
 

Second law of thermodynamics and entropy 

1-1 Introduction 

1. It has been observed that energy can flow from a system in the form of heat or work. 

2. first law of thermodynamics deals with quantity of energy. 

3. second law of thermodynamics deals with quantity and quality of energy. 

4. first law not limit the direction of energy, but the second law limit this direction from high 

temperature to lower temperature but not in opposite direction without assistance 

 

FIGURE 6–1 

A cup of hot 

coffee does 

not get hotter 

in a cooler 

room. 

 

FIGURE 6–4 

Processes occur in a 

certain direction, 

and not in the 

reverse direction. 

 

1-2 The Second Law of Thermodynamics: 

1-2-1 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. 

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 

1-2-2 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.    

In other word, heat of, itself, cannot flow from a colder to a hotter 

body. 

                                                                                                             

                          

                                                                                                                                  

 

                                                                                      

                                                                                                                                    

                                                                                                                                    

                                                                                                                                 

 

 

                                                                            

FIGURE 6–18  A heat                                                                                                                                     

engine that violates the Kelvin–

Planck statement of the second 

law 

FIGURE 6–28                                                                

A refrigerator that       violates the 

Clausius statement of the second 

law law 



 

1-2 PERPETUAL-MOTION MACHINES 

1. The first law of thermodynamics states the principle of the conservation of energy. Energy is 

neither created nor destroyed, but only gets transformed from one form to another. There can 

be no machine which would continuously supply mechanical work without some form of 

energy disappearing simultaneously (Fig.6.27). Such a untrue machine is called a perpetual 

motion machine of the first kind, or in brief, PMM 1 . A PMM1 is thus impossible. 

 
FIGURE 6–27 A perpetual-motion machine that violates the first law of thermodynamics 

(PMM1) 

 

2. The converse of the above statement is also true, i.e, there can be no machine which would 

continuously consume work without some other form energy appearing simultaneously 

(Fig6.28). 

  

FIGURE 6–28 A perpetual-motion machine 

that violates the second law of thermodynamics 

(PMM2). 

 

 

 

 

 

1-4Definitions.  

 Heat reservoir: a body which has large enough temperature and does not change 

when heat is added or removed is a heat reservoir. Examples oceans, lakes, and 

rivers as well as atmospheric air. 

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 (Fig. 6–7).  



 

Heat engine: a heat engine is a device that operates in a cycle and produces net 

positive work while heat transfer occurs across the boundaries of the device. 

All heat engines can be characterized by the following (Fig.1.4) 

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. 

 
FIGURE 6–7 

A source supplies energy in the 

form of heat, and a sink absorbs it. 

 

FIGURE 6–9 

Part of the heat 

received by a heat 

engine is converted to 

work, while the rest 

is rejected to a sink 

 

1.5 Cycle Efficiency of a heat engine or thermal efficiency 

The cycle efficiency of a heat engine is defined as the ratio of net work done to heat supplied. This 

is also known as thermal efficiency. 

thermal efficiency =
net work

heat recevied 
                 η𝑡ℎ =

𝑊𝑛𝑒𝑡 𝑤𝑜𝑟𝑘

𝑄𝑖𝑛 
           η𝑡ℎ = 1 −

𝑄𝑜𝑢𝑡

𝑄𝑖𝑛 
 

Where 

W𝑛𝑒𝑡,𝑜𝑢𝑡 = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡                                               

 

 Qin = amount of heat supplied from source (a high-temperature) 

Qout = amount of heat rejected from source to (a low temperature sink) 

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

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

QH = magnitude of heat transfer between the cyclic device and the high temperature medium at 

temperature TH 

QL= magnitude of heat transfer between the cyclic device and the low temperature medium at 

temperature TL 



 

 

FIGURE 6–12 

Some heat engines 

perform better 

than others 

(convert more of 

the heat they 

receive to work) 

 
FIGURE 6–13Schematic of a 

heat engine. 

 

6–6 ■ REVERSIBLE AND IRREVERSIBLE PROCESSES 

A reversible process is defined as a process that can be reversed without leaving any trace on the 

surroundings (Fig. 6–29). 

Processes that are not reversible are called irreversible processes. 

 

FIGURE 6–29 

Two familiar 

reversible 

processes. 

 

FIGURE 6–30 

Reversible processes 

deliver the most and 

consume the least 

work 

• 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. 

• We try to approximate reversible processes. Why? 

• Reversible processes deliver the most and consume the least work. 



 

• 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.  

• The presence of any of these effects renders a process irreversible 

 
 

FIGURE 6–31 

Friction renders a 

process 

irreversible. 

 
FIGURE 6–33 (a) Heat transfer 

through a temperature difference is 

irreversible 

 
 

(b) the reverse process is impossible 

 

THE CARNOT CYCLE 

The theoretical heat engine that operates on the Carnot cycle is called the Carnot heat engine. 

1. The Carnot cycle is a hypothetical cycle developed by Carnot for either engine or a reversed heat 

engine (Refrigerators, Heat pumps)   

2. The Carnot cycle is a reversible cycle because it consists of two isothermal and two adiabatic 

processes 

3. All the processes involved in the cycle are reversible, thereby providing the best possible device 

that one could construct 

4. Results from the cycle analysis can be used to determine the maximum efficiency of performance 

possible for either a heat engine or reversed heat engine. The following assumptions will be used for 

the derivation of the efficiency of a Carnot cycle applied to a non-flow cycle, i.e one carried out in a 

closed system, example cylinder-frictionless piston . 

 
FIGURE 6–37 P-V diagram of the Carnot 

cycle 

 
FIGURE 6–38 P-V diagram of the reversed 

Carnot cycle 



 

Notes: 

(a) A hot source , is a heat reservoir of infinite capacity at the maximum constant temperature T1 or 

TH 

(b) A cold sink, is a heat reservoir of infinite capacity at the minimum constant temperature T2 or 

TL 

 
 

 

FIGURE 6–36 Execution of the Carnot cycle in a closed system. 

Reversible Isothermal Expansion (process 1-2, TH 5 constant). 

𝑄12 = 𝑚𝑅𝑇1𝑙𝑛
𝑉1

𝑉2
                                                                                                                              (1) 

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

𝑄23 = 0                                                                                                                                           (2) 

Reversible Isothermal Compression (process 3-4, TL 5 constant). 

𝑄34 = 𝑚𝑅𝑇2𝑙𝑛
𝑉3

𝑉4
                                                                                                                           (3) 

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

𝑄41 = 0                                                                                                                                            (4) 

From the adiabatic expansion 2-3 and compression 4-1 

𝑉2

𝑉1
=

𝑉3

𝑉4
                  sub Eq (3) 

𝑄34 = 𝑚𝑅𝑇2𝑙𝑛
𝑉2

𝑉1
  

Applied the first law to the cycle, we note that 

∮ 𝑸 = ∮ 𝑾          or                     𝑄12 − 𝑄34  = 𝑊𝑛𝑒𝑡 

The efficiency of Carnot cycle is 

η =
net work

heat recevied 
                              η =

Wnet

Q12 
                           η =

Q12− Q34

Q12 
    

η =
mRT1ln

V1
V2

−mRT2ln
V2
V1

 mRT1ln
V1
V2

                                                    η𝑐𝑎𝑟𝑛𝑜𝑡 =
T1−T2

T1 
                η𝑐𝑎𝑟𝑛𝑜𝑡 = 1 −

T2

T1 
 



 

The Reversed Carnot Cycle 

The Carnot heat-engine cycle is a totally reversible cycle. Therefore, all the processes that comprise 

it can be reversed, in which case it becomes the Carnot refrigeration cycle. 

6–8 ■ THE CARNOT PRINCIPLES 

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. 

 
FIGURE 6–39 The Carnot principles. 

 

 

 

                                                                 FIGURE 6–40 Proof of the first Carnot principle. 

 

Example(2): A heat engine operating between two reservoirs receives energy Q1=2100 KJ by heat 

transfer from a hot reservoir (source) at T1= 2000 K and rejects energy Q2=500 KJ by heat transfer 

to a cold reservoir(sink) at T2= 400 K. Determine the reversible and irreversible efficiencies of heat 

engine. 

SOL: 

η𝑟𝑒𝑣 = η𝑐𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇2

𝑇1 
= 1 −

400

2000 
= 0.8 = 80%  

η𝐼𝑟𝑒𝑣 = η𝑎𝑐𝑡𝑢𝑎𝑙 = 1 −
𝑄2

𝑄1 
= 1 −

500

2100 
= 0.762 = 76.2%   

η𝑟𝑒𝑣 > η𝐼𝑟𝑒𝑣  

 

 

 

 

(b) The equivalent 

combined system 

 (a) A reversible and an irreversible 

heat  engine operating between the 

same two reservoirs (the reversible 

heat engine is then reversed to run 

as a refrigerator) 



 

6–9 ■ THE THERMODYNAMIC TEMPERATURE SCALE 

A temperature scale that is independent of the properties of the substances that are used to measure 

temperature is called a thermodynamic temperature scale. Such a temperature scale offers great 

conveniences in thermodynamic calculations, and its derivation is given below using some 

reversible heat engines. 

 
FIGURE 6–41 All reversible heat engines 

operating between the same two reservoirs have 

the same efficiency (the second Carnot principle). 

 
FIGURE 6–42 The arrangement of heat 

engines used to develop the thermodynamic 

temperature scale. 

 

 
FIGURE 6–43 For reversible 

cycles, the heat transfer ratio 

QH/QL can be replaced by the 

absolute temperature ratio 

TH/TL. 

 
FIGURE 6–44 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. 

 

 

 



 

6–10  THE CARNOT HEAT ENGINE 

 
FIGURE 6–45 The Carnot heat engine is the 

most efficient of all heat engines operating 

between the same high- and low-temperature 

reservoirs. 

 
FIGURE 6–46 No heat engine can have a 

higher efficiency than a reversible heat engine 

operating between the same high- and low 

temperature reservoirs. 

                 

Any heat engine  η𝑡ℎ = 1 −
𝑄𝐿

𝑄𝐻 
                   Carnot heat engine             η𝑡ℎ,𝑟𝑒𝑣 = 1 −

𝑇2

T 
 

 η𝑡ℎ {

<      η𝑡ℎ,𝑟𝑒𝑣   𝑖𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 𝑒𝑛𝑔𝑖𝑛𝑒 

=      η𝑡ℎ,𝑟𝑒𝑣  𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 𝑒𝑛𝑔𝑖𝑛𝑒 

>    η𝑡ℎ,𝑟𝑒𝑣   𝑖𝑚𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 𝑒𝑛𝑔𝑖𝑛𝑒 
                                   

 



 

6–11 ■ THE CARNOT REFRIGERATOR AND HEAT PUMP 

A refrigerator or a heat pump that operates on the reversed Carnot cycle is called a Carnot 

refrigerator, or a Carnot heat pump. The coefficient of performance of any refrigerator or heat 

pump, reversible or irreversible, is given by Eqs. 

𝐶𝑂𝑃 =
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑠𝑢𝑙𝑡

𝑤𝑜𝑟𝑘 𝑖𝑛𝑝𝑢𝑡
  

𝐶𝑂𝑃𝑅 =
1

𝑄𝐻
𝑄𝐿

−1
  

𝐶𝑂𝑃𝐻𝑃 =
1

1−
𝑄𝐿
𝑄𝐻

  

Any refrigerator or heat pump                                             

Carnot refrigerator or heat pump 

𝐶𝑂𝑃𝑅,𝑟𝑒𝑣 =
1

𝑇𝐻
𝑇𝐿

−1
    

𝐶𝑂𝑃𝐻𝑃,𝑟𝑒𝑣 =
1

1−
𝑇𝐿
𝑇𝐻

  

 

COP𝑅 {

<  COP𝑅,𝑟𝑒𝑣   𝑖𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟 

=   COP𝑅,𝑟𝑒𝑣  𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟 

>   COP𝑅,𝑟𝑒𝑣   𝑖𝑚𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟 
 

 

  
FIGURE 6–50 No refrigerator can have a 

higher COP than a reversible refrigerator 

operating between the same temperature 

limits. 

 

 



 

Example 4 : 

A power cycle operating between two reservoirs receives energy Q1 by heat transfer from a hot 

reservoir at T1= 2000K and rejects energy Q2 by heat transfer to a cold reservoir at T2=400K . For 

each of the following cases, determine whether the cycle operates reversibly , irreversibly , or is 

impossible. 

