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We will soon learn how to apply the first law of thermodynamics as the expression of the 
conservation of energy principle.  But, first we study the ways in which energy may be 
transported across the boundary of a general thermodynamic system.  For closed systems 
(fixed mass systems) energy can cross the boundaries of a closed system only in the form of 
heat or work.  For open systems or control volumes energy can cross the control surface in 
the form of heat, work, and energy transported by the mass streams crossing the control 
surface.  We now consider each of these modes of energy transport across the boundaries of 
the general thermodynamic system. 

Energy 

Consider the system shown below moving with a velocity,    at an elevation Z relative to 
the reference plane.


V

Z

General
System
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The total energy E of a system is the sum of all forms of energy that can exist within the 
system such as thermal, mechanical, kinetic, potential, electric, magnetic, chemical, and 
nuclear.  The total energy of the system is normally thought of as the sum of the internal 
energy, kinetic energy, and potential energy.  The internal energy U is that energy associated 
with the molecular structure of a system and the degree of the molecular activity (see 
Section 21 of text for more detail).  The kinetic energy KE exists as a result of the system's 
motion relative to an external reference frame.  When the system moves with velocity    the 
kinetic energy is expressed as


V

KE m
V

kJ


2

2
( )

The energy that a system possesses as a result of its elevation in a gravitational field relative 
to the external reference frame is called potential energy PE and is expressed as

PE mgZ kJ ( )

where g is the gravitational acceleration and z is the elevation of the center of gravity of a 
system relative to the reference frame.  The total energy of the system is expressed as

E U KE PE kJ   ( )

or, on a unit mass basis,
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where e = E/m is the specific stored energy, and u = U/m is the specific internal energy.  The 
change in stored energy of a system is given by

   E U KE PE kJ   ( )

Most closed systems remain stationary during a process and, thus, experience no change in 
their kinetic and potential energies.  The change in the stored energy is identical to the 
change in internal energy for stationary systems.

If  KE = PE = 0,

 E U kJ ( )
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Energy Transport by Heat and Work and the Classical Sign Convention 

Energy may cross the boundary of a closed system only by heat or work.  

Energy transfer across a system boundary due solely to the temperature difference between 
a system and its surroundings is called heat. 

Energy transferred across a system boundary that can be thought of as the energy expended 
to lift a weight is called work. 

Heat and work are energy transport mechanisms between a system and its surroundings.  
The similarities between heat and work are as follows:

1.Both are recognized at the boundaries of a system as they cross the boundaries.  
They are both boundary phenomena.

2.Systems possess energy, but not heat or work.

3.Both are associated with a process, not a state.  Unlike properties, heat or 
work has no meaning at a state.

4.Both are path functions (i.e., their magnitudes depends on the path followed 
during a process as well as the end states.
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Since heat and work are path dependent functions, they have inexact differentials 
designated by the symbol . The differentials of heat and work are expressed as Q and W.
The integral of the differentials of heat and work over the process path gives the amount of 
heat or work transfer that occurred at the system boundary during a process.

2

12

1,

2

12

1,

(not Q)

(not )

along path

along path

Q Q

W W W





 

 





That is, the total heat transfer or work is obtained by following the process path and adding 
the differential amounts of heat (Q) or work (W) along the way. The integrals of Q and 
W are not Q2 – Q1 and W2 – W1, respectively, which are meaningless since both heat and 
work are not properties and systems do not possess heat or work at a state. 

The following figure illustrates that properties (P, T, v, u, etc.) are point functions, that is, they 
depend only on the states.  However, heat and work are path functions, that is, their 
magnitudes depend on the path followed.
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700 kPa

100 kPa

0.01 m3 0.03 m3

A sign convention is required for heat and work energy transfers, and the classical 
thermodynamic sign convention is selected for these notes.  According to the classical sign 
convention, heat transfer to a system and work done by a system are positive; heat transfer 
from a system and work  a system are negative.  The system shown below has heat supplied 
to it and work done by it.

In this study guide we will use the concept of net heat and net work.
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System
Boundary

Energy Transport by Heat

Recall that heat is energy in transition across the system boundary solely due to the 
temperature difference between the system and its surroundings.  The net heat transferred 
to a system is defined as 

Q Q Qnet in out 
Here, Qin and Qout are the magnitudes of the heat transfer values.  In most thermodynamics 
texts, the quantity Q is meant to be the net heat transferred to the system, Qnet.  Since heat 
transfer is process dependent, the differential of heat transfer Q is called inexact.  We often 
think about the heat transfer per unit mass of the system, q.
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Extra Problem

Explore what happens to Ttop as you vary the convective heat transfer coefficient. On a night 
when the atmosphere is particularly still and cold and has a clear sky, why do fruit growers use 
fans to increase the air velocity in their fruit groves?

Energy Transfer by Work

Electrical Work

The rate of electrical work done by electrons crossing a system boundary is called electrical 
power and is given by the product of the voltage drop in volts and the current in amps.

(W)eW V I

The amount of electrical work done in a time period is found by integrating the rate of 
electrical work over the time period.

2

1
(kJ)eW V I dt 
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Mechanical Forms of Work

Work is energy expended by a force acting through a distance.  Thermodynamic work is 
defined as energy in transition across the system boundary and is done by a system if the 
sole effect external to the boundaries could have been the raising of a weight. 

Mathematically, the differential of work is expressed as

W F d s Fds  
 

cos

here  is the angle between the force vector and the displacement vector.
As with the heat transfer, the Greek symbol  means that work is a pathdependent function 
and has an inexact differential. If the angle between the force and the displacement is zero, 
the work done between two states is 

 
2

1

2

1
12 FdsWW 
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Work has the units of energy and is defined as force times displacement or newton times 
meter or joule (we will use kilojoules).  Work per unit mass of a system is measured in kJ/kg.

Common Types of Mechanical Work Energy (See text for discussion of these topics)

•Shaft Work
•Spring Work
•Work done of Elastic Solid Bars
•Work Associated with the Stretching of a Liquid Film
•Work Done to Raise or to Accelerate a Body 

Net Work Done By A System

The net work done by a system may be in two forms other work and boundary work.  First, 
work may cross a system boundary in the form of a rotating shaft work, electrical work or 
other the work forms listed above.  We will call these work forms “other” work, that is, work 
not associated with a moving boundary.  In thermodynamics electrical energy is normally 
considered to be work energy rather than heat energy; however, the placement of the 
system boundary dictates whether
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Here, Wout and Win are the magnitudes of the other work forms crossing the boundary.  Wb

is the work due to the moving boundary as would occur when a gas contained in a piston 
cylinder device expands and does work to move the piston.  The boundary work will be 
positive or negative depending upon the process.  Boundary work is discussed in detail in 
Chapter 4.

to include electrical energy as work or heat.  Second, the system may do work on its 
surroundings because of moving boundaries due to expansion or compression processes that 
a fluid may experience in a pistoncylinder device.

The net work done by a closed system is defined by 

  botherinoutnet WWWW  

  bothernetnet WWW 

Several types of “other” work (shaft work, electrical work, etc.) are discussed in the text.  
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Example 2-3

A fluid contained in a pistoncylinder device receives 500 kJ of electrical work as the gas 
expands against the piston and does 600 kJ of boundary work on the piston.  What is the net 
work done by the fluid?

Wele =500 kJ Wb=600 kJ
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The First Law of Thermodynamics

The first law of thermodynamics is known as the conservation of energy principle.  It states that energy 
can be neither created nor destroyed; it can only change forms.  Joule’s experiments lead to the 
conclusion: For all adiabatic processes between two specified states of a closed system, the net work 
done is the same regardless of the nature of the closed system and the details of the process.  A major 
consequence of the first law is the existence and definition of the property total energy E introduced 
earlier.

The First Law and the Conservation of Energy

The first law of thermodynamics is an expression of the conservation of energy principle.  

Energy can cross the boundaries of a closed system in the form of heat or work.  Energy may cross a 
system boundary (control surface) of an open system by heat, work and mass transfer. 

A system moving relative to a reference plane is shown below where z is the elevation of the center of 
mass above the reference plane and    is the velocity of the center of mass.


V

Energyin
Energyout

z

System

Reference Plane, z = 0

CM

V
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Normally the stored energy, or total energy, of a system is expressed as the 
sum of three separate energies.  The total energy of the system, Esystem, is given as

For the system shown above, the conservation of energy principle or the first law of 
thermodynamics is expressed as 




























system  theofenergy 

in total change The

system  theleaving

energy 

system  theentering

energy TotalTotal

or

E E Ein out system  

E Internal energy Kinetic energy Potential energy

E U KE PE

=   +    +   

=   +   +  

Recall that U is the sum of the energy contained within the molecules of the system other 
than the kinetic and potential energies of the system as a whole and is called the internal 
energy.  The internal energy U is dependent on the state of the system and the mass of the 
system.

For a system moving relative to a reference plane, the kinetic energy KE and the potential 
energy PE are given by
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The change in stored energy for the system is

   E U KE PE  

Now the conservation of energy principle, or the first law of thermodynamics for closed 
systems, is written as

in outE E U KE PE      

If the system does not move with a velocity and has no change in elevation, it is called a 
stationary system, and the conservation of energy equation reduces to

in outE E U  

Mechanisms of Energy Transfer, Ein and Eout

The mechanisms of energy transfer at a system boundary are:  Heat, Work, mass flow.  Only 
heat and work energy transfers occur at the boundary of a closed (fixed mass) system.  
Open systems or control volumes have energy transfer across the control surfaces by mass 
flow as well as heat and work.
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1. Heat Transfer, Q:  Heat is energy transfer caused by a temperature difference between 
the system and its surroundings.  When added to a system heat transfer causes the 
energy of a system to increase and heat transfer from a system causes the energy to 
decrease.  Q is zero for adiabatic systems.

2. Work, W:  Work is energy transfer at a system boundary could have caused a weight to 
be raised.   When added to a system, the energy of the system increases; and when done 
by a system, the energy of the system decreases.  W is zero for systems having no work 
interactions at its boundaries. 

3. Mass flow, m:  As mass flows into a system, the energy of the system increases by the 
amount of energy carried with the mass into the system.  Mass leaving the system carries 
energy with it, and the energy of the system decreases.  Since no mass transfer occurs at 
the boundary of a closed system, energy transfer by mass is zero for closed systems. 

The energy balance for a general system is 

   

 , ,

in out in out in out

mass in mass out system

E E Q Q W W

E E E
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Expressed more compactly, the energy balance is

Net energy transfer Change in internal, kinetic,
 by heat, work, and mass       potential, etc., energies

        ( )in out systemE E E kJ  
 

or on a rate form, as

  E E E kWin out system 

Rate of net energy transfer
 by heat, work, and mass

Rate change in internal, kinetic,
      potential, etc., energies

        ( )
    



For constant rates, the total quantities during the time interval t are related to the 
quantities per unit time as

, , and    ( )Q Q t W W t E E t kJ         

The energy balance may be expressed on a per unit mass basis as

( / )in out systeme e e kJ kg  

and in the differential forms as
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( )

( / )

in out system

in out system

E E E kJ

e e e kJ kg

  

  

 

 

First Law for a Cycle

A thermodynamic cycle is composed of processes that cause the working fluid to undergo a 
series of state changes through a process or a series of processes. These processes occur 
such that the final and initial states are identical and the change in internal energy of the 
working fluid is zero for whole numbers of cycles.  Since thermodynamic cycles can be 
viewed as having heat and work (but not mass) crossing the cycle system boundary, the first 
law for a closed system operating in a thermodynamic cycle becomes

net net cycle

net net

Q W E

Q W
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Example 2-4

A system receives 5 kJ of heat transfer and experiences a decrease in energy in the amount 
of 5 kJ.  Determine the amount of work done by the system.

E= 5 kJ
Qin =5 kJ Wout=?

System 
Boundary

We apply the first law as
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The work done by the system equals the energy input by heat plus the decrease in the 
energy of the working fluid.

Example 2-5

A steam power plant operates on a thermodynamic cycle in which water circulates 
through a boiler, turbine, condenser, pump, and back to the boiler.  For each kilogram 
of steam (water) flowing through the cycle, the cycle receives 2000 kJ of heat in the 
boiler, rejects 1500 kJ of heat to the environment in the condenser, and receives 5 kJ of 
work in the cycle pump.  Determine the work done by the steam in the turbine, in 
kJ/kg.

For a thermodynamic cycle, the first law becomes
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Example 2-6

Air flows into an open system and carries energy at the rate of 300 kW.  As the air flows 
through the system it receives 600 kW of work and loses 100 kW of energy by heat transfer 
to the surroundings.  If the system experiences no energy change as the air flows through it, 
how much energy does the air carry as it leaves the system, in kW?

System sketch:

Open System
,mass inE

inW

outQ

,mass outE

Conservation of Energy:
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, ,
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Energy Conversion Efficiencies

A measure of performance for a device is its efficiency and is often given the symbol .
Efficiencies are expressed as follows:

Desired Result

Required Input
 

How will you measure your efficiency in this thermodynamics course?

Efficiency as the Measure of Performance of a Thermodynamic cycle 

A system has completed a thermodynamic cycle when the working fluid undergoes a series 
of processes and then returns to its original state, so that the properties of the system at the 
end of the cycle are the same as at its beginning.

Thus, for whole numbers of cycles

P P T T u u v v etcf i f i f i f i   , , , , .

Heat Engine 

A heat engine is a thermodynamic system operating in a thermodynamic cycle to which net 
heat is transferred and from which net work is delivered. 
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The system, or working fluid, undergoes a series of processes that constitute the heat engine 
cycle.

The following figure illustrates a steam power plant as a heat engine operating in a 
thermodynamic cycle.

1 May 2020 Prof. Suchismita Swain (TITE)
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Thermal Efficiency, th

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

th 
Desired Result

Required Input
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For a heat engine the desired result is the net work done (Wout – Win) and the input is the 
heat supplied to make the cycle operate Qin.   The thermal efficiency is always less than 1 or 
less than 100 percent. 

th

net out

in

W

Q


,

where 

W W W

Q Q

net out out in

in net

,  



Here, the use of the in and out subscripts means to use the magnitude (take the 
positive value) of either the work or heat transfer and let the minus sign in the net 
expression take care of the direction.
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Example 2-7

In example 25 the steam power plant received 2000 kJ/kg of heat, 5 kJ/kg of pump work, 
and produced 505 kJ/kg of turbine work.  Determine the thermal efficiency for this cycle.

We can write the thermal efficiency on a per unit mass basis as:

 

,

505 5
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0.25   or  25%

net out
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Combustion Efficiency

Consider the combustion of a fuelair mixture as shown below.
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Air

Combustion
Chamber

Fuel
CnHm

CO2

H2O
N2

Qout = HVReactants
TR, PR

Products
PP, TP

Fuels are usually composed of a compound or mixture containing carbon, C, and 
hydrogen, H2.   During a complete combustion process all of the carbon is 
converted to carbon dioxide and all of the hydrogen is converted to water.  For 
stoichiometric combustion (theoretically correct amount of air is supplied for 
complete combustion) where both the reactants (fuel plus air) and the products 
(compounds formed during the combustion process) have the same 
temperatures, the heat transfer from the combustion process is called the 
heating value of the fuel.

Combustion Efficiency

Consider the combustion of a fuelair mixture as shown below.
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The lower heating value, LHV, is the heating value when water appears as a gas in 
the products.

2out vaporLHV Q with H O in products

The lower heating value is often used as the measure of energy per kg of fuel 
supplied to the gas turbine engine because the exhaust gases have such a high 
temperature that the water formed is a vapor as it leaves the engine with other 
products of combustion.
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The higher heating value, HHV, is the heating value when water appears as a liquid in the 
products.

2out liquidHHV Q with H O in products

The higher heating value is often used as the measure of energy per kg of 
fuel supplied to the steam power cycle because there are heat transfer 
processes within the cycle that absorb enough energy from the products of 
combustion that some of the water vapor formed during combustion will 
condense.

Combustion efficiency is the ratio of the actual heat transfer from the 
combustion process to the heating value of the fuel.

out
combustion

Q

HV
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Example 2-8

A steam power plant receives 2000 kJ of heat per unit mass of steam 
flowing through the steam generator when the steam flow rate is 100 
kg/s.  If the fuel supplied to the combustion chamber of the steam 
generator has a higher heating value of 40,000 kJ/kg of fuel and the 
combustion efficiency is 85%, determine the required fuel flow rate, in 
kg/s. 

out
combustion

Q

HV
 

Combustion Efficiency

Combustion efficiency is the ratio of the actual heat transfer from the 
combustion process to the heating value of the fuel.
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Power Plant Overall Efficiency: 
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Motor Efficiency:
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Generator Efficiency: 
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Lighting Efficacy: 

Amount of Light in Lumens

Watts of Electricity Consumed
Lighting Efficacy 

Type of lighting Efficacy, lumens/W

Ordinary Incandescent 6 - 20

Ordinary Fluorescent 40 - 60

Effectiveness of Conversion of Electrical or chemical Energy to Heat for 
Cooking, Called Efficacy of a Cooking Appliance: 

Useful Energy Transferred to Food

Energy Consumed by Appliance
Cooking Efficacy 
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The first law of thermodynamics is an expression of the conservation of energy principle.  
Energy can cross the boundaries of a closed system in the form of heat or work.  Energy 
transfer across a system boundary due solely to the temperature difference between a 
system and its surroundings is called heat. 

Work energy can be thought of as the energy expended to lift a weight. 

Closed System First Law

A closed system moving relative to a reference plane is shown below where z is the elevation 
of the center of mass above the reference plane and     is the velocity of the center of mass.


