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CHAPTER ONE 

Some Concepts and Definitions 

 

“Thermodynamics” is derived from the Greek words threme, meaning “ heat/ 

thermal” and dynamics meaning “ movement/ power/ flow ”.  

Thus; thermodynamics is the science that deals with energy transformation; the 

conversion of heat into work, or chemical energy into electrical energy, both of these 

are energy transformations, and thermodynamics is the science that provides the tools 

to analyze them.   

 

Application of Thermodynamics: 

Any application that deals with heat and work transformation such as: 

1- Internal combustion engines (IC engine). 

2- Power plants. 

3- Car radiators. 

4- Air conditioning systems. 

 
 

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, 
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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. 
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Thermodynamics definitions:  

 

1-  System: is a quantity of matter or a region in 

space chosen for study. 

2- Working substance: is a matter that transfers the 

energy through the system (steam, gas, 

liquid,……etc). 

3- Boundary: is the real or imaginary surface that 

separates the system from its surroundings. 

4- Surroundings: the mass or region outside the 

system. 

 

 

Classification of Thermodynamics Systems: 

The system may be divided into the following: 

 

1- Closed system (also known as a control mass):  

 consists of a fixed amount of mass. 

 no mass can cross its boundary (no mass can enter or 

leave a closed system). Only energy, in the form of 

heat or work, can cross the boundary.  

 

 

 

 

 

2- Open system (or a control volume): 

 Both mass and energy can cross the boundary such as a compressor, turbine, or 

nozzle.  

 The boundaries of a control volume are called a control surface, and they can 

be real or imaginary, moving or fixed. 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. A control volume can be fixed in size and 

shape, as in the case of a nozzle, or it may involve a moving boundary. 
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3- isolated system : 

 Special case of closed system 

 NO mass and NO energy is allowed to cross the 

boundary. 

 

 

PROPERTIES OF A SYSTEM: 

Any characteristic that describes or identifies a system is called a property. Some 

familiar properties are pressure P, temperature T, volume V, and mass m. 

Properties are divided into two groups (Intensive and extensive): 

1- Intensive properties are those that are independent of the mass of a system, 

such as temperature, pressure, and density.  

2- Extensive properties are those whose values depend on the mass of the 

system. 

An easy way to determine whether a property is intensive or extensive is to divide the 

system into two equal parts with an imaginary partition, as shown in Fig. 
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Each part will have the same value of intensive properties as the original system, but 

half the value of the extensive properties. 

 

 Extensive properties per unit mass are called specific properties. Some examples 

of specific properties are specific volume (v = V/m) and specific energy (e = E/m). 

 

 

Thermodynamics terms 
 

1- STATE: 

Consider a system not undergoing any change. At this point, all the properties can be 

measured or calculated throughout the entire system, which gives us a set of properties 

that completely describes the condition, or the state, of the system. At a given state, all 

the properties of a system have fixed values. Thus; state of a system is its condition 

as described by giving values to its properties at a particular instant. 

If the value of even one property changes, the state will change to a different one. 

 

 

2- EQUILIBRIUM 

Thermodynamics deals with equilibrium states. The word equilibrium implies a state 

of balance. There are many types of equilibrium, For example, a system is in thermal 

equilibrium if the temperature is the same throughout the entire system, 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. A system 
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is in chemical equilibrium if its chemical composition does not change with time, 

that is, no chemical reactions occur. 

 

 

3- PROCESSES:  

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

process. 

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

of the process.  

 

 

An isothermal process, is a process during which the temperature T remains 

constant. 

An isobaric process is a process during which the pressure P remains constant. 

An isochoric (or isometric) process is a process during which the specific volume 

remains constant. 
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4- CYCLE:  

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. 

 

 

 

TEMPERATURE: 

It is a measure of relative "hotness" or " coldness" of an object. 
 

Thermal equilibrium 
It is a common experience that a cup of hot coffee left on the table eventually cools 

off and a cold drink eventually warms up. 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. At that point, the heat transfer stops, and the two bodies 

are said to have reached thermal equilibrium. 

 

 
 

The zeroth law of thermodynamics: 

It 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. 

 

Temperature Scales: 

Two scales are commonly used for measuring temperature: 

1- Celsius scale (formerly called the centigrade scale) 

2- Fahrenheit scale 
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On the Celsius scale, the ice and steam points were originally assigned the values 

of 0 and 100°C, respectively. The corresponding values on the Fahrenheit scale 

are 32 and 212°F. 

 

 The absolute scale relate to the Celsius or centigrade is Kelvin (K): 

 

 
 

 The absolute scale relate to the Fahrenheit Rankine (R): 

 

 
The temperature scales in the two unit systems are related by 

 

 
 

 

DENSITY AND SPECIFIC GRAVITY: 

 

Density is defined as mass per unit volume. 

 

The reciprocal of density is the specific volume υ, which is 

defined as volume per unit mass. That is,  

 

specific gravity, or relative density, and is defined as the ratio of the density of a 

substance to the density of some standard substance at a specified temperature 

(usually water at 4°C, for which ρ (H2O) = 1000 kg/m3). That is 

 

Note that the specific gravity of a substance is a dimensionless quantity. The weight 

of a unit volume of a substance is called specific weight and is expressed as: 
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PRESSURE: 

Pressure is defined as a normal force exerted by a fluid per unit area. it has the unit 

of Newtons per square meter (N/m2), which is called a Pascal (Pa). That is, 

 

 
 

 
 

 
 

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. and so 

they indicate the difference between the absolute pressure and the local atmospheric 

pressure. difference is called the gage pressure. Pressures below atmospheric 

pressure are 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 all positive quantities. 
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Like other pressure gages, the gage used to measure the air pressure in an automobile 

tire reads the gage pressure. Therefore, the common reading of 32 psi (2.25 kgf/cm2) 

indicates a pressure of 32 psi above the atmospheric pressure. At a location where the 

atmospheric pressure is 14.3 psi, for example, the absolute pressure in the tire is 32 + 

14.3= 46.3 psi. 

the gage used to measure the air pressure in an automobile tire reads the gage 

pressure. Therefore, the common reading of 32.0 psi indicates a pressure of 32.0 psi 

above the atmospheric pressure. At a location where the atmospheric pressure is 14.3 

psi, for example, the absolute pressure in the tire is: 

 

32.0 + 14.3 = 46.3 psi. 