(a) Q1 = 1000KJ ,              W = 850KJ 

(b) Q1 = 2000KJ ,              Q2 = 400KJ 

(c) W= 1600KJ ,                 Q2 = 500KJ 

(d) Q1 = 1000KJ  ,    

SOL 

Given : T1 = 2000K Temperature of source 

T2 = 400K Temperature of sink 

η𝑟𝑒𝑣 = η𝑐𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇2

T 
= 1 −

400

2000 
= 0.8 = 80%  

a)   η𝑖𝑟𝑒𝑣 =
𝑊𝑛𝑒𝑡 𝑤𝑜𝑟𝑘

𝑄𝑖𝑛 
=

850

1000
= 0.85 = 85%          

η𝑖𝑟𝑒𝑣  >    η𝑟𝑒𝑣 Impossible cycle for this case   

b)    η𝑖𝑟𝑒𝑣 = 1 −
𝑄𝑜𝑢𝑡

𝑄𝑖𝑛 
= 1 −

400

2000 
= 80% 

η𝑖𝑟𝑒𝑣 =   η𝑟𝑒𝑣  reversible cycle for this case   

C) W𝑛𝑒𝑡,𝑜𝑢𝑡 = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡                1600=Q1-500               Q1=2100 KJ 

   η𝑖𝑟𝑒𝑣 = 1 −
𝑄𝑜𝑢𝑡

𝑄𝑖𝑛 
= 1 −

500

2100 
= 76.2% 

η𝑖𝑟𝑒𝑣 <   η𝑟𝑒𝑣  irreversible cycle for this case   

 

d)    η𝑖𝑟𝑒𝑣 <   η𝑟𝑒𝑣  irreversible cycle for this case   

 

Example 5: 

A refrigerator cycle operating between two reservoirs receives energy Q2 from a cold reservoir at 

T2 = 250K and rejects energy Q1 to a hot reservoir at T1 = 300K . For each of the following cases 

determine whether the cycle operates reversibly, irreversibly or is impossible . 

(a) Q2 =1000KJ , W = 400KJ 

(b) Q2 = 2000KJ , Q1 = 2200KJ 

(c) Q1 = 3000KJ , W= 500KJ 

(d) W = 400 KJ , COP =6 

Sol  

Given T1 = 300K = 27℃ 

T2 = 250 K = -23 ℃ 



 

a)  𝐶𝑂𝑃𝑅,𝑟𝑒𝑣 =
1

𝑇𝐻
𝑇𝐿

−1
          𝐶𝑂𝑃𝑅,𝑟𝑒𝑣 =

1
300

250
−1

= 5    

400=Q1-1000               Q1=1400  KJ 

 𝐶𝑂𝑃𝑅 =
1

𝑄𝐻
𝑄𝐿

−1
                             𝐶𝑂𝑃𝑅 =

1
1000

1400
−1

= 2.5   

COP𝑅,𝑖𝑟𝑒𝑣 <  COP𝑅,𝑟𝑒𝑣             𝑖𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟 

b)  𝐶𝑂𝑃𝑅 =
1

𝑄𝐻
𝑄𝐿

−1
                              𝐶𝑂𝑃𝑅 =

1
3200

2000
−1

= 10   

COP𝑅,𝑖𝑟𝑒𝑣 >  COP𝑅,𝑟𝑒𝑣             𝑖𝑚𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟  

c) 500=3000 – Q2               Q2=2500   KJ 

𝐶𝑂𝑃𝑅 =
1

𝑄𝐻
𝑄𝐿

−1
                              𝐶𝑂𝑃𝑅 =

1
3000

2500
−1

= 5    

COP𝑅,𝑖𝑟𝑒𝑣 =  COP𝑅,𝑟𝑒𝑣             𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑜𝑟 

Example(3): A refrigeration cycle operating between two reservoirs receives energy Q2= 1000 KJ 

from a cold reservoir at T2 =250 K and rejects energy Q1 = 1400 KJ to a cold reservoir at T1 = 

300K . Determine the coefficient of performance of refrigerator when operates reversibly and 

irreversibly. 

Solution :  

Given : Q2 = 1000 KJ , Q1 = 1400 KJ 

T2= 250 K , T1 = 300 K 

𝐶𝑂𝑃𝑅,𝑟𝑒𝑣 =
1

300

250
−1

= 5  

𝐶𝑂𝑃𝑅 =
1

𝑄𝐻
𝑄𝐿

−1
                               𝐶𝑂𝑃𝑅 =

1
1400

1000
−1

= 2.5     

 

 

E N T R O P Y 

 

2.1 Introduction 

It may be noted that all heat is not equally valuable for converting into work. Heat that supplied 

to a substance (system) at high temperature has a greater possibility of conversion into work 

than heat supplied to a substance at a lower temperature. 

Entropy : is a function of a quantity of heat which shows the possibility of conversion of that heat 

into work .  

                Where Q = Heat,    T = absolute temperature 

 



 

                             

Notes : 

1. the increase in entropy is small when heat is added at a high temperature 

2. the increase in entropy is high when heat is added at a low temperature. 

3. heat supplied to system Q = + Ve 

4. heat rejected(or loss) from the system Q = - Ve 

 

 

 

 

 

  

 

 



 

2.2 Inequality of Clausius  

The inequality of Clausius is a relation between the heat transfers of a system with an arbitrary 

number of heat reservoirs and the absolute temperatures of these reservoirs when the system 

undergoes a cycle 

 
FIGURE 7–1 The system considered in the 

development of the Clausius inequality. 

  

 

 

 For reversible process 

 

 

 

          For irreversible process  

 

 

  This equation can be solving  

 

 

 

The equality in the Clausius inequality holds for totally or just internally reversible cycles and the 

inequality for the irreversible ones. 

7–3 ■ ENTROPY CHANGE OF PURE SUBSTANCES 

Entropy is a property, and thus the value of entropy of a system is fixed once the state of the system 

is fixed 

 
FIGURE 7–10 The entropy of a pure 

substance is determined from the tables (like 

other properties) 

 
FIGURE 7–11 Schematic of the T-s diagram 

for water. 

 

 



 

 

 

 

 

 

7–4 ■ ISENTROPIC PROCESSES 

A process during which the entropy remains constant is called an isentropic process. It is 

characterized by 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7–14 During an internally 

reversible, adiabatic (isentropic) process, 

the entropy remains constant 

FIGURE 7–17 The isentropic process 

appears as a vertical line segment on a T-s 

diagram. 



 

 

  

 

 

  

 

 

 

7–8 ■ ENTROPY CHANGE OF LIQUIDS AND SOLIDS 

𝑑𝑠 =
𝑑𝑢

𝑇
=

𝐶𝑑𝑇

𝑇
  

since cp = cv = c and du = c dT for incompressible substances. Then the entropy change during a 

process is determined by integration to be 

Liquids , solids 𝑆1 − 𝑆2 = ∫ 𝐶(𝑇)
𝑑𝑇

𝑇
≅ 𝐶𝑎𝑣𝑔 ln

𝑇2

𝑇1
   (

𝐾𝐽

𝐾𝑔.𝐾
)

2

1
  

Isentropic                   𝑆1 − 𝑆2 = 𝐶𝑎𝑣𝑔 ln
𝑇2

𝑇1
= 0    

𝛿𝑄 − 𝛿𝑤 = 𝑑𝑈                        first law of thermodynamics  

But  

𝛿𝑄 = 𝑇𝑑𝑆                           𝛿𝑤 = 𝑃𝑑𝑣                            

Thus  

TdS=dU+PdV        KJ                     

h=u+pv                                
dh = du + pdv + vdp

𝑇𝑑𝑠 = 𝑑𝑢 + 𝑝𝑑𝑣
} 𝑇𝑑𝑠 = 𝑑ℎ − 𝑣𝑑𝑝  

du=CVdT  

P=RT/V 

Dividing equation (2) by T , we get 



 

𝑑𝑠 = 𝐶𝑣
𝑑𝑇

𝑇
+ 𝑅

𝑑𝑣

𝑣
  

𝑆1 − 𝑆2 = ∫ 𝐶𝑉(𝑇)
𝑑𝑇

𝑇
+ 𝑅 ln

𝑉2

𝑉1
           (

𝐾𝐽

𝐾𝑔.𝐾
)

2

1
  

dh=Cpdt and V=RT/P 

𝑆1 − 𝑆2 = ∫ 𝐶𝑃(𝑇)
𝑑𝑇

𝑇
− 𝑅 ln

𝑃2

𝑃1
           (

𝐾𝐽

𝐾𝑔.𝐾
)

2

1
  

𝑆1 − 𝑆2 = 𝐶𝑉 ln
𝑇2

𝑇1
+ 𝑅 ln

𝑉2

𝑉1
           (

𝐾𝐽

𝐾𝑔.𝐾
)  

𝑆1 − 𝑆2 = 𝐶𝑃 ln
𝑇2

𝑇1
− 𝑅 ln

𝑃2

𝑃1
           (

𝐾𝐽

𝐾𝑔.𝐾
)  

𝑆1 − 𝑆2 = 𝐶𝑉 ln
𝑃2

𝑃1
+ 𝐶𝑃 ln

𝑉2

𝑉1
           (

𝐾𝐽

𝐾𝑔.𝐾
)  

Where R=CP-CV 

Entropy changes can also be expressed on a unit-mole basis by multiplying these relations by molar 

mass: 

 

 

 

 

  

Example 1: A quantity of air undergoes a thermodynamic cycle consisting of three processes in 

series: 



 

Process 1-2 : constant volume heating from p1 =1 bar , T1 = 288 K , 

V1 = 0.02 m3 , to p2 = 4.2 bar . 

Process 2-3 : constant pressure cooling 

Process 3-1 : isothermal heating to the initial state. 

Evaluate the change in entropy for each process. Sketch the cycle on 

p-v and T-s diagram . 

Take cp = 1 KJ/kg.K , R = 0.287 KJ/kg.k 

P1V1=mrT1 

1*100*0.02=m*0.287*288 

M=0.024 kg 

For gas 
𝑃1𝑉1

𝑇1
=

𝑃2𝑉2

𝑇2
  

Also , since  V1= V2 

𝑃1

𝑇1
=

𝑃2

𝑇2
  

𝑇2 =
𝑃2

𝑃1
𝑇1  

R=CP-CV 

CV= CP-R=1-0.287= 0.713 KJ.K/Kg 

Process 3-1 : constant volume V1= V2 

𝑆1 − 𝑆2 = 𝑚𝐶𝑣 ln
𝑇2

𝑇1
= 0.024 × 0.713 ln

1210

288
= 0.02456 

𝐾𝐽

𝐾
  

Process 2-3 : constant pressure  P1= P2 

𝑆1 − 𝑆2 = 𝑚𝐶𝑝 ln
𝑇2

𝑇1
= 0.024 × 1 × ln

288

1210
= −0.0344 

𝐾𝐽

𝐾
   

Process 3-1 : constant temperature  T1= T2 isothermal  

𝑆1 − 𝑆2 = 𝑚𝑅 ln
𝑝2

𝑝1
= 0.024 × 0.287 ln

4.2

1
= 0.0099 

𝐾𝐽

𝐾
  

 

Example -2 

0.4 kg of air at 6 bar receives an addition of heat at constant volume so that its temperature rises 

from 383 K to 923 K . It then expands in a cylinder polytropically to its original temperature and the 

index of expansion (polytropic index n=1.32 ). Finally, it is compressed isothermally to its original 

volume. Calculate, (a) the change in entropy during each of three processes ; (b) the pressure at the 

end of constant volume heat addition and at the end of expansion. Show the process on p-v diagram. 

Assume Cv =0.718KJ/kg.K , and R=0.287 KJ/kg.K . 

Solution : 

P1V1=mRT1 

M=0. 4 kg       ,  P1= 6 bar *
105

103
= 600 𝑁/𝑚2  ,   T1=383 K     , R=0.287 KJ/Kg.K 



 

600* V1=0.4*0.287*383     

V1= 0.0732 m3 

V1= V2= 0.0732 m3 

For gas 
𝑃1𝑉1

𝑇1
=

𝑃2𝑉2

𝑇2
 

Since V1= V2= 0.0732 m3 

𝑃1

𝑇1
=

𝑃2

𝑇2
  

𝑝2 =
𝑇2

𝑇1
𝑃1 = 6 ×

923

383
= 14.45 𝑏𝑎𝑟    

𝑉3

𝑉2
= (

𝑇2

𝑇3
)

1

𝑛−1  

𝑉3 = 𝑉2(
𝑇2

𝑇3
)

1

𝑛−1 = 0.0732(
923

383
)

1

1.32−1 = 1.1435 𝑚3  

P3V3=mRT 3 

1.1435* P3=0.4*0.287*383    

 P3=38.45 KN/m2=0.3845 bar 

𝑆1 − 𝑆2 = 𝑚𝐶𝑣 ln
𝑇2

𝑇1
= 0.4 × 0.718 ln

923

383
= 0.2526 

𝐾𝐽

𝐾
  

𝑆1 − 𝑆2 = 𝑚𝑅 ln
𝑝2

𝑝1
+ 𝑚𝐶𝑝 ln

𝑇3

𝑇2
  

R=CP-CV 

0.287= CP-0.718            CP=1.005   KJ.K/Kg 

 

𝑆1 − 𝑆2 = 0.4 × 0.287 ln
14.5

0.384
+ 0.4 × 0.287 ln

383

923
= 0.0623 𝐾𝐽/𝐾  

𝑆3 − 𝑆1 = 𝑚𝑅 ln
𝑝1

𝑝3
  

𝑆3 − 𝑆1 = 0.4 × 0.287 ln
6

0.384
= 0.3155 𝐾𝐽/𝐾𝑔  

 

Example-3 : Calculate the change in entropy when 5 kg of water at 100 ℃ is converted into steam at 

the same temperature. (Given ; latent heat of steam = 540 cal/gram. 

