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Thermodynamics can be defined as the science of 

energy . The name thermodynamics stems from the 

Greek words therme (heat) and dynamis (power) 

 

Energy can be viewed as the ability to cause 

changes. 

One of the most fundamental laws of nature is the 

Conservation of energy principle. It simply states 

that during an interaction, energy can change from 

one form to another but the total amount of energy 

remains constant. That is, energy cannot be created 

or destroyed. 

A rock falling off a cliff, for example, picks up 

speed as a result of its potential energy being 

converted to kinetic energy (Fig. 1–1). 

 

The First law of thermodynamics is simply an 

expression of the conservation of energy principle, 

and it asserts that energy is a thermodynamic 

property. 

A person who has a greater energy input (food) 

than energy output (exercise) will gain weight 

(store energy in the form of fat), and a person who 

has a smaller energy input than output will lose 

weight (Fig. 1–2). 

 

The Second law of thermodynamics asserts that 

energy has quality as well as quantity, and actual 

processes occur in the direction of decreasing 

quality of energy.  

For example, a cup of hot coffee left on a table 

eventually cools, but a cup of cool coffee in the 

same room never gets hot by itself (Fig. 1–3). 

 
FIGURE 1–3 

Heat flows in the direction of decreasing 

temperature. 

 
 

FIGURE 1–1 

Energy cannot be created or destroyed; it can only 

change forms (the first law) 

 

 

 
FIGURE 1–2 

Conservation of energy principle for the human 

body 

 



 

 

This macroscopic approach to the study of thermodynamics that does not require a knowledge of 

the behavior of individual particles is called classical thermodynamics. It provides a direct and 

easy way to the solution of engineering problems.  

A more elaborate approach, based on the average behavior of large groups of individual particles, 

is called statistical thermodynamics. This microscopic approach is rather involved and is used in 

this text only in the supporting role. 

1.1 Application Areas of Thermodynamics 

Thermodynamics is commonly encountered in many 

engineering systems and other aspects of life, and one 

does not need to go very far to see some application 

areas of it. In fact, one does not need to go anywhere. 

The heart is constantly pumping blood to all parts of 

the human body, various energy conversions occur in 

trillions of body cells, and the body heat generated is 

constantly rejected to the environment. The human 

comfort is closely tied to the rate of this metabolic heat 

rejection. We try to control this heat transfer rate by 

adjusting our clothing to the environmental 

conditions. Other applications of thermodynamics are 

right where one lives. An ordinary house is, in some 

respects, an exhibition hall filled with wonders of 

thermodynamics (Fig. 1–4). 

 

 
FIGURE 1–4 

The design of many engineering systems, such 

as this solar hot water system, involves 

thermodynamics. 

 

1.2 IMPORTANCE OF DIMENSIONS AND UNITS 

Any physical quantity can be characterized by dimensions. The magnitudes assigned to the 

dimensions are called units. Some basic dimensions such as mass m, length L, time t, and 

temperature T are selected as primary or fundamental dimensions, while others such as velocity 

V, energy E, and volume V are expressed in terms of the primary dimensions and are called 

secondary dimensions, or derived dimensions. A number of unit systems have been developed 

over the years. Despite strong efforts in the scientific and engineering community to unify the 

world with a single unit system, two sets of units are still in common use today: The English 

system, which is also known as the United States. 



 

 

 

 

 
FIGURE 1–5 

Some application areas of thermodynamics 

 

1.3 Some SI and English Units 

 
As pointed out, the SI is based on a decimal 

relationship between units. The prefixes used to 

express the multiples of the various units are listed in 

Table 1–2. They are standard for all units, and the 

student is encouraged to memorize them because of 

their widespread use (Fig. 1–6). 

 

1 Ibm = 0.45359 kg 

 

1 ft = 0.3048 m 

 

 
FIGURE 1–6 

The SI unit prefixes are used in all branches 

of engineering.  



 

 

In SI, the force unit is the newton (N), and it is defined 

as the force required to accelerate a mass of 1 kg at a 

rate of 1 m/s2. In the English system, the force unit is 

the pound-force (lbf) and is defined as the force 

required to accelerate a mass of 32.174 lbm (1 slug) at 

a rate of 1 ft/s2 (Fig. 1–7).   

 

                  F = (Mass) (acceleration) 

                          F = m × a 

                    1 N = 1 Kg . m /s2 

                  1 Ibf = 32.174 Ibm . ft/s2 

 

 
FIGURE 1–7 The definition of the force units. 

 

A force of 1 N is roughly equivalent to the weight of a 

small apple (m = 102 g), whereas a force of 1 lbf is 

roughly equivalent to the weight of our medium apples 

(mtotal = 454 g) as shown in Fig. 1–8. Another force 

unit in common use in many European countries is the 

kilogram-force (kgf), which is the weight of 1 kg mass 

at sea level (1 kgf = 9.807 N). 

 

 

FIGURE 1–8 

The relative 

magnitudes of 

the force units 

newton (N), 

kilogram-

force (kgf), 

and pound-

force (lbf) 

 

 

 
 

 



 

 

The term weight is often incorrectly used to express 

mass, particularly by the “weight watchers.” Unlike 

mass, weight W is a force. It is the gravitational force 

applied to a body, and its magnitude is determined 

from Newton’s second law, 

W = m g (N) 

A body weighs less on top of a mountain since g 

decreases with altitude. On the surface of the moon, an 

astronaut weighs about one sixth of what she or he 

normally weighs on earth (Fig. 1–9). 