 

EX.: 

A vacuum gage connected to a chamber reads 5.8 psi at a location where the 

atmospheric pressure is 14.5 psi. determine the absolute pressure in the chamber. 

 

 
 

 

If we take point 1 to be at the free surface of a liquid open to the atmosphere where 

the pressure is the atmospheric pressure Patm, then the pressure at a depth h from the 

free surface becomes: 

 

 
 

 

 

 

 

 

 

PRESSURE MEASUREMENT DEVICES 

Tow commonly used devices for measuring pressure:  

1- Barometer. 

2- Manometer. 

3- Bourdon gage. 
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1- Barometer: Atmospheric pressure is measured by a device 

called a barometer; thus, the atmospheric pressure is often 

referred to as the barometric pressure. 

 

 

 

 

 

2- Manometer: A manometer consists of a glass or plastic U-tube containing one or 

more fluids such as mercury, water, alcohol, or oil. It can be used to measure 

pressure differences.  

 

Consider the manometer shown in Figure that is used to measure the 

pressure in the tank. Since the gravitational effects of gases are 

negligible, the pressure anywhere in the tank and at position 1 has the 

same value. Since pressure in a fluid does not vary in the horizontal 

direction within a fluid, the pressure at point 2 is the same as the 

pressure at point 1, thus;  

P2 = P1. 

 

where ρ is the density of the manometer fluid in the tube. 
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3- Bourdon tube: which consists of a hollow metal tube bent 

like a hook whose end is closed and connected to a dial 

indicator needle. When the tube is open to the atmosphere, 

the tube is undeflected, and the needle on the dial at this state 

is calibrated to read zero (gage pressure). When the fluid 

inside the tube is pressurized, the tube stretches and moves 

the needle in proportion to the pressure applied.  

 

4- Pressure transducers: Modern pressure sensors, use various techniques to 

convert the pressure effect to an electrical effect such as a change in voltage, 

resistance, or capacitance. 

 

5- Strain-gage pressure transducers. 

 

6- Piezoelectric transducers. 

 

7- Deadweight tester. 
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ENERGY 
Energy (E): 

Energy exists in numerous forms such as thermal, mechanical, electric, chemical, and 

nuclear. Even mass can be considered a form of energy. Energy can be transferred to 

or from a closed system (a fixed mass) in two distinct forms: heat and work. For 

control volumes, energy can also be transferred by mass flow. An energy transfers to 

or from a closed system is heat if it is caused by a temperature difference. Otherwise 

it is work, and it is caused by a force acting through a distance.  

 

FORMS OF ENERGY: 

A system may possess several different forms of energy such as thermal, mechanical, 

kinetic, potential, electric, magnetic, chemical, and nuclear and their sum constitutes 

the total energy (E) of a system. The total energy of a system on a unit mass basis is 

denoted by (e) and is expressed as: 

 
 

TYPES OF ENERGY: 

 

a- Potential energy (P.E): The energy that a system possesses as a result of its 

elevation in a gravitational field.  

 
or, on a unit mass basis, 

 
 

Where; 

g = is the gravitational acceleration  

z = the elevation of the center of gravity of a system. 

 

b- Kinetic energy (K.E): The energy that a system possesses as a result of its 

motion. 

 
or, on a unit mass basis, 

 
Where; 

V = the velocity of the system. 
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c- Internal energy (U): A form of energy related to the molecular structure of a 

system and the degree of the molecular activity. The energy stored in a battery, 

energy stored in an electrical condenser, and vibration of the molecules, 

electrons, protons, and neutrons, and the chemical energy due to bonding 

between atoms and between subatomic particles. All of these forms of energy 

will be referred to as internal energy and designated by the letter (U). A 

substance always has internal energy; if there is molecular activity there is 

internal energy. 

 

 The total energy of a system consists of the kinetic, potential, and internal 

energies and is expressed as: 

 
or, on a unit mass basis, 

 
 

 

ENERGY TRANSFER BY HEAT 
Energy can cross the boundary of a closed system in two distinct forms: heat and 

work. 

 

We know from experience that a can of cold soda left on a 

table eventually warms up and that a hot baked potato on 

the same table cools down. When a body is left in a 

medium that is at a different temperature, energy transfer 

takes place between the body and the surrounding medium 

until thermal equilibrium is established, that is, the body 

and the medium reach the same temperature. The direction 

of energy transfer is always from the higher temperature body to the lower 

temperature one. Once the temperature equality is established, energy transfer stops. 

In the processes described 
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above, energy is said to be transferred in the form of heat.  

Heat is defined as the form of energy that is transferred between two systems (or a 

system and its surroundings) by virtue of a temperature difference. 

 

 
 

As a form of energy, heat has energy units, kJ (or Btu). 

The amount of heat transferred during the process between two states (states 1 and 2) 

is denoted by (Q12) , or just (Q) . Heat transfer per unit mass of a system is denoted q 

and is determined from: 

 

Sometimes it is desirable to know the rate of heat transfer (the amount of heat 

transferred per unit time) instead of the total heat 

transferred over some time interval. 

The heat transfer rate is denoted (Qo), where the overdot 

stands for the time derivative, or “per unit  time.” The 

heat transfer rate (Qo) has the unit (kJ/s), which is 

equivalent to (kW). 

 

 

Heat is transferred by three mechanisms: conduction, convection, and radiation.  
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 Conduction is the transfer of energy from the more energetic particles of a 

substance to the adjacent less energetic ones as a result of interaction between 

particles.  

 Convection is the transfer of energy between a solid surface and the adjacent 

fluid that is in motion, and it involves the combined effects of conduction and 

fluid motion.  

 Radiation is the transfer of energy due to the emission of electromagnetic 

waves (or photons). 

 

ENERGY TRANSFER BY WORK 
Work like heat, is an energy interaction between a system and its surroundings. As 

mentioned earlier, energy can cross the boundary of a closed system in the form of 

heat or work. Therefore, if the energy crossing the boundary of a closed system is 

not heat, it must be work.  

 

Work is the energy transfer associated with a force acting through a distance. Or it 

is the product of a force and the distance moved in the direction of the force.  

 

Work is also a form of energy transferred like heat and, therefore, has energy units 

such as (N.m = J) or (kJ). 

 

The work done per unit mass of a system is denoted by w and is expressed as; 

 

 
 

The work done per unit time is called POWER. The 

unit of power is (kJ/s), or (Kw). 
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Heat and work are directional quantities, require the 

specification of both the magnitude and direction. Heat 

transfer to a system and work done by a system are 

positive; heat transfer from a system and work done on a 

system are negative. 