Solution : 

1 cal = 4.1868 joule 

1 kcal = 4.1868 KJ 

1 kg= 1000 gram 

Q=5*1000*540=270000 cal 

1 cal = 4.1868 J 



 

Q =
270000×4.1868

1
  

Q=1130.44 * 103 Joule  

∆S =
Q

T

1130.44

100+273
=

1130.44

373
= 3.03 KJ/K  Change in entropy  

 

H.W : 

Problem 1 : 

Calculate the change in entropy when 10 grams of ice at 0 ℃ is converted into water at the same 

temperature (Given : Latent heat of ice = 80 cal/gram) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

G A S P O W E R C Y C L E S 

 

OTTO CYCLE: THE IDEAL CYCLE FOR SPARK-IGNITION 

ENGINES 

 

FIGURE 9–12 Actual and ideal cycles in spark-ignition engines and their P-v diagrams. 

Four-stroke cycle 

1 cycle = 4 stroke = 2 revolution 

Two-stroke cycle 

1 cycle = 2 stroke = 1 revolution 

 

The two-stroke engines are generally less efficient than 

their four-stroke counterparts but they are relatively simple 

and inexpensive, and they have high power-to-weight and 

power-to-volume ratios. 

 
FIGURE 9–15T-s diagram of the ideal Otto cycle 

 
FIGURE 9–13 Schematic of a two-

stroke reciprocating engine. 

 
1-2 Isentropic compression 

2-3 Constant-volume heat addition 

3-4 Isentropic expansion 

4-1 Constant-volume heat rejection 
 



 

 
FIGURE 9–16 P-v diagram of the ideal 

Otto cycle that includes intake and 

exhaust strokes. 

 

 

 

 
Processes 1-2 and 3-4 are isentropic, and v2 =v3 and 

v4 = v1. Thus 

 
Substituting these equations into the thermal 

efficiency relation and simplifying give 

 
FIGURE 9–18 The thermal efficiency of 

the Otto cycle increases with the specific 

heat ratio k of the working fluid. 

 

 
 

  
 

R is the compression ratio and k is the specific heat 

ratio cp/cv. 

 

 

In SI engines, the compression ratio is limited by 

autoignition or engine knock 

9–6 ■ DIESEL CYCLE: THE IDEAL CYCLE FOR COMPRESSION-

IGNITION ENGINES 

In diesel engines, only air is compressed during the compression stroke, eliminating the possibility 

of autoignition (engine knock). Therefore, diesel engines can be designed to operate at much higher 

compression ratios than SI engines, typically between 12 and 24. 

 
FIGURE 9–20 In diesel engines, 

the spark plug is replaced by a fuel 

injector, and only air is compressed 

during the compression process 

 

FIGURE 9–21 T-s and P-v diagrams for the ideal Diesel 

cycle. 



 

In diesel engines, the spark plug is replaced by a fuel injector, and only air is compressed during the 

compression process. 

 

 

Then the thermal efficiency of the ideal Diesel cycle under the cold-air standard assumptions becomes 

 

We now define a new quantity, the cutoff ratio rc, as the ratio of the cylinder volumes after and before the 

combustion process: 

 

 
we see that the thermal efficiency relation reduces 

to 

 
 for the same compression 

ratio                  

 
 

FIGURE 9–22 Thermal efficiency of the ideal 

Diesel 

cycle as a function of compression and cutoff 

ratios (k 5 1.4). 

 

Dual cycle: A more realistic ideal cycle model for modern, high-speed compression ignition 

engine. 

 

 
FIGURE 9–23 P-v diagram of an ideal dual 

cycle 

QUESTIONS 

Diesel engines operate at higher air-fuel ratios 

than gasoline engines. Why? 

 

Despite higher power to weight ratios, two-

stroke engines are not used in automobiles. 

Why? 

 

The stationary diesel engines are among the 

most efficient power producing devices (about 

50%). Why? 

 

What is a turbocharger? Why are they mostly 

used in diesel engines compared to gasoline 

engines. 
 



 

Home work 

Q1: An ideal Otto cycle has a compression ratio of 8. At the beginning of the compression process, 

air is at 95 kPa and 278C, and 750 kJ/kg of heat is transferred to air during the constant-volume heat 

addition process. Taking into account the variation of specific heats with temperature, determine (a) 

the pressure and temperature at the end of the heat-addition process, (b) the net work output, (c) the 

thermal efficiency, and (d) the mean effective pressure for the cycle. Answers: (a) 3898 kPa, 1539 K, 

(b) 392.4 kJ/kg, (c) 52.3 percent,   (d) 495 kPa. 

 

Q2: An air-standard Diesel cycle has a compression ratio of 16 and a cutoff ratio of 2. At the 

beginning of the compression process, air is at 95 kPa and 278C. Accounting for the variation of 

specific heats with temperature, determine (a) the temperature after the heat-addition process, (b) the 

thermal efficiency, and (c) the mean effective pressure. Answers: (a) 1725 K, (b) 56.3 percent, (c) 

675.9 kPa 

 

Q3: An ideal Diesel cycle has a compression ratio of 17 and a cutoff ratio of 1.3. Determine the 

maximum temperature of the air and the rate of heat addition to this cycle when it produces 140 kW 

of power and the state of the air at the beginning of the compression is 90 kPa and 578C. Use constant 

specific heats at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9–7 ■ STIRLING AND ERICSSON CYCLES  

The ideal Otto and Diesel cycles discussed in the preceding sections are composed entirely of 

internally reversible processes and thus are internally reversible cycles. These cycles are not totally 

reversible, however, since they involve heat transfer through a finite temperature difference during 

the nonisothermal heat-addition and heat-rejection processes, which are irreversible. Therefore, the 

thermal efficiency of an Otto or Diesel engine will be less than that of a Carnot engine operating 

between the same temperature limits.  

There are two other cycles that involve an isothermal heat-addition process at T H and an isothermal 

heat-rejection process at TL: the Stirling cycle and the Ericsson cycle. They differ from the Carnot 

cycle in that the two isentropic processes are replaced by two constant-volume regeneration processes 

in the Stirling cycle and by two constant-pressure regeneration processes in the Ericsson cycle. Both 

cycles utilize regeneration, a process during which heat is transferred to a thermal energy storage 

device (called a regenerator) during one part of the cycle and is transferred back to the working fluid 

during another part of the cycle (Fig. 9–25)  

Figure 9–26(b) shows the T-s and P-v diagrams of the Stirling cycle, 

which is made up of four totally reversible processes: 

1-2 T 5 constant expansion (heat addition from the external source) 

2-3 v 5 constant regeneration (internal heat transfer from the working 

fluid to the regenerator) 

3-4 T 5 constant compression (heat rejection to the external sink) 

4-1 v 5 constant regeneration (internal heat transfer from the 

regenerator back to the working fluid)  

 

A regenerator is a device that borrows energy from the working fluid 

during one part of the cycle and pays it back (without interest) during 

another part.  

FIGURE 9–25  

 



 

Notice that the second constant-volume process takes place at 

a smaller volume than the first one, and the net heat transfer 

to the regenerator during a cycle is zero. That is, the amount 

of energy stored in the regenerator during process 2-3 is equal 

to the amount picked up by the gas during process 4-1. The 

T-s and P-v diagrams of the Ericsson cycle are shown in Fig. 

9–26c. The Ericsson cycle is very much like the Stirling 

cycle, except that the two constant-volume processes are 

replaced by two constant-pressure processes. A steady-flow 

system operating on an Ericsson cycle is shown in Fig. 9–28. 

Here the isothermal expansion and compression processes are 

executed in a compressor and a turbine, respectively, and a 

counter-flow heat exchanger serves as a regenerator. Hot and 

cold fluid streams enter the heat exchanger from opposite 

ends, and heat transfer takes place between the two streams. 

In the ideal case, the temperature difference between the two 

fluid streams does not exceed a differential amount at any 

point, and the cold fluid stream leaves the heat exchanger at 

the inlet temperature of the hot stream. Both the Stirling and 

Ericsson cycles are totally reversible, as is the Carnot cycle, 

and thus according to the Carnot principle, all threse cycles  

must have the same thermal efficiency when operating 

between the same temperature limits: 

 
 This is proved for the Carnot cycle in Example 9–1 and can 

be proved in a similar manner for both the Stirling and 

Ericsson cycles.  

 
FIGURE 9–27 

The execution of the Stirling cycle.  

 
FIGURE 9–28 

A steady-flow Ericsson engine.  



 

 

9–8 ■ BRAYTON CYCLE: THE IDEAL CYCLE FOR GAS-TURBINE 

ENGINES  

The Brayton cycle was first proposed by George Brayton for use in the reciprocating oil-burning 

engine that he developed around 1870. Today, it is used for gas turbines only where both the 

compression and expansion processes take place in rotating machinery. Gas turbines usually operate 

on an open cycle, as shown in Fig. 9–29. Fresh air at ambient conditions is drawn into the compressor, 

where its temperature and pressure are raised. The high-pressure air proceeds into the combustion 

chamber, where the fuel is burned at constant pressure. The resulting high-temperature gases then 



 

enter the turbine, where they expand to the atmospheric pressure while producing power. The exhaust 

gases leaving the turbine are thrown out (not recirculated), causing the cycle to be classified as an 

open cycle. 

The open gas-turbine cycle described above can be modeled as a closed cycle, as shown in Fig. 9–30, 

by utilizing the air-standard assumptions. Here the compression and expansion processes remain the 

same, but the combustion process is replaced by a constant-pressure heat-addition process from an 

external source, and the exhaust process is replaced by a constant-pressure  

heat-rejection process to the ambient air. The ideal cycle that 

the working fluid undergoes in this closed loop is the 

Brayton cycle, which is made up of four internally 

reversible processes: 1-2 Isentropic compression (in a 

compressor) 2-3 Constant-pressure heat addition 3-4 

Isentropic expansion (in a turbine) 4-1 Constant-pressure 

heat rejection 

The T-s and P-v diagrams of an ideal Brayton cycle are 

shown in Fig. 9–31. Notice that all four processes of the 

Brayton cycle are executed in steady-flow devices; thus, they 

should be analyzed as steady-flow processes. When the 

changes in kinetic and potential energies are neglected, the 

energy balance for a steady-flow process can be expressed, 

on a unit–mass basis, as  

 
Therefore, heat transfers to and from the working fluid are  

 
and  

 
Then the thermal efficiency of the ideal Brayton cycle under 

the cold-airstandard assumptions becomes  

 
Processes 1-2 and 3-4 are isentropic, and P2 5 P3 and P4 5 

P1. Thus,  

 
Substituting these equations into the thermal efficiency 

relation and simplifying give  

 
where  

 
is the pressure ratio and k is the specific heat ratio. Equation 

9–17 shows that under the cold-air-standard assumptions, 

the thermal efficiency of an ideal Brayton cycle depends on 

the pressure ratio of the gas turbine and the specific heat ratio 

of the working fluid. The thermal efficiency increases with 

both of these parameters, which is also the case for actual gas 

 

FIGURE 9–29 

An open-cycle gas-turbine engine 

 
FIGURE 9–30 

A closed-cycle gas-turbine engine. 

 



 

turbines. A plot of thermal efficiency versus the pressure 

ratio is given in Fig. 9–32 for k 5 1.4, which is the specific-

heat-ratio value of air at room temperature 

  
FIGURE 9–32 

Thermal efficiency of the ideal Brayton cycle as a function 

of the pressure ratio.  

 
FIGURE 9–34 

The fraction of the turbine work used to drive the compressor 

is called the back work ratio.  