At sea level a mass of 1 kg weighs 9.807 N, as 

illustrated in Fig. 1–10. A mass of 1 lbm, however, 

weighs 1 lbf, which misleads people to believe that 

pound-mass and pound-force can be used 

interchangeably as pound (lb), which is a major source 

of error in the English system. 

Work, which is a form of energy, can simply be defined 

as force times distance; therefore, it has the unit 

“newton-meter (N·m),” which is called a joule (J). That 

is,                                1 J = 1 N·m 

1 KJ = 103  J 

 

In the English system, the energy unit is the Btu 

(British thermal unit), which is defined as the energy 

required to raise the temperature of 1 lbm of water at 

68°F by 1°F. In the metric system, the amount of 

energy needed to raise the temperature of 1 g of water 

at 14.5°C by 1°C is defined as 1 calorie (cal), 

                              1 cal = 4.1868 J.  

1 Btu = 1.0551 kJ 

 

The unit for time rate of energy is joule per second (J/s), 

which is called a watt (W). 

 
FIGURE 1–9 

A body weighing 150 lbf on earth will weigh 

only 25 lbf on the moon. 

 

 
FIGURE 1–10 

The weight of a unit mass at sea level. 

 

 
FIGURE 1–11 

Always check the units in your calculations 

 



 

 

1.5  SYSTEMS AND CONTROL VOLUMES 

A system is defined as a quantity of matter or a region in space chosen for study. The mass or 

region outside the system is called the surroundings. The real or imaginary surface that separates 

the system from its surroundings is called the boundary (Fig. 1–12). The boundary of a system 

can be fixed or movable. Note that the boundary is the contact surface shared by both the system 

and the surroundings. Mathematically speaking, the boundary has zero thickness, and thus it can 

neither contain any mass nor occupy any volume in space. Systems may be considered to be closed 

or open, depending on whether a fixed mass or a fixed volume in space is chosen for study. A 

closed system (also known as a control mass or just system when the context makes it clear) 

consists of a fixed amount of mass, and no mass can cross its boundary. That is, no mass can enter 

or leave a closed system, as shown in Fig. 1–13. But energy, in the form of heat or work, can cross 

the boundary; and the volume of a closed system does not have to be fixed. If, as a special case, 

even energy is not allowed to cross the boundary, that system is called an isolated system. 

Consider the piston-cylinder device shown in Fig. 1–14. Let us say that we would like to find out 

what happens to the enclosed gas when it is heated. Since we are focusing our attention on the gas, 

it is our system. The inner surfaces of the piston and the cylinder form the boundary, and since no 

mass is crossing this boundary, it is a closed system. Notice that energy may cross the boundary, 

and part of the boundary (the inner surface of the piston, in this case) may move. Everything 

outside the gas, including the piston and the cylinder, is the surroundings. 

 

 
FIGURE 1–12 

System, surroundings, 

and boundary. 
 

FIGURE 1–13 

Mass cannot cross the boundaries 

of a closed system, but energy can. 

 
FIGURE 1–14 

A closed system with a moving 

boundary. 

 

 

An open system, or a control volume, as it is often called, is a properly selected region in space. It 

usually encloses a device that involves mass flow such as a compressor, turbine, or nozzle. Flow 

through these devices is best studied by selecting the region within the device as the control 

volume. Both mass and energy can cross the boundary of a control volume. 



 

 

In the case of a nozzle, the inner surface of 

the nozzle forms the real part of the boundary, 

and the entrance and exit areas form the 

imaginary part, since there are no physical 

surfaces there (Fig. 1–15a). 

control volume can be fixed in size and shape, 

as in the case of a nozzle, or it may involve a 

moving boundary, as shown in Fig. 1–15b. 

As an example of an open system, consider the 

water heater shown in Fig. 1–16. 

 

 
FIGURE 1–16 

An open system (a control volume) with one 

inlet and one exit. 

 
 

 
 

FIGURE 1–15 

A control volume can involve fixed, moving, 

real, and imaginary boundaries. 

 

1.6  PROPERTIES OF A SYSTEM 

Any characteristic of a system is called a property. Some familiar properties are pressure P, 

temperature T, volume V, and mass m. The list can be extended to include less familiar ones such 

as viscosity, thermal conductivity, modulus of elasticity, thermal expansion coefficient, electric 

resistivity, and even velocity and elevation 



 

 

Properties are considered to be either intensive or 

extensive. Intensive properties are those that are 

independent of the mass of a system, such as 

temperature, pressure, and density. Extensive 

properties are those whose values depend on the 

size or extent of the system.as shown in Fig. 1–17. 

Extensive properties per unit mass are called specific 

properties. Some examples of specific properties 

are specific volume (v = V/m) and specific total 

energy (e =E/m). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE1–17 Criterion to differentiate 

intensive and extensive properties. 

 

1.6  STATE AND EQUILIBRIUM 

Thermodynamics deals with equilibrium states.  

 

The word equilibrium implies a state of balance. In 

an equilibrium state there are no unbalanced 

potentials (or driving forces) within the system. 

 

thermal equilibrium if the temperature is the 

same throughout the entire system, as shown in 

Fig. 1–18.   

Mechanical equilibrium is related to pressure, 

and a system is in mechanical equilibrium if there 

is no change in pressure at any point of the system 

with time 

If a system involves two phases, it is in phase 

equilibrium when the mass of each phase reaches 

an equilibrium level and stays there  

 

chemical equilibrium if its chemical composition 

does not change with time, that is, no chemical 

reactions occur. 

 

 

 

 

 
FIGURE 1–18 

A closed system reaching thermal 

equilibrium. 