 

 

 

ANOTHER FORMS OF WORK: 

Electrical Work: 

he electrical work done during a time interval is expressed as: 

 

 
V= a potential difference 

I= the current 

∆t= a time interval 

 

MECHANICAL WORK: 

There are several different ways of doing work, each in some way related to a force 

acting through a distance. 

 
Shaft Work: 

Energy transmission with a rotating shaft is very common in 

engineering practice. Often the torque T applied to the shaft 

is constant, which means that the force F applied is also 

constant. For a specified constant torque, the work done 

during n revolutions is determined as follows: A force F 

acting through a moment arm r generates a torque T of: 

 

 
 

This force acts through a distance s, which is related to the radius r by: 

 

 
 

Then the shaft work is determined from: 
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Spring Work 
It is common knowledge that when a force is 

applied on a spring, the length of the spring 

changes.  

To determine the total spring work, we need to 

know a functional relationship between F and x. 

For linear elastic springs, the displacement x is 

proportional to the force applied: 

 

 
 

where k is the spring constant and has the unit 

kN/m. 

 

 
 

where x1 and x2 are the initial and the final displacements of the spring, respectively, 

measured from the undisturbed position of the spring. 
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FLOW WORK THE ENERGY OF A FLOWING FLUID 

Unlike closed systems, control volumes involve 

mass flow across their boundaries, and some 

work is required to push the mass into or out of 

the control volume. This work is known as the 

flow work, or flow energy, and is necessary for 

maintaining a continuous flow through a control 

volume. 

To obtain a relation for flow work, consider a 

fluid element of volume V as shown in Figure. The fluid immediately upstream forces 

this fluid element to enter the control volume; thus, it can be regarded as an 

imaginary piston. If the fluid pressure is P and the cross-sectional area of the fluid 

element is A, the force applied on the fluid element by the 

imaginary piston is: 

 

 

 
 

 

 

To push the entire fluid element into the control volume, this force must act through a 

distance L. Thus, the work done in pushing the fluid element across the boundary 

(i.e., the flow work) is: 

 

 

 

The flow work per unit mass is obtained by dividing both sides of this equation 

by the mass of the fluid element: 
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It is interesting that unlike other work quantities, flow work is expressed in terms of 

properties and sometimes refer to it as flow energy (energy of a flowing fluid). 

 

 

THE FIRST LAW OF THERMODYNAMICS 

The first law of thermodynamics, also known as the conservation of energy principle, 

it states that energy can be neither created nor destroyed during a process; it can 

only change forms. 

We all know that a rock at some elevation possesses 

some potential energy, and part of this potential energy 

is converted to kinetic energy as the rock falls. 

Experimental data show that the decrease in potential 

energy (mg ∆z) exactly equals the increase in kinetic 

energy [m (V2
2 – V2

1)/2] when the air resistance is 

negligible. 

 

the conservation of energy principle can be expressed as follows: The net change 

(increase or decrease) in the total energy of the system during a process is equal to 

the difference between the total energy entering and the total energy leaving the 

system during that process.  

 

 
 

 
 

This relation is often referred to as the energy balance and is applicable to any kind 

of system undergoing any kind of process. 

 

 

 

 

 



Thermodynamics                                                          Assist. Lec. Mohamed.j.m. Hasan 

Energy Change of a System, ∆Esystem 

The change in the total energy of a system during a process is the sum of the changes 

in its internal, kinetic, and potential energies and can be expressed as: 

 

 

Where; 

 

 

 Most systems encountered in practice are stationary. Thus;  

 
 

Mechanisms of Energy Transfer, Ein and Eout 

Energy can be transferred to or from a system in three forms: heat, work, and mass 

flow. 

The only two forms of energy interactions associated with a fixed mass or closed 

system are heat transfer and work. 

 



Thermodynamics                                                          Assist. Lec. Mohamed .j.m. Hasan 

 

 
 

1. Heat Transfer, Q Heat transfer to a system (heat gain) increases the energy of the 

molecules and thus the internal energy of the system, and heat transfer from a system 

(heat loss) decreases it since the energy transferred out as heat comes from the energy 

of the molecules of the system. 

2. Work Transfer, W An energy interaction that is not caused by a temperature 

difference between a system and its surroundings is work. A rising piston, a rotating 

shaft, and an electrical wire crossing the system boundaries are all associated with 

work interactions. Work transfer to a system (i.e., work done on a system) increases 

the energy of the system, and work transfer from a system (i.e., work done by the 

system) decreases it since the energy transferred out as work comes from the energy 

contained in the system. Car engines and hydraulic, steam, or gas turbines produce 

work while compressors, pumps, and mixers consume work. 

 

3. Mass Flow, m Mass flow in and out of the system serves as an additional 

mechanism of energy transfer. When mass enters a system, the energy of the system 

increases because mass carries energy with it (in fact, mass is energy). Likewise, 

when some mass leaves the system, the energy contained within the system decreases 

because the leaving mass takes out some energy with it. For example, when some hot 

water is taken out of a water heater and is replaced by the same amount of cold water, 
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the energy content of the hot-water tank (the control volume) decreases as a result of 

this mass interaction. 

Noting that energy can be transferred in the forms of heat, work, and mass, and that 

the net transfer of a quantity is equal to the difference between the amounts 

transferred in and out, the energy balance can be written more 

explicitly as: 

 

 
 

where the subscripts “in” and “out” denote quantities that 

enter and leave the system, respectively. All six quantities 

on the right side of the equation represent “amounts,” and 

thus they are positive quantities. The direction of any 

energy transfer is described by the subscripts “in” and 

“out.” 

The heat transfer Q is zero for adiabatic systems, the work 

transfer W is zero for systems that involve no work interactions, and the energy 

transport with mass Emass is zero for systems that involve no mass flow across their 

boundaries (i.e., closed systems). Energy balance for any system undergoing any kind 

of process can be expressed more compactly as: 

 

 

or, in the rate form, as: 
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For a closed system undergoing a cycle, the initial and final states are identical, and 

thus: 

∆Esystem = E2 - E1 = 0. 

 

Then the energy balance for a cycle simplifies to: 

 

Ein - Eout = 0   or     Ein = Eout. 