In gas-turbine power plants, the ratio of the compressor work 

to the turbine work, called the back work ratio, is very high 

(Fig. 9–34). Usually more  

 
FIGURE 9–31 

T-s and P-v diagrams for the ideal Brayton 

cycle.  

 
FIGURE 9–33 

For fixed values of T min and Tmax, 

the net work of the Brayton cycle 

first increases with the pressure 

ratio, then reaches a maximum at r 

p 5 (Tmax/Tmin)k/[2(k 2 1)], and 

finally decreases.  

 

Development of Gas Turbines 
The gas turbine has experienced phenomenal progress and growth since its first successful 

development in the 1930s. The early gas turbines built in the 1940s and even 1950s had simple-cycle 

efficiencies of about 17 percent because of the low compressor and turbine efficiencies and low 

turbine inlet temperatures due to metallurgical limitations of those times. Therefore, gas turbines 

found only limited use despite their versatility and their ability to burn a variety of fuels. The efforts 

to improve the cycle efficiency concentrated in three areas: 

1. Increasing the turbine inlet (or firing) temperatures This has been the primary approach taken 

to improve gas-turbine efficiency. The turbine inlet temperatures have increased steadily from about 

5408C (10008F) in the 1940s to 14258C (26008F) and even higher today. These increases were made 

possible by the development of new materials and the innovative cooling techniques for the critical 

components such as coating the turbine blades with ceramic layers and cooling the blades with the 

discharge air from the compressor. Maintaining high turbine inlet temperatures with an air-cooling 

technique requires the combustion temperature to be higher to compensate for the cooling effect of 

the cooling air. However, higher combustion temperatures increase the amount of nitrogen oxides 

(NOx), which are responsible for the formation of ozone at ground level and smog. Using steam as 



 

the coolant allowed an increase in the turbine inlet temperatures by 2008F without an increase in the 

combustion temperature. Steam is also a much more effective heat transfer medium than air. 

2. Increasing the efficiencies of turbomachinery components The performance of early turbines 

suffered greatly from the inefficiencies of turbines and compressors. However, the advent of 

computers and advanced techniques for computer-aided design made it possible to design these 

components aerodynamically with minimal losses. The increased efficiencies of the turbines and 

compressors resulted in a significant increase in the cycle efficiency. 

3. Adding modifications to the basic cycle The simple-cycle efficiencies of early gas turbines were 

practically doubled by incorporating intercooling, regeneration (or recuperation), and reheating, 

discussed in the next two sections. These improvements, of course, come at the expense of increased 

initial and operation costs, and they cannot be justified unless the decrease in fuel costs offsets the 

increase in other costs.  

 



 

 



 

 

 

Deviation of Actual Gas-Turbine Cycles from Idealized Ones 
The actual gas-turbine cycle differs from the ideal Brayton cycle on several accounts. For one thing, some 

pressure drop during the heat-addition and heat-rejection processes is inevitable. More importantly, the actual 

work input to the compressor is more, and the actual work output from the turbine is less because of 

irreversibilities. The deviation of actual compressor and turbine behavior from the idealized isentropic 

behavior can be accurately accounted for by utilizing the isentropic efficiencies of the turbine and compressor 

as  

 
 

 
FIGURE 9–37 

T-s diagram of the gas-turbine cycle discussed in Example 9–6.  

 
FIGURE 9–36 

The deviation of an actual gas-turbine cycle 

from the ideal Brayton cycle as a result of 

irreversibilities.  
 

 

 

9–9 ■ THE BRAYTON CYCLE WITH REGENERATION 

In gas-turbine engines, the temperature of the exhaust gas leaving the turbine is often considerably 

higher than the temperature of the air leaving the compressor. Therefore, the high-pressure air leaving 

the compressor can be heated by transferring heat to it from the hot exhaust gases in a counter-flow  



 

 
 

 
FIGURE 9–39 

T-s diagram of a Brayton cycle with regeneration.  

 
 

 



 

 



 

 

9–10 ■ THE BRAYTON CYCLE WITH INTERCOOLING, REHEATING, 

AND REGENERATION 
The net work of a gas-turbine cycle is the difference between the turbine work output and the 

compressor work input, and it can be increased by either decreasing the compressor work or 

increasing the turbine work, or both. It was shown in Chap. 7 that the work required to compress a 

gas between two specified pressures can be decreased by carrying out the compression process in 

stages and cooling the gas in between (Fig. 9–42)—that is, using multistage compression with 

intercooling. As the number of stages is increased, the compression process becomes nearly 

isothermal at the compressor inlet temperature, and the compression work decreases. 



 

Likewise, the work output of a turbine operating between two pressure levels can be increased by 

expanding the gas in stages and reheating it in between—that is, utilizing multistage expansion with 

reheating. This is accomplished without raising the maximum temperature in the cycle. As the 

number of stages is increased, the expansion process becomes nearly isothermal. The foregoing 

argument is based on a simple principle: The steady-flow compression or expansion work is 

proportional to the specific volume of the fluid. Therefore, the specific volume of the working fluid 

should be as low as possible during a compression process and as high as possible during an 

expansion process. This is precisely what intercooling and reheating accomplish.  

Combustion in gas turbines typically occurs at four times the amount of air needed for complete 

combustion to avoid excessive temperatures. Therefore, the exhaust gases are rich in oxygen, and 

reheating can be accomplished by simply spraying additional fuel into the exhaust gases between two 

expansion states. 

The working fluid leaves the compressor at a lower temperature, and the turbine at a higher 

temperature, when intercooling and reheating are utilized. This makes regeneration more attractive 

since a greater potential for regeneration exists. Also, the gases leaving the compressor can be heated 

to a higher temperature before they enter the combustion chamber because of the higher temperature 

of the turbine exhaust. 

A schematic of the physical arrangement and the T-s diagram of an ideal two-stage gas-turbine cycle 

with intercooling, reheating, and regeneration are shown in Figs. 9–43 and 9–44. The gas enters the 

first stage of the compressor at state 1, is compressed isentropically to an intermediate pressure P 2, 

is cooled at constant pressure to state 3 (T3 5 T1), and is compressed in the second stage isentropically 

to the final pressure P4. At state 4 the gas enters the regenerator, where it is heated to T5 at constant 

pressure. In an ideal regenerator, the gas leaves the regenerator at the temperature of the turbine 

exhaust, that is, T5 5 T9. The primary heat addition (or combustion) process takes place between 

states 5 and 6. The gas enters the first stage of the turbine at state 6 and expands isentropically to state 

7, where it enters the reheater. It is reheated at constant pressure to state 8 (T8 5 T6), where it enters 

the second stage of the turbine. The gas exits the turbine at state 9 and enters the regenerator, where 

it is cooled to state 10 at constant pressure. The cycle is completed by cooling the gas to the initial 

state (or purging the exhaust gases).  

 
FIGURE 9–43 

A gas-turbine engine with two-stage compression with 

intercooling, two-stage expansion with reheating, and 

regeneration.  

It was shown in Chap. 7 that the work input to a two-stage 

compressor is minimized when equal pressure ratios are 

maintained across each stage. It can be shown that this 

 
FIGURE 9–42 

Comparison of work inputs to a single-

stage compressor (1AC) and a two-stage 

compressor with intercooling (1ABD).  



 

procedure also maximizes the turbine work output. Thus, for 

best performance we have  
It was shown in Chap. 7 that the work input to a two-stage 

compressor is minimized when equal pressure ratios are 

maintained across each stage. It can be shown that this 

procedure also maximizes the turbine work output. Thus, for 

best performance we have  

 

 
FIGURE 9–45 

As the number of compression and expansion stages increases, 

the gas-turbine cycle with intercooling, reheating, and 

regeneration approaches the Ericsson cycle.  

 
FIGURE 9–44 

T-s diagram of an ideal gas-turbine cycle 

with intercooling, reheating, and 

regeneration.  

 
 

FIGURE 9–46 

T-s diagram of the gas-turbine 

cycle discussed in Example 9–8.  

 

 

 

 

 

 



 

 



 

 



 

11–1 ■ REFRIGERATORS AND HEAT PUMPS 
We all know from experience that heat flows in the direction of decreasing temperature, that is, from high-

temperature regions to low-temperature ones. This heat-transfer process occurs in nature without requiring 

any devices. The reverse process, however, cannot occur by itself. The transfer of heat from a low-

temperature region to a high-temperature one requires special devices called refrigerators. 

Refrigerators are cyclic devices, and the working fluids used in the refrigeration cycles are called 

refrigerants. A refrigerator is shown schematically in Fig. 11–1a. Here QL is the magnitude of the heat 

removed from the refrigerated space at temperature TL, QH is the magnitude of the heat rejected to the warm 

space at temperature TH, and Wnet,in is the net work input to the refrigerator. As discussed in Chap. 6, QL and 

QH represent magnitudes and thus are positive quantities. 

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

Refrigerators and heat pumps are essentially the same devices; they differ in their objectives only. 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 merely a necessary part of the operation, not the 

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

accomplished by absorbing heat from a low-temperature source, such as well water or cold outside air in 

winter, and supplying this heat to a warmer medium such as a house (Fig. 11–1b).  

The performance of refrigerators and heat pumps is expressed in terms of the coefficient of performance 

(COP), defined as  

 
for fixed values of QL and QH. This relation implies that 

COPHP . 1 since COP R is a positive quantity. That is, a 

heat pump functions, at worst, as a resistance heater, 

supplying as much energy to the house as it consumes. In 

reality, however, part of QH is lost to the outside air through 

piping and other devices, and COPHP may drop below 

unity when the outside air temperature is too low. When this 

happens, the system normally switches to the fuel (natural 

gas, propane, oil, etc.) or resistance-heating mode. 

The cooling capacity of a refrigeration system—that is, the 

rate of heat removal from the refrigerated space—is often 

expressed in terms of tons of refrigeration. The capacity 

of a refrigeration system that can freeze 1 ton  (2000 lbm) 

of liquid water at 08C (328F) into ice at 08C in 24 h is said 

to be 1 ton. One ton of refrigeration is equivalent to 211 

kJ/min or 200 Btu/min. The cooling load of a typical 200-

m2 residence is in the 3-ton (10-kW) range.   

 

FIGURE 11–1 

The objective of a refrigerator is to 

remove heat (QL) from the cold 

medium; the objective of a heat 

pump is to supply heat (QH) to a 

warm medium.  

 

11–2 ■ THE REVERSED CARNOT CYCLE 

Recall from Chap. 6 that the Carnot cycle is a totally reversible cycle that consists of two reversible 

isothermal and two isentropic processes. It has the maximum thermal efficiency for given temperature 

limits, and it serves as a standard against which actual power cycles can be compared. 



 

Since it is a reversible cycle, all four processes that comprise the Carnot cycle can be reversed. 

Reversing the cycle does also reverse the directions of any heat and work interactions. The result is a 

cycle that operates in the counterclockwise direction on a T-s diagram, which is called the reversed 

Carnot cycle. A refrigerator or heat pump that operates on the reversed Carnot cycle is called a 

Carnot refrigerator or a Carnot heat pump. 

Consider a reversed Carnot cycle executed within the saturation dome of a refrigerant, as shown in 

Fig. 11–2. The refrigerant absorbs heat isothermally from a low-temperature source at TL in the 

amount of QL (process 1-2), is compressed isentropically to state 3 (temperature rises to TH), rejects 

heat isothermally to a high-temperature sink at TH in the amount of QH (process 3-4), and expands 

isentropically to state 1 (temperature drops to TL). The refrigerant changes from a saturated vapor 

state to a saturated liquid state in the condenser during process 3-4. 

The coefficients of performance of Carnot refrigerators and heat pumps are expressed in terms of 

temperatures as 

 
Notice that both COPs increase as the difference between 

the two temperatures decreases, that is, as TL rises or TH 

falls. 

The reversed Carnot cycle is the most efficient refrigeration 

cycle operating between two specified temperature levels. 

Therefore, it is natural to look at it first as a prospective 

ideal cycle for refrigerators and heat pumps. If we could, 

we certainly would adapt it as the ideal cycle. As explained 

below, however, the reversed Carnot cycle is not a suitable 

model for refrigeration cycles.  

11–3 ■ THE IDEAL VAPOR-COMPRESSION 

REFRIGERATION CYCLE 

Many of the impracticalities associated with the reversed 

Carnot cycle can be eliminated by vaporizing the 

refrigerant completely before it is compressed and by 

replacing the turbine with a throttling device, such as an 

expansion valve or capillary tube. The cycle that results is 

called the ideal vapor-compression refrigeration cycle, 

and it is shown schematically and on a T-s diagram in Fig. 