 



 

 

1.7 PROCESSES AND CYCLES 

Any change that a system undergoes from one equilibrium state to another is called a process, and 

the series of states through which a system passes during a process is called the path of the process 

(Fig. 1–19). When a process proceeds in such a manner that the system remains infinitesimally 

close to an equilibrium state at all times, it is called a quasi-static, or quasi-equilibrium, process. 

 

 
FIGURE 1–20 

Quasi-equilibrium and non quasi equilibrium 

compression processes. 

 
standards to which actual processes can be 

compared. Process diagrams plotted by employing 

thermodynamic properties as coordinates are very 

useful in visualizing the processes. Some common 

properties that are used as coordinates are 

temperature T, pressure P, and volume V (or 

specific volume v). Figure 1–21 shows the P-V 

diagram of a compression process of a gas. 

 

An isothermal process, for example, is a 

process during which the temperature T 

remains constant; an isobaric process is a 

process during which the pressure P remains 

constant; and an isochoric (or isometric) 

process is a process during which the specific 

volume v remains constant. 

A system is said to have undergone a cycle if 

it returns to its initial state at the end of the 

process. That is, for a cycle the initial and final 

states are identical. 

 
FIGURE 1–19 

A process between states 1 and 2 and the 

process path. 
 

 
FIGURE 1–21 

The P-V diagram of a compression process. 



 

 

1.8 The Steady-Flow Process 

The terms steady and uniform are used 

frequently in engineering, and thus it is 

important to have a clear understanding of 

their meanings. The term steady implies no 

change with time. The opposite of steady is 

unsteady, or transient. The term uniform, 

however, implies no change with location over a 

specified region. These meanings are consistent 

with their everyday use (steady girlfriend, uniform 

properties, etc.) 

large number of engineering devices operate 

for long periods of time under the same 

conditions, and they are classified as steady-

flow devices  

steady-flow process, which can be defined as a 

process during which a fluid flows through a 

control volume steadily (Fig. 1–22) .That is, 

the fluid properties can change from point to 

point within the control volume, but at any 

fixed point they remain the same during the 

entire process. Therefore, the volume V, the 

mass m, and the total energy content E of the 

control volume remain constant during a 

steady flow process (Fig. 1–23) 
Steady-flow conditions can be closely 

approximated by devices that are intended for 

continuous operation such as turbines, pumps, 

boilers, condensers, and heat exchangers or power 

plants or refrigeration systems. 

 

 
FIGURE 1–24 

Two bodies reaching thermal equilibrium 

after being brought into contact in an isolated 

enclosure. 

 
FGURE1–22 During a steady-flow process, 

fluid properties within the control volume may 

change with position but not with time. 

 

 
FIGURE 1–23 Under steady-flow conditions, 

the mass and energy contents of a control 

volume remain constant  

 
That is, when a body is brought into contact with 

another body that is at a different temperature, heat 

is transferred from the body at higher temperature 

to the one at lower temperature until both bodies 

attain the same temperature (Fig. 1–24). 

At that point, the heat transfer stops, and the 

two bodies are said to have reached thermal 

equilibrium 

 



 

 

1.8 TEMPERATURE AND THE ZEROTH LAW OF THERMODYNAMICS 

The zeroth law of thermodynamics states that if two bodies are in thermal equilibrium with a 

third body, they are also in thermal equilibrium with each other.  

By replacing the third body with a thermometer, the zeroth law can be restated as two bodies are 

in thermal equilibrium if both have the same temperature reading even if they are not in contact 

1.8 Temperature Scales 

All temperature scales are based on some easily reproducible states such as the 

freezing and boiling points of water, which are also called the ice point and the steam point, 

respectively. A mixture of ice and water that is in equilibrium with air saturated with vapor at 1 

atm pressure is said to be at the ice point and a mixture of liquid water and water vapor (with no 

air) in equilibrium at 1 atm pressure is said to be at the steam point. 

The temperature scales used in the SI and in the English system today are the Celsius scale and 

the Fahrenheit scale in English unit system 

In thermodynamics, it is very desirable to have a temperature scale that is independent of the 

properties of any substance or substances. Such a temperature scale is called a thermodynamic 

temperature scale 

The thermodynamic temperature scale in the SI is the Kelvin scale 

The thermodynamic temperature scale in the English system is the Rankine scale 

temperature scale that turns out to be nearly identical to the Kelvin scale is the ideal-gas 

temperature scale.  The temperatures on this scale are measured using a constant-volume gas 

thermometer  

 
FIGURE 1–26 

Comparison of temperature scales 

 
FIGURE 1–25 A constant-volume gas 

thermometer would read 2273.15°C at absolute 

zero pressure 

 



 

 

A comparison of various temperature scales is given in Fig. 1–27 

• The reference temperature in the original Kelvin scale was the ice point, 273.15 K, which 

is the temperature at which water freezes (or ice melts). 

• The reference point was changed to a much more precisely reproducible point, the triple 

point of water (the state at which all three phases of water coexist in equilibrium), which 

is assigned the value 273.16 K. 

T(K) =  T(C0) +  273.15 

T(R) =  T(F0) +459.67 

T(R) =  1.8 T (K) 

T(F0) = 1.8 T (C0) + 32 

∆T(K) =  ∆T(C0) 

∆ T(R) = ∆ T(F0) 

 

FIGURE 1–27 

Comparison of 

magnitudes of various 

temperature units. 