 

Noting that a closed system does not involve any mass flow across its boundaries, the 

energy balance for a cycle can be expressed in terms of heat and work interactions as: 

 

 
 

 

That is, the net work output during a cycle is equal to net heat input. 

 

Thus; the first law of thermodynamics then takes the form: 

 

 

The energy balance can be expressed on a per unit mass basis as: 
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Thermodynamics                                                          Assist. Lec. Mohamed .j.m. Hasan 

 

 
 
 
 
 
 
 

 
 
ENERGY BALANCE FOR CLOSED SYSTEMS 

The energy balance relation (or the first-law) in that case for a closed system 

becomes: 

 

 

Where: 

Q = Qnet,in = Qin - Qout is the net heat input  

W = Wnet,out = Wout - Win is the net work output. 
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MASS AND ENERGY BALANCE FOR OPEN SYSTEMS 
 
CONSERVATION OF MASS 
The conservation of mass principle is one of the most fundamental principles in 

nature. For closed systems, the conservation of mass principle is implicitly used by 

requiring that the mass of the system remain constant during a process. For control 

volumes, however, mass can cross the boundaries, and so we must keep track of the 

amount of mass entering and leaving the control volume. 

 

Mass and Volume Flow Rates: 

The amount of mass flowing through a cross section per unit time is called the mass 

flow rate and is denoted by mo . The dot over a symbol is used to indicate time rate 

of change. 

 

 

The volume of the fluid flowing through a cross section per unit time is called the 

volume flow rate Vo 

 

The mass and volume flow rates are related by 

 

Conservation of Mass Principle 

The conservation of mass principle for a control volume can be expressed as: The 

net mass transfer to or from a control volume during a time interval ∆t is equal to the 

net change (increase or decrease) of the total mass within the control volume during 

∆t. That is, 
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where ∆mCV = mfinal – minitial is the change in the mass of the control volume during the 

process. It can also be expressed in rate form as: 

 

 

where mo
in and mo

out are the total rates of mass flow into and out of the control 

volume, and dmCV/dt is the rate of change of mass within the control volume 

boundaries. The above equations are often referred to as the mass balance and are 

applicable to any control volume undergoing any kind of process. 

 
Mass Balance for Steady-Flow Processes 

During a steady-flow process, the total amount of mass contained within a control 

volume does not change with time (mCV = constant). Then the conservation of mass 

principle requires that the total amount of mass entering a control volume equal the 

total amount of mass leaving it. 

The conservation of mass principle for a general steady-flow system with multiple 

inlets and outlets is expressed in rate form as: 

 

It states that the total rate of mass entering a control volume is equal to the total rate 

of mass leaving it. 

 

for single-stream steady-flow systems: 
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ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS 

A large number of engineering devices such as turbines, compressors, and nozzles are 

classified as steady-flow devices Processes involving such devices can be represented 

reasonably well by a somewhat idealized process, called the steady-flow process, 

which was defined as a process during which a fluid flows through a control volume 

steadily. That is, the fluid properties can change from point to point within the control 

volume, but at any point, they remain constant during the entire process. 

 

 (Remember, steady means no change with time.) 

 

During a steady-flow process, no intensive or extensive properties within the control 

volume change with time. Thus, the volume V, the mass m, and the total energy 

content E of the control volume remain constant. 

 

As a result, the boundary work is zero for steady-flow systems (since VCV = constant), 

and the total mass or energy entering the control volume must be equal to the total 

mass or energy leaving it (since mCV = constant and ECV = constant). These 

observations greatly simplify the analysis. 

 

During a steady-flow process, the total energy content of a control volume remains 

constant (ECV = constant), and thus the change in the total energy of the control 

volume is zero (∆ECV = 0). Therefore, the amount of energy entering a control 

volume in all forms (by heat, work, and mass) must be equal to the amount of energy 

leaving it. Then the rate form of the general energy balance reduces for a steady-flow 

process to: 
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The energy balance for a general steady-flow system can also be written more 

explicitly as: 

 

 

 
 

 

The first-law or energy balance relation in that case for a general steady-flow system 

becomes: 

 

 

 
 

 

For single-stream devices, the steady-flow energy balance equation becomes: 
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Dividing the equation by mo gives the energy balance on a unit-mass basis as: 

 

 
 

When the fluid experiences negligible changes in its kinetic and potential energies 

(that is, ∆ke = 0, ∆pe = 0), the energy balance equation is reduced further to: 

 
 
 

SOME STEADY-FLOW ENGINEERING DEVICES 

1 Nozzles and Diffusers 

2 Turbines and Compressors 

3 Throttling Valves 

4 Mixing Chambers 

5 Heat Exchangers 

6 Pipe and Duct Flow 
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1 Nozzles and Diffusers 
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. 

 

 

 The rate of heat transfer between the fluid flowing through a nozzle or a 

diffuser and the surroundings is usually very small (Q = 0) since the fluid has 

high velocities, and thus it does not spend enough time in the device for any 

significant heat transfer to take place. 

 Nozzles and diffusers typically involve no work (W = 0). 

 Any change in potential energy is negligible (∆pe = 0). 

 But nozzles and diffusers usually involve very high velocities, and as a fluid 

passes through a nozzle or diffuser, it experiences large changes in its velocity. 

Therefore, the kinetic energy changes must be accounted for in analyzing the 

flow through these devices (∆ke ≠ 0). 

 

2 Turbines and Compressors 

In steam, gas, or hydroelectric power plants, the device that drives the electric 

generator is the turbine. As the fluid passes through the turbine, work is done against 
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the blades, which are attached to the shaft. As a result, the shaft rotates, and the 

turbine produces work. 

Compressors, as well as pumps and fans, are devices used to increase the pressure of 

a fluid. Work is supplied to these devices from an external source through a rotating 

shaft. Therefore, compressors involve work inputs. 

 Note that turbines produce power output whereas compressors, pumps, and 

fans require power input. 

 Heat transfer from turbines is usually negligible (Q = 0) since they are 

typically well insulated.  

 Heat transfer is also negligible for compressors unless there is intentional 

cooling. Potential energy changes are negligible for all of these devices  

(∆pe =0). 

 The velocities involved in these devices, with the exception of turbines and 

fans, are usually too low to cause any significant change in the kinetic energy 

(∆ke = 0). 

 The fluid velocities encountered in most turbines are very high, and the fluid 

experiences a significant change in its kinetic energy. However, this change is 

usually very small relative to the change in enthalpy, and thus it is often 

disregarded. 