11–3. The vapor-compression refrigeration cycle is the 

most widely used cycle for refrigerators, air-conditioning 

systems, and heat pumps. It consists of four processes: 

1-2  Isentropic compression in a compressor 

2-3 

3-4 

4-1  

Constant-pressure heat rejection in a 

condenserThrottling in an expansion 

deviceConstant-pressure heat absorption in an 

evaporator 

In an ideal vapor-compression refrigeration cycle, the 

refrigerant enters the compressor at state 1 as saturated 

vapor and is compressed isentropically to the condenser 

pressure. The temperature of the refrigerant increases 

during this isentropic compression process to well above 

the temperature of the surrounding medium. The refrigerant 

then enters the condenser as superheated vapor at state 2 

 

 
FIGURE 11–2 

Schematic of a Carnot refrigerator and T-s 

diagram of the reversed Carnot cycle. 



 

and leaves as saturated liquid at state 3 as a result of heat 

rejection to the surroundings. The temperature of the 

refrigerant at this state is still above the temperature of the 

surroundings.  

All four components associated with the vapor-

compression refrigeration cycle are steady-flow devices, 

and thus all four processes that make up the cycle can be 

analyzed as steady-flow processes. The kinetic and 

potential energy changes of the refrigerant are usually small 

relative to the work and heat transfer terms, and therefore 

they can be neglected. Then the steady flow energy 

equation on a unit–mass basis reduces to  

 

 

 
 

FIGURE 11–4 

An ordinary household refrigerator  
 

 

 
 FIGURE 11–3 

Schematic and T-s diagram for the ideal 

vapor-compression refrigeration cycle  

 
FIGURE 11–5 

The P-h diagram of an ideal 

vaporcompression refrigeration cycle.  

 



 

 

11– 4 ■ ACTUAL VAPOR-COMPRESSION REFRIGERATION CYCLE 

An actual vapor-compression refrigeration cycle differs from the ideal one in several ways, owing 

mostly to the irreversibilities that occur in various components. Two common sources of 

irreversibilities are fluid friction (causes pressure drops) and heat transfer to or from the surroundings. 

The T-s diagram of an actual vapor-compression refrigeration cycle is shown in Fig. 11–7  



 

 

FIGURE 11–7 

Schematic and T-s diagram for the actual vapor-

compression refrigeration cycle.  

 

 



 

 

 

G A S M I X T U R E S  

13–1 ■ COMPOSITION OF A GAS MIXTURE: MASS AND MOLE 

FRACTIONS  

To determine the properties of a mixture, we need to know the composition of the mixture as well as 

the properties of the individual components. There are two ways to describe the composition of a 

mixture: either by specifying the number of moles of each component, called molar analysis, or by 

specifying the mass of each component, called gravimetric analysis. 

Consider a gas mixture composed of k components. The mass of the mixture m m is the sum of the 

masses of the individual components, and the mole number of the mixture N m is the sum of the mole 

numbers of the individual components* (Figs. 13–1 and 13–2). That is,  

 

The ratio of the mass of a component to the mass of the mixture is called the mass fraction mf, and 

the ratio of the mole number of a component to the mole number of the mixture is called the mole 

fraction y:  

 



 

Dividing Eq. 13–1a by mm or Eq. 13–1b by Nm, we can easily show that the sum of the mass fractions 

or mole fractions for a mixture is equal to 1 (Fig. 13–3):  

 

The mass of a substance can be expressed in terms of the mole number N and molar mass M of the substance 

as m 5 NM. Then the apparent (or average) molar mass and the gas constant of a mixture can be expressed 

as  

 

 
FIGURE 13–1 

The mass of a mixture is equal to the sum of the masses 

of its components.  

 
 
FIGURE 13–3 

The sum of the mole fractions of a mixture is equal to 1.  

 
FIGURE 13–2 

The number of moles of a nonreacting mixture is equal to 

the sum of the number of moles of its components.  

 
FIGURE 13–4 

Schematic for Example 13–1.  

 



 

 



 

 

13–2 ■ P-v-T BEHAVIOR OF GAS MIXTURES: IDEAL AND REAL 

GASES  

An ideal gas is defined as a gas whose molecules are spaced far apart so that the behavior of a 

molecule is not influenced by the presence of other molecules—a situation encountered at low 

densities. We also mentioned that real gases approximate this behavior closely when they are at a low 

pressure or high temperature relative to their critical-point values. The P-v-T behavior of an ideal gas 

is expressed by the simple relation Pv 5 RT, which is called the ideal-gas equation of state. The P-v-

T behavior of real gases is expressed by more complex equations of state or by Pv 5 ZRT, where Z is 

the compressibility factor. When two or more ideal gases are mixed, the behavior of a molecule 

normally is not influenced by the presence of other similar or dissimilar molecules, and therefore a 

nonreacting mixture of ideal gases also behaves as an ideal gas. Air, for example, is conveniently 

treated as an ideal gas in the range where nitrogen and oxygen behave as ideal gases. When a gas 

mixture consists of real (nonideal) gases, however, the prediction of the P-v-T behavior of the mixture 

becomes rather involved. The prediction of the P-v-T behavior of gas mixtures is usually based on 

two models: Dalton’s law of additive pressures and Amagat’s law of additive volumes. Both models 

are described and discussed below. 

Dalton’s law of additive pressures: The pressure of a gas mixture is equal to the sum of the pressures 

each gas would exert if it existed alone at the mixture temperature and volume (Fig. 13–5). 

Amagat’s law of additive volumes: The volume of a gas mixture is equal to the sum of the volumes 

each gas would occupy if it existed alone at the mixture temperature and pressure (Fig. 13–6).  

 
FIGURE 13–5 

Dalton’s law of additive pressures for a mixture of two 

ideal gases.  

 
FIGURE 13–6 

Amagat’s law of additive volumes for a mixture of two 

ideal gases.  



 

Dalton’s and Amagat’s laws hold exactly for ideal-gas mixtures, but only approximately for real-gas 

mixtures. This is due to intermolecular forces that may be significant for real gases at high densities. 

For ideal gases, these two laws are identical and give identical results. Dalton’s and Amagat’s laws 

can be expressed as follows:  

 

In these relations, Pi is called the component pressure and Vi is called the component volume (Fig. 

13–7). Note that Vi is the volume a component would occupy if it existed alone at Tm and Pm, not 

the actual volume occupied by the component in the mixture. (In a vessel that holds a gas mixture, 

each component fills the entire volume of the vessel. Therefore, the volume of each component is 

equal to the volume of the vessel.) Also, the ratio P i/Pm is called the pressure fraction and the ratio 

Vi/Vm is called the volume fraction of component i.  

 

IGURE 13–7 

The volume a component would occupy if it existed alone at the mixture T and P is called the 

component volume (for ideal gases, it is equal to the partial volume yiVm).  

Ideal-Gas Mixtures 

For ideal gases, Pi and Vi can be related to yi by using the ideal-gas relation for both the components 

and the gas mixture:  

 

Equation 13–8 is strictly valid for ideal-gas mixtures since it is derived by assuming ideal-gas 

behavior for the gas mixture and each of its components. The quantity yiPm is called the partial 

pressure (identical to the component pressure for ideal gases), and the quantity yiVm is called the 

partial volume (identical to the component volume for ideal gases). Note that for an idealgas mixture, 

the mole fraction, the pressure fraction, and the volume fraction of a component are identical.  

 



 

Real-Gas Mixtures 
Dalton’s law of additive pressures and Amagat’s law of additive volumes can also be used for real gases, often 

with reasonable accuracy. This time, however, the component pressures or component volumes should be 

evaluated from relations that take into account the deviation of each component from ideal-gas behavior. One 

way of doing that is to use more exact equations of state (van der Waals, Beattie–Bridgeman, Benedict–Webb–

Rubin, etc.) instead of the ideal-gas equation of state. Another way is to use the compressibility factor (Fig. 

13–8) as  

 
The compressibility factor of the mixture Zm can be 

expressed in terms of the compressibility factors of the 

individual gases Zi by applying Eq. 13–9 to both sides 

of Dalton’s law or Amagat’s law expression and 

simplifying. We obtain  

 
where Z i is determined either at Tm and Vm (Dalton’s 

law) or at Tm and Pm (Amagat’s law) for each 

individual gas. It may seem that using either law gives 

the same result, but it does not.  
Another approach for predicting the P-v-T 

behavior of a gas mixture is to treat the gas 

mixture as a pseudopure substance (Fig. 13–9). 

One such method, proposed by W. B. Kay in 1936 

and called Kay’s rule, involves the use of a 

pseudocritical pressure Pcr 9,m and 

pseudocritical temperature T9 cr,m for the 

mixture, defined in terms of the critical pressures 

and temperatures of the mixture components as . 

 
 

 
FIGURE 13–8 

One way of predicting the P-v-T behavior of a real-gas 

mixture is to use compressibility factor. 

 
FIGURE 13–9 

Another way of predicting the P-v-T behavior of a real-

gas mixture is to treat it as a pseudopure substance with 

critical properties Pcr 9 and Tcr 9 .  
 

The compressibility factor of the mixture Zm is then easily determined by using these pseudocritical 

properties. The result obtained by using Kay’s rule is accurate to within about 10 percent over a wide 

range of temperatures and pressures, which is acceptable for most engineering purposes. 

Another way of treating a gas mixture as a pseudopure substance is to use a more accurate equation 

of state such as the van der Waals, Beattie– Bridgeman, or Benedict–Webb–Rubin equation for the 

mixture, and to determine the constant coefficients in terms of the coefficients of the components. In 

the van der Waals equation, for example, the two constants for the mixture are determined from  

 

where expressions for ai and bi are given in Chapter 3  



 

 



 

 



 

 

13–3 ■ PROPERTIES OF GAS MIXTURES: IDEAL AND REAL GASES  

Consider a gas mixture that consists of 2 kg of N2 and 3 kg of CO2. The total mass (an extensive property) of 

this mixture is 5 kg. How did we do it? Well, we simply added the mass of each component. This example 

suggests a simple way of evaluating the extensive properties of a nonreacting idealor real-gas mixture: Just 

add the contributions of each component of the mixture (Fig. 13–11). Then the total internal energy, enthalpy, 

and entropy of a gas mixture can be expressed, respectively, as  

 
By following a similar logic, the changes in internal energy, 

enthalpy, and entropy of a gas mixture during a process can be 

expressed, respectively, as  

 
 

 

 
FIGURE 13–11 

The extensive properties of a mixture are 

determined by simply adding the 

properties of the components.  



 

 

 

 
Now reconsider the same mixture, and assume that 

both N2 and CO2 are at 258C. The temperature (an 

intensive property) of the mixture is, as you would 

expect, also 258C. Notice that we did not add the 

component temperatures to determine the mixture 

temperature. Instead, we used some kind of averaging 

scheme, a characteristic approach for determining the 

intensive properties of a mixture. The internal 

energy, enthalpy, and entropy of a mixture per unit 

mass or per unit mole of the mixture can be 

determined by dividing the equations above by the 

mass or the mole number of the mixture (mm or Nm). 

We obtain (Fig. 13–12)  

 
 

 
FIGURE 13–12 

The intensive properties of a mixture are 

determined by weighted averaging.  
 
Notice that properties per unit mass involve 

mass fractions (mfi) and properties per unit 

mole involve mole fractions (yi). The relations 

given above are exact for ideal-gas mixtures, 

and approximate for real-gas mixtures. (In 

fact, they are also applicable to nonreacting 

liquid and solid solutions especially when 

they form an “ideal solution.”) The only major 

difficulty associated with these relations is the 

determination of properties for each 

individual gas in the mixture. The analysis can 

be simplified greatly, however, by treating the 

individual gases as ideal gases, if doing so 

does not introduce a significant error.  

 

Ideal-Gas Mixtures 
The gases that comprise a mixture are often at a high temperature and low pressure relative to the 

critical-point values of individual gases. In such cases, the gas mixture and its components can be 

treated as ideal gases with negligible error. Under the ideal-gas approximation, the properties of a gas 

are not influenced by the presence of other gases, and each gas component in the mixture behaves as 

if it exists alone at the mixture temperature Tm and mixture volume V m. This principle is known as 

the Gibbs–Dalton law, which is an extension of Dalton’s law of additive pressures. Also, the h, u, 

cv, and cp of  

an ideal gas depend on temperature only and are independent of the pressure or the volume of the 

ideal-gas mixture. The partial pressure of a component in an ideal-gas mixture is simply Pi 5 yi Pm, 

where Pm is the mixture pressure. 