 

 

1.9 PRESSURE 

Pressure is defined as a normal force exerted by a fluid per unit area. Normally, we speak of 

pressure when we deal with a gas or a liquid. The counterpart of pressure in solids is normal 

stress.  Since pressure is defined as force per unit area, it has the unit of newton’s per square meter 

(N/m2), which is called a pascal (Pa)         1(Pa) = 1 (N/m2) 

 

1 bar = 105 Pa = 0.1 MPa =  100 kPa 

1 atm = 101,325 Pa = 101.325 kPa = 1.01325 bars 

1 kgf/cm2 = 9.807 N/cm2 = 9.807 3 104 N/m2 = 9.807 3 104 Pa 

= 0.9807 bar 

= 0.9679 atm 

 

The actual pressure at a given position is called the absolute pressure, and it is measured relative 

to absolute vacuum (i.e., absolute zero pressure). Most pressure-measuring devices, however, are 

calibrated to read zero in the atmosphere (Fig. 1–40), and so they indicate the difference between 

the absolute pressure and the local atmospheric pressure. This difference is called the gage 

pressure. Pgage can be positive or negative, but pressures below atmospheric pressure are 

sometimes called vacuum pressures and are measured by vacuum gages that indicate the 

difference between the atmospheric pressure and the absolute pressure. Absolute, gage, and 

vacuum pressures are related to each other by 

Pgage = Pabs -  Patm  

P vac = Patm - Pabs 



 

 

This is illustrated in Fig. 1–28 

 

FIGURE 1–28 

Absolute, gage, and vacuum pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

Chapter 2 

ENERGY ANALYSIS OF CLOSED SYSTEMS 

Thermodynamics deals only with the change of the total energy. 

The macroscopic forms of energy are those a system possesses as a whole with respect to some 

outside reference frame, such as kinetic and potential energies (Fig. 2–1). 

The microscopic forms of energy are those related to the molecular structure of a system and the 

degree of the molecular activity, and they are independent of outside reference frames. 

Energy can exist in numerous forms such as thermal, mechanical, kinetic, potential, electric, 

magnetic, chemical, and nuclear, and their sum constitutes the total energy E of a system.  

The sum of all the microscopic forms of energy is called the internal energy of a system and is 

denoted by U. 

The energy that a system possesses as a result of its motion relative to some reference frame is 

called kinetic energy (KE). 

The energy that a system possesses as a result of its elevation in a gravitational field is called 

potential energy (PE) . 

potential energy (PE) 

 
or, on a unit mass basis 

 

 
 

kinetic energy (KE). 

 
or, on a unit mass basis 

 
the total energy of a system consists of the 

kinetic, potential, and internal energies and is 

expressed as 

 
or, on a unit mass basis 

 
Total energy per unit mass  

 

FIGURE 2–1 
The macroscopic energy of an object 

changes with velocity and elevation. 

 
FIGURE 2–2 

The various forms of microscopic 

energies that make up sensible energy 

 



 

 

4.3  SPECIFIC HEATS 

The specific heat is defined as the energy required to raise the temperature of a unit mass of a 

substance by one degree (Fig. 2–3).  

Specific heat at constant volume, cv: The energy required to raise the temperature of the unit mass 

of a substance by one degree as the volume is maintained constant. 

Specific heat at constant pressure, cp: The energy required to raise the temperature of the unit mass 

of a substance by one degree as the pressure is maintained constant. 

The specific heat at constant pressure cp is always greater than cv because at constant pressure the 

system is allowed to expand and the energy for this expansion work must also be supplied to the 

system 

 
FIGURE 2–3 

Specific heat is the energy required to raise 

the temperature of a unit mass of a substance 

by one degree in a specified way 

 

FIGURE 2–4 Constant-volume and constant 

pressure specific heats cv and cp (values given 

are for helium gas). 

 

1. The equations in the figure are valid for any substance undergoing any process. 

2. cv and cp are properties. 

3. cv is related to the changes in internal energy and cp to the changes in enthalpy. 

4. A common unit for specific heats is kJ/kg · °C or kJ/kg · K. Are these units identical? 

5.  cv = cp = c for solid  

6. cv ≅ cp for liquid 

7. cv ≠  cp for gas  

The only two forms of energy interactions associated with a closed system are heat transfer and 

work. The difference between heat transfer and work: An energy interaction is heat transfer if its 

driving force is a temperature difference. Otherwise it is work. 

The mechanical energy can be defined as the form of energy that can be converted to mechanical 

work completely and directly by an ideal mechanical device such as an ideal turbine. Kinetic and 

potential energies are the familiar forms of mechanical energy. 



 

 

 

 
FIGURE 2–5 

Formal definitions of cv and cp. 

 
FIGURE 2–6 

The specific heat of a substance changes with 

temperature 

 

 

Enthalpy: a combination property in many 

thermodynamics analysis the sum of internal 

energy (u) and product of pressure (p) and 

volume (v) operas. 

 

 

 

 

 

 
 

 

 

 
FIGURE 2–7 

For ideal gases, u, h, cv, and cp vary with 

temperature only. 

 

 
FIGURE 2–8 

In the preparation of ideal-gas tables, 0 K is 

chosen as the reference temperature. 

 



 

 

 
FIGURE 2–9 

The relation ∆𝑢 = 𝐶𝑣∆𝑇 is valid for any kind 

of process, constant-volume or not.  

 

 

 
 

 

 

FIGURE 2–10 

Three ways of calculating ∆𝑢 

 

 

 

 

 

 

 

 

 

 

FIGURE 2–11 

For stationary systems, ∆KE = ∆PE = 0; thus 

∆E = ∆U. 
 

 

 

 

 

 



 

 

Chapter 3 

Application of the first law of thermodynamics to flow process (open system) 

The First law of thermodynamics is simply an expression of the conservation of energy principle, 

and it asserts that energy is a thermodynamic property. Energy cannot be created or destroyed; it 

can only change forms (the first law). during an integration at system and its surroundings. The 

amount of energy gained by the system must be exactly equal to the amount pf energy lost be the 

surrounding. the first law of thermodynamic in mathematical form  ( Qnet = Wnet ) 

3.1 ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS 

Many engineering systems such as ( turbines, compressors, nozzles and power plants) operate 

under steady conditions . 