 

3 Throttling Valves 

Throttling valves are any kind of flow-restricting 

devices that cause a significant pressure drop in the 

fluid. Some familiar examples are ordinary 

adjustable valves, capillary tubes. 

 

 
Throttling valves produce a pressure drop without 

involving any work. The pressure drop in the fluid is 
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often accompanied by a large drop in temperature, and for that reason throttling 

devices are commonly used in refrigeration and air-conditioning applications. 

 Throttling valves are usually small devices, and the flow through them may be 

assumed to be adiabatic (q = 0) since there is neither sufficient time nor large 

enough area for any effective heat transfer to take place. 

 Also, there is no work done (w = 0). 

 The change in potential energy, is very small (∆pe = 0). 

 Even though the exit velocity is often considerably higher than the inlet 

velocity, in many cases, the increase in kinetic energy is insignificant (∆ke= 0). 

Then the conservation of energy equation for this single-stream steady-flow 

device reduces to: 

 

 

 

 

4a Mixing Chambers 

The section where the mixing process takes place is commonly referred to as a 

mixing chamber. The conservation of mass principle for a mixing chamber requires 

that the sum of the incoming mass flow rates equal the 

mass flow rate of the outgoing mixture. 

 Mixing chambers are usually well insulated (q = 0). 

 do not involve any kind of work (w = 0).  

 Also, the kinetic and potential energies of the fluid 

streams are usually negligible (ke = 0, pe = 0). 

 

Then all there is left in the energy equation is the total 

energies of the incoming streams and the outgoing 

mixture. 
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4b Heat Exchangers 

Heat exchangers are devices where two moving 

fluid streams exchange heat without mixing. The 

simplest form of a heat exchanger is a double-tube 

(also called tube-and-shell) heat exchanger. 

It is composed of two concentric pipes of different 

diameters. One fluid flows in the inner pipe, and the 

other in the annular space between the two pipes. 

Heat is transferred from the hot fluid to the cold one 

through the wall separating them. 

 Heat exchangers typically involve no work interactions (w = 0). 

 Kinetic and potential energy changes are negligible (∆ke = 0, ∆pe = 0) for each 

fluid stream.  

 The heat transfer rate associated with heat exchangers depends on how the 

control volume is selected. 

 When the entire heat exchanger is selected as the control volume, Qo becomes 

zero, since the boundary for this case lies just beneath the insulation and little 

or no heat crosses the boundary 
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If, however, only one of the fluids is selected as the control volume, then heat will 

cross this boundary as it flows from one fluid to the other and Qo will not be zero. 

 

5 Pipe and Duct Flow 

The transport of liquids or gases in pipes and ducts is of 

great importance in many engineering applications. The 

control volume can be selected to coincide with the 

interior surfaces of the portion of the pipe or the duct 

that we are interested in analyzing. 

 If the control volume involves a heating section (electric wires), a fan, or a 

pump (shaft), the work interactions should be considered. 

 

 The velocities involved in pipe and duct flow are relatively low, and the kinetic 

energy changes are usually insignificant. 

 The potential energy term may also be significant when the fluid undergoes a 

considerable elevation change as it flows in a pipe or duct. 

 

Enthalpy: 
In the solution of problems involving systems, certain products or sums of properties 

occur with regularity. One such combination of properties we define to be enthalpy 

(H) which is the sum of internal energy and flow work. 

 

 
 

The specific enthalpy h is found by dividing by the mass: h = H/m. 
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Example: Air at 10oC and 80 kPa enters the diffuser of a jet engine steadily with a 

velocity of 200 m/s. The inlet area of the diffuser is 0.4 m2. The air leaves the diffuser 

with a velocity that is very small compared with the inlet velocity. Determine (a) the 

mass flow rate of the air and (b) the enthalpy of the air leaving the diffuser. Take the 

enthalpy at inlet (h1 = 283.14 kJ/kg). 

 

SOLUTION: 

1 This is a steady-flow process since there is no change with time at any point and 

thus ∆mCV = 0 and ∆ECV = 0. 

2 Air is an ideal gas.  

3 The potential energy change is zero, ∆pe = 0.  

4 Heat transfer is negligible.  

5 Kinetic energy at the diffuser exit is negligible.  

6 There are no work interactions. 

 
 

Since the flow is steady, the mass flow rate through the entire diffuser remains 

constant at this value. 
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The specific volume and enthalpy of steam at the nozzle inlet are  

 
SOLUTION: 

1 This is a steady-flow process since there is no 

change with 

time at any point and thus ∆mCV = 0 and ∆ECV 

= 0. 

2 There are no work interactions.  

3 The potential energy change is zero, ∆pe = 0. 

 

We observe that there is only one inlet and one 

exit and thus mo
1 = mo

2 = mo . 
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SOLUTION: 

1 This is a steady-flow process since there is no change 

 with time at any point and thus ∆mCV = 0 and ∆ECV = 0.  

2 Air is an ideal gas.  

3 The kinetic and potential energy changes are zero, 

 ∆ke = ∆pe = 0. 

 

 
 

 
 

 
 

 
SOLUTION 

1 This is a steady-flow process since there is no change with time at any point and 

thus ∆mCV = 0 and ∆ECV = 0.  

2 The system is adiabatic and thus there is no heat transfer.  
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SOLUTION: 

1 This is a steady-flow process since there is  

no change with time at any point and thus  

∆mCV = 0 and ∆ECV = 0.  

2 The kinetic and potential energies  

are negligible, ke = pe = 0.  

3 Heat losses from the system are negligible  

and thus Q = 0.  

4 There is no work interaction involved. 
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SOLUTION: 

1 This is a steady-flow process since there is  

no change with time at any point and thus  

∆mCV = 0 and ∆ECV = 0.  

2 The kinetic and potential energies  

are negligible, ke = pe = 0.  

3 Heat losses from the system are negligible  

and thus Q = 0.  

4 There is no work interaction involved. 
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SOLUTION: 

1 This is a steady-flow process since there  

is no change with time at any point and thus  

∆mCV = 0 and ∆ECV = 0.  

2 Air is an ideal gas.  

3 The kinetic and potential energy changes  

are negligible, ∆ke = ∆pe = 0.  