Evaluation of Du or Dh of the components of an ideal-gas mixture during a process is relatively easy 

since it requires only a knowledge of the initial and final temperatures. Care should be exercised, 

however, in evaluating the Ds of the components since the entropy of an ideal gas depends on the 

pressure or volume of the component as well as on its temperature. The entropy change of individual 

gases in an ideal-gas mixture during a process can be determined from  



 

 
where P i,2 5 yi,2Pm,2 and Pi,1 5 yi,1Pm,1. Notice that 

the partial pressure Pi of each component is used in the 

evaluation of the entropy change, not the mixture 

pressure Pm (Fig. 13–13).  

 

 
FIGURE 13–13 

Partial pressures (not the mixture pressure) are 

used in the evaluation of entropy changes of 

ideal-gas mixtures.  

 



 

 



 

 

 

 



 

 

 

Real-Gas Mixtures 
When the components of a gas mixture do not behave as ideal gases, the analysis becomes more 

complex because the properties of real (nonideal) gases such as u, h, cv, and cp depend on the pressure 

(or specific volume) as well as on the temperature. In such cases, the effects of deviation from ideal-

gas behavior on the mixture properties should be accounted for. 

Consider two nonideal gases contained in two separate compartments of an adiabatic rigid tank at 

100 kPa and 258C. The partition separating the two gases is removed, and the two gases are allowed 

to mix. What do you think the final pressure in the tank will be? You are probably tempted to say 100 

kPa, which would be true for ideal gases. However, this is not true for nonideal gases because of the 

influence of the molecules of different gases on each other (deviation from Dalton’s law, Fig. 13–

16). 

When real-gas mixtures are involved, it may be necessary to account for the effect of nonideal 

behavior on the mixture properties such as enthalpy and entropy. One way of doing that is to use 

compressibility factors in conjunction with generalized equations and charts developed in Chapter 12 

for real gases.  

Consider the following T ds relation for a gas mixture:  

 
This is an important result because Eq. 13–26 is the starting 

equation in the development of the generalized relations and 

charts for enthalpy and entropy. It suggests that the generalized 

property relations and charts for real gases developed in 

Chapter 12 can also be used for the components of real-gas 

mixtures. But the reduced temperature TR and reduced pressure 

PR  for each component should be evaluated by using the 

mixture temperature Tm and mixture pressure Pm. This is 

because Eq. 13–26 involves the mixture pressure Pm, not the 

component pressure Pi. 

 
FIGURE 13–16 

It is difficult to predict the behavior of 

nonideal-gas mixtures because of the 

influence of dissimilar molecules on 

each other  



 

The approach described above is somewhat analogous to Amagat’s law of additive volumes 

(evaluating mixture properties at the mixture pressure and temperature), which holds exactly for 

ideal-gas mixtures and approximately for real-gas mixtures. Therefore, the mixture properties 

determined with this approach are not exact, but they are sufficiently accurate. 

What if the mixture volume and temperature are specified instead of the mixture pressure and 

temperature? Well, there is no need to panic. Just evaluate the mixture pressure, using Dalton’s law 

of additive pressures, and then use this value (which is only approximate) as the mixture pressure. 

Another way of evaluating the properties of a real-gas mixture is to treat the mixture as a pseudopure 

substance having pseudocritical properties, determined in terms of the critical properties of the 

component gases by using Kay’s rule. The approach is quite simple, and the accuracy is usually 

acceptable.  

 



 

 



 

 



 

C H E M I C A L R E A C T I O N S  

In this chapter we focus on a particular type of chemical reaction, known as combustion, because of 

its importance in engineering. But the reader should keep in mind, however, that the principles 

developed are equally applicable to other chemical reactions. 

We start this chapter with a general discussion of fuels and combustion. Then we apply the mass and 

energy balances to reacting systems. In this regard we discuss the adiabatic flame temperature, which 

is the highest temperature a reacting mixture can attain. Finally, we examine the second-law aspects 

of chemical reactions  

5–1 ■ FUELS AND COMBUSTION 

Any material that can be burned to release thermal energy is called a fuel. Most familiar fuels consist 

primarily of hydrogen and carbon. They are called hydrocarbon fuels and are denoted by the general 

formula CnHm. Hydrocarbon fuels exist in all phases, some examples being coal, gasoline, and 

natural gas. 

The main constituent of coal is carbon. Coal also contains varying amounts of oxygen, hydrogen, 

nitrogen, sulfur, moisture, and ash. It is difficult to give an exact mass analysis for coal since its 

composition varies considerably from one geographical area to the next and even within the same 

geographical location. Most liquid hydrocarbon fuels are a mixture of numerous hydrocarbons and 

are obtained from crude oil by distillation (Fig. 15–1). The most volatile hydrocarbons vaporize first, 

forming what we know as gasoline. The less volatile fuels obtained during distillation are kerosene, 

diesel fuel, and fuel oil. The composition of a particular fuel depends on the source of the crude oil 

as well as on the refinery. 

Although liquid hydrocarbon fuels are mixtures of many different hydrocarbons, they are usually 

considered to be a single hydrocarbon for convenience. For example, gasoline is treated as octane, 

C8H18, and the diesel fuel as dodecane, C12H26. Another common liquid hydrocarbon fuel is 

methyl alcohol, CH3OH, which is also called methanol and is used in some gasoline blends. The 

gaseous hydrocarbon fuel natural gas, which is a mixture of methane and smaller amounts of other 

gases, is often treated as methane, CH 4, for simplicity. 

Natural gas is produced from gas wells or oil wells rich in natural gas. It is composed mainly of 

methane, but it also contains small amounts of ethane, propane, hydrogen, helium, carbon dioxide, 

nitrogen, hydrogen sulfate, and water vapor. On vehicles, it is stored either in the gas phase at 

pressures of 150 to 250 atm as CNG (compressed natural gas), or in the liquid phase at 21628C as 

LNG (liquefied natural gas). Over a million vehicles in the world, mostly buses, run on natural gas. 

Liquefied petroleum gas (LPG) is a byproduct of natural gas processing or the crude oil refining. It 

consists mainly of propane and thus LPG is usually referred to as propane. However, it also contains 

varying amounts of butane, propylene, and butylenes. Propane is commonly used in fleet vehicles, 

taxis, school buses, and private cars. Ethanol is obtained from corn, grains, and organic waste. 

Methonal is produced mostly from natural gas, but it can also be obtained from coal and biomass. 

Both alcohols are commonly used as additives in oxygenated gasoline and reformulated fuels to 

reduce air pollution. 

Vehicles are a major source of air pollutants such as nitric oxides, carbon monoxide, and 

hydrocarbons, as well as the greenhouse gas carbon dioxide, and thus there is a growing shift in the 

transportation industry from the traditional petroleum-based fuels such as gaoline and diesel fuel to 

the cleaner burning alternative fuels friendlier to the environment such as natural gas, alcohols 

(ethanol and methanol), liquefied petroleum gas (LPG), and hydrogen. The use of electric and hybrid 

cars is also on the rise. A comparison of some alternative fuels for transportation to gasoline is given 

in Table 15–1. Note that the energy contents of alternative fuels per unit volume are lower than that 

of gasoline or diesel fuel, and thus  



 

the driving range of a vehicle on a full tank is lower when 

running on an alternative fuel. Also, when comparing cost, a 

realistic measure is the cost per unit energy rather than cost per 

unit volume. For example, methanol at a unit cost of $1.20/L may 

appear cheaper than gasoline at $1.80/L, but this is not the case 

since the cost of 10,000 kJ of energy is $0.57 for gasoline and 

$0.66 for methanol. A chemical reaction during which a fuel is 

oxidized and a large quantity of energy is released is called 

combustion. The oxidizer most often used in combustion 

processes is air, for obvious reasons—it is free and readily 

available. Pure oxygen O2 is used as an oxidizer only in some 

specialized applications, such as cutting and welding, where air 

cannot be used. Therefore, a few words about the composition of 

air are in order. 

On a mole or a volume basis, dry air is composed of 20.9 percent 

oxygen, 78.1 percent nitrogen, 0.9 percent argon, and small 

amounts of carbon dioxide, helium, neon, and hydrogen. In the 

analysis of combustion processes, the argon in the air is treated 

as nitrogen, and the gases that exist in trace amounts are 

disregarded. Then dry air can be approximated as 21 percent 

oxygen and 79 percent nitrogen by mole numbers.  

 

 
FIGURE 15–1 

Most liquid hydrocarbon fuels are 

obtained from crude oil by 

distillation. 

 

 
 FIGURE 15–2 

Each kmol of O 2 in air is 

accompanied by 3.76 kmol of N2.  

 

Therefore, each mole of oxygen entering a combustion chamber is accompanied by 0.79/0.21 5 3.76 

mol of nitrogen (Fig. 15–2). That is,  

 

During combustion, nitrogen behaves as an inert gas and does not react with other elements, other 

than forming a very small amount of nitric oxides. However, even then the presence of nitrogen 



 

greatly affects the outcome of a combustion process since nitrogen usually enters a combustion 

chamber in large quantities at low temperatures and exits at considerably higher temperatures, 

absorbing a large proportion of the chemical energy released during combustion. Throughout this 

chapter, nitrogen is assumed to remain perfectly inert. Keep in mind, however, that at very high 

temperatures, such as those encountered in internal combustion engines, a small fraction of nitrogen 

reacts with oxygen, forming hazardous gases such as nitric oxide.  

During a combustion process, the components that exist before the reaction are called reactants and 

the components that exist after the reaction are called products (Fig. 15–3). Consider, for example, 

the combustion of 1 kmol of carbon with 1 kmol of pure oxygen, forming carbon dioxide,  

 

Here C and O 2 are the reactants since they exist before combustion, and CO 2 is the product since it 

exists after combustion. Note that a reactant does not have to react chemically in the combustion 

chamber. For example, if carbon is burned with air instead of pure oxygen, both sides of the 

combustion equation will include N2. That is, the N2 will appear both as a reactant and as a product. 

We should also mention that bringing a fuel into intimate contact with oxygen is not sufficient to start 

a combustion process. (Thank goodness it is not. Otherwise, the whole world would be on fire now.) 

The fuel must be brought above its ignition temperature to start the combustion. The minimum 

ignition temperatures of various substances in atmospheric air are approximately 2608C for gasoline, 

4008C for carbon, 5808C for hydrogen, 6108C for carbon monoxide, and 6308C for methane. 

Moreover, the proportions of the fuel and air must be in the proper range for combustion to begin. 

For example, natural gas does not burn in air in concentrations less than 5 percent or greater than 

about 15 percent. 

As you may recall from your chemistry courses, chemical equations are balanced on the basis of the 

conservation of mass principle (or the mass balance), which can be stated as follows: The total 

mass of each element is conserved during a chemical reaction (Fig. 15–4). That is, the total mass of 

each element on the right-hand side of the reaction equation (the products) must be equal to the total 

mass of that element on the left-hand side (the reactants) even though the elements exist in different 

chemical compounds in the reactants and products. Also, the total number of atoms of each element 

is conserved during a chemical reaction since the total number of atoms is equal to the total mass of 

the element divided by its atomic mass. 

For example, both sides of Eq. 15–2 contain 12 kg of carbon and 32 kg of oxygen, even though the 

carbon and the oxygen exist as elements in the reactants and as a compound in the product. Also, the 

total mass of  

 
FIGURE 15–3 

In a steady-flow combustion process, the 

components that enter the reaction chamber are 

called reactants and the components that exit are 

called products.  

 
FIGURE 15–4 

The mass (and number of atoms) of each 

element is conserved during a chemical reaction.  

reactants is equal to the total mass of products, each being 44 kg. (It is common practice to round the 

molar masses to the nearest integer if great accuracy is not required.) However, notice that the total 



 

mole number of the reactants (2 kmol) is not equal to the total mole number of the products (1 kmol). 

That is, the total number of moles is not conserved during a chemical reaction. 

A frequently used quantity in the analysis of combustion processes to quantify the amounts of fuel 

and air is the air–fuel ratio AF. It is usually expressed on a mass basis and is defined as the ratio of 

the mass of air to the mass of fuel for a combustion process (Fig. 15–5). That is,  

 
The mass m of a substance is related to the number 

of moles N through the relation m 5 NM, where M is 

the molar mass. 

The air–fuel ratio can also be expressed on a mole 

basis as the ratio of the mole numbers of air to the 

mole numbers of fuel. But we will use the former 

definition. The reciprocal of air–fuel ratio is called 

the fuel–air ratio.  

 
FIGURE 15–5 

The air–fuel ratio (AF) represents the amount of air used 

per unit mass of fuel during a combustion process.  

 



 

15–2 ■ THEORETICAL AND ACTUAL COMBUSTION PROCESSES 

It is often instructive to study the combustion of a fuel by assuming that the combustion is complete. 