 

 

 
Or 

Energy balance: 

 

 
FIGURE 3–1 Under steady-flow 

conditions, the mass and energy contents 

of a control volume remain constant. 

𝑸𝒊𝒏
̇ + 𝑾𝒊𝒏

̇ + ∑ �̇� (𝒉 +
𝑽𝟐

𝟐
+ 𝒈𝒛)𝒊𝒏 = 𝑸𝒐𝒖𝒕

̇ + 𝑾𝒐𝒖𝒕
̇ + ∑ �̇� (𝒉 +

𝑽𝟐

𝟐
+ 𝒈𝒛)𝒐𝒖𝒕    

Energy balance relations with sign conventions (i.e., heat input and work output are positive) 

𝑸 
̇ − 𝑾 

̇ = ∑ �̇� (𝒉 +
𝑽𝟐

𝟐
+ 𝒈𝒛)𝒊𝒏 − ∑ �̇� (𝒉 +

𝑽𝟐

𝟐
+ 𝒈𝒛)𝒐𝒖𝒕   

𝑸 
̇ − 𝑾 

̇ = �̇� [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]                               (KW) 

Where  

𝒒 − 𝑾 = [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]                               (KJ/Kg) 

𝒒 − 𝒘 = 𝒉𝟐 − 𝒉𝟏  when kinetic and potential energy changes are negligible 

 𝑄 
̇ =rate of heat transfers between the control volume and its surroundings 

𝑊 
̇ = power  (KW) 



 

 

3.2 SOME STEADY-FLOW ENGINEERING DEVICES 

1.Turbines  

A turbine is a device for extracting work from a flowing 

fluid expanding from a high pressure to low pressure. 

 

Assumptions  

1. Neglect heat transfer a cross boundary  

2. Neglect the variation in potential energy  

3. Neglect the variation in kinetic energy 

 

Applied these assumptions on SFEE we get  

𝑸 
̇ − 𝑾 

̇ = �̇� [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]  

𝑾 
̇ = �̇� [𝒉𝟏 − 𝒉𝟐]            (W +ve) 

 

2.Compressors, a rotary compressor may be defined as a 

reversed turbine doing work on fluid to raise its pressure 

 

Assumptions  

1. Neglect heat transfer a cross boundary  

2. Neglect the variation in potential energy  

3. Neglect the variation in kinetic energy  

Applied these assumption on SFEE we get  

𝑸 
̇ − 𝑾 

̇ = �̇� [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]  

𝑾 
̇ = �̇� [𝒉𝟐 − 𝒉𝟏]            (W -ve) 

 

A nozzle is a device that increases the velocity of a fluid 

at the expense of pressure. A diffuser is a device that 

increases the pressure of a fluid by slowing it down. 

 

FIGURE 3–2 Schematic for 

Example 5–6.  

 

FIGURE 3–3 Nozzles and diffusers 

are shaped so that they cause large 

changes in fluid velocities and thus 

kinetic energies 

Assumptions  

1. Neglect heat transfer a cross boundary  

2. Neglect the variation in potential energy  

3. Neglect the work W=0  

Applied these assumption on SFEE we get  

𝑸 
̇ − 𝑾 

̇ = �̇� [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]  

𝒉𝟐 +
𝑽𝟐

𝟐

𝟐
= 𝒉𝟏 +

𝑽𝟏
𝟐

𝟐
  

For nozzle  (V1<<V2);                        𝑽𝟐 = √𝟐(𝒉𝟏 − 𝒉𝟐) 

For diffuser (V2<<V1)                         𝑽𝟏 = √𝟐(𝒉𝟐 − 𝒉𝟏) 



 

 

5. Throttling Valves 
Throttling is one of important process in thermal 

engineering. It used for reducing their pressure without 

decreasing the energy of fluid. Throttles may or may not 

be insulate but more time take adiabatic device for throttle 

valve Q=0 ,W=0 , ∆𝑍 = 0 , K.E and P.E neglected then 

from SFEE yields . 

𝑸 
̇ − 𝑾 

̇ = �̇� [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]  

𝒉𝟐 = 𝒉𝟏  

 
6.Boilers  
For boilers; work exchange is zero, ΔPE d ΔKEan is also zero, 

then from SFEE yields . 

𝑸 
̇ − 𝑾 

̇ = �̇� [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]  

�̇� = �̇� (𝒉𝟏 − 𝒉𝟐)           always (Q +Ve)  

 

7.Condensers 
For condensers; work exchange is zero, ΔPE d ΔKE an is 

also zero, then from SFEE yields . 

𝑸 
̇ − 𝑾 

̇ = �̇� [𝒉𝟐 − 𝒉𝟏 +
𝑽𝟐

𝟐−𝑽𝟏
𝟐

𝟐
+ 𝒈(𝒁𝟐 − 𝒁𝟏]  

�̇� = �̇� (𝒉𝟐 − 𝒉𝟏)           always (Q -  Ve) 
 

In engineering applications, the section where the mixing 

process takes place is commonly referred to as a mixing 

chamber. 

 

8. Mixing Chambers 

Energy balance for the adiabatic mixing chamber in the 

figure is 

 

 

 

 
 

3.3  FLOW WORK AND THE ENERGY OF 

A FLOWING FLUID 

 
Flow work, or flow energy: The work (or energy) required 

to push the mass into or out of the control volume. This 

 

 
FIGURE 3–4 Throttling valves are 

devices that cause large pressure 

drops in the fluid. 