V

Heat

Work
z

Closed
System

Reference Plane, z = 0


V

For the closed system shown above, the conservation of energy principle or the first law of 
thermodynamics is expressed as 
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or 

E E Ein out system  

According to classical thermodynamics, we consider the energy added to be net heat transfer 
to the closed system and the energy leaving the closed system to be net work done by the 
closed system.  So 

Q W Enet net system  
Where

2

1

( )

net in out

net out in other b

b

Q Q Q

W W W W

W PdV

 

  

 

Normally the stored energy, or total energy, of a system is expressed as the sum of three 
separate energies.  The total energy of the system, Esystem, is given as 
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E Internal energy Kinetic energy Potential energy

E U KE PE

=   +    +   

=   +   +  

Recall that U is the sum of the energy contained within the molecules of the system other 
than the kinetic and potential energies of the system as a whole and is called the internal 
energy.  The internal energy U is dependent on the state of the system and the mass of the 
system.

For a system moving relative to a reference plane, the kinetic energy KE and the potential 
energy PE are given by 

2

0

0

2

V

V

z

z

mV
KE mV dV

PE mg dz mgz





 

 










 

The change in stored energy for the system is 

   E U KE PE  

Now the conservation of energy principle, or the first law of thermodynamics for closed 
systems, is written as

Q W U KE PEnet net     
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If the system does not move with a velocity and has no change in elevation, the conservation 
of energy equation reduces to

Q W Unet net  

We will find that this is the most commonly used form of the first law.

Closed System First Law for a Cycle

Since a thermodynamic cycle is composed of processes that cause the working fluid to 
undergo a series of state changes through a series of processes such that the final and initial 
states are identical, the change in internal energy of the working fluid is zero for whole 
numbers of cycles.  The first law for a closed system operating in a thermodynamic cycle 
becomes 

Q W U

Q W

net net cycle

net net
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Example 4-1

Complete the table given below for a closed system under going a cycle. 

Process  Qnet kJ Wnet kJ  U2 – U1 kJ 
12 +5 5 
23 +20 +10   
31 5
Cycle 
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(Answer to above problem) Row 1: +10, Row 2: +10, Row 3: 0, 5
Row 4: +20, +20, 0 

In the next section we will look at boundary work in detail.  

Review the text material on other types of work such as shaft work, spring work, electrical 
work.
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Closed system boundary work

The pistoncylinders of the internal combustion engine shown below may be 
considered to operate as a closed system when the intake and exhaust valves are 
closed.

This internal 
combustion engine 
is an eight piston
cylinder device.

Prof. Suchismita Swain (TITE)
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Boundary Work

Work is energy expended when a force acts through a displacement.  Boundary 
work occurs because the mass of the substance contained within the system 
boundary causes a force, the pressure times the surface area, to act on the 
boundary surface and make it move.  This is what happens when products of 
combustion, the “gas” in the figure below, of an internal combustion engine 
contained in a pistoncylinder device expands against the piston and forces the 
piston to move; thus, boundary work is done by the gas on the piston.  Note the 
“gas” could also be a real fluid such as steam or refrigerant134a.  
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Since the work is process dependent, the differential of boundary work Wb

W PdVb 
is called inexact.  The above equation for Wb is valid for a quasiequilibrium process and gives 
the maximum work done during expansion and the minimum work input during 
compression.  In an expansion process the boundary work must overcome friction, push the 
atmospheric air out of the way, and rotate a crankshaft.

b friction atm crank

2

friction atm crank
1

( )

W W W W

F P A F ds

  

  

Boundary work is then calculated from
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P f V ( )
So as we work problems, we will be asking, “What is the pressurevolume relationship for 
the process?”  Remember that this relation is really the forcedisplacement function for 
the process.

The boundary work is equal to the area under the process curve plotted on the pressure
volume diagram. 

To calculate the boundary work, the process by which the system changed states must be 
known.    Once the process is determined, the pressurevolume relationship for the process 
can be obtained and the integral in the boundary work equation can be performed.  For each 
process we need to determine

Prof. Suchismita Swain (TITE)
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Note from the above figure:

P is the absolute pressure and is always positive.
When dV is positive, Wb is positive.
When dV is negative, Wb is negative.

Since the areas under different process curves on a P-V diagram are different, the boundary 
work for each process will be different.  The next figure shows that each process gives a 
different value for the boundary work. 

Prof. Suchismita Swain (TITE)
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An example of negative classical thermodynamics boundary work is the 
work required to drive a compressor.  The figure below shows a 7.5 horse 
power, two stage (two pistons) compressor with intercooling attached to 
an eighty gallon reservoir (see Chapter 7 for a discussion of this device).

The calculated 
boundary work 
Wnet to compress 
the gas will be 
negative  
because the 
pistons do work 
on the air.

Of course, the 
actual work 
supplied by the 
motor Win is 
negative of the 
calculated work.

Prof. Suchismita Swain (TITE)
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Some Typical Processes

Constant volume process

If the volume is held constant, dV = 0, and the boundary work equation becomes 

If the working fluid is an ideal gas, what will happen to the temperature of the gas during this 
constant volume process? 

P-V diagram for V = constant

P 1

2

V
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Constant pressure process

P

V

2 1

P-V DIAGRAM for P = CONSTANT

If the pressure is held constant, the boundary work equation becomes 

For the constant pressure process shown above, is the boundary work positive or negative 
and why?
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Constant temperature process, ideal gas

If the temperature of an ideal gas system is held constant, then the equation of state 
provides the pressurevolume relation 

P
mRT

V


Then, the boundary work is 

Note: The above equation is the result of applying the ideal gas assumption for the 
equation of state.  For real gases undergoing an isothermal (constant temperature) 
process, the integral in the boundary work equation would be done numerically.
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The polytropic process

The polytropic process is one in which the pressurevolume relation is given as 

PV n  constant
The exponent n may have any value from minus infinity to plus infinity depending on 
the process.  Some of the more common values are given below. 

Process Exponent n
Constant pressure 0
Constant volume 
Isothermal & ideal gas 1 
Adiabatic & ideal gas k = CP/CV

Here, k is the ratio of the specific heat at constant pressure CP to specific heat at 
constant volume CV.  The specific heats will be discussed later.
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The boundary work done during the polytropic process is found by substituting the 
pressurevolume relation into the boundary work equation.  The result is 

Note: for the polytropic process the constant, Const = P1V1 = P2V2

Notice that the result we obtained for an ideal gas undergoing a 
polytropic process when n = 1 is identical to that for an ideal gas 
undergoing the isothermal process. 
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Example 4-2

Three kilograms of nitrogen gas at 27C and 0.15 MPa are compressed isothermally to 0.3 
MPa in a pistoncylinder device. Determine the minimum work of compression, in kJ.

System: Nitrogen contained in a colsed, pistoncylinder device.

Process: Constant temperature 

WbNitrogen
gas

System Boundary

P-V DIAGRAM for T = CONSTANT

P

V

2

1
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Property Relation: Check the reduced temperature and pressure for nitrogen.  The 
critical state properties are found in Table A1.

T
T

T

K

K
T

P
P

P

MPa

MPa

P P

R

cr

R

R

cr

R R

1
1

2

1
1

2 1

27 273

126 2
2 38

015

3 39
0 044

2 0 088

 


 

  

 

( )

.
.

.

.
.

.

Since PR<<1 and T>2Tcr, nitrogen is an ideal gas, and we use the ideal gas equation of state as 
the property relation.

PV mRT
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Work Calculation:

For an ideal gas in a closed system (mass = constant), we have

m m

PV

RT

PV

RT

1 2

1 1

1

2 2

2





Since the R's cancel, we obtain the combined ideal gas equation.  Since T2 = T1,

V

V

P

P
2

1

1

2
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The net work is 

W W kJnet b, , .12 120 184 5   

On a per unit mass basis

w
W

m

kJ

kg
net

net
,

, .12
12 615  

The net work is negative because work is done on the system during the compression 
process.  Thus, the work done on the system is 184.5 kJ, or 184.5 kJ of work energy is 
required to compress the nitrogen.
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Example 4-3

Water is placed in a pistoncylinder device at 20 C, 0.1 MPa. Weights are placed on the 
piston to maintain a constant force on the water as it is heated to 400 C. How much work 
does the water do on the piston?

System: The water contained in the pistoncylinder device

Heat

System 
Boundary
for water

Wb

Property Relation: Steam tables

Process:  Constant pressure 
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10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
2

10
0

10
1

10
2

10
3

10
4

10
5

v [m
3
/kg]

P
 [

k
P

a
]

 400 C 

 20 C 

Steam

1 2

 

Work Calculation:

Since there is no Wother mentioned in the problem, the net work is 

Since the mass of the water is unknown, we calculate the work per unit mass.
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At T1 = 20C, Psat = 2.339 kPa.  Since P1 > 2.339 kPa, state 1 is compressed liquid.  Thus,

v1  vf at 20 C = 0.001002 m3/ kg

At P2 = P1 = 0.1 MPa, T2 > Tsat at 0.1 MPa = 99.61C.

So, state 2 is superheated.  Using the superheated tables at 0.1 MPa, 400C

v2 = 3.1027 m3/kg ,12 2 1

3 3

3

10
0.1 (3.1027 0.001002)

310.2

bw P v v

m kPa kJ
MPa

kg MPa m kPa

kJ

kg

 

 



The water does work on the piston in the amount of 310.2 kJ/kg.
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Example 4-4

One kilogram of water is contained in a pistoncylinder device at 100 C. The piston rests on 
lower stops such that the volume occupied by the water is 0.835 m3.  The cylinder is fitted 
with an upper set of stops.  When the piston rests against the upper stops, the volume 
enclosed by the pistoncylinder device is 0.841 m3.  A pressure of 200 kPa is required to 
support the piston.  Heat is added to the water until the water exists as a saturated vapor.  
How much work does the water do on the piston?

System:  The water contained in the pistoncylinder device

P

v

W

b

System 
Boundary

Stops

Stops

Water

Wb
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Property Relation: Steam tables 

Process:  Combination of constant volume and constant pressure processes to be shown 
on the P-v diagram with respect to the saturation lines as the problem is solved.

Work Calculation:

The specific volume at state 1 is v
V

m
1

1 = =
0.835 m

1 kg
= 0.835

m

kg
 

3 3

At T1 = 100C,
3 3

=0.001044  =1.6720f g

m m
v v

kg kg

Therefore, vf < v1 < vg and state 1 is in the saturation region; so 
P1 = 101.35 kPa.  Show this state on the Pv diagram.

Now let’s consider the processes for the water to reach the final state.

Process 12: The volume stays constant until the pressure increases to 200 kPa.  
Then the piston will move.

Prof. Suchismita Swain (TITE)1 May 2020

65

v v
m

kg
2 1

3

0 835  .

Process 23: Piston lifts off the bottom stops while the pressure stays constant. Does the 
piston hit the upper stops before or after reaching the saturated vapor state?

Let's set v
V

m

m

kg

m

kg
3

3
3 30841

1
0841 = =

.
= .  

At P3 = P2 = 200 kPa
3 3

=0.001061  =0.88578f g

m m
v v

kg kg

Thus, vf < v3 < vg.  So, the piston hits the upper stops before the water reaches the saturated 
vapor state. Now we have to consider a third process.

Process 34: With the piston against the upper stops, the volume remains constant during 
the final heating to the saturated vapor state and the pressure increases.

Because the volume is constant in process 3to4, v4 = v3 = 0.841 m3/kg and v4 is a 
saturated vapor state. Interpolating in either the saturation pressure table or saturation 
temperature table at v4 = vg gives
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The net work for the heating process is (the “other” work is zero) 

Next in Example 45, we will apply the conservation of energy, or the first law of 
thermodynamics, to this process to determine the amount of heat transfer required.
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Example 4-5

Find the required heat transfer to the water in Example 44. 

Review the solution procedure of Example 44 and then apply the first law to the process.

Conservation of Energy: 

,14 ,14 14

in out

net net

E E E

Q W U

  

  
In Example 44 we found that     W kJnet , .14 12

The heat transfer is obtained from the first law as

,14 ,14 14net netQ W U  

where U U U m u u14 4 1 4 1   ( )
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At state 1, T1 = 100C, v1 = 0.835  m3/kg and vf < v1 < vg at T1.  The quality at state 
1 is 

1 1

1

1

0.835 0.001043
0.499

1.6720 0.001043

f fg

f

fg

v v x v

v v
x

v

 

 
  



1 1

419.06 (0.499)(2087.0)

1460.5

f fgu u x u

kJ

kg
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Because state 4 is a saturated vapor state and v4 = 0.841 m3/kg, interpolating in 
either the saturation pressure table or saturation temperature table at v4 = vg gives 

u
kJ

kg
4 253148 .

14 4 1( )

(1 )(2531.48 1460.5)

1071.0

U m u u

kJ
kg

kg

kJ

  

 



Now

The heat transfer is ,14 ,14 14

1.2 1071.0

1072.2

net netQ W U

kJ kJ

kJ

  

 



Heat in the amount of 1072.42 kJ is added to the water.
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Example 4-6

Air undergoes a constant pressure cooling process in which the temperature 
decreases by 100C. What is the magnitude and direction of the work for this 
process?

System: 

Air

Wb

System 
Boundary

P

V

2
1

Property Relation:  Ideal gas law, Pv = RT

Process: Constant pressure

1 May 2020
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Work Calculation: Neglecting the “other” work

The work per unit mass is

,12

,12 2 1( )

(0.287 )( 100 ) 28.7

net

net

W
w R T T

m

kJ kJ
K

kg K kg

  

   


If we want to determine the required heat transfer for this process, we 
apply the first law as Qnet

– Wnet = ΔU.  To determine the internal 
energy change of the air, we now investigate how to find the internal 
energy change of an ideal gas.

1 May 2020 72

Specific Heats and Changes in Internal Energy and Enthalpy for Ideal Gases

Before the first law of thermodynamics can be applied to systems, ways to calculate 
the change in internal energy of the substance enclosed by the system boundary 
must be determined.  For real substances like water, the property tables are used to 
find the internal energy change.  For ideal gases the internal energy is found by 
knowing the specific heats.  Physics defines the amount of energy needed to raise 
the temperature of a unit of mass of a substance one degree as the specific heat at 
constant volume CV for a constantvolume process, and the specific heat at constant 
pressure CP for a constantpressure process.  Recall that enthalpy h is the sum of the 
internal energy u and the pressurevolume product Pv.

h u Pv 
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Simple Substance

The thermodynamic state of a simple, homogeneous substance is specified by giving any two 
independent, intensive properties.  Let's consider the internal energy to be a function of T
and v and the enthalpy to be a function of T and P as follows:

( , )     and     ( , )u u T v h h T P 

The total differential of u is

In thermodynamics, the specific heats are defined as 
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The total differential of h is 

Using thermodynamic relation theory, we could evaluate the remaining partial derivatives of 
u and h in terms of functions of P,v, and T.  These functions depend upon the equation of 
state for the substance.  Given the specific heat data and the equation of state for the 
substance, we can develop the property tables such as the steam tables. 

Ideal Gases

For ideal gases, we use the thermodynamic function theory of Chapter 12 and the equation 
of state  (Pv = RT) to show that u, h, CV, and CP are  functions of temperature alone. 

For example when total differential for u = u(T,v) is written as above,  the function theory of 
Chapter 12 shows that
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v

T

v

v

u
du C dT dv

v

P
du C dT T P dv

T

 
   

 

  
    

  
Let’s evaluate the following partial derivative for an ideal gas.

For ideal gases
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This result helps to show that the internal energy of an ideal gas does not depend upon 
specific volume.  To completely show that internal energy of an ideal gas is independent of 
specific volume, we need to show that the specific heats of ideal gases are functions of 
temperature only.  We will do this later in Chapter 12.  A similar result that applies to the 
enthalpy function for ideal gases can be reviewed in Chapter 12.

Then for ideal gases, 

The ideal gas specific heats are written in terms of ordinary differentials as 

Prof. Suchismita Swain (TITE)
1 May 2020

77

Using the simple “dumbbell model” for diatomic ideal gases, statistical thermodynamics 
predicts the molar specific heat at constant pressure as a function of temperature to look like 
the following

“Dumbbell model”

T

Translation mode

Vibration mode

Rotation mode
9

2
Ru

C
kJ

kmol K
p



7

2
Ru

5

2
Ru

The following figure shows how the molar specific heats vary with temperature for selected 
ideal gases.

Read more about specific heats at

http://www.iun.edu/~cpanhd/C101webnotes/matterandenergy/specificheat.html

Prof. Suchismita Swain (TITE)1 May 2020 78

The differential changes in internal energy and enthalpy for ideal gases become 

du C dT

dh C dT
V

P




The change in internal energy and enthalpy of ideal gases can be expressed as 
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where CV,
ave

and CP,
ave

are average or constant values of the specific heats over the 
temperature range.  We will drop the ave subscript shortly. 

2a

2b

T2

T1

2c1

P-V diagram for several processes for an ideal gas.

P

V

In the above figure an ideal gas undergoes three different process between the same two 
temperatures.

Process 12a:  Constant volume
Process 12b:  P = a + bV, a linear relationship
Process 12c:  Constant pressure

These ideal gas processes have the same change in internal energy and enthalpy because the 
processes occur between the same temperature limits.
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To find u and h we often use average, or constant, values of the specific heats. Some ways 
to determine these values are as follows: 

1.The best average value (the one that gives the exact results)

See Table A2(c) for variable specific data. 

2.Good average values are

2 1 2 1
, ,

( ) ( ) ( ) ( )
        

2 2
V V P P

v ave P ave

C T C T C T C T
C C

 
  and 

, ,

2 1

( )         ( ) 

where

2

v ave V ave P ave P ave

ave

C C T C C T

T T
T
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3.Sometimes adequate (and most often used) values are the ones evaluated at 300 K and are 
given in Table A2(a). 