A combustion process is complete if all the carbon in the fuel burns to CO 2, all the hydrogen burns 

to H2O, and all the sulfur (if any) burns to SO2. That is, all the combustible components of a fuel are 

burned to completion during a complete combustion process (Fig. 15–7). Conversely, the combustion 

process is incomplete if the combustion products contain any unburned fuel or components such as 

C, H2, CO, or OH. 

Insufficient oxygen is an obvious reason for incomplete combustion, but it is not the only one. 

Incomplete combustion occurs even when more oxygen is present in the combustion chamber than is 

needed for complete combustion. This may be attributed to insufficient mixing in the combustion 

chamber during the limited time that the fuel and the oxygen are in contact. Another cause of 

incomplete combustion is dissociation, which becomes important at high temperatures. 

Oxygen has a much greater tendency to combine with hydrogen than it does with carbon. Therefore, 

the hydrogen in the fuel normally burns to completion, forming H2O, even when there is less oxygen 

than needed for complete combustion. Some of the carbon, however, ends up as CO or just as plain 

C particles (soot) in the products. 

The minimum amount of air needed for the complete combustion of a fuel is called the stoichiometric 

or theoretical air. Thus, when a fuel is completely burned with theoretical air, no uncombined 

oxygen is present in the product gases. The theoretical air is also referred to as the chemically correct 

amount of air, or 100 percent theoretical air. A combustion  

 
FIGURE 15–8 

The complete combustion process with no free oxygen in 

the products is called theoretical combustion.  

 
FIGURE 15–7 

A combustion process is complete if all the combustible 

components of the fuel are burned to completion.  

process with less than the theoretical air is bound to be incomplete. The ideal combustion process during which 

a fuel is burned completely with theoretical air is called the stoichiometric or theoretical combustion of that 

fuel (Fig. 15–8). For example, the theoretical combustion of methane is  

 

Notice that the products of the theoretical combustion contain no unburned methane and no C, H2, 

CO, OH, or free O2. 

In actual combustion processes, it is common practice to use more air than the stoichiometric amount 

to increase the chances of complete combustion or to control the temperature of the combustion 

chamber. The amount of air in excess of the stoichiometric amount is called excess air. The amount 

of excess air is usually expressed in terms of the stoichiometric air as percent excess air or percent 

theoretical air. For example, 50 percent excess air is equivalent to 150 percent theoretical air, and 

200 percent excess air is equivalent to 300 percent theoretical air. Of course, the stoichiometric air 

can be expressed as 0 percent excess air or 100 percent theoretical air. Amounts of air less than the 

stoichiometric amount are called deficiency of air and are often expressed as percent deficiency of 

air. For example, 90 percent theoretical air is equivalent to 10 percent deficiency of air. The amount 

of air used in combustion processes is also expressed in terms of the equivalence ratio, which is the 

ratio of the actual fuel–air ratio to the stoichiometric fuel–air ratio. 

Predicting the composition of the products is relatively easy when the combustion process is assumed 

to be complete and the exact amounts of the fuel and air used are known. All one needs to do in this  



 

case is simply apply the mass balance to each element that 

appears in the combustion equation, without needing to take 

any measurements. Things are not so simple, however, when 

one is dealing with actual combustion processes. For one 

thing, actual combustion processes are hardly ever 

complete, even in the presence of excess air. Therefore, it is 

impossible to predict the composition of the products on the 

basis of the mass balance alone. Then the only alternative 

we have is to measure the amount of each component in the 

products directly. 

A commonly used device to analyze the composition of 

combustion gases is the Orsat gas analyzer. 

 
FIGURE 15–9 

Determining the mole fraction of the CO 2 

in combustion gases by using the Orsat gas 

analyzer  

. In this device, a sample of the combustion gases is collected and cooled to room temperature and 

pressure, at which point its volume is measured. The sample is then brought into contact with a 

chemical that absorbs the CO 2. The remaining gases are returned to the room temperature and 

pressure, and the new volume they occupy is measured. The ratio of the reduction in volume to the 

original volume is the volume fraction of the CO 2, which is equivalent to the mole fraction if ideal-

gas behavior is assumed (Fig. 15–9). The volume fractions of the other gases are determined by 

repeating this procedure. In Orsat analysis the gas sample is collected over water and is maintained 

saturated at all times. Therefore, the vapor pressure of water remains constant during the entire test. 

For this reason the presence of water vapor in the test chamber is ignored and data are reported on a 

dry basis. However, the amount of H2O formed during combustion is easily determined by balancing 

the combustion equation.  

 



 

 

 

 

 



 

 

 



 

 



 

 



 

15–3 ■ ENTHALPY OF FORMATION AND ENTHALPY OF COMBUSTION 

We mentioned in Chap. 2 that the molecules of a system possess energy in various forms such as 

sensible and latent energy (associated with a change of state), chemical energy (associated with the 

molecular structure), and nuclear energy (associated with the atomic structure), as illustrated in Fig. 

15–13. In this text we do not intend to deal with nuclear energy. We also ignored chemical energy 

until now since the systems considered in previous chapters involved no changes in their chemical 

structure, and thus no changes in chemical energy. Consequently, all we needed to deal with were the 

sensible and latent energies. 

During a chemical reaction, some chemical bonds that bind the atoms into molecules are broken, and 

new ones are formed. The chemical energy associated with these bonds, in general, is different for 

the reactants and the products. Therefore, a process that involves chemical reactions involves changes 

in chemical energies, which must be accounted for in an energy balance (Fig. 15–14). Assuming the 

atoms of each reactant remain intact (no nuclear reactions) and disregarding any changes in kinetic 

and potential energies, the energy change of a system during a chemical reaction is due to a change 

in state and a change in chemical composition. That is,  

 

 
FIGURE 15–13 

The microscopic form of energy of a substance consists of 

sensible, latent, chemical, and nuclear energies  

 
FIGURE 15–14 

When the existing chemical bonds are destroyed and new 

ones are formed during a combustion process, usually a 

large amount of sensible energy is absorbed or released.  

 

 Therefore, when the products formed during a chemical reaction exit the reaction chamber at the 

inlet state of the reactants, we have DEstate 5 0 and the energy change of the system in this case is 

due to the changes in its chemical composition only. 

In thermodynamics we are concerned with the changes in the energy of a system during a process, 

and not the energy values at the particular states. Therefore, we can choose any state as the reference 

state and assign a value of zero to the internal energy or enthalpy of a substance at that state. When a 

process involves no changes in chemical composition, the reference state chosen has no effect on the 

results. When the process involves chemical reactions, however, the composition of the system at the 

end of a process is no longer the same as that at the beginning of the process. In this case it becomes 

necessary to have a common reference state for all substances. The chosen reference state is 258C 

(778F) and 1 atm, which is known as the standard reference state. Property values at the standard 

reference state are indicated by a superscript (8) (such as h8 and u8). 

When analyzing reacting systems, we must use property values relative to the standard reference 

state. However, it is not necessary to prepare a new set of property tables for this purpose. We can 

use the existing tables by subtracting the property values at the standard reference state from the 

values at the specified state. The ideal-gas enthalpy of N2 at 500 K relative to the standard reference 

state, for example, is h# 500 K 2 h#8 5 14,581 2 8669 5 5912 kJ/kmol. 

Consider the formation of CO 2 from its elements, carbon and oxygen, during a steady-flow 

combustion process (Fig. 15–15). Both the carbon and the oxygen enter the combustion chamber at 

258C and 1 atm. The CO2 formed during this process also leaves the combustion chamber at 258C 

and 1 atm. The combustion of carbon is an exothermic reaction (a reaction during  



 

which chemical energy is released in the form of heat). Therefore, some heat is transferred from the 

combustion chamber to the surroundings during this process, which is 393,520 kJ/kmol CO2 formed. 

(When one is dealing with chemical reactions, it is more convenient to work with quantities per unit 

mole than per unit time, even for steady-flow processes.) 

The process described above involves no work interactions. Therefore, from the steady-flow energy 

balance relation, the heat transfer during this process must be equal to the difference between the 

enthalpy of the products and the enthalpy of the reactants. That is,  

 
Since both the reactants and the products are at the same state, the enthalpy change during this process 

is solely due to the changes in the chemical composition of the system. This enthalpy change is 

different for different reactions, and it is very desirable to have a property to represent the changes in 

chemical energy during a reaction. This property is the enthalpy of reaction h R, which is defined as 

the difference between the enthalpy of the products at a specified state and the enthalpy of the 

reactants at the same state for a complete reaction. 

For combustion processes, the enthalpy of reaction is usually referred to as the enthalpy of 

combustion hC, which represents the amount of heat released during a steady-flow combustion 

process when 1 kmol (or 1 kg) of fuel is burned completely at a specified temperature and pressure 

(Fig. 15–16). It is expressed as  

 
which is 2393,520 kJ/kmol for carbon at the standard reference state. The enthalpy of combustion of 

a particular fuel is different at different temperatures and pressures. 

The enthalpy of combustion is obviously a very useful property for analyzing the combustion 

processes of fuels. However, there are so many different fuels and fuel mixtures that it is not practical 

to list hC values for all possible cases. Besides, the enthalpy of combustion is not of much use when 

the combustion is incomplete. Therefore a more practical approach would be to have a more 

fundamental property to represent the chemical energy of an element or a compound at some 

reference state. This property is the enthalpy of formation h# f, which can be viewed as the enthalpy 

of a substance at a specified state due to its chemical composition. 

To establish a starting point, we assign the enthalpy of formation of all stable elements (such as O2, 

N2, H2, and C) a value of zero at the standard reference state of 258C and 1 atm. That is, h# f 5 0 for 

all stable elements. (This is no different from assigning the internal energy of saturated liquid water 

a value of zero at 0.018C.) Perhaps we should clarify what we mean by stable. The stable form of an 

element is simply the chemically stable form of that element at 258C and 1 atm. Nitrogen, for 

example, exists in diatomic form (N2) at 258C and 1 atm. Therefore, the stable form of nitrogen at 

the standard reference state is diatomic nitrogen N2, not monatomic nitrogen N. If an element exists 

in more than one  

 
FIGURE 15–15 

The formation of CO 2 during a steady-

flow combustion process at 258C and 1 

atm.  

 
FIGURE 15–16 The enthalpy of combustion represents 

the amount of energy released as a fuel is burned during 

a steady-flow process at a specified state.  



 

stable form at 258C and 1 atm, one of the forms should be specified as the stable form. For carbon, 

for example, the stable form is assumed to be graphite, not diamond. 

Now reconsider the formation of CO 2 (a compound) from its elements C and O 2 at 258C and 1 atm 

during a steady-flow process. The enthalpy change during this process was determined to be 2393,520 

kJ/kmol. However, Hreact 5 0 since both reactants are elements at the standard reference state, and 

the products consist of 1 kmol of CO2 at the same state. Therefore, the enthalpy of formation of CO2 

at the standard reference state is 2393,520 kJ/kmol (Fig. 15–17). That is,  

 
The negative sign is due to the fact that the enthalpy of 1 kmol of CO2 at 258C and 1 atm is 393,520 

kJ less than the enthalpy of 1 kmol of C and 1 kmol of O 2 at the same state. In other words, 393,520 

kJ of chemical energy is released (leaving the system as heat) when C and O2 combine to form 1 

kmol of CO 2. Therefore, a negative enthalpy of formation for a compound indicates that heat is 

released during the formation of that compound from its stable elements. A positive value indicates 

heat is absorbed. 

You will notice that two h#8 f values are given for H2O in Table A–26, one for liquid water and the 

other for water vapor. This is because both phases of H 2O are encountered at 258C, and the effect 

of pressure on the enthalpy of formation is small. (Note that under equilibrium conditions, water 

exists only as a liquid at 258C and 1 atm.) The difference between the two enthalpies of formation is 

equal to the hfg of water at 258C, which is 2441.7 kJ/kg or 44,000 kJ/kmol. 

Another term commonly used in conjunction with the combustion of fuels is the heating value of the 

fuel, which is defined as the amount of heat released when a fuel is burned completely in a steady-

flow process and the products are returned to the state of the reactants. In other words, the heating 

value of a fuel is equal to the absolute value of the enthalpy of combustion of the fuel. That is,  

 
The heating value depends on the phase of the H2O in the products. The heating value is called the 

higher heating value (HHV) when the H2O in the products is in the liquid form, and it is called the 

lower heating value (LHV) when the H2O in the products is in the vapor form (Fig. 15–18). The 

two heating values are related by  

 
where m is the mass of H 2O in the products per unit mass of fuel and hfg is the enthalpy of 

vaporization of water at the specified temperature. Higher and lower heating values of common fuels 

are given in Table A–27. 

