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1- Introduce the second law of thermodynamics.

OBJECTIVES

2- Identify valid processes as those that satisfy both the first and second laws of
thermodynamics.
3- Discuss thermal energy reservoirs, reversible and irreversible processes, heat engines,
refrigerators, and heat pumps.

4-Describe the Kelvin–Planck and Clausius statements of the second law of thermodynamics.

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

6-Describe the Carnot cycle.

7- Examine the Carnot principles, idealized Carnot heat engines, refrigerators, and heat pumps.

8- Determine the expressions for the thermal efficiencies and coefficients of performance for
reversible heat engines, heat pumps, and refrigerators.



7-1 INTRODUCTION TO THE SECOND LAW

A process must satisfy the first law  (or the conservation of energy principle) to 

occur. However, satisfying the first law alone does not ensure that the process 

will actually take place.

A cup of hot coffee left in a cooler room cools off. This process satisfies the

first law of thermodynamics since the amount of energy lost by the coffee is

equal to the amount gained by the surrounding air.

Consider the reverse process: the hot coffee getting even

hotter in a cooler room as a result of heat transfer from the

room air.

We all know that this process never takes place.
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The paddle wheel rotates as the mass falls and stirs a fluid within an insulated

container. As a result, the potential energy of the mass decreases, and the internal

energy of the fluid increases in accordance with the conservation of energy principle.

The reverse process, raising the mass by transferring heat from the fluid to the

paddle wheel, does not occur in nature, although doing so would not violate the first

law of thermodynamics.
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processes proceed in a certain direction and not in the

reverse direction.

Process cannot occur unless it satisfies both the first

and the second laws of thermodynamics.

The second law of thermodynamics identify the

direction of processes.



7-2 THERMAL ENERGY RESERVOIRS

A thermal energy reservoir is a hypothetical body with a relatively large thermal

energy capacity (mass × specific heat) that can supply or absorb finite amounts of

heat without undergoing any change in temperature.

Large bodies of water such as oceans, lakes, and rivers as well as the atmospheric

air can be modeled accurately as thermal energy reservoirs.
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A reservoir that supplies energy in the form of heat is called a

source, and one that absorbs energy in the form of heat is

called a sink.

Thermal energy reservoirs are often referred to as heat

reservoirs since they supply or absorb energy in the form of

heat.



7-3 HEAT ENGINES

work can easily be converted to other forms of energy, but converting other forms

of energy to work is not that easy.

Transferring heat to the water does not cause the

shaft to rotate.

Thus, 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.
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The mechanical work done by the shaft shown in Fig. 7–8, is first converted to

the internal energy of the water.



Heat engines can be characterized by the following (Fig. 7–9):

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.
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For a closed system undergoing a cycle, the ∆U is zero, and therefore :
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Thermal Efficiency

Thermal Efficiency ηth is the fraction of the heat input 

that is converted to net work output.



QH = magnitude of heat transfer between the cyclic device

and the hot medium at TH.

Both QL and QH are positive quantities. 

Cyclic devices such as heat engines, refrigerators, and heat pumps operate

between a high-temperature reservoir at TH and a low-temperature reservoir at TL.

QL = magnitude of heat transfer between the cyclic device

and the cold medium at TL.

Wnet,out = QH- QL
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ηth is always less than unity since QL and QH are always positive.
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7-4 REFRIGERATORS AND HEAT PUMPS

Heat is transferred from high-temperature mediums to low temperature ones in

nature without requiring any devices.

The transfer of heat from a low-temperature medium to

a high-temperature one requires special devices called

refrigerators.

Refrigerators are cyclic devices. The working fluid 

used in the refrigeration cycle is called a refrigerant.

The used refrigeration cycle involves four main

components: a compressor, a condenser, an expansion

valve, and an evaporator, as shown in Fig. 7–19.
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The refrigerant enters the compressor as a vapor and is compressed to the condenser 

pressure. 

It leaves the compressor at a relatively high temperature and cools down and

condenses as it flows through the coils of the condenser by rejecting heat to the

surrounding medium.

It then enters a capillary tube where its pressure and temperature

drop drastically due to the throttling effect.

The low-temperature refrigerant then enters the evaporator,

where it evaporates by absorbing heat from the refrigerated

space.

The cycle is completed as the refrigerant leaves the evaporator and

reenters the compressor.

The freezer where heat is absorbed by the refrigerant serves as

the evaporator, and the coils, usually behind the refrigerator

where heat is dissipated to the kitchen air, serve as the condenser.
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Coefficient of Performance

The efficiency of a refrigerator is expressed in terms of the coefficient of performance

(COP).

Notice that the value of COPR can be greater than unity. That is, the amount of heat

removed from the refrigerated space can be greater than the amount of work input.
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Heat Pumps

Refrigerators and heat pumps operate on the same cycle, but

differ in their objectives.

Another device that transfers heat from a low-temperature medium to a high 

temperature one is the heat pump. 

The objective of a refrigerator is to maintain the refrigerated

space at a low temperature by removing heat from it.

Discharging this heat to a higher temperature medium is a

necessary part of the operation, not the purpose.

The objective of a heat pump is to maintain a heated space at

a high temperature. This is accomplished by absorbing heat

from a lower temperature source, such as well water or cold

outside air in winter, and supplying this heat to the high-

temperature medium such as a house (Fig. 7–22).
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An ordinary refrigerator that is placed in the window of a house with its door open

to the cold outside air in winter will function as a heat pump since it will try to

cool the outside by absorbing heat from it and rejecting this heat into the house

through the coils behind it (Fig. 7–23).

The coefficient of performance COP , defined as:
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Most existing heat pumps use the cold outside air as the heat source in winter, and

they are referred to as air source heat pumps. The COP of such heat pumps is

about 3.0 at design conditions.