C C K C C Kv ave V P ave P, ,( ) ( ) 300 300    and      

Let's take a second look at the definition of u and h for ideal gases.  Just consider the 
enthalpy for now.

Let's perform the integral relative to a reference state where 
h = href at T = Tref. 

At any temperature, we can calculate the enthalpy relative to the reference state as 
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A similar result is found for the change in internal energy.

( )
ref

T

ref vT
u u C T dT   

These last two relations form the basis of the air tables (Table A17 on a mass basis) and the 
other ideal gas tables (Tables A18 through A25 on a mole basis).  When you review Table A
17, you will find h and u as functions of T in K. Since the parameters Pr, vr, and so, also found 
in Table A=17, apply to air only in a particular process, call isentropic, you should ignore 
these parameters until we study Chapter 7.  The reference state for these tables is defined as 

u T K

h T K

ref ref

ref ref

 

 

0 0

0 0

  at  

  at  

A partial listing of data similar to that found in Table A.17 is shown in the following figure. 
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In the analysis to follow, the “ave” notation is dropped.  In most applications for ideal gases, 
the values of the specific heats at 300 K given in Table A2 are adequate constants. 

Exercise

Determine the average specific heat for air at 305 K.

CP ave, 

(Answer: 1.005 kJ/kgK, approximate the derivative of h with respect to T as differences)
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Relation between CP and CV for Ideal Gases

Using the definition of enthalpy (h = u + Pv) and writing the differential of enthalpy, the 
relationship between the specific heats for ideal gases is 

h u Pv

dh du d RT

C dT C dT RdT

C C R

P V

P V

 

 

 

 

( )

where R is the particular gas constant.  The specific heat ratio k (fluids texts often use 
instead of k) is defined as

k
C

C
P

V



Extra Problem

Show that 

C
kR

k
C

R

k
P V




1 1
      and      
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Example 2-9

Two kilograms of air are heated from 300 to 500 K.  Find the change in enthalpy by assuming 

a.  Empirical specific heat data from Table A2(c). 
b.  Air tables from Table A17.
c.  Specific heat at the average temperature from Table A2(c).
d.  Use the 300 K value for the specific heat from Table A2(a).

a.Table A2(c) gives the molar specific heat at constant pressure for air as 

C x T x T x T
kJ

kmol K
P = . + .  + . -  .  

-
-2 -5 -92811 01967 10 0 4802 10 1966 102 3

The enthalpy change per unit mole is
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h
h

M

kJ

kmol
kg

kmol

kJ

kg
  

5909 49

28 97
203 9

.

.
.

 H m h kg
kJ

kg
kJ  ( )( . ) .2 2039 407 98
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b.Using the air tables, Table A17, at T1 = 300 K, h1 = 300.19 kJ/kg and at T2 = 500 K, h2 = 
503.02 kJ/kg

 H m h kg
kJ

kg
kJ   ( )(503. . ) .2 02 30019 405 66

The results of parts a and b would be identical if Table A17 had been based on the same 
specific heat function listed in Table A2(c).

c.Let’s use a constant specific heat at the average temperature.

Tave = (300 + 500)K/2 = 400 K.  At Tave , Table A2 gives 
CP = 1.013 kJ/(kgK).

For CP = constant,

h h h C T T

kJ

kg K
K

kJ

kg

P ave   








2 1 2 1

1013 300

202 6

, ( )

. (500 )

.
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 H m h kg
kJ

kg
kJ  ( )( . ) .2 202 6 4052

d.Using the 300 K value from Table A2(a), CP = 1.005 kJ/kg K.

For CP = constant,

2 1 2 1( )

1.005 (500 300) 201.0

Ph h h C T T

kJ kJ
K

kg K kg

    

  


 H m h kg
kJ

kg
kJ  ( )( . ) .2 2010 402 0

Extra Problem

Find the change in internal energy for air between 300 K and 500 K, in kJ/kg.
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The Systematic Thermodynamics Solution Procedure

When we apply a methodical solution procedure, thermodynamics problems are relatively 
easy to solve.  Each thermodynamics problem is approached the same way as shown in the 
following, which is a modification of the procedure given in the text: 

Thermodynamics Solution Method

1. Sketch the system and show energy interactions across the boundaries.

2. Determine the property relation.  Is the working substance an ideal gas or a real 
substance? Begin to set up and fill in a property table.

3. Determine the process and sketch the process diagram.  Continue to fill in the property 
table.

4. Apply conservation of mass and conservation of energy principles.

5. Bring in other information from the problem statement, called physical constraints, such 
as the volume doubles or the pressure is halved during the process.

6. Develop enough equations for the unknowns and solve. 
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Example 4-7

A tank contains nitrogen at 27C. The temperature rises to 127C by heat transfer to the system. Find 
the heat transfer and the ratio of the final pressure to the initial pressure. 

System:  Nitrogen in the tank.
2

T2=127C
T1=
27C

P

V

1

P-V diagram for a constant 
volume process

Nitrogen gas

System
boundary

Property Relation: Nitrogen is an ideal gas.  The ideal gas property relations apply.  Let’s 
assume constant specific heats. (You are encouraged to rework this problem using variable 
specific heat data.)

Process: Tanks are rigid vessels; therefore, the process is constant volume.

Conservation of Mass:

m m2 1
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Using the combined ideal gas equation of state,

PV

T

PV

T
2 2

2

1 1

1



Since R is the particular gas constant, and the process is constant volume, 

V V

P

P

T

T

K

K

2 1

2

1

2

1

127 273

27 273
1333



 





( )

( )
.

Conservation of Energy:

The first law closed system is

in out

net net

E E E

Q W U

  

  

For nitrogen undergoing a constant volume process (dV = 0), the net work is (Wother = 0) 
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Using the ideal gas relations with Wnet = 0, the first law becomes (constant specific heats) 

The heat transfer per unit mass is
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Example 4-8

Air is expanded isothermally at 100C from 0.4 MPa to 0.1 MPa. Find the ratio of the 
final to the initial volume, the heat transfer, and work. 

System: Air contained in a pistoncylinder device, a closed system

Air     Wb

T = const.

System  
boundary

P-V diagram for T= constant

P

V

1

2

Process: Constant temperature
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Property Relation: Assume air is an ideal gas and use the ideal gas property 
relations with constant specific heats.

PV mRT

u C T TV



  ( )2 1

Conservation of Energy:
E E E

Q W U
in out

net net

 

 





The system mass is constant but is not given and cannot be calculated; therefore, 
let’s find the work and heat transfer per unit mass. 
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Work Calculation:

Conservation of Mass: For an ideal gas in a closed system (mass = constant), we have
m m

PV

RT

PV

RT

1 2

1 1

1

2 2

2





Since the R's cancel and T2 = T1

V

V

P

P

MPa

MPa
2

1

1

2

0 4

01
4  

.

.
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Then the work expression per unit mass becomes

The net work per unit mass is

w w
kJ

kg
net b, , .12 120 148 4  

Now to continue with the conservation of energy to find the heat transfer.  Since T2 = T1 = 
constant, 

 U m u mC T TV12 12 2 1 0   ( )

So the heat transfer per unit mass is 
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q
Q

m

q w u

q w

kJ

kg

net
net

net net

net net



  





 0

148 4.

The heat transferred to the air during an isothermal expansion process equals the work 
done.

Examples Using Variable Specific Heats

Review the solutions in Chapter 4 to the ideal gas examples where the variable specific heat 
data are used to determine the changes in internal energy and enthalpy. 
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Extra Problem for You to Try:

An ideal gas, contained in a pistoncylinder device, undergoes a polytropic process in which 
the polytropic exponent n is equal to k, the ratio of specific heats.  Show that this process is 
adiabatic.  When we get to Chapter 7 you will find that this is an important ideal gas 
process.

Internal Energy and Enthalpy Changes of Solids and Liquids

We treat solids and liquids as incompressible substances.  That is, we assume that the 
density or specific volume of the substance is essentially constant during a process.  We can 
show that the specific heats of incompressible substances (see Chapter 12) are identical. 

The specific heats of incompressible substances depend only on temperature; therefore, we 
write the differential change in internal energy as 

du C dT CdTV 
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and assuming constant specific heats, the change in internal energy is

 u C T C T T  ( )2 1

Recall that enthalpy is defined as 

h u Pv 
The differential of enthalpy is

dh du Pdv vdP  
For incompressible substances, the differential enthalpy becomes

dv

dh du Pdv vdP

dh du vdP



   

 

0
0

Integrating, assuming constant specific heats 

    h u v P C T v P   

For solids the specific volume is approximately zero; therefore,

  

  

h u v P

h u C T
solid solid

solid solid

  

 

0
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For liquids, two special cases are encountered:

1.Constant-pressure processes, as in heaters (P = 0) 

  h u C Tliquid liquid 

2.Constant-temperature processes, as in pumps (T = 0)

    

 

h u v P C T v P

h v P

liquid liquid

liquid

    



0

We will derive this last expression for h again once we have discussed the first law for the 
open system in Chapter 5 and the second law of thermodynamics in Chapter 7.

The specific heats of selected liquids and solids are given in Table A3. 
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Example 4-8 Incompressible Liquid

A twoliter bottle of your favorite beverage has just been removed from the trunk of your car.  
The temperature of the beverage is 35C, and you always drink your beverage at 10C.

a. How much heat energy must be removed from your two liters of beverage?
b. You are having a party and need to cool 10 of these twoliter bottles in onehalf 

hour.  What rate of heat removal, in kW, is required?  Assuming that your 
refrigerator can accomplish this and that electricity costs 10 cents per kWhr, how 
much will it cost to cool these 10 bottles?

System: The liquid in the constant volume, closed system container

Qout

The heat 
removed

System 

boundary

My
beverage
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Property Relation: Incompressible liquid relations, let’s assume that the beverage is mostly 
water and takes on the properties of liquid water.  The specific volume is 0.001 m3/kg, C = 
4.18 kJ/kgK.

Process: Constant volume
V V2 1

Conservation of Mass:

Conservation of Energy:

The first law closed system is

E E Ein out  
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Since the container is constant volume and there is no “other” work done on the container 
during the cooling process, we have

The only energy crossing the boundary is the heat transfer leaving the container.  Assuming 
the container to be stationary, the conservation of energy becomes

 

  

E E

Q U mC T

out

out



 

(2 )(4.18 )(10 35)

209.2

209.2

out

out

out

kJ
Q kg K

kg K

Q kJ

Q kJ

  


  



The heat transfer rate to cool the 10 bottles in onehalf hour is 
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$0.10
(1.162 )(0.5 )

$0.058

Cost kW hr
kW hr
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Conservation of Energy for Control volumes

The conservation of mass and the conservation of energy principles for open systems or 
control volumes apply to systems having mass crossing the system boundary or control 
surface.  In addition to the heat transfer and work crossing the system boundaries, mass 
carries energy with it as it crosses the system boundaries.  Thus, the mass and energy 
content of the open system may change when mass enters or leaves the control volume. 

Thermodynamic processes involving control volumes can be considered in two groups: 
steadyflow processes and unsteadyflow processes.  During a steadyflow process, the fluid 
flows through the control volume steadily, experiencing no change with time at a fixed 
position.
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Let’s review the concepts of mass flow rate and energy transport by mass.
One should study the development of the general conservation of mass presented in the 
text.  Here we present an overview of the concepts important to successful problem solving 
techniques.

Mass Flow Rate

Mass flow through a crosssectional area per unit time is called the mass flow rate    . Note 
the dot over the mass symbol indicates a time rate of change.  It is expressed as 

m

where     is the velocity normal to the crosssectional flow area.

Vn
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If the fluid density and velocity are constant over the flow crosssectional area, the mass flow 
rate is 

ave
ave

V A
m V A

v
 






where  is the density, kg/m3 ( = 1/v), A is the crosssectional area, m2; and       is the average 
fluid velocity normal to the area, m/s.

aveV


Example 5-1

Refrigerant134a at 200 kPa, 40% quality, flows through a 1.1cm inside diameter, d, tube 
with a velocity of 50 m/s.  Find the mass flow rate of the refrigerant134a.

At P = 200 kPa, x = 0.4 we determine the specific volume from

3

0.0007533 0.4(0.0999 0.0007533)

0.0404

f fgv v xv

m

kg

 

  



2

2

3

4

50 / (0.011 )

0.0404 / 4

0.117

ave aveV A V d
m

v v

m s m

m kg

kg

s
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The fluid volume flowing through a crosssection per unit time is called the volume flow rate     
.  The volume flow rate is given by integrating the product of the velocity normal to the flow 
area and the differential flow area over the flow area.  If the velocity over the flow area is a 
constant, the volume flow rate is given by (note we are dropping the “ave” subscript on the 
velocity)

V

 ( / )V VA m s


3

The mass and volume flow rate are related by

 


( / )m V
V

v
kg s 

Example 5-2

Air at 100 kPa, 50oC, flows through a pipe with a volume flow rate of 40 m3/min.  Find the 
mass flow rate through the pipe, in kg/s.

Assume air to be an ideal gas, so

v
RT

P

kJ

kg K

K

kPa

m kPa

kJ

m

kg

 






0 287
273

100

0 9270

3

3

.
(50 )

.
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 / min

. /

min

.

m
V

v

m

m kg s

kg

s

 



40

0 9270

1

60

0 719

3

3

Conservation of Mass for General Control Volume

The conservation of mass principle for the open system or control volume is expressed as 

or

   ( / )m m m kg sin out system   

Steady-State, Steady-Flow Processes 

Most energy conversion devices operate steadily over long periods of time.  The rates of heat 
transfer and work crossing the control surface are constant with time.  The states of the mass 
streams crossing the control surface or boundary are constant with time.  Under these 
conditions the mass and energy content of the control volume are constant with time. 
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0CV
CV

dm
m

dt
  

Steady-state, Steady-Flow Conservation of Mass:

Since the mass of the control volume is constant with time during the steadystate, steady
flow process, the conservation of mass principle becomes 

or

  ( / )m m kg sin out 

Special Case: Steady Flow of an Incompressible Fluid

The mass flow rate is related to volume flow rate and fluid density by

m V 

For one entrance, one exit steady flow control volume, the mass flow rates are related by
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in out

in in out out

in out

in out

in in out out

incompressible assumption

(kg/s)

  

m m

V V

V V

V A V A

 

 











 

 

 
 

Word of caution:  This result applies only to incompressible fluids.   Most thermodynamic 
systems deal with processes involving compressible fluids such as ideal gases, steam, and the 
refrigerants for which the above relation will not apply.

Example 5-3 Geometry Effects on Fluid Flow

An incompressible liquid flows through the pipe shown in the figure.  The velocity at location 
2 is

2
1

Incompressible 
Liquid D2D
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Solution:

1 2

1 2

in out
Inlets Outlets

m V

m m

V V

V V



 









 



 

 

 

1 1 2 2

2
1 1

2 1 12
2 2

2 2

1
2 1 1

2

2 1

/ 4

/ 4

2

4

A V A V

A D
V V V

A D

D D
V V V

D D

V V
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Flow work and the energy of a flowing fluid

Energy flows into and from the control volume with the mass. The energy required to push 
the mass into or out of the control volume is known as the flow work or flow energy.

The fluid up steam of the control surface acts as a piston to push a unit of mass into or out of 
the control volume.  Consider the unit of mass entering the control volume shown below.

As the fluid upstream pushes mass across the control surface, work done on that unit of 
mass is 

flow

flow

flow

A
W FL F L PV Pmv

A

W
w Pv

m
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The term Pv is called the flow work done on the unit of mass as it crosses the control surface.  

The total energy of flowing fluid

The total energy carried by a unit of mass as it crosses the control surface is the sum of the 
internal energy, flow work, potential energy, and kinetic energy.

    

  

u Pv
V

gz

h
V

gz





2

2

2

2

Here we have used the definition of enthalpy, h = u + Pv.

Energy transport by mass

Amount of energy transport across a control surface:
2

(kJ)
2

mass

V
E m m h gz
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Rate of energy transport across a control surface:

2

( )
2

mass

V
E m m h gz kW

 
    

 


  

Conservation of Energy for General Control Volume

The conservation of energy principle for the control volume or open system has the same 
word definition as the first law for the closed system.  Expressing the energy transfers on a 
rate basis, the control volume first law is

or

  E E E kWin out system 

Rate of net energy transfer
 by heat, work, and mass

Rate change in internal, kinetic,
      potential, etc., energies

        ( )
    



Considering that energy flows into and from the control volume with the mass, energy enters 
because net heat is transferred to the control volume, and energy leaves because the control 
volume does net work on its surroundings, the open system, or control volume, the first law 
becomes
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where  is the energy per unit mass flowing into or from the control volume. The energy per 
unit mass, , flowing across the control surface that defines the control volume is composed 
of four terms: the internal energy, the kinetic energy, the potential energy, and the flow 
work.