 
FIGURE 3–5 Boilers 

 

 
FIGURE 3–6 condensers  



 

 

work is necessary for maintaining a continuous flow 

through a control volume. 

 

 

 

 
FIGURE 3.7 Schematic for flow work. 

 
FIGURE 4–8 Flow work is the energy needed to push a 

fluid into or out of a control volume, and it is equal to 

Pv. 

 
FIGURE 3-9 In the absence of acceleration, the force 

applied on a fluid by a piston is equal to the force 

applied on the piston by the fluid. 

 

FIGURE 3–10 The T-elbow of an 

ordinary shower serves as the 

mixing chamber for the hot- and the 

cold-water streams. 

 

FIGURE 3–11 During a steady-

flow process, volume flow rates 

are not necessarily conserved 

although mass flow rates are. 

 

 

 



 

 

 MOVING BOUNDARY WORK 

one form of mechanical work frequently encountered in practice is 

associated with the expansion or compression of a gas in a piston–

cylinder device. During this process, part of the boundary (the inner 

face of the piston) moves back and forth. Therefore, the expansion and 

compression work is often called moving boundary work, or simply 

boundary work (Fig. 3–12). (Some call it the P dV work for reasons 

explained later. Moving boundary work is the primary form of work 

involved in automobile engines. During their expansion, the 

combustion gases force the piston to move, which in turn forces the 

crankshaft to rotate. 

 

 
 

 
 

Quasi-equilibrium process: A process during which the system 

remains nearly in equilibrium at all times. 

Wb is positive  for expansion 

Wb is negative  for compression 

 
FIGURE 3–12 
The work associated with a 

moving boundary is called 

boundary work 

 

 

 

 

 

 
FIGURE 3–13 

The area under the process curve 

on a P-V diagram represents the 

boundary work 

 
 

 
FIGURE 3–14 The boundary 

work done during a process 

depends on the path followed 

as well as the end states. 

 
FIGURE 3–15 

A gas does a differential 

amount of work dW b as it 

forces the piston to move 

by a differential amount 

ds 

 

 



 

 

3.4 First law thermodynamic applied to non-flow process (closed system ) 

Assumptions. 

1. Reversible process  

2. quasi-equilibrium 

3. Displacement work 

4. Kinetic energy and potential energy are neglected  

General analysis for a closed system undergoing a constant-pressure process.  

  

Q-W=∆𝑈  non flow energy (NFEE) 

 

The non-flow process are 

1.constant volume process 

From non flow energy (NFEE)               

 Q-W=∆𝑈   

 
W=0  

Q =∆𝑈   

 

2.constant pressure  process 
From non flow energy (NFEE)               

 Q-W=∆𝑈   

 
 

 
 

 
 

 
 

 
 

 

 

FIGURE 3–16 Schematic and P-v 

diagram for constant volume. 

 

 

 
FIGURE 3–17 Schematic and P-v 

diagram for constant pressure 



 

 

3.constant temperature  process 
From non flow energy (NFEE)               

 Q-W=∆𝑈   

∆𝑈  =0 

Q = W 

 
 

 
 

 

4.polytropic process 

Pv
n = c 

 
 

 
since C = P 1V1

n = P 2V2
n. For an ideal gas (PV = mRT), this 

equation can also be written as  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 3–18 Schematic and P-V 

diagram for a polytropic process. 

 

 

 

 

 

 

 

 

 

 



 

 

Process General 

law 

Heat energy Work energy Combination of 

process with 

characteristic 

equation of gas 

Constant 

volume 

V=C Q=𝚫𝑼 = 𝒎𝑪𝒗𝚫𝑻 W=0 𝑷𝑽

𝑻
= 𝑪 , 

𝑷𝟏𝑽𝟏

𝑻𝟏
=

𝑷𝟐𝑽𝟐

𝑻𝟐
 , 

  
𝑷𝟏

𝑻𝟏
=

𝑷𝟐

𝑻𝟐
 ,  R= CP –CV 

Constant 

pressure  

P=C Q=𝚫𝑯 = 𝒎𝑪𝑷𝚫𝑻 W=P(𝑽𝟐 − 𝑽𝟏) 𝑷𝑽

𝑻
= 𝑪 , 

𝑷𝟏𝑽𝟏

𝑻𝟏
=

𝑷𝟐𝑽𝟐

𝑻𝟐
 ,  

 
𝑽𝟏

𝑻𝟏
=

𝑽𝟐

𝑻𝟐
,   R= CP –CV 

Isothermal 

process   

T=C 

PV=C 
Q=𝑷𝟏𝑽𝟏𝐥𝐧

𝑽𝟐

𝑽𝟏
 

Or 

Q=mRT𝐥𝐧
𝑽𝟐

𝑽𝟏
 

Or 

Q=mRT𝐥𝐧
𝑷𝟏

𝑷𝟐
 

 

Q=𝑷𝟏𝑽𝟏𝐥𝐧
𝑽𝟐

𝑽𝟏
 

Or 

W=mRT𝐥𝐧
𝑽𝟐

𝑽𝟏
 

Or 

W=mRT𝐥𝐧
𝑷𝟏

𝑷𝟐
 

 

PV=C     

 

 𝑷𝟏𝑽𝟏 = 𝑷𝟐𝑽𝟐 

 

R= CP –CV 

Polytropic 

process  

PVn =C 𝑸

=
𝜸 − 𝒏

𝜸 − 𝟏𝜹
 ×𝒑𝒐𝒍𝒚𝒕𝒓𝒐𝒑𝒊𝒄 𝒘𝒐𝒓𝒌 

W=
𝑷𝟏𝑽𝟏−𝑷𝟐𝑽𝟐

𝒏−𝟏
 

 

