this heat to work (usually in the form of a rotating shaft).
 They reject the remaining waste heat to a low-temperature sink (the atmosphere, 

rivers, etc.).
 They operate on a cycle.





 The work-producing device that best fits into the definition of a
heat engine is the steam power plant.

 Qin = amount of heat supplied to steam in boiler
from a high-temperature source (furnace).

 Qout= amount of heat rejected from steam in
condenser to a low-temperature sink (the
atmosphere, a river, etc.)

 Wout = amount of work delivered by steam as it
expands in turbine

 Win = amount of work required to compress water
to boiler pressure

 Using the first law of thermodynamics for the system 
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 If we want to compare the output against the input, we introduce
Thermal Efficiency for the cycle.

 The thermal efficiency is the index of performance of a work-
producing device or a heat engine and is defined by the ratio of
the net work output (the desired result) to the heat input (the
costs to obtain the desired result).

 The thermal efficiency is always less than 1 or less than 100
percent.
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Refrigerators and Heat Pumps
 We all know from experience that heat is transferred in the

direction of decreasing temperature, that is, from high-
temperature mediums to low-temperature ones.

 The reverse process, however, cannot occur by itself. The
transfer of heat from a low-temperature medium to a high-
temperature one requires special devices called refrigerators.

 Refrigerators, like heat engines, are cyclic devices. The working
fluid used in the refrigeration cycle is called a refrigerant.





 Another device that transfers heat from a low-temperature
medium to a high-temperature one is the heat pump.

 Refrigerators and heat pumps operate on the same cycle but
differ in their objectives.

 The objective of a refrigerator is to maintain the refrigerated space at a low temperature
by removing heat from it.

 The objective of a heat pump, however, is to maintain a heated space at a high
temperature.



 The index of performance of a refrigerator or heat pump is
expressed in terms of the coefficient of performance, COP, the
ratio of desired result to input.

 Under the same operating conditions the COPHP and COPR are
related by
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Statements of the Second Law of 
Thermodynamic

 The following two statements of the second law of
thermodynamics are based on the definitions of the heat engines
and heat pumps.

 Kelvin-Planck statement of the second law
 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 produce a net amount of work while exchanging heat with a single

reservoir only.

 That is, a heat engine must exchange heat with a low-temperature
sink as well as a high-temperature source to keep operating.

 No heat engine can have a thermal efficiency of 100 percent.



 Clausius statement of the second law
 The Clausius statement of the second law states that 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.

 Thus, the COP of a refrigerator or heat pump must be less than
infinity. (COP < ∞)



Reversible and Irreversible Processes
 A reversible process is defined as a process that can be reversed

without leaving any trace on the surroundings.
 That is, both the system and the surroundings are returned to

their initial states at the end of the reverse process.
 Processes that are not reversible are called irreversible processes.



 Reversible processes actually do not occur in nature. They are
merely idealizations of actual processes.

 Reversible processes can be approximated by actual devices, but
they can never be achieved.

 That is, all the processes occurring in nature are irreversible.
 Why we are bothering with such fictitious processes.
 There are two reasons.

 First, they are easy to analyze.
 Second, they serve as idealized models to which actual processes can be compared.

 Reversible processes can be viewed as theoretical limits for the
corresponding irreversible ones.



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.

 Internally and Externally Reversible Processes
 A process is called internally reversible if no irreversibilities occur within the

boundaries of the system during the process.
 A process is called externally reversible if no irreversibilities occur outside the

system boundaries during the process.
 A process is called totally reversible, or simply reversible, if it involves no

irreversibilities within the system or its surroundings



The Carnot Cycle 
 Carnot was the first to introduce the concept of cyclic operation

and devised a reversible cycle that is composed of four
reversible processes, two isothermal and two adiabatic.

 Reversible Isothermal Expansion (process 1-2, TH = constant).
 The temperature of the gas is TH and the cylinder head is in close contact with a source at

temperature TH. The gas is allowed to expand slowly, doing work on the surroundings. As
the gas expands, the temperature of the gas tends to decrease. But as soon as the
temperature drops by an infinitesimal amount dT, some heat is transferred from the
reservoir into the gas, raising the gas temperature to TH. Thus, the gas temperature is kept
constant at TH.



 Reversible Adiabatic Expansion (process 2-3, temperature drops 
from TH to TL).

 At state 2, the reservoir that was in contact with the cylinder head is removed
and replaced by insulation so that the system becomes adiabatic. The gas
continues to expand slowly, doing work on the surroundings until its
temperature drops from TH to TL (state 3).



 Reversible Isothermal Compression (process 3-4, TL
= constant).

 At state 3, the insulation at the cylinder head is removed, and the cylinder is brought
into contact with a sink at temperature TL. Now the piston is pushed inward by an
external force, doing work on the gas. As the gas is compressed, its temperature tends
to rise. But as soon as it rises by an infinitesimal amount dT, heat is transferred from
the gas to the sink, causing the gas temperature to drop to TL. Thus, the gas
temperature remains constant at TL.



 Reversible Adiabatic Compression (process 4-1, temperature 
rises from TL to TH).

 State 4 is such that when the low-temperature reservoir is removed, the insulation is
put back on the cylinder head, and the gas is compressed in a reversible manner, the
gas returns to its initial state (state 1). The temperature rises from TL to TH during this
reversible adiabatic compression process, which completes the cycle.





 On a P-V diagram the area under the process curve represents the
boundary work for quasi-equilibrium (internally reversible)
processes, we see that the area under curve 1-2-3 is the work done
by the gas during the expansion part of the cycle, and the area under
curve 3-4-1 is the work done on the gas during the compression part
of the cycle. The area enclosed by the path of the cycle (area 1-2-3-
4-1) is the difference between these two and represents the net work
done during the cycle.





 You may have observed that the power cycle operates in the
clockwise direction when plotted on a process diagram. The
Carnot cycle may be reversed, in which it operates as a
refrigerator. The refrigeration cycle operates in the counter
clockwise direction.



Carnot Principles
 Considering heat engines operating between two fixed

temperature reservoirs at TH > TL. We draw two conclusions
about the thermal efficiency of reversible and irreversible heat
engines, known as Carnot Principles.

 The efficiency of an irreversible heat engine is
always less than the efficiency of a reversible
one operating between the same two
reservoirs. ( )

 The efficiencies of all reversible heat engines
operating between same two constant
temperature heat reservoirs have the same
efficiency.
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 The thermal efficiencies of actual and reversible heat engines
operating between the same temperature limits compare as
follows:
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