The total energy carried by a unit of mass as it crosses the control surface is 

    

  

u Pv
V

gz

h
V

gz





2

2

2

2

Where the time rate change of the energy of the control volume has been written as

 ECV
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Steady-State, Steady-Flow Processes 

Most energy conversion devices operate steadily over long periods of time.  The rates of heat 
transfer and work crossing the control surface are constant with time.  The states of the mass 
streams crossing the control surface or boundary are constant with time.  Under these 
conditions the mass and energy content of the control volume are constant with time. 

dm

dt
m

dE

dt
E

CV
CV

CV
CV

 

 









0

0

Steady-state, Steady-Flow Conservation of Mass:

  ( / )m m kg sin out 

Steady-state, steady-flow conservation of energy

Since the energy of the control volume is constant with time during the steadystate, steady
flow process, the conservation of energy principle becomes 
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  E E E kWin out system 

Rate of net energy transfer
 by heat, work, and mass

Rate change in internal, kinetic,
      potential, etc., energies

        ( )
    


0

or

or

Considering that energy flows into and from the control volume with the mass, energy enters 
because heat is transferred to the control volume, and energy leaves because the control 
volume does work on its surroundings, the steadystate, steadyflow first law becomes
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Often this result is written as

where

  

  

Q Q Q

W W W

net in out

net out in

 

 

 
 

Steady-state, steady-flow for one entrance and one exit

A number of thermodynamic devices such as pumps, fans, compressors, turbines, nozzles, 
diffusers, and heaters operate with one entrance and one exit.  The steadystate, steadyflow 
conservation of mass and first law of thermodynamics for these systems reduce to 
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where the entrance to the control volume is state 1 and the exit is state 2 and     is the mass 
flow rate through the device.  

When can we neglect the kinetic and potential energy terms in the first law?

Consider the kinetic and potential energies per unit mass. 

m

ke
V




2

2

For V = 45
m

s

V = 140
m

s





ke
m s kJ kg

m s

kJ

kg

ke
m s kJ kg

m s

kJ

kg

 

 

( / ) /

/

( / ) /

/

45

2

1

1000
1

140

2

1

1000
10

2

2 2

2

2 2

pe gz

For z m pe
m

s
m

kJ kg

m s

kJ

kg

z m pe
m

s
m

kJ kg

m s

kJ

kg

  

  

100 9 8 100
1

1000
0 98

1000 9 8 1000
1

1000
9 8

2 2 2

2 2 2

.
/

/
.

.
/

/
.
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When compared to the enthalpy of steam (h  2000 to 3000 kJ/kg) and the enthalpy of air (h
 200 to 6000 kJ/kg), the kinetic and potential energies are often neglected.

When the kinetic and potential energies can be neglected, the conservation of energy 
equation becomes

   ( ) ( )Q W m h h kW  2 1

We often write this last result per unit mass flow as

q w h h kJ kg  ( ) ( / )2 1

q
Q

m





w

W

m





where    and          .

Some Steady-Flow Engineering Devices

Below are some engineering devices that operate essentially as steadystate, steadyflow 
control volumes. 
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V V2 1

 
V V2 1


V1


V1

Nozzles and Diffusers

For flow through nozzles, the heat transfer, work, and potential energy are normally 
neglected, and nozzles have one entrance and one exit.  The conservation of energy 
becomes 
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Solving for

V2

 
V h h V2 1 2 1

22  ( )

Example 5-4

Steam at 0.4 MPa, 300oC, enters an adiabatic nozzle with a low velocity and leaves at 0.2 
MPa with a quality of 90%.  Find the exit velocity, in m/s.

Control Volume: The nozzle

Property Relation: Steam tables 

Process: Assume adiabatic, steadyflow 

Conservation Principles: 

Conservation of mass:

For one entrance, one exit, the conservation of mass becomes

 

  

m m

m m m

in out 

 1 2
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Conservation of energy:  

According to the sketched control volume, mass crosses the control surface, but no work or 
heat transfer crosses the control surface.  Neglecting the potential energies, we have

Neglecting the inlet kinetic energy, the exit velocity is

V h h2 1 22 ( )

Now, we need to find the enthalpies from the steam tables.

1 1 2 2

1 2

Superheated Saturated Mix.

300 3067.1 0.2

0.4 0.90

o kJ
T C h P MPa h

kg
P MPa x

 
 

   
   

At 0.2 MPa hf = 504.7 kJ/kg and hfg = 2201.6 kJ/kg.
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2 2= +  

= 504.7 + (0.90)(2201.6) = 2486.1 

f fgh h x h

kJ

kg

2 2

2

1000 /
2(3067.1 2486.1)

/

1078.0

kJ m s
V

kg kJ kg

m

s

 





Turbines

If we neglect the changes in kinetic and potential energies as fluid flows through an adiabatic 
turbine having one entrance and one exit, the conservation of mass and the steadystate, 
steadyflow first law becomes 
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Example 5-5

High pressure air at 1300 K flows into an aircraft gas turbine and undergoes a steady
state, steadyflow, adiabatic process to the turbine exit at 660 K.  Calculate the work done 
per unit mass of air flowing through the turbine when  

(a)  Temperaturedependent data are used. 
(b)  Cp,ave at the average temperature is used. 
(c)  Cp at 300 K is used. 
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Control Volume: The turbine.

Property Relation: Assume air is an ideal gas and use ideal gas relations.

Process: Steadystate, steadyflow, adiabatic process

Conservation Principles:

Conservation of mass:

 

  

m m

m m m

in out 

 1 2

Conservation of energy:

According to the sketched control volume, mass and work cross the control surface.  
Neglecting kinetic and potential energies and noting the process is adiabatic, we have
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0 1 1 2 2

1 2

  

 

  

  ( )

mh W m h

W m h h

out

out

The work done by the air per unit mass flow is

w
W

m
h hout

out  


 1 2

Notice that the work done by a fluid flowing through a turbine is equal to the enthalpy 
decrease of the fluid.

(a) Using the air tables, Table A17 
at T1 = 1300 K, h1 = 1395.97 kJ/kg
at T2 = 660 K, h2 =  670.47 kJ/kg 

w h h

kJ

kg

kJ

kg

out  

 



1 2

139597 670 47

7255

( . . )

.
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(b) Using Table A2(c) at Tave = 980 K, Cp, ave = 1.138 kJ/kgK

w h h C T T

kJ

kg K
K

kJ

kg

out p ave   








1 2 1 2

1138 1300 660

728 3

, ( )

. ( )

.

(c) Using Table A2(a) at T = 300 K, Cp = 1.005 kJ/kg K

w h h C T T

kJ

kg K
K

kJ

kg

out p   








1 2 1 2

1005 1300 660

6432

( )

. ( )

.

Compressors and fans
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Compressors and fans are essentially the same devices.  However, compressors operate over 
larger pressure ratios than fans.  If we neglect the changes in kinetic and potential energies 
as fluid flows through an adiabatic compressor having one entrance and one exit, the steady
state, steadyflow first law or the conservation of energy equation becomes

Example 5-6

Nitrogen gas is compressed in a steadystate, steadyflow, adiabatic process from 0.1 MPa, 
25oC.  During the compression process the temperature becomes 125oC. If the mass flow 
rate is 0.2 kg/s, determine the work done on the nitrogen, in kW.
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Control Volume: The compressor (see the compressor sketched above)

Property Relation: Assume nitrogen is an ideal gas and use ideal gas relations

Process: Adiabatic, steadyflow

Conservation Principles: 

Conservation of mass:

 

  

m m

m m m

in out 

 1 2

Conservation of energy:

According to the sketched control volume, mass and work cross the control surface.  
Neglecting kinetic and potential energies and noting the process is adiabatic, we have for 
one entrance and one exit 

0 0 0 0 01 1 2 2

2 1

       

 

 ( ) (  )  ( )

  ( )

m h W m h

W m h h

in
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The work done on the nitrogen is related to the enthalpy rise of the nitrogen as it flows 
through the compressor.  The work done on the nitrogen per unit mass flow is

w
W

m
h hin

in  


 2 1

Assuming constant specific heats at 300 K from Table A2(a), we write the work as

w C T T

kJ

kg K
K

kJ

kg

in p 








( )

. ( )

.

2 1

1039 125 25

1039
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Throttling devices

Consider fluid flowing through a oneentrance, oneexit porous plug.  The fluid experiences a 
pressure drop as it flows through the plug.  No net work is done by the fluid.  Assume the 
process is adiabatic and that the kinetic and potential energies are neglected; then the 
conservation of mass and energy equations become 
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This process is called a throttling process.  What happens when an ideal gas is throttled?

When throttling an ideal gas, the temperature does not change.  We will see later in Chapter 
11 that the throttling process is an important process in the refrigeration cycle.

A throttling device may be used to determine the enthalpy of saturated steam.  The steam is 
throttled from the pressure in the pipe to ambient pressure in the calorimeter.  The pressure 
drop is sufficient to superheat the steam in the calorimeter.  Thus, the temperature and 
pressure in the calorimeter will specify the enthalpy of the steam in the pipe.
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Example 5-7

One way to determine the quality of saturated steam is to throttle the steam to a low 
enough pressure that it exists as a superheated vapor.  Saturated steam at 0.4 MPa is 
throttled to 0.1 MPa, 100oC.  Determine the quality of the steam at 0.4 MPa. 

1 2

Throttling orifice

Control
Surface

Control Volume: The throttle

Property Relation: The steam tables

Process: Steadystate, steadyflow, no work, no heat transfer, neglect kinetic and 
potential energies, one entrance, one exit

Conservation Principles: 

Conservation of mass:

 

  

m m

m m m

in out 

 1 2
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Conservation of energy:

According to the sketched control volume, mass crosses the control surface.  Neglecting 
kinetic and potential energies and noting the process is adiabatic with no work, we have for 
one entrance and one exit

0 0 0 0 0 01 1 2 2

1 1 2 2

1 2

      





 ( )  ( )

 

m h m h

mh m h

h h

2
2

2

100
2675.8

0.1

oT C kJ
h

kgP MPa




 

Therefore,

 
1

1 2

1 @ 0.4

2675.8

f fg P MPa

kJ
h h

kg

h x h
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1

1

2675.8 604.66

2133.4

0.971

f

fg

h h
x

h









Mixing chambers

The mixing of two fluids occurs frequently in engineering applications.  The section where 
the mixing process takes place is called a mixing chamber.  The ordinary shower is an 
example of a mixing chamber.
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Example 5-8

Steam at 0.2 MPa, 300oC, enters a mixing chamber and is mixed with cold water at 20oC, 0.2 
MPa, to produce 20 kg/s of saturated liquid water at 0.2 MPa.  What are the required steam 
and cold water flow rates?

Steam 1

Cold water 2

Saturated water 3

Control
surface

Mixing

chamber

Control Volume: The mixing chamber

Property Relation: Steam tables

Process: Assume steadyflow, adiabatic mixing, with no work

Conservation Principles: 

Conservation of mass:

 

  

  

m m

m m m

m m m

in out 

 

 
1 2 3

2 3 1
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Conservation of energy:

According to the sketched control volume, mass crosses the control surface.  Neglecting 
kinetic and potential energies and noting the process is adiabatic with no work, we have for 
two entrances and one exit

  

 (   ) 

 ( )  ( )

m h m h m h

mh m m h m h

m h h m h h

1 1 2 2 3 3

1 1 3 1 2 3 3

1 1 2 3 3 2

 

  

  

 
( )

( )
m m

h h

h h
1 3

3 2

1 2






Now, we use the steam tables to find the enthalpies:

1
1

1

300
3072.1

0.2

oT C kJ
h

kgP MPa
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2
2 @ 20

2

20
83.91

0.2
o

o

f C

T C kJ
h h

kgP MPa


 

 

3 2
1 3

1 2

( )

( )

(504.7 83.91) /
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(3072.1 83.91) /
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h h
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h h
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Heat exchangers

Heat exchangers are normally wellinsulated devices that allow energy exchange between 
hot and cold fluids without mixing the fluids.  The pumps, fans, and blowers causing the 
fluids to flow across the control surface are normally located outside the control surface.  

1 May 2020 Prof. Suchismita Swain (TITE)

143

Example 5-9

Air is heated in a heat exchanger by hot water.  The water enters the heat exchanger at 45oC 
and experiences a 20oC drop in temperature.  As the air passes through the heat exchanger, 
its temperature is increased by 25oC.  Determine the ratio of mass flow rate of the air to 
mass flow rate of the water.

1 
Air inlet

2 
Water exit

2 
Air exit

1 
Water inlet

Control
surface

Control Volume: The heat exchanger 

Property Relation: Air: ideal gas relations 
Water: steam tables or incompressible liquid results 

Process: Assume adiabatic, steadyflow 
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Conservation Principles:

Conservation of mass:

   ( / )m m m kg sin out system  
0(steady)

For two entrances, two exits, the conservation of mass becomes 

 

   , , , ,

m m

m m m m

in out

air w air w



  1 1 2 2

For two fluid streams that exchange energy but do not mix, it is better to conserve the mass 
for the fluid streams separately.

  

  

, ,

, ,

m m m

m m m

air air air

w w w

1 2

1 2

 

 

Conservation of energy: 

According to the sketched control volume, mass crosses the control surface, but no work or 
heat transfer crosses the control surface.  Neglecting the kinetic and potential energies, we 
have for steadyflo 
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  E E E kWin out system 

Rate of net energy transfer
 by heat, work, and mass

Rate change in internal, kinetic,
      potential, etc., energies

        ( )
    


0(steady)

 

   

 ( )  ( )

, , , , , , , ,

, , , ,

E E

m h m h m h m h

m h h m h h

in out

air air w w air air w w

air air air w w w



  

  

1 1 1 1 2 2 2 2

1 2 2 1





( )

( )

, ,

, ,

m

m

h h

h h
air

w

w w

air air






2 1

1 2

We assume that the air has constant specific heats at 300 K, Table A2(a) (we don't know the 
actual temperatures, just the temperature difference). Because we know the initial and final 
temperatures for the water, we can use either the incompressible fluid result or the steam 
tables for its properties.

Using the incompressible fluid approach for the water, Table A3, 
Cp, w = 4.18 kJ/kgK.
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A second solution to this problem is obtained by determining the heat transfer rate from the 
hot water and noting that this is the heat transfer rate to the air.  Considering each fluid 
separately for steadyflow, one entrance, and one exit, and neglecting the kinetic and 
potential energies, the first law, or conservation of energy, equations become

,1 ,1 , ,2 ,2

,1 ,1 , ,2 ,2

, ,

:

:

in out

air air in air air air

w w out w w w

in air out w

E E

air m h Q m h

water m h Q m h

Q Q
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Pipe and duct flow

The flow of fluids through pipes and ducts is often a steadystate, steadyflow process.  We 
normally neglect the kinetic and potential energies; however, depending on the flow 
situation, the work and heat transfer may or may not be zero. 

Example 5-10

In a simple steam power plant, steam leaves a boiler at 3 MPa, 600oC, and enters a turbine 
at 2 MPa, 500oC.  Determine the inline heat transfer from the steam per kilogram mass 
flowing in the pipe between the boiler and the turbine.

Control
surface

1
Steam from
boiler

Steam to
turbine
2

Control Volume: Pipe section in which the heat loss occurs.

Property Relation: Steam tables 

Process: Steadyflow 

Conservation Principles:

Qout
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Conservation of mass:

( / )in out systemm m m kg s    
0(steady)

For one entrance, one exit, the conservation of mass becomes 

 

  

m m

m m m
in out

 1 2

Conservation of energy: 

According to the sketched control volume, heat transfer and mass cross the control surface, 
but no work crosses the control surface.  Neglecting the kinetic and potential energies, we 
have for steadyflow

Rate of net energy transfer Rate change in internal, kinetic,
 by heat, work, and mass       potential, etc., energies

        ( )in out systemE E E kW    
 

0(steady)

We determine the heat transfer rate per unit mass of flowing steam as

  

  ( )





mh m h Q

Q m h h

q
Q

m
h h

out

out

out
out

1 1 2 2

1 2

1 2
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We use the steam tables to determine the enthalpies at the two states as

1
1

1

600
3682.8

3

oT C kJ
h

kgP MPa




 

2
2

2

500
3468.3

2

oT C kJ
h

kgP MPa




 

1 2

(3682.8 3468.3)

214.5

outq h h

kJ

kg

kJ

kg

 

 



Example 5-11

Air at 100oC, 0.15 MPa, 40 m/s, flows through a converging duct with a mass flow rate of 0.2 
kg/s.  The air leaves the duct at 0.1 MPa, 113.6 m/s.  The exittoinlet duct area ratio is 0.5.  
Find the required rate of heat transfer to the air when no work is done by the air.
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Control
surface

1
Air inlet

Air exit
2

Qin

Control Volume: The converging duct

Property Relation: Assume air is an ideal gas and use ideal gas relations

Process: Steadyflow

Conservation Principles: 

Conservation of mass:

   ( / )m m m kg sin out system  
0(steady)

For one entrance, one exit, the conservation of mass becomes

 

  

m m

m m m
in out

 1 2
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In the first law equation, the following are known: P1, T1 (and h1),     ,     ,     , and A2/A1.  The 
unknowns are     , and h2 (or T2).  We use the first law and the conservation of mass equation 
to solve for the two unknowns.

Conservation of energy: 

According to the sketched control volume, heat transfer and mass cross the control surface, 
but no work crosses the control surface.  Here keep the kinetic energy and still neglect the 
potential energies, we have for steadystate, steadyflow process

Rate of net energy transfer Rate change in internal, kinetic,
 by heat, work, and mass       potential, etc., energies

        ( )in out systemE E E kW    
 

0(steady)

1V
 

V2 m
Qin
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1 2

1 1 2 2

1 2

1 2
1 1 2 2

1 2

( / )

1 1

m m kg s

V A V A
v v

P P
V A V A

RT RT







 

 

 

Solving for T2

Assuming Cp = constant, h2  h1 = Cp(T2  T1) 
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Looks like we made the wrong assumption for the direction of the heat transfer.  The heat is 
really leaving the flow duct.  (What type of device is this anyway?)