W=
𝒎𝑹(𝑻𝟏−𝑻𝟐)

𝒏−𝟏
 

 

𝑷𝑽

𝑻
= 𝑪 , 

𝑷𝟏𝑽𝟏

𝑻𝟏
=

𝑷𝟐𝑽𝟐

𝑻𝟐
 

𝑷𝟏𝑽𝟏
𝒏 = 𝑷𝟐𝑽𝟐

𝒏
 

𝑷𝟐

𝑷𝟏
= (

𝑽𝟏

𝑽𝟐
)𝒏 , 

𝑻𝟐

𝑻𝟏
= (

𝑽𝟏

𝑽𝟐
)𝒏−𝟏 

𝑻𝟐

𝑻𝟏
= (

𝑷𝟐

𝑷𝟏
)

𝒏−𝟏
𝒏  

R= CP –CV 

 

Adiabatic 

process  

P𝑽𝜸=C Q=0 
W=

𝑷𝟏𝑽𝟏−𝑷𝟐𝑽𝟐

𝜸−𝟏
 

 

W=
𝒎𝑹(𝑻𝟏−𝑻𝟐)

𝜸−𝟏
 

 

𝑷𝑽

𝑻
= 𝑪 , 

𝑷𝟏𝑽𝟏

𝑻𝟏
=

𝑷𝟐𝑽𝟐

𝑻𝟐
 

𝑷𝟏𝑽𝟏
𝜸 = 𝑷𝟐𝑽𝟐

𝜸
 

𝑷𝟐

𝑷𝟏
= (

𝑽𝟏

𝑽𝟐
)𝜸 , 

𝑻𝟐

𝑻𝟏
= (

𝑽𝟏

𝑽𝟐
)𝜸−𝟏 

𝑻𝟐

𝑻𝟏
= (

𝑷𝟐

𝑷𝟏
)

𝜸−𝟏
𝜸  

R= CP –CV, 𝜸 =
𝑪𝒑

𝑪𝒗
 



 

 

Chapter 4 

PROPERTIES OF PURE SUBSTANCES 

4.1 PURE SUBSTANCE 

A substance that has a fixed chemical composition throughout is called a pure substance. Water, 

nitrogen, helium, and carbon dioxide, for example, are all pure substances. 

 
FIGURE 4–1 

Nitrogen and gaseous air are pure 

substances. 

 
FIGURE 4–2 A mixture of liquid and gaseous 

water is a pure substance, but a mixture of liquid 

and gaseous air is not. 

 

4.2  PHASE-CHANGE PROCESSES OF PURE SUBSTANCES 

Consider a piston–cylinder device containing liquid water at 20 0C and 1 atm pressure (state 1, 

Fig. 4–3). Under these conditions, water exists in the liquid phase, and it is called a compressed 

liquid, or a subcooled liquid, meaning that it is not about to vaporize. 

As more heat is transferred, the temperature keeps rising until it reaches 1000C (state 2, Fig. 4–4). 

At this point water is still a liquid, but any heat addition will cause some of the liquid to vaporize. 

That is, a phase-change process from liquid to vapor is about to take place. A liquid that is about 

to vaporize is called a saturated liquid. Therefore, state 2 is a saturated liquid state. 

 

 



 

 

 

 

 

 
 

 
  

 

FIGURE 4–3 

At 1 atm and 

200C, water exists 

in the liquid 

phase(compressed 

liquid). 

FIGURE 4–4 At 

1 atm pressure 

and 1000C water 

exists as a liquid 

that is ready to 

vaporize(saturated 

liquid). 

FIGURE 4–5 

As more heat is 

transferred, part 

of the saturated 

liquid vaporizes 

(saturated 

liquid–vapor 

mixture). 

FIGURE 4–6 At 

1 atm pressure, 

the temperature 

remains constant 

at 100 0C until 

the last drop of 

liquid is 

vaporized 

(saturated vapor) 

FIGURE 4–7 

As more heat is 

transferred, the 

temperature of 

the vapor starts 

to rise 

(superheated 

vapor). 

A vapor that is about to condense is called a saturated vapor. 

saturated liquid–vapor mixture since the liquid and vapor phases coexist in equilibrium at these 

states. 

A vapor that is not about to condense (i.e., not a saturated vapor) is called a superheated vapor. 

The temperature at which water starts boiling depends on the pressure; therefore, if the pressure 

is fixed, so is the boiling temperature.  Water boils at 1000C at 1 atm pressure. 

At a given pressure, the temperature at which a pure substance changes phase is called the 

saturation temperature Tsat. Likewise, at a given temperature, the pressure at which a pure 

substance changes phase is called the saturation pressure Psat. 



 

 

If the entire process between state 1 and 5 

described in the figure is reversed by cooling 

the water while maintaining the pressure at the 

same value, the water will go back to state 1, 

retracing the same path, and in so doing, the 

amount of heat released will exactly match the 

amount of heat added during the heating 

process. 

 

 
FIGURE 4–8 

T-v diagram for the heating process of 

water at constant pressure 

 
FIGURE 4–9 The liquid–vapor saturation 

curve of a pure substance (numerical values 

are for water). 

The amount of energy absorbed or released 

during a phase-change process is called the 

latent heat. More specifically, the amount of 

energy absorbed during melting is called the 

latent heat of fusion and is equivalent to the 

amount of energy released during freezing. 

Similarly, the amount of energy absorbed 

during vaporization is called the latent heat of 

vaporization and is equivalent to the energy 

released during condensation. 