Air-source heat pumps are not appropriate for cold climates since their efficiency

drops considerably when temperatures are below the freezing point.

In such cases, geothermal (also called ground-source) heat pumps that use the

ground as the heat source can be used.

Geothermal heat pumps require the burial of pipes in the ground 1 to 2 m deep.

Such heat pumps are more expensive to install, but they are also more efficient

(up to 45% more efficient than air-source heat pumps). The COP of ground-

source heat pumps can be as high as 6 in the cooling mode.
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Most heat pumps in operation today have a seasonally averaged COP of 2 to 3.



Air conditioners are basically refrigerators whose refrigerated space is a room

or a building instead of the food compartment.

A window air conditioning unit cools a room by absorbing heat from the room

air and discharging it to the outside.

The same air-conditioning unit can be used as a heat pump in winter by

installing it backwards. In this mode, the unit absorbs Heat from the cold

outside and delivers it to the room. Air-conditioning systems that are

equipped with proper controls and a reversing valve operate as air

conditioners in summer and as heat pumps in winter.
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7-6 THE CARNOT CYCLE
Heat engines are cyclic devices and the working fluid of a heat engine returns to its

initial state at the end of each cycle.

Work is done by the working fluid during one part of the cycle and on the working 

fluid during another part.

The cycle efficiency can be maximized by using processes that require the least

amount of work and deliver the most by using reversible processes.

Reversible cycles provide upper limits on the performance of real cycles. Heat

engines and refrigerators that work on reversible cycles serve as models to which

actual heat engines and refrigerators can be compared.

Reversible cycles also serve as starting points in the development of actual cycles

and are modified as needed to meet certain requirements.
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The Carnot cycle is composed of four reversible processes—two isothermal and two 

adiabatic.

The best reversible cycle is the Carnot cycle.



(Process 1-2, TH = constant)

Reversible Isothermal Expansion

Initially (state 1), 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. Since the

temperature difference between the gas and the reservoir never

exceeds a differential amount dT, this is a reversible heat

transfer process. It continues until the piston reaches position 2.

The amount of total heat transferred to the gas during this

process is QH. D. Enshirah Da'na 22



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.

Reversible Adiabatic Expansion

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

The gas continues to expand slowly, doing work on the

surroundings until its temperature drops from TH to TL

(state 3).

The piston is assumed to be frictionless and the process to

be quasie quilibrium, so the process is reversible as well as

adiabatic.
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Reversible Isothermal Compression

At state 3, the insulation at the cylinder head is removed, and the

cylinder is brought into contact with a sink at temperature TL.

(process 3-4, TL = constant)

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 T . Thus, the gas temperature remains

constant at TL.

Since the temperature difference between the gas and the sink

never exceeds a differential amount dT, this is a reversible heat

transfer process. It continues until the piston reaches state 4. The

amount of heat rejected from the gas during this process is QL.

.
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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).

Reversible Adiabatic Compression

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

The temperature rises from TL to TH during this reversible 

adiabatic compression process, which completes the cycle.
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The PV diagram of this cycle is shown in Fig. 7–35.

Remembering that on a PV diagram the area under the process curve represents the

boundary or k 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.

If we compressed the gas at state 3 adiabatically instead of

isothermally in an effort to save QL, we would end up back at

state 2, retracing the process path 3-2.

By doing so we would save QL, but we would not be able to 

obtain any net work output from this engine.

This illustrates the necessity of a heat engine exchanging heat 

with at least two reservoirs at different temperatures to 

operate in a cycle and produce a net amount of work.
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The Reversed Carnot Cycle

The Carnot heat-engine cycle just described is a totally reversible cycle. Therefore, 

all the processes that comprise it can be reversed, in which case it becomes the Carnot 

refrigeration cycle.

This time, the cycle remains exactly the same, except

that the directions of any heat and work interactions

are reversed: Heat in the amount of QL is absorbed

from the low-temperature reservoir, heat in the

amount of QH is rejected to a high temperature

reservoir, and a work input of Wnet,in is required to

accomplish all this.

The PV diagram of the reversed Carnot cycle is the same

as the one given for the Carnot cycle, except that the

directions of the processes are reversed, as shown in

Fig. 7–36.
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7-7 THE CARNOT PRINCIPLES

A heat engine cannot operate by exchanging heat with a single reservoir, and a 

refrigerator cannot operate without a net energy input from an external source.

We can draw valuable conclusions from these

statements known as the Carnot principles (Fig. 7–37),

expressed as follows:

1. The efficiency of an irreversible heat engine is always

less than the efficiency of a reversible one operating

between the same two reservoirs.

2. The efficiencies of all reversible heat engines

operating between the same two reservoirs are the

same.
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7-9 THE CARNOT HEAT ENGINE

The hypothetical heat engine that operates on the

reversible Carnot cycle is called the Carnot heat engine.

The thermal efficiency of any heat engine, reversible or

irreversible, is given by :

where QH is heat transferred to the heat engine from a

high-temperature reservoir at TH , and QL is heat rejected

to a low temperature reservoir at TL.

For reversible heat engines, the heat transfer ratio in the

above relation can be replaced by the ratio of the absolute

temperatures of the two reservoirs, Then the efficiency of a

Carnot engine, or any reversible heat engine, becomes:
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This relation is often referred to as the Carnot efficiency, since the Carnot heat

engine is the best known reversible engine.

This is the highest efficiency a heat engine operating between the two thermal

energy reservoirs at temperatures TL and TH can have.

All irreversible heat engines operating between these

temperature limits TL and TH have lower efficiencies. An

actual heat engine cannot reach this maximum

theoretical efficiency value because it is impossible to

completely eliminate all the irreversibilities associated

with the actual cycle.
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