  .Q Q kWout in   2 87

Liquid pumps

The work required when pumping an incompressible liquid in an adiabatic steadystate, 
steadyflow process is given by 

The enthalpy difference can be written as 

h h u u Pv Pv2 1 2 1 2 1    ( ) ( ) ( )
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For incompressible liquids we assume that the density and specific volume are constant.  The 
pumping process for an incompressible liquid is essentially isothermal, and the internal 
energy change is approximately zero (we will see this more clearly after introducing the 
second law).  Thus, the enthalpy difference reduces to the difference in the pressurespecific 
volume products.  Since v2 = v1 = v the work input to the pump becomes

W
 

,W Win pump 

is the net work done by the control volume, and it is noted that work is input to the pump; 
so,                    .

If we neglect the changes in kinetic and potential energies, the pump work becomes 

   

 

(  )  ( ) ( )

  ( )

,

,

W m v P P kW

W m v P P

in pump

in pump

2 1

2 1

We use this result to calculate the work supplied to boiler feedwater pumps in steam power 
plants.

If we apply the above energy balance to a pipe section that has no pump (        ), we obtain.0W 
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2 2
2 1

2 1 2 1

2 2
2 1

2 1 2 1

2 2
2 2 1 1

2 1

( ) ( ) ( )
2

0 ( ) ( )
2

1

2 2

V V
W m v P P g z z kW

V V
m v P P g z z

v

P V P V
z z

g g



 

 
      

 

 
     

 



    

 
 

 



 

This last equation is the famous Bernoulli’s equation for frictionless, incompressible fluid 
flow through a pipe.

Uniform-State, Uniform-Flow Problems 

During unsteady energy transfer to or from open systems or control volumes, the system 
may have a change in the stored energy and mass. Several unsteady thermodynamic 
problems may be treated as uniformstate, uniformflow problems.  The assumptions for 
uniformstate, uniformflow are 
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•The process takes place over a specified time period. 
•The state of the mass within the control volume is uniform at any instant of time but may 
vary with time.
•The state of mass crossing the control surface is uniform and steady.  The mass flow may be 
different at different control surface locations.

To find the amount of mass crossing the control surface at a given location, we integrate the 
mass flow rate over the time period. 

The change in mass of the control volume in the time period is

The uniformstate, uniformflow conservation of mass becomes 

m m m mi e CV   ( )2 1

The change in internal energy for the control volume during the time period is 
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The energy crossing the control surface with the mass in the time period is 

where

j =i, for inlets
e, for exits

The first law for uniformstate, uniformflow becomes

When the kinetic and potential energy changes associated with the control volume and the 
fluid streams are negligible, it simplifies to
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Example 5-12

Consider an evacuated, insulated, rigid tank connected through a closed valve to a high
pressure line.  The valve is opened and the tank is filled with the fluid in the line.  If the fluid 
is an ideal gas, determine the final temperature in the tank when the tank pressure equals 
that of the line.

Control Volume: The tank

Property Relation: Ideal gas relations

Process: Assume uniformstate, uniformflow
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m m m mi e CV   ( )2 1

Or, for one entrance, no exit, and initial mass of zero, this becomes

m mi CV ( )2

Conservation of energy:

For an insulated tank Q is zero and for a rigid tank with no shaft work W is zero.  For a one
inlet mass stream and noexit mass stream and neglecting changes in kinetic and potential 
energies, the uniformstate, uniformflow conservation of energy reduces to

or

mh m u

h u

u Pv u

u u Pv

C T T Pv

i i CV

i

i i i

i i i

v i i i





 

 

 

( )

( )

2 2

2

2

2

2

Conservation Principles: 

Conservation of mass:
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C T T RT

T
C R

C
T

C

C
T

kT

v i i

v

v

i

p

v

i

i

( )2

2

 








If the fluid is air, k = 1.4 and the absolute temperature in the tank at the final state is 40 
percent higher than the fluid absolute temperature in the supply line.  The internal energy in 
the full tank differs from the internal energy of the supply line by the amount of flow work 
done to push the fluid from the line into the tank.

Extra Assignment

Rework the above problem for a 10 m3 tank initially open to the atmosphere at 25oC and 
being filled from an air supply line at 90 psig, 25oC, until the pressure inside the tank is 70 
psig.
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The Second Law of Thermodynamics

By:

Prof. Suchismita Swain
(TITE, Khorda)
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The second law of thermodynamics states that processes occur in a certain 
direction, not in just any direction.  Physical processes in nature can proceed toward 
equilibrium spontaneously:

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

Once it has taken place, a spontaneous process can be reversed, but it will not 
reverse itself spontaneously.  Some external inputs, energy, must be expended 
to reverse the process.  As it falls down the waterfall, water can be collected in 
a water wheel, cause a shaft to rotate, coil a rope onto the shaft, and lift a 
weight.  So the energy of the falling water is captured as potential energy 
increase in the weight, and the first law of thermodynamics is satisfied.  
However, there are losses associated with this process (friction).  Allowing the 
weight to fall, causing the shaft to rotate in the opposite direction, will not 
pump all of the water back up the waterfall.  
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Spontaneous processes can proceed only in a particular direction.  The first law of 
thermodynamics gives no information about direction; it states only that when one 
form of energy is converted into another, identical quantities of energy are involved 
regardless of the feasibility of the process.  We know by experience that heat flows 
spontaneously from a high temperature to a low temperature.  But heat flowing from 
a low temperature to a higher temperature with no expenditure of energy to cause 
the process to take place would not violate the first law. 

The first law is concerned with the conversion of energy from one form to another.  
Joule's experiments showed that energy in the form of heat could not be completely 
converted into work; however, work energy can be completely converted into heat 
energy.  Evidently heat and work are not completely interchangeable forms of energy.  
Furthermore, when energy is transferred from one form to another, there is often a 
degradation of the supplied energy into a less “useful” form.  We shall see that it is the 
second law of thermodynamics that controls the direction processes may take and 
how much heat is converted into work.  A process will not occur unless it satisfies both 
the first and the second laws of thermodynamics.  
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Some Definitions 

To express the second law in a workable form, we need the following definitions.

Heat (thermal) reservoir 

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

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

Work reservoir 

A work reservoir is a sufficiently large system in stable equilibrium to which and from which 
finite amounts of work can be transferred adiabatically without any change in its pressure.
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Thermodynamic cycle 

A system has completed a thermodynamic cycle when the system undergoes a series of 
processes and then returns to its original state, so that the properties of the system at 
the end of the cycle are the same as at its beginning.
Thus, for whole numbers of cycles

P P T T u u v v etcf i f i f i f i   , , , , .

Heat Engine 

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

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

The following figure illustrates a steam power plant as a heat engine operating in a 
thermodynamic cycle.
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The next slide gives another overview of a steam power plant.  Heat transfer from the 
products of combustion of the fuel in air is supplied the pressurized water in the 
boiler or steam generator.  The high pressure, high temperature steam expands in the 
turbine to produce shaft work which drives the generator and the pump.  The steam 
leaves the turbine at a low pressure and is condensed to a liquid in the condenser.  
The liquid water is pumped to the boiler pressure and flows into the boiler to be 
heated again, and the cycle is complete. 
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Photo courtesy of Progress Energy Carolinas, Inc.
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Thermal Efficiency,

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

th 
Desired Result

Required Input
For a heat engine the desired result is the net work done and the input is the heat supplied 
to make the cycle operate.   The thermal efficiency is always less than 1 or less than 100 
percent.

 th

net out

in

W

Q


,

 th
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where W W W

Q Q

net out out in

in net

,  



Here the use of the in and out subscripts means to use the magnitude (take the positive 
value) of either the work or heat transfer and let the minus sign in the net expression take 
care of the direction.

Now apply the first law to the cyclic heat engine. 

Q W U

W Q

W Q Q

net in net out

net out net in

net out in out

, ,

, ,

,

 



 


0  (Cyclic)

The cycle thermal efficiency may be written as
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 th

net out

in

in out

in

out

in

W

Q

Q Q

Q

Q

Q






 

,

1

Cyclic devices such as heat engines, 
refrigerators, and heat pumps often operate 
between a hightemperature reservoir at 
temperature TH and a lowtemperature 
reservoir at temperature TL. 

The thermal efficiency of the 
above device becomes 

 th
L

H

Q

Q
 1
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Example 6-1

A steam power plant produces 50 MW of net work while burning fuel to produce 
150 MW of heat energy at the high temperature.  Determine the cycle thermal 
efficiency and the heat rejected by the cycle to the surroundings.

 th

net out

H

W

Q

MW

MW



 

,

.
50

150
0 333   or  33.3%

W Q Q

Q Q W

MW MW

MW

net out H L

L H net out

,

,

 

 

 



150 50

100
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Heat Pump 

A heat pump is a thermodynamic system operating in a thermodynamic cycle 
that removes heat from a lowtemperature body and delivers heat to a high
temperature body.  To accomplish this energy transfer, the heat pump receives 
external energy in the form of work or heat from the surroundings. 

While the name “heat pump” is the thermodynamic term used to describe a 
cyclic device that allows the transfer of heat energy from a low temperature to a 
higher temperature, we use the terms “refrigerator” and “heat pump” to apply 
to particular devices.  Here a refrigerator is a device that operates on a 
thermodynamic cycle and extracts heat from a lowtemperature medium.  The 
heat pump also operates on a thermodynamic cycle but rejects heat to the high
temperature medium. 

The following figure illustrates a refrigerator as a heat pump operating in a 
thermodynamic cycle.
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Heat Pump Systems

A typical heat pump system is
shown here. In the heating
mode high pressure vapor
refrigerant is sent to the
indoor heat exchanger coil.
The refrigerant gives up its
energy to the inside air and
condenses to a liquid. The
liquid is throttled to a low
pressure and temperature to
the outdoor coil and receives
energy from the from the
outside air. The refrigerant
vaporizes, enters the
compressor to be compressed
to the high pressure, and the
cycle is completed.
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Coefficient of Performance, COP

The index of performance of a refrigerator or heat pump is expressed in terms of the 
coefficient of performance, COP, the ratio of desired result to input.  This measure of 
performance may be larger than 1, and we want the COP to be as large as possible. 

COP 
Desired Result

Required Input

http://www.energysavers.gov/your_home/space_heating_cooling/index.cfm/mytopic=12610

Read more about heat 
pump systems used for 
heating and cooling the US 
Government website listed 
below.
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For the heat pump acting like a refrigerator or an air conditioner, the primary function of the 
device is the transfer of heat from the low temperature system. 

For the refrigerator the desired result is the heat supplied at the low temperature and the 
input is the net work into the device to make the cycle operate. 

COP
Q

W
R

L

net in


,
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Now apply the first law to the cyclic refrigerator. 

( ) ( )

,

Q Q W U

W W Q Q

L H in cycle

in net in H L

    

  

0 0

and the coefficient of performance becomes 

COP
Q

Q Q
R

L

H L




For the device acting like a “heat pump,” the primary function of the device is the transfer of 
heat to the hightemperature system.  The coefficient of performance for a heat pump is

COP
Q

W

Q

Q Q
HP

H

net in

H

H L

 
,

Note, under the same operating conditions the COPHP and COPR are related by

COP COPHP R  1
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Heat Pump and Air Conditioner Ratings

Heat pumps and air conditioners are rated using the SEER system.  SEER is the 
seasonal adjusted energy efficiency (bad term for HP and A/C devices) rating.  The 
SEER rating is the amount of heating (cooling) on a seasonal basis in Btu/hr per unit 
rate of power expended in watts, W. 

The heat transfer rate is often given in terms of tons of heating or cooling.  One ton 
equals 12,000 Btu/hr = 211 kJ/min. 

A discussion on how to maintain the SEER rating of heat pumps and air 
conditioners may be found at
http://www.advancedenergy.org/buildings/knowledge_library/heating_and_cooling/seer_facts_bulletin.p
df

Second Law Statements 

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

It is impossible for any device that operates on a cycle to receive heat from a single 
reservoir and produce a net amount of work. 

The KelvinPlanck statement of the second law of thermodynamics states that no heat 
engine can produce a net amount of work while exchanging heat with a single reservoir 
only.  In other words, the maximum possible efficiency is less than 100 percent.

178

 th < 100%

Heat engine that violates the KelvinPlanck statement of the second law
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Heat pump that violates the Clausius statement of the second law

Or energy from the surroundings in the form of work or heat has to be expended to force 
heat to flow from a lowtemperature medium to a hightemperature medium.  

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

COP  

Clausius statement of the second law 

The Clausius statement of the second law states that it is impossible to construct a device 
that operates in a cycle and produces no effect other than the transfer of heat from a lower
temperature body to a highertemperature body. 

1 May 2020 Prof. Suchismita Swain (TITE) 180

A violation of either the KelvinPlanck or Clausius statements of the second law implies a 
violation of the other.  Assume that the heat engine shown below is violating the Kelvin
Planck statement by absorbing heat from a single reservoir and producing an equal amount 
of work W.  The output of the engine drives a heat pump that transfers an amount of heat QL

from the lowtemperature thermal reservoir and an amount of heat QH + QL to the high
temperature thermal reservoir.  The combination of the heat engine and refrigerator in the 
left figure acts like a heat pump that transfers heat QL from the lowtemperature reservoir 
without any external energy input.  This is a violation of the Clausius statement of the second 
law. 
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Perpetual-Motion Machines 

Any device that violates the first or second law of thermodynamics is called a perpetual
motion machine.  If the device violates the first law, it is a perpetualmotion machine of the 
first kind.  If the device violates the second law, it is a perpetualmotion machine of the 
second kind. 

Reversible Processes

A reversible process is a quasiequilibrium, or quasistatic, process with a more restrictive 
requirement. 

Internally reversible process 

The internally reversible process is a quasiequilibrium process, which, once having taken 
place, can be reversed and in so doing leave no change in the system.  This says nothing 
about what happens to the surroundings about the system. 

Totally or externally reversible process 

The externally reversible process is a quasiequilibrium process, which, once having taken 
place, can be reversed and in so doing leave no change in the system or surroundings.
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Irreversible Process 

An irreversible process is a process that is not reversible.  
All real processes are irreversible.  Irreversible processes occur because of the       

following:
Friction
Unrestrained expansion of gases
Heat transfer through a finite temperature difference
Mixing of two different substances
Hysteresis effects
I2R losses in electrical circuits
Any deviation from a quasistatic process

The Carnot Cycle 

French military engineer Nicolas Sadi Carnot (17691832) was among the first to study 
the principles of the second law of thermodynamics.  Carnot was the first to introduce the 
concept of cyclic operation and devised a reversible cycle that is composed of four reversible 
processes, two isothermal and two adiabatic. 
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The Carnot Cycle

Process 12:Reversible isothermal heat addition at high temperature, TH > TL, to the 
working fluid in a pistoncylinder device that does some boundary work.

Process 23:Reversible adiabatic expansion during which the system does work as the 
working fluid temperature decreases from TH to TL.

Process 34:The system is brought in contact with a heat reservoir at TL < TH and a 
reversible isothermal heat exchange takes place while work of compression is 

done on the system.

Process 41:A reversible adiabatic compression process increases the working fluid 
temperature from TL to TH
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You may have observed that power cycles operate in the clockwise 
direction when plotted on a process diagram.  The Carnot cycle may be 
reversed, in which it operates as a refrigerator.  The refrigeration cycle 
operates in the counterclockwise direction.

Pv diagram for Carnot heat engine Pv diagram for Carnot refrigerator
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Carnot Principles

The second law of thermodynamics puts limits on the operation of cyclic devices as 
expressed by the KelvinPlanck and Clausius statements.  A heat engine cannot operate by 
exchanging heat with a single heat reservoir, and a refrigerator cannot operate without net 
work input from an external source. 

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

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

 th th Carnot ,

(b) The efficiencies of all reversible heat engines operating between the 
same two constanttemperature heat reservoirs have the same efficiency. 

As the result of the above, Lord Kelvin in 1848 used energy as a thermodynamic property to 
define temperature and devised a temperature scale that is independent of the 
thermodynamic substance. 
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The following is Lord Kelvin's Carnot heat engine arrangement.

Since the thermal efficiency in general is 

 th
L

H

Q

Q
 1

For the Carnot engine, this can be written as

 th L H L Hg T T f T T  ( , ) ( , )1
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Considering engines A, B, and C

Q

Q

Q

Q

Q

Q
1

3

1

2

2

3



This looks like

f T T f T T f T T( , ) ( , ) ( , )1 3 1 2 2 3

One way to define the f function is

f T T
T

T

T

T

T

T
( , )

( )

( )

( )

( )

( )

( )1 3
2

1

3

2

3

1

 












The simplest form of  is the absolute temperature itself.

f T T
T

T
( , )1 3

3

1



The Carnot thermal efficiency becomes

 th rev
L

H

T

T
,  1

This is the maximum possible efficiency of a heat engine operating between two heat 
reservoirs at temperatures TH and TL.  Note that the temperatures are absolute 
temperatures.
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These statements form the basis for establishing an absolute temperature scale, also called 
the Kelvin scale, related to the heat transfers between a reversible device and the high and 
lowtemperature heat reservoirs by

Q

Q

T

T
L

H

L

H



Then the QH/QL ratio can be replaced by TH/TL for reversible devices, where TH and TL are the 
absolute temperatures of the high and lowtemperature heat reservoirs, respectively.  This 
result is only valid for heat exchange across a heat engine operating between two constant 
temperature heat reservoirs.  These results do not apply when the heat exchange is 
occurring with heat sources and sinks that do not have constant temperature.

The thermal efficiencies of actual and reversible heat engines operating between the same 
temperature limits compare as follows: 
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Reversed Carnot Device Coefficient of Performance

If the Carnot device is caused to operate in the reversed cycle, the reversible heat pump is 
created.  The COP of reversible refrigerators and heat pumps are given in a similar manner to 
that of the Carnot heat engine as 

COP
Q

Q Q Q

Q

T

T T T

T

R
L

H L H

L

L

H L H

L













1

1

1

1
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Q
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Q

T

T T

T

T
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T

HP
H

H L

H

L

H

L

H

H L

H

L

H

L













1

1
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Again, these are the maximum possible COPs for a refrigerator or a heat pump operating 
between the temperature limits of TH and TL.