The heating value or enthalpy of combustion of a fuel can be determined from a knowledge of the 

enthalpy of formation for the compounds involved. This is illustrated with the following example.  

 
FIGURE 15–17 

The enthalpy of formation of a compound 

represents the amount of energy absorbed or 

released as the component is formed from its 

stable elements during a steady-flow process at 

a specified state.  

 
FIGURE 15–17 

The enthalpy of formation of a compound represents the amount of 

energy absorbed or released as the component is formed from its 

stable elements during a steady-flow process at a specified state.  



 

 

15–4 ■ FIRST-LAW ANALYSIS OF REACTING SYSTEMS 
The energy balance (or the first-law) relations developed in Chaps. 4 and 5 are applicable to both 

reacting and nonreacting systems. However, chemically reacting systems involve changes in their 

chemical energy, and thus it is more convenient to rewrite the energy balance relations so that the 

changes in chemical energies are explicitly expressed. We do this first for steady-flow systems and 

then for closed systems. 

Steady-Flow Systems 

Before writing the energy balance relation, we need to express the enthalpy of a component in a form 

suitable for use for reacting systems. That is, we need to express the enthalpy such that it is relative 

to the standard reference state and the chemical energy term appears explicitly. When expressed 

properly, the enthalpy term should reduce to the enthalpy of formation h8f at the standard reference 

state. With this in mind, we express the enthalpy of a component on a unit mole basis as (Fig. 15–20)  

 
where the term in the parentheses represents the sensible enthalpy relative to the standard reference 

state, which is the difference between h# (the sensible enthalpy at the specified state) and h8 (the 

sensible enthalpy at the standard reference state of 258C and 1 atm). This definition enables us to use 

enthalpy values from tables regardless of the reference state used in their construction. 

When the changes in kinetic and potential energies are negligible, the steadyflow energy balance 

relation Ein = Eout can be expressed for a chemically reacting steady-flow system more explicitly as  

 



 

where np and nr  

r represent the molal flow rates of the product p and the reactant r, respectively. 

In combustion analysis, it is more convenient to work with quantities expressed per mole of fuel. Such 

a relation is obtained by dividing each term of the equation above by the molal flow rate of the fuel, 

yielding  

 
where N r and Np represent the number of moles of the reactant r and the product p, respectively, per 

mole of fuel. Note that Nr 5 1 for the fuel, and the other N r and Np values can be picked directly 

from the balanced combustion equation. Taking heat transfer to the system and work done by the 

system to be positive quantities, the energy balance relation just discussed can be expressed more 

compactly as  

 
If the enthalpy of combustion hC8 for a particular reaction is available, the steady-flow energy 

equation per mole of fuel can be expressed as  

 
The energy balance relations above are sometimes written without the work term since most steady-

flow combustion processes do not involve any work interactions. A combustion chamber normally 

involves heat output but no heat input. Then the energy balance for a typical steady-flow combustion 

process becomes  

 
It expresses that the heat output during a combustion process is simply the difference between the 

energy of the reactants entering and the energy of the products leaving the combustion chamber. 

Closed Systems 

The general closed-system energy balance relation Ein 2 Eout 5 DEsystem can be expressed for a 

stationary chemically reacting closed system as  

FIGURE 15–20 The 

enthalpy of a chemical 

component at a specified 

state is the sum of the 

enthalpy of the 

component at 258C, 1 

atm (h8f), and the 

sensible enthalpy of the 

component relative to 

258C, 1 atm  

 

FIGURE 15–21 

An expression for the internal energy 

of a chemical component in terms of 

the enthalpy.  



 

 
where U prod represents the internal energy of the products and Ureact represents the internal energy 

of the reactants. To avoid using another property— the internal energy of formation u#f8 —we utilize 

the definition of enthalpy (u# 5 h 2 Pv or u#f8 1 u# 2 u#8 5 hf8 1 h 2 h8 2 Pv#) and express the above 

equation as (Fig. 15–21)  

 
where we have taken heat transfer to the system and work done by the system to be positive quantities. 

The Pv terms are negligible for solids and liquids, and can be replaced by RuT for gases that behave 

as an ideal gas. Also, if desired, the h 2 Pv terms in Eq. 15–15 can be replaced by u#. The work term 

in Eq. 15–15 represents all forms of work, including the boundary work. It was shown in Chap. 4 that 

DU 1 Wb 5 DH for nonreacting closed systems undergoing a quasi-equilibrium P 5 constant 

expansion or compression process. This is also the case for chemically reacting systems. There are 

several important considerations in the analysis of reacting systems. For example, we need to know 

whether the fuel is a solid, a liquid, or a gas since the enthalpy of formation hf8 of a fuel depends on 

the phase of the fuel. We also need to know the state of the fuel when it enters the combustion chamber 

in order to determine its enthalpy. For entropy calculations it is especially important to know if the 

fuel and air enter the combustion chamber premixed or separately. When the combustion products 

are cooled to low temperatures, we need to consider the possibility of condensation of some of the 

water vapor in the product gases.  

 

 



 

 

 



 

 

 



 

15–5 ■ ADIABATIC FLAME TEMPERATURE  

In the absence of any work interactions and any changes in kinetic or potential energies, the chemical 

energy released during a combustion process either is lost as heat to the surroundings or is used 

internally to raise the temperature of the combustion products. The smaller the heat loss, the larger 

the temperature rise. In the limiting case of no heat loss to the surroundings (Q 5 0), the temperature 

of the products reaches a maximum, which is called the adiabatic flame or adiabatic combustion 

temperature of the reaction (Fig. 15–24). 

The adiabatic flame temperature of a steady-flow combustion process is determined from Eq. 15–11 

by setting Q = 0 and W = 0. It yields  

 

 

 
Once the reactants and their states are specified, 

the enthalpy of the reactants H react can be easily 

determined. The calculation of the enthalpy of the 

products Hprod is not so straightforward, 

however, because the temperature of the products 

is not known prior to the calculations. Therefore, 

the determination of the adiabatic flame 

temperature requires the use of an iterative 

technique unless equations for the sensible 

enthalpy changes of the combustion products are 

available. A temperature is assumed for the 

product gases, and the Hprod is determined for 

this temperature. If it is not equal to H react, 

calculations are repeated with another 

temperature. The adiabatic flame temperature is 

then determined from these two results by 

interpolation. When the oxidant is air, the product 

gases mostly consist of N2, and a good first guess 

for the adiabatic flame temperature is obtained by 

treating the entire product gases as N2. 

 
FIGURE 15–24 

The temperature of a combustion chamber 

becomes maximum when combustion is 

complete and no heat is lost to the 

surroundings (Q =0).  

 
FIGURE 15–25 

The maximum temperature encountered in a 

combustion chamber is lower than the theoretical 

adiabatic flame temperature.  

In combustion chambers, the highest temperature to which a material can be exposed is limited by 

metallurgical considerations. Therefore, the adiabatic flame temperature is an important consideration 

in the design of combustion chambers, gas turbines, and nozzles. The maximum temperatures that 

occur in these devices are considerably lower than the adiabatic flame temperature, however, since 

the combustion is usually incomplete, some heat loss takes place, and some combustion gases 

dissociate at high temperatures (Fig. 15–25). The maximum temperature in a combustion chamber 

can be controlled by adjusting the amount of excess air, which serves as a coolant. 

Note that the adiabatic flame temperature of a fuel is not unique. Its value depends on (1) the state of 

the reactants, (2) the degree of completion of the reaction, and (3) the amount of air used. For a 

specified fuel at a specified state burned with air at a specified state, the adiabatic flame temperature 

attains its maximum value when complete combustion occurs with the theoretical amount of air.  



 

 



 

 
15–6 ■ ENTROPY CHANGE OF REACTING SYSTEMS 

So far we have analyzed combustion processes from the conservation of mass and the conservation 

of energy points of view. The thermodynamic analysis of a process is not complete, however, without 



 

the examination of the second-law aspects. Of particular interest are the exergy and exergy 

destruction, both of which are related to entropy. 

The entropy balance relations developed in Chap. 7 are equally applicable to both reacting and 

nonreacting systems provided that the entropies of individual constituents are evaluated properly 

using a common basis.  
The entropy balance for any system (including reacting systems) undergoing any process can be expressed as  

 
Using quantities per unit mole of fuel and taking the positive 

direction of heat transfer to be to the system, the entropy 

balance relation can be expressed more explicitly for a closed 

or steady-flow reacting system as (Fig. 15–27)  

 

 
FIGURE 15–27 

The entropy change associated with a 

chemical relation.  

where T k is temperature at the boundary where Qk crosses it. For an adiabatic process (Q 5 0), the 

entropy transfer term drops out and Eq. 15–19 reduces to  

 

The total entropy generated during a process can be determined by applying the entropy balance to 

an extended system that includes the system itself and its immediate surroundings where external 

irreversibilities might be occurring. When evaluating the entropy transfer between an extended 

system and the surroundings, the boundary temperature of the extended system is simply taken to be 

the environment temperature, as explained in Chap. 7. 

The determination of the entropy change associated with a chemical reaction seems to be 

straightforward, except for one thing: The entropy relations for the reactants and the products involve 

the entropies of the components, not entropy changes, which was the case for nonreacting systems. 

Thus we are faced with the problem of finding a common base for the entropy of all substances, as 

we did with enthalpy. The search for such a common base led to the establishment of the third law 

of thermodynamics in the early part of this century. The third law was expressed in Chap. 7 as 

follows: The entropy of a pure crystalline substance at absolute zero temperature is zero. 

Therefore, the third law of thermodynamics provides an absolute base for the entropy values for all 

substances. Entropy values relative to this base are called the absolute entropy. The s8 values listed 

in Tables A–18 through A–25 for various gases such as N2, O2, CO, CO2, H2, H2O, OH, and O are 

the ideal-gas absolute entropy values at the specified temperature and at a pressure of 1 atm. The 

absolute entropy values for various fuels are listed in Table A–26 together with the h8f values at the 

standard reference state of 258C and 1 atm. 

Equation 15–20 is a general relation for the entropy change of a reacting system. It requires the 

determination of the entropy of each individual component of the reactants and the products, which 

in general is not very easy to do. The entropy calculations can be simplified somewhat if the gaseous 

components of the reactants and the products are approximated as ideal gases. However, entropy 

calculations are never as easy as enthalpy or internal energy calculations, since entropy is a function 

of both temperature and pressure even for ideal gases. 

When evaluating the entropy of a component of an ideal-gas mixture, we should use the temperature 

and the partial pressure of the component.  

Note that the temperature of a component is the same as the temperature of the mixture, and the partial 

pressure of a component is equal to the mixture pressure multiplied by the mole fraction of the 

component. 

 



 

Absolute entropy values at pressures other than P0 5 1 atm for 

any temperature T can be obtained from the ideal-gas entropy 

change relation written for an imaginary isothermal process 

between states (T, P0) and (T, P), as illustrated in Fig. 15–28:  

 
For the component i of an ideal-gas mixture, this relation can 

be written as  

 
where P 0 = 1 atm, Pi is the partial pressure, yi is the mole 

fraction of the component, and Pm is the total pressure of the 

mixture. 

If a gas mixture is at a relatively high pressure or low 

temperature, the deviation from the ideal-gas behavior should 

be accounted for by incorporating more accurate equations of 

state or the generalized entropy charts.  

 
FIGURE 15–28 

At a specified temperature, the absolute 

entropy of an ideal gas at pressures 

other than P0 5 1 atm can be determined 

by subtracting R u ln (P/P0) from the 

tabulated value at 1 atm.  

15–7 ■ SECOND-LAW ANALYSIS OF REACTING SYSTEMS 
Once the total entropy change or the entropy generation is evaluated, the exergy destroyed Xdestroyed associated 

with a chemical reaction can be determined from  

 
where T 0 is the thermodynamic temperature of the surroundings. 

When analyzing reacting systems, we are more concerned with the changes in the exergy of reacting systems 

than with the values of exergy at various states (Fig. 15–29). Recall from Chap. 8 that the reversible work 

Wrev represents the maximum work that can be done during a process. In the absence of any changes in kinetic 

and potential energies, the reversible work relation for a steady-flow combustion process that involves heat 

transfer with only the surroundings at T0 can be obtained by replacing the enthalpy terms by  

yielding  

 
An interesting situation arises when both the reactants and the products are at the temperature of the 

surroundings T0. In that case  , which is, by definition, 

the Gibbs function of a unit mole of a substance at temperature T0. The Wrev relation in this case can be written 

as  

 
 

 
FIGURE 15–29 The difference between the 

exergy of the reactants and of the products 

during a chemical reaction is the reversible 

work associated with that reaction.  



 

 

 



 

 

 



 

 

 



 

 

 



 

 
 

 