The magnitudes of the latent heats depend on 

the temperature or pressure at which the phase 

change occurs. 

 



 

 

At 1 atm pressure, the latent heat of fusion of water is 333.7 kJ/kg and the latent heat of 

vaporization is 2256.5 kJ/kg. 

The atmospheric pressure, and thus the boiling temperature of water, decreases with elevation. 

4.3 PROPERTY DIAGRAMS FOR PHASE-CHANGE PROCESSES 

1 The T-v Diagram 

As the pressure is increased 

further, this saturation line 

continues to shrink, as shown in 

Fig. 3–15, and it becomes a 

point when the pressure reaches 

22.06 MPa for the case of 

water. This point is called the 

critical point, and it is defined 

as the point at which the 

saturated liquid and saturated 

vapor states are identical. The 

saturated liquid states in Fig. 4–

10 can be connected by a line 

called the saturated liquid line, 

and saturated vapor states in the 

same figure can be connected 

by another line, called the 

saturated vapor line 

 
FIGURE 4–10 

T-v diagram of constant-pressure phase-change processes of a pure 

substance at various pressures (numerical values are for water). 

 

These two lines meet at the critical point, forming a dome as shown in Fig. 4–11a. All the 

compressed liquid states are located in the region to the left of the saturated liquid line, called the 

compressed liquid region. All the superheated vapor states are located to the right of the saturated 

vapor line, called the superheated vapor region. In these two regions, the substance exists in  a 

single phase, a liquid or a vapor. All the states that involve both phases in equilibrium are located 

under the dome, called the saturated liquid–vapor mixture region, or the wet region. 

 



 

 

 

FIGURE 4–11 

 

4.4  PROPERTY TABLES 

For most substances, the relationships among thermodynamic properties are too complex to be 

expressed by simple equations. Therefore, properties are frequently presented in the form of tables. 

Some thermodynamic properties can be measured easily, but others cannot and are calculated by 

using the relations between them and measurable properties.  The results of these measurements 

and calculations are presented in tables in a convenient format. Before we get into the discussion 

of property tables, we define a new property called enthalpy. 

1a Saturated Liquid and Saturated Vapor States 

 
Table A–4: Saturation properties of water under 

temperature. 

Table A–5: Saturation properties of water under 

pressure. 

 
FIGURE 4–12 A partial list of Table A–4. 

 

 
FIGURE 4–13 The product pressure 

× volume has energy units. 



 

 

              

 

The quantity hfg is called the enthalpy of vaporization (or latent heat of vaporization). It represents 

the amount of energy needed to vaporize a unit mass of saturated liquid at a given temperature or 

pressure. It decreases as the temperature or pressure increases and becomes zero at the critical 

point. 

1b Saturated Liquid–Vapor Mixture 

Quality, x : The ratio of the mass of vapor to the total mass of the mixture. Quality is between 0 

and 1 (0: sat. liquid), (1: sat. vapor) 

The properties of the saturated liquid are the same whether it exists alone or in a mixture with 

saturated vapor. 

   Where  

 

Temperature and pressure are dependent properties for a mixture. 

 

 

 

 

 
 

 
FIGURE 4–14 The relative amounts of liquid 

and vapor phases in a saturated mixture are 

specified by the quality x. 

 
FIGURE 4–15 Quality is related to the 

horizontal distances on P-v and T-v diagrams. 

 
FIGURE 4–16 A two-phase system can be 

treated as a homogeneous mixture for 

convenience. 



 

 

2 Superheated Vapor 

In the region to the right of the saturated vapor line and 

at temperatures above the critical point temperature, a 

substance exists as superheated vapor. In this region, 

temperature and pressure are independent properties. 
 

Compared to saturated vapor, superheated vapor is 

characterized by 

 

 
 

3 Compressed Liquid 
The compressed liquid properties depend on 

temperature much more strongly than they do on 

pressure. 

 
 

A more accurate relation for h 

 

 
FIGURE 4–17 

A compressed liquid may be approximated as a 

saturated liquid at the given temperature. 

In general, a compressed liquid is characterized by 

 

 

 

 

 
FIGURE 4–18 

A partial listing of Table A–6 

 
FIGURE 4–19 

At a specified P, superheated vapor 

exists at a higher h than the saturated 

vapor (Example 3–7). 

 

y  v, u, or h 



 

 

 

 

 

4.5 THE IDEAL-GAS EQUATION OF STATE 

Any equation that relates the pressure, temperature, and specific volume of a substance is called 

an equation of state.  

The simplest and best-known equation of state for substances in the gas phase is the ideal-gas 

equation of state. This equation predicts the P-v-T behavior of a gas quite accurately within some 

properly selected region. 

                                      PV=RT            Ideal gas equation of state 

 

 

where Ru is the universal gas constant and M is the molar mass (also called molecular weight) of 

the gas. The constant Ru is the same for all substances, and its value is 

  
 

The molar mass M can simply be defined as the 

mass of one mole (also called a gram-mole, 

abbreviated gmol) of a substance in grams, or the 

mass of one kmol (also called a kilogram-mole, 

 
FIGURE 4–20 

Different substances have different gas 

constants. 



 

 

abbreviated kgmol) in kilograms. In English units, 

it is the mass of 1 lbmol in lbm. 

 

Mass = Molar mass  Mole number 

 

 

                   Ideal gas equation at two states for a fixed mass 

 
                                 

 

 

 

 

Various expressions of ideal gas equation 
Real gases behave as an ideal gas at low densities                         

(i.e., low pressure, high temperature). 

 
FIGURE 4–21 

Properties per unit mole are 

denoted with a bar on the top 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 