4 Constant specific heats at room temperature  

can be used for air. 
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Example 

e: Water is flowing in a pipe that changes diameter from 20 to 40 mm. If the water in 

the 20-mm section has a velocity of 40 m/s, determine the velocity in the 40-mm 

section. Also calculate the mass flux. 
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Specific Heats 
We know from experience that it takes different 

amounts of energy to raise the temperature of 

identical masses of different substances by one 

degree. 

For example, we need about 4.5 kJ of energy to 

raise the temperature of 1 kg of iron from 20 to 

30oC, whereas it takes about 9 times this energy (41.8 kJ to be exact) to raise the 

temperature of 1 kg of liquid water by the same amount. Therefore, it is desirable to 

have a property that will enable us to compare the energy storage capabilities of 

various substances. 

This property is the specific heat.  The specific heat 

is defined as the energy required to raise the 

temperature of a unit mass of a substance by one 

degree. 

In thermodynamics, we are interested in two kinds 

of specific heats: specific heat at constant volume 

cv and specific heat at constant pressure cp. 

Physically, the specific heat at constant volume cv 

can be viewed as the energy required to raise the 

temperature of the unit mass of a substance by one 

degree as the volume is maintained constant. The energy required to do 

the same as the pressure is maintained constant is the specific heat at constant 

pressure cp. 

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. 
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INTERNAL ENERGY, ENTHALPY, AND SPECIFIC HEATS OF IDEAL GASES: 

We defined an ideal gas as a gas whose temperature, pressure, and specific volume 

are related by: 

 

Using the definition of enthalpy and the equation of state of an ideal gas, we have: 

 

 

the internal energy and enthalpy of an ideal gas can be expressed as: 

 

                               

 

                               

 

Specific Heat Relations of Ideal Gases: 

A special relationship between cp and cv for ideal gases can be obtained by 

differentiating the relation h = u + RT, which yields: 

 

 



Thermodynamics                                                          Assist. Lec. Mohamed .j.m. Hasan 

At this point, we introduce another ideal-gas property called the specific heat ratio k, 

defined as: 

 

 

 

 

 

The First Law Applied to Various Processes: 

1) THE CONSTANT-TEMPERATURE PROCESS 

2) THE CONSTANT-VOLUME PROCESS 

3) THE CONSTANT-PRESSURE PROCESS 

4) THE ADIABATIC PROCESS 

5) THE POLYTROPIC PROCESS 

 

THE CONSTANT-TEMPERATURE PROCESS 

For the isothermal process a gas that approximates an ideal gas, the internal energy 

depends only on the temperature and thus ∆U = 0 for an isothermal process; for such 

a process the energy equation is: 

 

Using the ideal-gas equation PV = mRT, the work can be found to be: 
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THE CONSTANT-VOLUME PROCESS 

The work for a constant-volume process is zero, since dV is zero. For such a process 

the first law becomes: 

 

For a gas, approximated by an ideal gas with constant Cv, we would have: 

 

 

THE CONSTANT-PRESSURE PROCESS 

The first law, for a constant-pressure process is to be: 

 

For a process involving an ideal gas for which Cp is constant there results: 

 

 

THE ADIABATIC PROCESS 

the first law for the adiabatic process is: 

 

if an ideal gas can be assumed with constant Cv: 
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which can be put in the forms: 
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HOMEWORK 
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 مع الحلولمسائل 

Heat Conduction: 

Problem:  

A brick wall is 0.2 m thick and has an area of 10 m². The temperature on the inner surface is 

25°C and on the outer surface is 5°C. If the thermal conductivity of the brick is k = 0.6 W/m 

°C, calculate the rate of heat transfer through the wall. 

Solution: 

Using Fourier's Law of Conduction: 

 

Conduction + Composite Wall Resistance: 

Problem: 

A composite wall consists of two layers: a brick layer 0.15m thick with k₁ = 0.7 W/m °C, and 

an insulation layer 0.05m thick with k₂ = 0.04 W/m °C. The wall area is 20m². The inside 

temperature is 22°C and the outside temperature is -3°C. Calculate the rate of heat transfer. 

Solution: 

Total thermal resistance for layers in series: 

 



Heat Convection 

Problem: 

An electric heater has a surface area of 0.3 m² and its surface temperature is 80°C. It is placed 

in a room where the air temperature is 20°C. The convective heat transfer coefficient is h = 15 

W/m².°C. Calculate the heat lost by convection. 

Solution: 

Using Newton's Law of Cooling: 

 

  

Thermal Radiation 

A blackbody with an area of 0.5 m² is at 500 K in a room whose walls are at 300 K. Calculate 

the net radiative heat transfer. Stefan-Boltzmann constant. σ = 5.67 × 10⁻⁸ W/m². K₄. 

Solution: 

 

 

 

 

 



Mixing + Specific Heat 

Problem: 

2 kg of water at 80°C is mixed with 3 kg of water at 20°C in an insulated container. What is the 

final equilibrium temperature? Specific heat of water c = 4186 J/kg.°C. 

Solution: 

Heat lost by hot water = Heat gained by cold water 

 

Phase Change + Heating 

Problem: 

What is the amount of heat required to convert 0.5 kg of ice at -10°C to water at 30°C. 

CIce = 2100 J/kg.°C, CWater = 4186 J/kg.°C, Latent heat of fusion of ice Lf = 3.34 × 10⁵ J/kg. 

Solution: 

Three stages 

 



Conduction Through a Glass Window 

Problem: 

A single-pane glass window has an area of 2.5m² and a thickness of 5mm. The temperature on 

the inner surface is 18°C and on the outer surface is 2°C. The thermal conductivity of glass is k 

= 0.8 W/mK. Find the heat loss through the window. 

Solution: 
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THE SECOND LAW OF THERMODYNAMICS: 

INTRODUCTION TO THE SECOND LAW 

In Chaps. 4 and 5, we applied the first law of thermodynamics, or the conservation of 

energy principle, to processes involving closed and open systems. 

As pointed out repeatedly in those chapters, energy is a conserved property, and no 

process is known to have taken place in violation of the first law of thermodynamics. 

Therefore, it is reasonable to conclude that a process must satisfy the first law to 

occur. 

It is common experience that a cup of hot coffee left in a cooler room eventually 

cools off. This process satisfies the first law of thermodynamics since the amount of 

energy lost by the coffee is equal to the amount gained by the surrounding air. Now 

let us consider the reverse process—the hot coffee getting even hotter in a cooler 

room as a result of heat transfer from the room air. We all know that this process 

never takes place. 