The coefficients of performance of actual and reversible (such as Carnot) refrigerators 
operating between the same temperature limits compare as follows: 

A similar relation can be obtained for heat pumps by replacing all values of COPR

by COPHP in the above relation.

1 May 2020 Prof. Suchismita Swain (TITE)

191

a.

 th rev
L

H

T

T

K

K

or

,

( )

( )
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1
30 273

652 273

0 672 67 2%
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T
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( )
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( . )

30 273

652 273
0 328

500 0 328
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b.

QL

WOUT

QH

TH = 652oC

TL = 30oC

HE

Example 6-2

A Carnot heat engine receives 500 kJ of heat per cycle from a hightemperature heat 
reservoir at 652oC and rejects heat to a lowtemperature heat reservoir at 30oC.  Determine

(a) The thermal efficiency of this Carnot engine.
(b) The amount of heat rejected to the lowtemperature heat reservoir.
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Example 6-3

An inventor claims to have invented a heat engine that develops a thermal efficiency of 80 
percent when operating between two heat reservoirs at 1000 K and 300 K.  Evaluate his 
claim.

 th rev
L

H

T

T

K

K
or

,

.

 

 



1

1
300

1000
0 70 70%

QL

WOUT

QH

TH = 1000 K

TL = 300 K

HE

The claim is false since no heat engine may be more efficient than a Carnot engine operating 
between the heat reservoirs.
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Example 6-4

An inventor claims to have developed a refrigerator that maintains the refrigerated space at 
2oC while operating in a room where the temperature is 25oC and has a COP of 13.5. Is there 
any truth to his claim?

QL

Win

QH

TH = 25oC

TL = 2oC

R

COP
Q

Q Q

T

T T

K

K

R
L

H L

L

H L














( )

( )

.

2 273

25 2

1196

The claim is false since no refrigerator may have a COP larger than the COP for the reversed 
Carnot device.
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Example 6-5

A heat pump is to be used to heat a building during the winter.  The building is to be 
maintained at 21oC at all times.  The building is estimated to be losing heat at a rate of 
135,000 kJ/h when the outside temperature drops to 5oC.  Determine the minimum power 
required to drive the heat pump unit for this outside temperature. 

21 oC

HP
-5 oC

QLost

Win

QL

The heat lost by the building has to be supplied by the heat pump.

QH
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 Q Q
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Using the basic definition of the COP
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3316
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We observe that the 300 K data give completely incorrect results here.  

If the compression process is adiabatic, why is s positive for this process? 

(d) Repeat the constant specific heat calculation assuming Cp is a constant at the average of 
the specific heats for the temperatures.  Then Cp = 1.054 kJ/kgK (see Table A2(b)). 
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By: 

Prof. Suchismita Swain
(TITE Khorda)
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Entropy and the Clausius Inequality 

The second law of thermodynamics leads to the definition of a new property 
called entropy, a quantitative measure of microscopic disorder for a system.  
Entropy is a measure of energy that is no longer available to perform useful 
work within the current environment.  

For more information and animations illustrating this topic visit the Animation 
Library developed by Professor S. Bhattacharjee, San Diego State University, at this 
link.  

test.sdsu.edu/testhome/vtAnimations/index.html
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To obtain the working definition of entropy and, thus, the second law, let's derive the 
Clausius inequality. 

Consider a heat reservoir giving up heat to a reversible heat engine, which in turn gives up 
heat to a pistoncylinder device as shown below.
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E E E

Q W W dE
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R rev sys c
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We apply the first law on an incremental basis to the combined system composed of the heat 
engine and the system.

where Ec is the energy of the combined system.  Let Wc be the work done by the combined 
system.  Then the first law becomes

If we assume that the engine is totally reversible, then 

 




Q

T

Q

T

Q T
Q

T

R

R

R R





The total net work done by the combined system becomes




W T
Q

T
dEc R c 
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Now the total work done is found by taking the cyclic integral of the incremental work.

If the system, as well as the heat engine, is required to undergo a cycle, then 

and the total net work becomes

If Wc is positive, we have a cyclic device exchanging energy with a single heat reservoir and 
producing an equivalent amount of work; thus, the KelvinPlanck statement of the second 
law is violated.  But Wc can be zero (no work done) or negative (work is done on the 
combined system) and not violate the KelvinPlanck statement of the second law.  Therefore, 
since TR > 0 (absolute temperature), we conclude 
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or

Here Q is the net heat added to the system, Qnet.

This equation is called the Clausius inequality.  The equality holds for the reversible process 
and the inequality holds for the irreversible process.

Example 7-1

For a particular power plant, the heat added and rejected both occur at constant 
temperature and no other processes experience any heat transfer.  The heat is added in the 
amount of 3150 kJ at 440oC and is rejected in the amount of 1950 kJ at 20oC.  Is the Clausius 
inequality satisfied and is the cycle reversible or irreversible? 
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Calculate the net work, cycle efficiency, and Carnot efficiency based on TH and TL for this 
cycle.

(3150 1950) 1200net in outW Q Q kJ kJ    

,

1200
0.381 38.1%

3150

(20 273)
1 1 0.589 58.9%

(440 273)

net
th

in

L
th Carnot

H

W kJ
or

Q kJ

T K
or

T K
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The Clausius inequality is satisfied.  Since the inequality is less than zero, the cycle has at 
least one irreversible process and the cycle is irreversible.

Example 7-2

For a particular power plant, the heat added and rejected both occur at constant 
temperature; no other processes experience any heat transfer.  The heat is added in the 
amount of 3150 kJ at 440oC and is rejected in the amount of 1294.46 kJ at 20oC.  Is the 
Clausius inequality satisfied and is the cycle reversible or irreversible?
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The Clausius inequality is satisfied.  Since the cyclic integral is equal to zero, the cycle is made 
of reversible processes.  What cycle can this be?

Calculate the net work and cycle efficiency for this cycle.

W Q Q kJ kJ

W

Q

kJ

kJ
or

net in out

th
net

in

    

  

( . ) .

.
. .

3150 1294 46 18554

185554

3150
0589 58 9%

Definition of Entropy 

Let’s take another look at the quantity

If no irreversibilities occur within the system as well as the reversible cyclic device, then the 
cycle undergone by the combined system will be internally reversible. As such, it can be 
reversed. In the reversed cycle case, all the quantities will have the same magnitude but the 
opposite sign. Therefore, the work WC, which could not be a positive quantity in the regular 
case, cannot be a negative quantity in the reversed case. Then it follows that 

WC,int rev = 0 since it cannot be a positive or negative quantity, and therefore 
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for internally reversible cycles. Thus we conclude that the equality in the Clausius inequality 
holds for totally or just internally reversible cycles and the inequality for the irreversible ones.

To develop a relation for the definition of entropy, let us examine this last equation more 
closely. Here we have a quantity whose cyclic integral is zero. Let us think for a moment what 
kind of quantities can have this characteristic. We know that the cyclic integral of work is not 
zero. (It is a good thing that it is not. Otherwise, heat engines that work on a cycle such as 
steam power plants would produce zero net work.) Neither is the cyclic integral of heat.

Now consider the volume occupied by a gas in a pistoncylinder device undergoing a cycle, as 
shown below. 
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When the piston returns to its initial position at the end of a cycle, the volume of the gas also 
returns to its initial value. Thus the net change in volume during a cycle is zero. This is also 
expressed as 

We see that the cyclic integral of a property is zero.  A quantity whose cyclic integral is zero 
depends only on the state and not on the process path; thus it is a property.  Therefore the 
quantity (Qnet/T)int rev must be a property.
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In-class Example

Consider the cycle shown below composed of two reversible processes A and B.  Apply the 
Clausius inequality for this cycle.  What do you conclude about these two integrals?

B

A

2

V

P

1

A cycle composed of two reversible processes.

Apply the Clausius inequality for the cycle made of two internally reversible processes:
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You should find: 

Since the quantity (Qnet/T)int rev is independent of the path and must be a property, we call 
this property the entropy S. 

The entropy change occurring during a process is related to the heat transfer and the 
temperature of the system. The entropy is given the symbol S (kJ/K), and the specific entropy 
is s (kJ/kgK).

The entropy change during a reversible process, sometimes called an internally reversible 
process, is defined as
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Consider  the cycle 1A2B1, shown below, where process A  is arbitrary that is, it can be 
either reversible or irreversible, and process B is internally reversible. 

B

A

2

V

P

1

A cycle composed of reversible and irreversible processes.

The integral along the internally reversible path, process B, is the entropy change 
S1 –S2.  Therefore, 
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or

In general the entropy change during a process is defined as

dS
Q

T
net



where = holds for the internally reversible process
> holds for the irreversible process 

Consider the effect of heat transfer on entropy for the internally reversible case.

dS
Q

T
net



Which temperature T is this one?  If







Q then dS

Q then dS

Q then dS

net

net

net

 

 

 

0 0

0 0

0 0

,

,

,
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This last result shows why we have kept the subscript net on the heat transfer Q.  It is 
important for you to recognize that Q has a sign depending on the direction of heat transfer.  
The net subscript is to remind us that Q is positive when added to a system and negative 
when leaving a system.  Thus, the entropy change of the system will have the same sign as 
the heat transfer in a reversible process.

From the above, we see that for a reversible, adiabatic process 

dS

S S





0

2 1

The reversible, adiabatic process is called an isentropic process.

Entropy change is caused by heat transfer and irreversibilities.  Heat transfer to a system 
increases the entropy; heat transfer from a system decreases it.  The effect of irreversibilities 
is always to increase the entropy.  In fact, a process in which the heat transfer is out of the 
system may be so irreversible that the actual entropy change is positive.  Friction is one 
source of irreversibilities in a system.

The entropy change during a process is obtained by integrating the dS equation over the 
process: 
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Here, the inequality is to remind us that the entropy change of a system during an 
irreversible process is always greater than          , called the entropy transfer.  That is, some 
entropy is generated or created during an irreversible process, and this generation is due 
entirely to the presence of irreversibilities.  The entropy generated during a process is called 
entropy generation and is denoted as Sgen. 

We can remove the inequality by noting the following

Sgen is always a positive quantity or zero.  Its value depends upon the process and thus it is 
not a property. Sgen is zero for an internally reversible process.

The integral              is performed by applying the first law to the process to obtain the heat 
transfer as a function of the temperature.  The integration is not easy to perform, in general. 
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Definition of Second Law of Thermodynamics

Now consider an isolated system composed of several subsystems exchanging energy among 
themselves.  Since the isolated system has no energy transfer across its system boundary, the 
heat transfer across the system boundary is zero. 

Applying the definition of entropy to the isolated system 

The total entropy change for the isolated system is

0isolatedS 
1 May 2020 Prof. Suchismita Swain (TITE)

215

This equation is the working definition of the second law of thermodynamics.  The second 
law, known as the principle of increase of entropy, is stated as

The total entropy change of an isolated system during a process always 
increases or, in the limiting case of a reversible process, remains constant.

Now consider a general system exchanging mass as well as energy with its surroundings. 

S S S Sgen total sys surr      0

where = holds for the totally reversible process
> holds for the irreversible process 
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Thus, the entropy generated or the total entropy change (sometimes called the entropy 
change of the universe or net entropy change) due to the process of this isolated system is 
positive (for actual processes) or zero (for reversible processes).  The total entropy change for 
a process is the amount of entropy generated during that process (Sgen), and it is equal to the 
sum of the entropy changes of the system and the surroundings.  The entropy changes of the 
important system (closed system or control volume) and its surroundings do not both have 
to be positive.  The entropy for a given system (important or surroundings) may decrease 
during a process, but the sum of the entropy changes of the system and its surroundings for 
an isolated system can never decrease. 

Entropy change is caused by heat transfer and irreversibilities.  Heat transfer to a system 
increases the entropy, and heat transfer from a system decreases it.  The effect of 
irreversibilities is always to increase the entropy.

The increase in entropy principle can be summarized as follows: 
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Some Remarks about Entropy

1. Processes can occur in a certain direction only, not in just any direction, such that Sgen≥0.

2. Entropy is a nonconserved property, and there is no such thing as the conservation of 
entropy principle.  The entropy of the universe is continuously increasing.

3. The performance of engineering systems is degraded by the presence of irreversibilities, 
and entropy generation is a measure of the magnitudes of the irreversibilities present 
during that process.

Heat Transfer as the Area under a T-S Curve 

For the reversible process, the equation for dS implies that 

dS
Q

T

Q TdS

net

net








or the incremental heat transfer in a process is the product of the temperature and the 
differential of the entropy, the differential area under the process curve plotted on the T-S
diagram. 1 May 2020 Prof. Suchismita Swain (TITE) 218

1

2

ds s

T Area under the process 
curve is the heat 
transfer.

Qnet

In the above figure, the heat transfer in an internally reversible 
process is shown as the area under the process curve plotted on the 
TS diagram.

Internally reversible 
process

T = f(s)

The process curve shown here is appropriate for either a constant volume or a 
constant pressure process.  The constant volume process has a steeper slope on 
the Ts diagram than does the constant pressure process.
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Isothermal, Reversible Process

For an isothermal, reversible process, the temperature is constant and the integral to find the 
entropy change is readily performed.  If the system has a constant temperature, T0, the 
entropy change becomes 

For a process occurring over a varying temperature, the entropy change must be found by 
integration over the process.  

Example:  We have shown that the incremental heat transfer to an ideal gas in a closed 
system undergoing a constant volume process with constant specific heats is

δQnet = dU = mCvdT 

Then for this 
process,

Caution:  The change in entropy will depend upon the working fluid 
and the process.1 May 2020 Prof. Suchismita Swain (TITE) 220

Adiabatic, Reversible (Isentropic) Process

For an adiabatic process, one in which there is no heat transfer, the entropy change is

S S S

S S

  


2 1

2 1

0

s
S

m

s s



2 1

If the process is adiabatic and reversible, the equality holds and the entropy change is

or on a per unit mass basis
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The adiabatic, reversible process is a constant entropy process and is called isentropic.  As will 
be shown later for an ideal gas, the adiabatic, reversible process is the same as the polytropic 
process where the polytropic exponent n = k =  Cp/Cv.

The principle of increase of entropy for a closed system exchanging heat with its 
surroundings at a constant temperature Tsurr is found by using the equation for the entropy 
generated for an isolated system.

Qout, sys

A general closed system (a 
cup of coffee) exchanging 
heat with its surroundings

Surroundings
Tsurr

System
Boundary

S S S S

S S S

S
Q

T

gen total sys surr

sys sys

surr

net surr

surr

   

 







  





0

2 1( )

,
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S S m s s
Q

T
gen total sys

net surr

surr

     ( )
,

2 1 0

where 

Q Q Q Qnet surr net sys out sys out sys, , , ,( )     0

Effect of Heat Transfer on Entropy 

Let's apply the second law to the following situation.  Consider the transfer of heat from a 
heat reservoir at temperature T to a heat reservoir at temperature T - T > 0 where T > 0, 
as shown below.

Q

HR
at
T

HR
at
TT

Two heat reservoirs 
exchanging heat over a 
finite temperature 
difference

The second law for the isolated system composed of the two heat reservoirs is
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S S S S

S S S S

gen total sys surr

gen total HR T HR T T
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In general, if the heat reservoirs are internally reversible 

S S
Q

T

Q

T T
gen Total 











Now as T  0, Sgen  0 and the process becomes totally reversible. Therefore, for 
reversible heat transfer T must be small.  As T gets large, Sgen increases and the process 
becomes irreversible. 
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Example 7-3

Find the total entropy change, or entropy generation, for the transfer of 1000 kJ of heat 
energy from a heat reservoir at 1000 K to a heat reservoir at 500 K.  

Q=1000 kJ

HR
at
T=1000 K

HR
at
TT = 500K

0        1          2   S, kJ/K  

1000 K

500 K

T Areas
= 1000 kJ

The second law for the isolated system is 

S S
Q

T

Q

T T

kJ

K

kJ

K

kJ

K

kJ

K

gen Total 












  






1000

1000

1000

500

1 2

1

( )
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What happens when the lowtemperature reservoir is at 750 K?
The effect of decreasing the T for heat transfer is to reduce the entropy generation or total 
entropy change of the universe due to the isolated system and the irreversibilities associated 
with the heat transfer process.

Third Law of Thermodynamics

The third law of thermodynamics states that the entropy of a pure crystalline substance at 
absolute zero temperature is zero.  This law provides an absolute reference point for the 
determination of entropy.  The entropy determined relative to this point is called absolute 
entropy.

Entropy as a Property

Entropy is a property, and it can be expressed in terms of more familiar properties (P,v,T) 
through the Tds relations.  These relations come from the analysis of a reversible closed 
system that does boundary work and has heat added.  Writing the first law for the closed 
system in differential form on a per unit mass basis

Wint rev, out

Qint rev

System used to find expressions for ds
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Q W dU

Q T dS

W PdV

TdS PdV dU

int rev int rev, out

int rev

int rev, out

=





 

Tds du Pdv 

T ds dh v dP 

On a unit mass basis we obtain the first Tds equation, or Gibbs equation, as

Recall that the enthalpy is related to the internal energy by h = u + Pv.  Using this relation in 
the above equation, the second Tds equation is

These last two relations have many uses in thermodynamics and serve as the starting point 
in developing entropychange relations for processes.  The successful use of Tds relations 
depends on the availability of property relations.  Such relations do not exist in an easily used 
form for a general pure substance but are available for incompressible substances (liquids, 
solids) and ideal gases.  So, for the general pure substance, such as water and the 
refrigerants, we must resort to property tables to find values of entropy and entropy 
changes.
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The temperatureentropy diagram for water is shown below. 
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Shown above are the temperatureentropy and enthalpyentropy diagrams for water.  The h-
s diagram, called the Mollier diagram, is a useful aid in solving steam power plant problems 
where heat transfer and work may be expressed as enthalpy changes for steadyflow  
constant pressure and isentropic processes, respectively. 