 

 

As another familiar example, consider the heating of a room by the passage of 

electric current through a resistor. Again, the first law dictates that the amount of 

electric energy supplied to the resistance wires be equal to the amount of energy 

transferred to the room air as heat. Now let us attempt to reverse this process. It will 
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come as no surprise that transferring some heat to the wires does not cause an 

equivalent amount of electric energy to be generated in the wires. 

 

 

Finally, consider a paddle-wheel mechanism that is operated by the fall of a mass. 

The paddle wheel rotates as the mass falls and stirs a fluid within an insulated 

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

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

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

the paddle wheel, does not occur in nature. 
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THERMAL ENERGY RESERVOIRS 

A hypothetical body with a relatively large thermal energy capacity (mass × specific 

heat) that can supply or absorb finite amounts of heat without undergoing any change 

in temperature. Such a body is called a thermal energy reservoir, or just a reservoir. 

The atmosphere, for example, does not warm up as a result of heat losses from 

residential buildings in winter. Likewise, mega joules of waste energy dumped in 

large rivers by power plants do not cause any significant change in water 

temperature. 

A body does not actually have to be very large to be considered a reservoir. The air in 

a room, for example, can be treated as a reservoir in the analysis of the heat 

dissipation from a TV set in the room, since the amount of heat transfer from the TV 

set to the room air is not large enough to have a noticeable effect on the room air 

temperature. 

A reservoir that supplies energy in the form of heat is called a source, and one that 

absorbs energy in the form of heat is called a sink Thermal energy reservoirs are 

often referred to as heat reservoirs since they supply or absorb energy in the form of 

heat. 
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HEAT ENGINES 

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

energy to work is not that easy. The mechanical work done by the shaft shown in Fig. 

for example, is first converted to the internal energy of the water. This energy may 

then leave the water as heat. We know from experience that any attempt to reverse 

this process will fail. That is, transferring heat to the water does not cause the shaft to 

rotate. 

 

 

From this and other observations, we conclude that work can be converted to heat 

directly and completely, but converting heat to work requires the use of some special 

devices. These devices are called heat engines. 

 

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

following: They receive heat from a high-temperature source (solar energy, oil 

furnace, nuclear reactor, etc.). 

1. They convert part of this heat to work (usually in the form of a rotating shaft). 

2. They reject the remaining waste heat to a low-temperature sink (the 

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

 

 

 

Heat engines and other cyclic devices usually involve a fluid to and from which heat 

is transferred while undergoing a cycle. This fluid is called the working fluid. 

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

steam power plant. The schematic of a basic steam power plant is shown in Fig. 
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The various quantities shown on this figure are as follows: 

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

(furnace) 

Qout = amount of heat rejected from steam in condenser to a low temperature sink 

(the atmosphere, a river, etc.) 

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

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

 

The net work output of this power plant is simply the 

difference between the total work output of the plant 

and the total work input  
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The net work can also be determined from the heat transfer data alone. The four 

components of the steam power plant involve mass flow in and out, and therefore 

should be treated as open systems. These components, together with the connecting 

pipes, however, always contain the same fluid No mass enters or leaves this 

combination system, which is indicated by the shaded area thus, it can be analyzed as 

a closed system. Recall that for a closed system undergoing a cycle, the change in 

internal energy ∆U is zero, and therefore the net work output of the system is also 

equal to the net heat transfer to the system: 

 

 

Thermal Efficiency 

The fraction of the heat input that is converted to net work output is a measure of the 

performance of a heat engine and is called the thermal efficiency ζth  

For heat engines, the desired output is the net work output, and the required input is 

the amount of heat supplied to the working fluid. Then the thermal efficiency of a 

heat engine can be expressed as: 
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Cyclic devices of practical interest such as heat engines, refrigerators, and heat 

pumps operate between a high-temperature medium (or reservoir) at temperature TH 

and a low-temperature medium (or reservoir) at temperature TL. To bring uniformity 

to the treatment of heat engines, refrigerators, and heat pumps, we define these two 

quantities: 

 

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 

 

Notice that both QL and QH are defined as magnitudes and therefore are positive 

quantities. The direction of QH and QL is easily determined by inspection. Then, the 

net work output and thermal efficiency relations for any heat engine can also be 

expressed as 
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The thermal efficiency of a heat engine is always less 

than unity since both QL and QH are defined as positive 

quantities. 

 

Thermal efficiency is a measure of how efficiently a heat engine converts the heat 

that it receives to work. Heat engines are built for the purpose of converting heat to 

work, and engineers are constantly trying to improve the efficiencies of these devices 

since increased efficiency means less fuel consumption and thus lower fuel bills and 

less pollution. 
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The Second Law of Thermodynamics: Kelvin–Planck Statement 

We have demonstrated earlier a heat engine must reject some heat to a low-

temperature reservoir in order to complete the cycle. That is, no heat engine can 

convert all the heat it receives to useful work. The Kelvin–Planck statement of the 

second law of thermodynamics, which is expressed as follows: 

 

 

 

The Kelvin–Planck statement can also be expressed as no heat engine can have a 

thermal efficiency of 100 percent. 

 

REFRIGERATORS AND HEAT PUMPS 

We all know from experience that heat is transferred in the direction of decreasing 

temperature, that is, from high-temperature mediums to low temperature ones. 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 medium to a high-temperature one 

requires special devices called refrigerators. Refrigerators, like heat engines, are 

cyclic devices. The working fluid used in the refrigeration cycle is called a 

refrigerant. The most frequently used refrigeration cycle is the vapor-compression 

refrigeration cycle, which involves four main components: a compressor, a 

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

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

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

surrounding medium. It then enters a capillary tube where its pressure and 

temperature drop drastically due to the throttling effect. The low-temperature 

refrigerant then enters the evaporator, where it evaporates by absorbing heat from the 

refrigerated space. The cycle is completed as the refrigerant leaves the evaporator and 

reenters the compressor. 

A refrigerator is shown schematically in Fig. 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 environment at temperature TH, and Wnet,in is the net work 

input to the refrigerator. 
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Coefficient of Performance 

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

performance (COP), denoted by COPR. The objective of a refrigerator is to remove 

heat (QL) from the refrigerated space. To accomplish this objective, it requires a 

work input of Wnet,in. Then the COP of a refrigerator can be expressed as  

 

 

 

This relation can also be expressed in rate form by replacing QL by Qo
L and Wnet,in by 

Wo net,in. 