The enthalpyentropy diagram for water is shown below. 

1 May 2020 Prof. Suchismita Swain (TITE)



TITE Khorda 1 May 2020

Prof. Suchismita Swain 39

229

Example 7-4

Find the entropy and/or temperature of steam at the following states:

P T Region s kJ/(kg K)

5 MPa 120oC

1 MPa 50oC

1.8 MPa 400oC

40 kPa Quality, x = 0.9

40 kPa 7.1794

(Answers are on the last page of Chapter 7.)
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Example 7-5

Determine the entropy change of water contained in a closed system as it changes phase 
from saturated liquid to saturated vapor when the pressure is 0.1 MPa and constant.  Why is 
the entropy change positive for this process? 

System: The water contained in the system (a pistoncylinder device)

Steam

s

T

Property Relation: Steam tables

Process and Process Diagram: Constant pressure (sketch the process relative to the 
saturation lines)

Conservation Principles: Using the definition of entropy change, the entropy change of 
the water per mass is 
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2 1

6.0562

g f fgs s s s s s

kJ

kg K

     




The entropy change is positive because: (Heat is added to the water.)

Example 7-6

Steam at 1 MPa, 600oC, expands in a turbine to 0.01 MPa.  If the process is isentropic, find 
the final temperature, the final enthalpy of the steam, and the turbine work.

System: The control volume formed by the turbine

Control surface

1

2

Wout

s

T
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Property Relation: Steam tables

Process and Process Diagram: Isentropic (sketch the process relative to the saturation lines 
on the T-s diagram)

Conservation Principles: 

Assume:  steadystate, steadyflow, one entrance, one exit, neglect KE and PE

Conservation of mass:

  m m m1 2 
First Law or conservation of energy: 

The process is isentropic and thus adiabatic and reversible; therefore Q = 0. The conservation 
of energy becomes

1 1 2 2

in out

out

E E

m h m h W
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Since the mass flow rates in and out are equal, solve for the work done per unit mass

 

  

 ( )





E E

W mh m h

m h h

w
W

m
h h

in out

out

out



 

 

  

1 1 2 2

1 2

1 2

Now, let’s go to the steam tables to find the h’s.

1
1

1
1

3698.6
1

600
8.0311

o

kJ
h

P MPa kg

kJT C
s

kg K


 


  

 

The process is isentropic, therefore;  s2 = s1 = 8.0311 kJ/(kg  K ) 
At P2 = 0.01 MPa, sf = 0.6492 kJ/kgK, and sg = 8.1488 kJ/(kg K); 
thus, sf < s2 < sg. 

State 2 is in the saturation region, and the quality is needed to specify the state.
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2 2

2

2

2 2

8.0311 0.6492
0.984

7.4996

191.8 (0.984)(2392.1)

2545.6

f fg

f

fg

f fg

s s x s

s s
x

s

h h x h

kJ

kg

 





 

 

 



Since state 2 is in the twophase 
region, T2 = Tsat at P2 = 45.81oC.

1 2

(3698.6 2545.6)

1153

w h h

kJ

kg

kJ

kg

 

 



State 2 is in the saturation 
region, and the quality is 
needed to specify the 
state.
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s s s 2 1

s s2 1

ds
du

T

P

T
dv 

du CdT

dv



 0

Entropy Change and Isentropic Processes

The entropy-change and isentropic relations for a process can be summarized as
follows:

1.Pure substances:
Any process:                 (kJ/kgK)
Isentropic process:

2.Incompressible substances (Liquids and Solids):

The change in internal energy and volume for an incompressible substance is

The entropy change now becomes
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s s C
T

T
av2 1

2

1

  ln

T T2 1

If the specific heat for the incompressible substance is constant, then the entropy 
change is 
Any process: (kJ/kgK)

Isentropic process:

3. Ideal gases:
a.Constant specific heats (approximate treatment): 
Any process: (can you fill in the steps?)

s s C
T

T
R

v

v
v av2 1

2

1

2

1

  , ln ln (kJ/kgK)
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and  (can you fill in the steps?)

2 2
2 1 ,

1 1

ln lnp av

T P
s s C R

T P
   (kJ/kgK)

Or, on a unitmole basis,

s s C
T

T
R

v

v
v av u2 1

2

1

2

1

  , ln ln (kJ/kmolK)

and

2 2
2 1 ,

1 1

ln lnp av u

T P
s s C R

T P
   (kJ/kmolK)
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2 1

1 2.

k

s const

P v

P v


   
   

   

For an isentropic process this last result looks like Pvk = constant which is the polytropic 
process equation Pvn = constant with n = k = Cp/Cv.

b.Variable specific heats (exact treatment):

From Tds = dh - vdP, we obtain

2
2

1
1

( )
lnpC T P

s dT R
T P

  

Isentropic process: 

(Can you fill in the steps here?) 
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The integrals on the righthand side of the above equation are called the standard state 
entropies, so, at state 1, T1, and state 2, T2; so is a function of temperature only. 

The first term can be integrated relative to a reference state at temperature Tref.
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s s s s R
P

P
o o

2 1 2 1
2

1

    ln

s s s s R
P

P
o o

u2 1 2 1
2

1

    ln

Therefore, for any process:

(kJ/kgK)

(kJ/kmolK)

or

The standard state entropies are found in Tables A17 for air on a mass basis and Tables A18 
through A25 for other gases on a mole basis.  When using this variable specific heat 
approach to finding the entropy change for an ideal gas, remember to include the pressure 
term along with the standard state entropy termsthe tables don’t warn you to do this.

Isentropic process:  s = 0 

s s R
P

P
o o
2 1

2

1

  ln (kJ/kgK)

If we are given T1, P1, and P2, we find so
1 at T1, calculate so

2, and then determine from the 
tables T2, u2, and h2.  

When air undergoes an isentropic process when variable specific heat data are required, 
there is another approach to finding the properties at the end of the isentropic process.  
Consider the entropy change written as
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2
2

1
1

( )
ln

pC T P
s dT R

T P
  

Letting T1 = Tref, P1 = Pref = 1atm, T2 = T, P2 = P, and setting the entropy change equal to zero 
yield

We define the relative pressure Pr as the above pressure ratio. Pr is the pressure ratio 
necessary to have an isentropic process between the reference temperature and the actual 
temperature and is a function of the actual temperature.  This parameter is a function of 
temperature only and is found in the air tables, Table A17.  The relative pressure is not 
available for other gases in this text. 

The ratio of pressures in an isentropic process is related to the ratio of relative pressures.

22 2

1 1 1. .

/

/

ref r

ref rs const s const

P PP P

P P P P
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There is a second approach to finding data at the end of an ideal gas isentropic process when 
variable specific heat data are required.  Consider the following entropy change equation set 
equal to zero.

From Tds = du + Pdv, we obtain for ideal gases 

Letting T1 = Tref, v1 = vref, T2 = T, v2 = v, and setting the entropy change equal to zero yield

We define the relative volume vr as the above volume ratio.  vr is the volume ratio necessary 
to have an isentropic process between the reference temperature and the actual 
temperature and is a function of the actual temperature. This parameter is a function of 
temperature only and is found in the air tables, Table A17.  The relative volume is not 
available for other gases in this text. 
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Extra Assignment

For an ideal gas having constant specific heats and undergoing a polytropic process in a 
closed system, Pvn = constant, with n = k, find the heat transfer by applying the first law.  
Based on the above discussion of isentropic processes, explain your answer. Compare your 
results to this problem to a similar extra assignment problem in Chapter 4.

Example 7-7

Aluminum at 100oC is placed in a large, insulated tank having 10 kg of water at a temperature 
of 30oC.  If the mass of the aluminum is 0.5 kg, find the final equilibrium temperature of the 
aluminum and water, the entropy change of the aluminum and the water, and the total 
entropy change of the universe because of this process.  Before we work the problem, what 
do you think the answers ought to be? Are entropy changes going to be positive or negative?  
What about the entropy generated as the process takes place?
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System: Closed system including the aluminum and water.

Water

AL

Tank insulated
boundary

Property Relation: ?

Process: Constant volume, adiabatic, no work energy exchange between the aluminum and 
water.

Conservation Principles:

Apply the first law, closed system to the aluminumwater system.

Q W U

U U

system

water AL

 

  



 0 0

Using the solid and incompressible liquid relations, we have 

m C T T m C T Twater water water AL AL AL( ) ( )2 1 2 1 0   
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But at equilibrium, T2,AL = T2,water = T2

T
m C T m C T

m C m C

kg kJ kg K K kg kJ kg K K

kg kJ kg K kg kJ kg K

K

water water water AL AL AL

water water AL AL

water water AL AL

water water AL AL

2
1 1

10 4 18 303 0 5 0 941 373

10 4 18 0 5 0 941

3038







  

  



( ) ( )

( . / )( ) . ( . / )( )

( . / ) . ( . / )

.

The second law gives the entropy production, or total entropy change of the universe, as

S S S Sgen total water AL      0

Using the entropy change equation for solids and liquids,
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Why is SAL negative?  Why is Swater positive?  

S S S S

kJ

K

kJ

K

gen total water AL  

 

 

  

( . . )

.

01101 0 0966

0 0135

Why is Sgen or STotal positive? 
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Example 7-8

Carbon dioxide initially at 50 kPa, 400 K, undergoes a process in a closed system until its 
pressure and temperature are 2 MPa and 800 K, respectively.  Assuming ideal gas behavior, 
find the entropy change of the carbon dioxide by first assuming constant specific heats and 
then assuming variable specific heats.  Compare your results with the real gas data obtained 
from the EES software.

(a) Assume the Table A2(a) data at 300 K are adequate; then Cp = 0.846 kJ/kgK and R = 
0.1889 kJ/kgK.
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(b)  For variable specific heat data, use the carbon dioxide data from Table A20.

(c) Using EES for carbon dioxide as a real gas:

Deltas=ENTROPY(CarbonDioxide,T=800,P=2000)
ENTROPY(CarbonDioxide,T=400,P=50)
= +0.03452 kJ/kgK
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We observe that the 300 K data give completely incorrect results here.  

If the compression process is adiabatic, why is s positive for this process? 

(d) Repeat the constant specific heat calculation assuming Cp is a constant at the average of 
the specific heats for the temperatures.  Then Cp = 1.054 kJ/kgK (see Table A2(b)). 
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Thermal Power plant
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Refrigerator
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Power Transmission
• The following are the major types of power

transmission devices

(a) Belt drive (b) Rope drive

(c) Chain drive (d) Gear drive

Belt Drive:

 This type of drive is used when the power is to
be transmitted from one shaft to other which is
at a distance.

 Pulleys are mounted on the driver and driven
shafts and an endless belt are fitted tightly over
these pulleys.
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The frictional resistance between these pulleys
and belt is the reason for the power transmission,
which depends on the velocity of belt, tension of
the belt and arc of contact of the belt in the
smaller pulley.

Types of Belt drive:

(a) Open belt drive: For parallel shafts and to be
rotated in the same direction as that of the driver
shaft. The driver pulley pulls the belt from one
side and delivers it to the other side. The tension
in the former side will be larger and hence called
tight side and the other side is called slack side.
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• (b) Crossed belt drive: When the driven shaft is
to be rotated in the opposite direction as that of
the driver shaft, the belt is to be arranged in a
crossed manner.
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Types of Belts

• There are mainly 3types of belts.

(a)Flat belt: It is mostly used in factories and
workshops, where a moderate amount of
power is to be transmitted, when the two
pulleys are not more than 8 m apart.

(b)V-belt: It is used in factories and workshops,
where comparatively large amount of power is
to be transmitted, when the two pulleys are
very near to each other.
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(c) Circular (round) belt: It is used in factories and
workshops, where a great amount of power is to
be transmitted from one pulley to another, when
the pulleys are more than 8m apart.
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Compound Belt Drive
• A compound belt drive is used when power is

transmitted from one shaft to another through a
no. Of pulleys and the velocity ratio is high
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Slip of belt

• Some times the frictional grip between belt and
pulley becomes insufficient, this may cause
some forward motion of the driver without
carrying the belt with it. This may also cause
some forward motion of the belt without
carrying the driven pulley with it. This is called
slip of the belt.

• It is generally expressed as a percentage.

• The result of slip is to reduce the velocity ratio
of the system.
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Creep of Belt

• When the belt passes from the slack side, a
certain portion of the belt extends and it
contracts again when the belt passes from
the tight side to slack side. Due to these
changes of length, there is a relative
motion between the belt and the pulley.
This relative motion is called creep.

• The total effect of creep is to reduce the
speed of the driven pulley.
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• Creep is due to elastic property of belt,
where as the conventional slip is due to
insufficient frictional grip between the
belt and pulley.

• The effect of both is to reduce speed
ratio hence reduce the power
transmission.
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• Explain briefly about Slip and creep of a belt in 
belt drive. [2 marks]        [BPUT-1st sem.-2016]
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Advantages of Rope drives

• Smooth and silent

• Less weight

• Shock resistant

• Longer life.
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Gear Drives
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• Slipping of a belt or rope is a common
phenomenon, in the transmission of power.

• The effect of slipping is to reduce the
velocity ratio of the system.

• In precision machines, in which a definite
velocity ratio is of importance like in watch,
the only positive drive is by means of gears
or toothed wheels.

• Toothed wheel is the gear for transmitting
power between two shafts, which are very
closer.
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• The teeth of the gear mounted on the shaft 
meshes each other during rotation.

• Gears are manufactured either by milling, by 
casting or by hobbing.
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BME-2016-1st Semester-10marks

Two parallel shafts are connected with the help
of two gears, one gear on each shaft. The no. of
teeth on one gear is 38 and the speed of the
shaft is 420 rpm. If the speed ratio is equal to 3
and circular pitch of the gear is 25mm, then
find:

(i) No. of teeth and speed of other shaft. 

(ii) Centre distance between two shafts.

1 May 2020 340Prof. Suchismita Swain (TITE)

COUPLING
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• A coupling is a device used to connect
two shafts together at their ends for
transmitting power. Coupling do not
normally allow disconnection of shafts
during operation.

• The primary purpose of coupling is to
join two pieces of rotating equipment
while permitting some degree of
misalignment or end movement or both.
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Uses
• To transfer power from one end to another.

Ex.: motor transfers power to pump through
coupling.

• To provide the connection of shafts of units
that are manufactured separately such as a
motor and generator and to provide for
disconnection for repair or alterations.

• To provide misalignment of the shafts or to
introduce mechanical flexibility.

• To reduce the transmission of shock loads from
one shafts to another

• To introduce protection against overload1 May 2020 346Prof. Suchismita Swain (TITE)

Types of Coupling

• Rigid Coupling: It is used to connect two
shafts which are perfectly aligned. Following
types of rigid coupling are important.

a) Sleeve or muff coupling.

b)Clamp or splitmuff or compression coupling

c) Flange coupling.
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• Flexible Coupling: It is used to connect two 
shafts having both lateral and angular 
misalignment. Following are the types.

a)Bushed pin type coupling

b)Universal coupling

c) Oldham coupling.
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CLUTCH
• Transmission is the mechanism which is used to

transfer the power developed by engine to the
wheels of an automobile.

• The transmission system of an automobile
includes clutch, gearbox, propeller shaft axle and
wheels etc.

• Clutch is used to engage or disengage the engine
to the transmission or gearbox.

• When the clutch is in engaged position, the engine
power or rotary motion of engine crank shaft is
transmitted to gear box and then to wheels.1 May 2020 349Prof. Suchismita Swain (TITE)

• When clutch is disengaged, the engine
power does not reach to gear box or to
wheels although the engine is running.

• Clutch is also used to allow shifting or
changing of gears when vehicle is running.

• For shifting gears clutch is first disengaged
then gear is shifted and then clutch is
engaged.

• Clutch has to be disengaged to stop the
vehicle, if the vehicle is not in neutral gear.
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Principle of Clutch

• It operates on the principle of friction.

• When two surfaces are brought in contact and
are held against each other due to friction
between them, they can be used to transmit
power. If one is rotated the other one also
rotates.

• One surface is connected to engine and other
to the transmission system of automobile.

• Hence clutch is nothing but a combination of
two friction surfaces.
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Main parts of a Clutch
(a) A driving member:

 It consists of a flywheel, which is mounted on the 
engine crankshaft. 

 The flywheel is bolted to a cover which carries 
pressure plate, pressure springs and releasing 
levers.

(b) A driven member:

 It consists of a disc plate called clutch plate.

 The clutch is free to slide on the splines of the 
clutch shaft.
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It carries friction materials on both of its
surfaces.

When the clutch plate is gripped
between the flywheel and the pressure
plate, it rotates the clutch shaft through
splines.

(c) An operating member:

The operating member consists of a
pedal or lever which can be pressed to
disengage the driving and driven plate.
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Types of clutch
(a)Friction clutch:

• Single plate clutch

• Multi plate clutch (Dry or Wet)

• Cone clutch

(b) Centrifugal clutch

(c) semicentrifugal clutch

(d) Hydraulic clutch

(e) Positive clutch

(f) Vacuum clutch

(g) Electromagnetic clutch.1 May 2020 357Prof. Suchismita Swain (TITE)

• Explain the function of a clutch and different
types of clutch with their relative advantages and
disadvantages. [10 marks] [BPUT-1st sem.-2017]
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Brakes

• A brake is a mechanical device that retards
motion by absorbing energy from a moving
system.