 

The conservation of energy principle for a cyclic device requires that  
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Then the COP relation becomes: 

 

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

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

 

Heat Pumps 

Another device that transfers heat from a low-

temperature medium to a high temperature one is the 

heat pump, shown schematically in Fig. 

Refrigerators and heat pumps operate on the same 

cycle but differ in their objectives. The objective of a 

refrigerator is to maintain the refrigerated space at a 

low temperature by removing heat from it. The 

objective of a heat pump, however, is to maintain a 

heated space at a high temperature. 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 the 

high-temperature medium such as a house  

 

The measure of performance of a heat pump is also expressed in terms of the 

coefficient of performance COPHP, defined as 

 

 

which can also be expressed as: 
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This relation implies that the coefficient of performance of a heat pump is always 

greater than unity since COPR is a positive quantity. 
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The Second Law of Thermodynamics: Clausius Statement 

There are two classical statements of the second law—the Kelvin–Planck statement, 

which is related to heat engines, and the Clausius statement, which is related to 

refrigerators or heat pumps. The Clausius statement is expressed as follows: 

 

 

 

REVERSIBLE AND IRREVERSIBLE PROCESSES 

The second law of thermodynamics states that no heat engine can have an efficiency 

of 100 percent. Then one may ask, what is the highest efficiency that a heat engine 

can possibly have? Before we can answer this question, we need to define an 

idealized process first, which is called the reversible process. 

 

The processes that were discussed at the beginning of this 

chapter occurred in a certain direction. Once having taken 

place, these processes cannot reverse themselves 

spontaneously and restore the system to its initial state. For 

this reason, they are classified as irreversible processes. 

Once a cup of hot coffee cools, it will not heat up by 

retrieving the heat it lost from the surroundings. If it could, 

the surroundings, as well as the system (coffee), would be 

restored to their original condition, and this would be a 

reversible process. 

 

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

trace on the surroundings 
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That is, both the system and the surroundings are returned to their initial states at the 

end of the reverse process. This is possible only if the net heat and net work exchange 

between the system and the surroundings is zero for the combined (original and 

reverse) process. Processes that are not reversible are called irreversible processes. 

Reversible processes actually do not occur in nature. That is, all the processes 

occurring in nature are irreversible. 

 

THE CARNOT ENGINE 

The heat engine that operates the most efficiently between a high-temperature 

reservoir and a low-temperature reservoir is the Camot engine. It is an ideal engine 

that uses reversible processes to form its cycle of operation; thus it is also called a 

reversible engine. We will determine the efficiency of the Carnot engine and also 

evaluate its reverse operation. The Carnot engine is very useful, since its efficiency 

establishes the maximum possible efficiency of any real engine. 

 

The cycle associated with the Carnot engine is shown in Fig, using an ideal gas as the 

working substance. It is composed of the following four reversible processes: 

 

1 - 2: Heat is transferred reversibly from the high-temperature reservoir at the 

constant temperature TH. The piston in the cylinder is withdrawn and the volume 

increases. 

 

2 - 3: An adiabatic reversible expansion. The cylinder is completely insulated so that 

no heat transfer occurs during this reversible process. The piston continues to be 

withdrawn, with the volume increasing. 
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3 - 4: An isothermal compression. Heat is transferred reversibly to the low-

temperature reservoir at the constant temperature TL. The piston compresses the 

working substance, with the volume decreasing. 

 

 

4 - 1: An adiabatic reversible compression. The completely insulated cylinder allows 

no heat transfer during this reversible process. The piston continues to compress the 

working substance until the original volume, temperature, and pressure are reached, 

thereby completing the cycle. 

 

 

The P-V diagram of this cycle is shown in Fig. Remembering that on a P-V diagram 

the area under the process curve represents the boundary work, we see that the area 

under curve 1-2-3 is the work done by the gas during the expansion part of the cycle, 

and the area under curve 3-4-1 is the work done on the gas during the compression 
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part of the cycle. The area enclosed by the path of the cycle (area 1-2-3-4-1) is the 

difference between these two and represents the net work done during the cycle. 

 

 

 

Being a reversible cycle, the Carnot cycle is the most efficient cycle operating 

between two specified temperature limits. Even though the Carnot cycle cannot be 

achieved in reality. 

Applying the first law to the cycle, we note that  

 

 

 

where QL is assumed to be a positive value for the heat transfer to the low-

temperature reservoir. 

 

This allows us to write the thermal efficiency for the Carnot cycle as: 

 

 

 



Thermodynamics                                                          Assist. Lec. Mohamed .j.m. Hasan 

where QH is heat transferred to the heat engine from a high-temperature reservoir 

at TH , and QL is heat rejected to a low-temperature reservoir at TL. 

 

For reversible heat engines, the heat transfer ratio in the above relation can be 

replaced by the ratio of the absolute temperatures of the two reservoirs. Then the 

efficiency of a Carnot engine, or any reversible heat engine, becomes 

 

 

This relation is often referred to as the Carnot efficiency. This is the highest 

efficiency a heat engine operating between the two thermal energy reservoirs at 

temperatures TL and TH can have. 
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THE CARNOT REFRIGERATOR AND HEAT PUMP 

The Carnot engine, when operated in reverse, becomes a heat pump or a refrigerator, 

depending on the desired heat transfer. The coefficient of performance for a heat 

pump becomes: 

 

 

 

The coefficient of performance for a refrigerator takes the form: 

 

 

EXAMPLE A Carnot engine operates between two temperature reservoirs 

maintained at 200 oC and 20 oC, respectively. If the desired output of the engine is 15 

kW, as shown in Fig., determine the heat transfer from the high-temperature reservoir 

and the heat transfer to the low-temperature reservoir. 

 

The efficiency of a Carnot engine is given by 

 

This gives, converting the temperatures to absolute 

temperatures, 

 

Using the first law, we have 
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EXAMPLE A refrigeration unit is cooling a space to -5°C by rejecting energy to the 

atmosphere at 20°C. It is desired to reduce the temperature in the refrigerated space 

to -25°C. Calculate the minimum percentage increase in work required, by assuming 

a Carnot refrigerator, for the same amount of energy removed. 

 

For a Carnot refrigerator we know that 

 

For the first situation we have 

 

 

For the second situation there results 

 

The percentage increase in work is then 
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