• It is used for slowing or stopping a moving
vehicle, wheel, axle or to prevent its motion
by means of friction.
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Types
(a)Drum Brakes:

• In drum brakes, the brake lining is adhered to the
external surface of a curved bracket called shoes.

• The most common configuration includes, two shoes
mounted inside a drum of a plate. A cylinder presses
the shoes onto the insides of the drum to initiate
deceleration.

• A drum brake that presses on the outside of the
drum is called a clasp brake.

• A double clasp brake applies braking pressure to
both inside and outside of the drum
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(b) Cone Brakes: 

• This is a type of drum brake where the drum
and shoe are mating sections of conical
frustums.

• The shoe (cone) is outfitted with brake
lining and pressed into the drum (cup) to
apply friction.

• The advantage is increased surface area,
less force required for disengage and hence
quicker deceleration.
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(c) Disc Brakes:

• It utilise a metal disc, also called a rotor, that is
connected to the axle.

• The rotor spins between a calliper, which
pushes a lining material outfitted on a brake
pad against the rotor surface.
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(d) Band Brakes:

• Band brakes tighten a ribbon of high
friction material around a pulley attached
to the rotating axle.

• They are often employed on bicycles. If
the pull on the band is in the direction of
axle rotation the brake is selfenergizing.

• Differential band brakes attach both ends
of the brakes ribbon to the lever to supply
braking power for bidirectional shafts.
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• Classify the brake on basis of mode of
operation. [5 marks] [BPUT-1st sem.-2017]
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INTRODUCTION TO ROBOTICS

By:

Prof. Suchismita Swain

Asst.Prof.(ME)

TITE, Khurda
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INTRODUCTION 
• An industrial robot is a generalpurpose,
programmable machine. It possesses some
anthropomorphic characteristics, i.e. humanlike
characteristics that resemble the human physical
structure. The robots also respond to sensory signals in
a manner that is similar to humans.

•Robots are good substitutes to the human beings in
hazardous or uncomfortable work environments.

• A robot performs its work cycle with a consistency
and repeatability which is difficult for human beings to
attain over a long period of continuous working.
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• Robots can be reprogrammed. When the
production run of the current task is
completed, a robot can be reprogrammed and
equipped with the necessary tooling to
perform an altogether different task.

• Robots can be connected to the computer
systems and other robotics systems.
Nowadays robots can be controlled with wire
less control technologies. This has enhanced
the productivity and efficiency of automation
industry.
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Robot anatomy and related attributes

Joints and Links:
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a) Linear joint (type L joint)
The relative movement between the input link and the output link
is a translational sliding motion, with the axes of the two links
being parallel.

b) Orthogonal joint (type U joint)
This is also a translational sliding motion, but the input and output
links are perpendicular to each other during the move.

c) Rotational joint (type R joint)
This type provides rotational relative motion, with the axis of
rotation perpendicular to the axes of the input and output links.

d) Twisting joint (type T joint)
This joint also involves rotary motion, but the axis or rotation is
parallel to the axes of the two links.

e) Revolving joint (type V-joint, V from the “v” in revolving)
In this type, axis of input link is parallel to the axis of rotation of
the joint. However the axis of the output link is perpendicular to
the axis of rotation.
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Common Robot Configurations
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a. Polar configuration
It consists of a sliding arm Ljoint, actuated relative to
the body, which rotates around both a vertical axis (T
joint), and horizontal axis (Rjoint).

b. Cylindrical configuration
It consists of a vertical column. An arm assembly is
moved up or down relative to the vertical column. The
arm can be moved in and out relative to the axis of the
column. Common configuration is to use a Tjoint to
rotate the column about its axis. An Ljoint is used to
move the arm assembly vertically along the column,
while an Ojoint is used to achieve radial movement of
the arm.

c. Cartesian co-ordinate robot
It is also known as rectilinear robot and xyz robot. It
consists of three sliding joints, two of which are
orthogonal Ojoints.1 May 2020 383Prof. Suchismita Swain (TITE)

d. Jointed-arm robot

It is similar to the configuration of a human arm. It 
consists of a vertical column that swivels about the 
base using a Tjoint. Shoulder joint (Rjoint) is 
located at the top of the column. The output link is 
an elbow joint (another R joint).

e. SCARA

Its full form is ‘Selective Compliance Assembly 
Robot Arm'. It is similar in construction to the 
jointerarm robot, except the shoulder and elbow 
rotational axes are vertical. It means that the arm is 
very rigid in the vertical direction, but compliant in 
the horizontal direction.1 May 2020 384Prof. Suchismita Swain (TITE)
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Robotic wrist joint
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• Robot wrist assemblies consist of either two
or three degreesoffreedom. A typical three
degreeoffreedom wrist joint is depicted in
Figure 7.5.4. The roll joint is accomplished by
use of a Tjoint. The pitch joint is achieved by
recourse to an Rjoint. And the yaw joint, a
rightandleft motion, is gained by deploying a
second Rjoint.
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MODULE-4

By:

Prof. Suchismita Swain

(TITE, Khorda)

1 May 2020 387Prof. Suchismita Swain (TITE)

Power Transmission
• The following are the major types of power

transmission devices

(a) Belt drive (b) Rope drive

(c) Chain drive (d) Gear drive

Belt Drive:

 This type of drive is used when the power is to
be transmitted from one shaft to other which is
at a distance.

 Pulleys are mounted on the driver and driven
shafts and an endless belt are fitted tightly over
these pulleys.
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The frictional resistance between these pulleys
and belt is the reason for the power transmission,
which depends on the velocity of belt, tension of
the belt and arc of contact of the belt in the
smaller pulley.

Types of Belt drive:

(a) Open belt drive: For parallel shafts and to be
rotated in the same direction as that of the driver
shaft. The driver pulley pulls the belt from one
side and delivers it to the other side. The tension
in the former side will be larger and hence called
tight side and the other side is called slack side.
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• (b) Crossed belt drive: When the driven shaft is
to be rotated in the opposite direction as that of
the driver shaft, the belt is to be arranged in a
crossed manner.
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Types of Belts

• There are mainly 3types of belts.

(a)Flat belt: It is mostly used in factories and
workshops, where a moderate amount of
power is to be transmitted, when the two
pulleys are not more than 8 m apart.

(b)V-belt: It is used in factories and workshops,
where comparatively large amount of power is
to be transmitted, when the two pulleys are
very near to each other.
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(c) Circular (round) belt: It is used in factories and
workshops, where a great amount of power is to
be transmitted from one pulley to another, when
the pulleys are more than 8m apart.
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Compound Belt Drive
• A compound belt drive is used when power is

transmitted from one shaft to another through a
no. Of pulleys and the velocity ratio is high
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Slip of belt

• Some times the frictional grip between belt and
pulley becomes insufficient, this may cause
some forward motion of the driver without
carrying the belt with it. This may also cause
some forward motion of the belt without
carrying the driven pulley with it. This is called
slip of the belt.

• It is generally expressed as a percentage.

• The result of slip is to reduce the velocity ratio
of the system.
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Creep of Belt

• When the belt passes from the slack side, a
certain portion of the belt extends and it
contracts again when the belt passes from
the tight side to slack side. Due to these
changes of length, there is a relative
motion between the belt and the pulley.
This relative motion is called creep.

• The total effect of creep is to reduce the
speed of the driven pulley.
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• Creep is due to elastic property of belt,
where as the conventional slip is due to
insufficient frictional grip between the
belt and pulley.

• The effect of both is to reduce speed
ratio hence reduce the power
transmission.
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• Explain briefly about Slip and creep of a belt in 
belt drive. [2 marks]        [BPUT-1st sem.-2016]
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Advantages of Rope drives

• Smooth and silent

• Less weight

• Shock resistant

• Longer life.
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Gear Drives
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• Slipping of a belt or rope is a common
phenomenon, in the transmission of power.

• The effect of slipping is to reduce the
velocity ratio of the system.

• In precision machines, in which a definite
velocity ratio is of importance like in watch,
the only positive drive is by means of gears
or toothed wheels.

• Toothed wheel is the gear for transmitting
power between two shafts, which are very
closer.
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• The teeth of the gear mounted on the shaft 
meshes each other during rotation.

• Gears are manufactured either by milling, by 
casting or by hobbing.
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BME-2016-1st Semester-10marks

Two parallel shafts are connected with the help
of two gears, one gear on each shaft. The no. of
teeth on one gear is 38 and the speed of the
shaft is 420 rpm. If the speed ratio is equal to 3
and circular pitch of the gear is 25mm, then
find:

(i) No. of teeth and speed of other shaft. 

(ii) Centre distance between two shafts.
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COUPLING
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• A coupling is a device used to connect
two shafts together at their ends for
transmitting power. Coupling do not
normally allow disconnection of shafts
during operation.

• The primary purpose of coupling is to
join two pieces of rotating equipment
while permitting some degree of
misalignment or end movement or both.
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Uses
• To transfer power from one end to another.

Ex.: motor transfers power to pump through
coupling.

• To provide the connection of shafts of units
that are manufactured separately such as a
motor and generator and to provide for
disconnection for repair or alterations.

• To provide misalignment of the shafts or to
introduce mechanical flexibility.

• To reduce the transmission of shock loads from
one shafts to another

• To introduce protection against overload1 May 2020 428Prof. Suchismita Swain (TITE)

Types of Coupling

• Rigid Coupling: It is used to connect two
shafts which are perfectly aligned. Following
types of rigid coupling are important.

a) Sleeve or muff coupling.

b)Clamp or splitmuff or compression coupling

c) Flange coupling.
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• Flexible Coupling: It is used to connect two 
shafts having both lateral and angular 
misalignment. Following are the types.

a)Bushed pin type coupling

b)Universal coupling

c) Oldham coupling.
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CLUTCH
• Transmission is the mechanism which is used to

transfer the power developed by engine to the
wheels of an automobile.

• The transmission system of an automobile
includes clutch, gearbox, propeller shaft axle and
wheels etc.

• Clutch is used to engage or disengage the engine
to the transmission or gearbox.

• When the clutch is in engaged position, the engine
power or rotary motion of engine crank shaft is
transmitted to gear box and then to wheels.1 May 2020 431Prof. Suchismita Swain (TITE)

• When clutch is disengaged, the engine
power does not reach to gear box or to
wheels although the engine is running.

• Clutch is also used to allow shifting or
changing of gears when vehicle is running.

• For shifting gears clutch is first disengaged
then gear is shifted and then clutch is
engaged.

• Clutch has to be disengaged to stop the
vehicle, if the vehicle is not in neutral gear.
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Principle of Clutch

• It operates on the principle of friction.

• When two surfaces are brought in contact and
are held against each other due to friction
between them, they can be used to transmit
power. If one is rotated the other one also
rotates.

• One surface is connected to engine and other
to the transmission system of automobile.

• Hence clutch is nothing but a combination of
two friction surfaces.
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Main parts of a Clutch
(a) A driving member:

 It consists of a flywheel, which is mounted on the 
engine crankshaft. 

 The flywheel is bolted to a cover which carries 
pressure plate, pressure springs and releasing 
levers.

(b) A driven member:

 It consists of a disc plate called clutch plate.

 The clutch is free to slide on the splines of the 
clutch shaft.

1 May 2020 437Prof. Suchismita Swain (TITE)

It carries friction materials on both of its
surfaces.

When the clutch plate is gripped
between the flywheel and the pressure
plate, it rotates the clutch shaft through
splines.

(c) An operating member:

The operating member consists of a
pedal or lever which can be pressed to
disengage the driving and driven plate.
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Types of clutch
(a)Friction clutch:

• Single plate clutch

• Multi plate clutch (Dry or Wet)

• Cone clutch

(b) Centrifugal clutch

(c) semicentrifugal clutch

(d) Hydraulic clutch

(e) Positive clutch

(f) Vacuum clutch

(g) Electromagnetic clutch.1 May 2020 439Prof. Suchismita Swain (TITE)

• Explain the function of a clutch and different
types of clutch with their relative advantages and
disadvantages. [10 marks] [BPUT-1st sem.-2017]
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Brakes

• A brake is a mechanical device that retards
motion by absorbing energy from a moving
system.

• It is used for slowing or stopping a moving
vehicle, wheel, axle or to prevent its motion
by means of friction.
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Types
(a)Drum Brakes:

• In drum brakes, the brake lining is adhered to the
external surface of a curved bracket called shoes.

• The most common configuration includes, two shoes
mounted inside a drum of a plate. A cylinder presses
the shoes onto the insides of the drum to initiate
deceleration.

• A drum brake that presses on the outside of the
drum is called a clasp brake.

• A double clasp brake applies braking pressure to
both inside and outside of the drum
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(b) Cone Brakes: 

• This is a type of drum brake where the drum
and shoe are mating sections of conical
frustums.

• The shoe (cone) is outfitted with brake
lining and pressed into the drum (cup) to
apply friction.

• The advantage is increased surface area,
less force required for disengage and hence
quicker deceleration.
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(c) Disc Brakes:

• It utilise a metal disc, also called a rotor, that is
connected to the axle.

• The rotor spins between a calliper, which
pushes a lining material outfitted on a brake
pad against the rotor surface.
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(d) Band Brakes:

• Band brakes tighten a ribbon of high
friction material around a pulley attached
to the rotating axle.

• They are often employed on bicycles. If
the pull on the band is in the direction of
axle rotation the brake is selfenergizing.

• Differential band brakes attach both ends
of the brakes ribbon to the lever to supply
braking power for bidirectional shafts.
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• Classify the brake on basis of mode of
operation. [5 marks] [BPUT-1st sem.-2017]
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Mechanical Measurements

Pressure Measurement:

Pressure is measured by following methods,

(i) By Manometers.

(ii) By Bourdon tube pressure gauge.

 Manometers we have discussed earlier.
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Bourdon Tube Pressure Gauge
• It is known for its very high range of

differential pressure.

• The bourdon tube pressure gauge used
today have an elliptical crosssection and
the tube is bent into a Cshape of an arc
length of about 270 degrees.

• When the pressure input is given to the
socket, the other end is sealed by a tip.
This tip is connected to a segmental lever.
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• As the fluid pressure enters the bourdon
tube, it tries to expand its arc by
converting the elliptical crosssection into
circular as pressure increases.

• The deflection of the free end is
amplified with the help of a pointer. The
pointer indicates the values on a pre
calibrated scale.
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PITOT TUBE
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Pitot tube and Pitot-Static Tube
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Strain Measurement

• The amount of deformation a material
experiences due to an applied force is
called strain.

• Strain is defined as the ratio of the
change in length of a material to the
original length.

• Strain can be positive (tensile) due to
elongation or negative (compressive) due
to contraction.
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• When a material is compressed in one
direction, the tendency to expand in the
other two directions perpendicular to
this force is known as the Poisson effect.

• Poisson’s ratio, is the measure of this
effect and is defined as the –ve ratio of
strain in the transverse direction to the
strain in the axial direction.

• The strain can be measured with a strain
gauge.
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• A strain gauge’s electrical resistance varies in
proportion to the amount of strain in the
device.

• The most widely used strain gauge is the
bonded metallic strain gauge.

• The metallic strain gauge consists of a very
fine wire or metallic foil arranged in a grid
pattern.

• The strain experienced by the test specimen
is transferred directly to the strain gauge,
which responds with a linear change in
electrical resistance.1 May 2020 506Prof. Suchismita Swain (TITE)

• Gauge Factor (GF) is the ratio of the fractional
change in electrical resistance to the fractional
change in length or strain.

• GF = (δR/R)/(δL/L) = (δR/R)/ε

GF is fixed by vendor.

So by measuring, (δR/R), we can measure the
value of ε.

• Strain gauge configurations are based on the
concept of a Wheatstone bridge.

• The general Wheatstone bridge, is a network of
four resistance arms with an excitations voltage,
Vex, that is applied across the bridge.
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• The Wheatstone bridge is the electrical 
equivalent of two parallel voltage divider 
circuits.

• R1 and R2 compose one voltage divider circuit 
and R4 and R3 compose the second voltage 
divider circuit.

• The output of a Wheatstone bridge ,Vo is 
measured between the middle nodes of the 
two voltage dividers. 
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From this equation

When Vo = 0

• Under this condition, the bridge is said to be
balanced.

• Any change in resistance in any arm of the
bridge results in a nonzero output voltage.
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• Therefore, if you replace R4 with an active
strain gauge, any changes in the strain gauge
resistance unbalance the bridge and produce
a nonzero output voltage that is a function of
strain.
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Force and Torque Measurement

• Force is defined as the reaction between the
two bodies or components.

• The reaction can be either tensile force(pull)
or it can be compressive force (push)

• Measurement of force can be done by any
two methods.

Direct Method: This involves a direct
comparison with a known gravitational force
on a standard mass. Ex.: Physical balance.
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Indirect Method: This involves the
measurement of effect of force on a body.

Ex.: Force is calculated from acceleration due
to gravity and the mass of the components.
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Torque Measurement
• Force that causes twisting or turning moment

is called torque.

Ex.: Force generated by an i.c.engine to turn a
vehicle’s drive or shaft.

• Torque measuring devices are called as
dynamometers.

• Torque measurement is usually associated
with determination of mechanical power.

• The power is required either to operate a
machine or power is developed by the
machine.1 May 2020 515Prof. Suchismita Swain (TITE) 1 May 2020 516Prof. Suchismita Swain (TITE)
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• Power =

Where N = Speed in rpm

T = Torque applied  
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