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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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What is “Thermodynamics”

• Greek words

• Therme – heat

• Dynamis - power

• All aspects of energy and energy transformations, not limited to

• Power production

• Refrigeration

• Relationships among properties of matter

• Applications

• Water heating, air-conditioner

• Jet engines, power plants (conventional or otherwise)

• Literally anywhere and everywhere

Early conceptualization

Present perspective
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Basic Concepts of Thermodynamics

SNo Topic Hours

1 Macroscopic & Microscopic approach, Concept of Continuum, 

Thermodynamic system & control volume, Thermodynamic properties, 

Quasi static process, Thermodynamic Equilibrium

2

2
Temperature – Zeroth law of thermodynamics – Temperature scales. 

Pressure measurement – Barometer.

2

3 Energy and Work transfer – Forms of energy – forms of work transfer – point and path

function.

1

4
Pure Substances– phases of pure substances – property diagrams – Property tables

2

5
Ideal gas equation of state – Compressibility factor – Vander Waals equation of state –

vapor pressure and phase equilibrium.

2
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I Law of Thermodynamics

SNo Topic Hours

1
Statement of I law, PMM1, application to

Non-flow Systems – Ideal gas processes.
2

2
I law for Non-flow Systems – Vapor

processes
2

3

Analysis of Flow Systems – Continuity

equation (Mass balance) and Steady Flow

Energy Equation (Energy balance)

2

4
Illustration in Some Steady flow Engineering

Devices – nozzles, turbines, etc.
3

SNo Topic Hours

1
II Law – Statements of Kelvin Planck and 

Clausius; Equivalence
2

2
Thermal energy reservoirs, Heat engines, 

Refrigerators and Heat Pumps; PMM 2
2

3

Reversibility and Irreversibility – causes of

irreversibility – types of irreversibility 2

4

Carnot – Reversed Carnot cycle – Carnot’s 

theorem – Absolute Thermodynamic 

temperature scale

2

II Law of Thermodynamics
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Entropy & Exergy

SNo Topic Hours

1
Entropy – Clausius Theorem, Clausius 

Inequality

2

2 Entropy of Isolated system
1

3
Entropy change of liquids, solids & ideal

gases

2

4
Exergy – Reversible work and 

Irreversibility - II law efficiency

2

5
Exergy change for non flow system & 

flow streams

2

6 III law of Thermodynamics
1

SNo Topic Hours

1
Thermodynamic potentials, Gibbs &

Helmholtz functions
2

2 Maxwell Relations – T dS equations 2

3
Joule Kelvin effect & Clausius Clapeyron

Equation
2

4

Ideal Gas Mixtures – Mass & Mole

Fractions, Dalton's Law and Amagat-

Leduc law

1

5 Properties of Ideal Gas mixture. 2

Thermodynamic Relations 
& Ideal Gas Mixtures
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Basic Concepts of Thermodynamics - approaches

https://www.aarp.org/health/healthy-
living/info-10-2013/coffee-for-health.html

Microscopic approach Macroscopic approach

Explain physical phenomena on the

basis of molecular behavior

No direct measurements at the

microscopic scale

Kinetic theory – application of laws

of mechanics to individual

molecules

Statistical thermodynamics –

application of probability

considerations to the very large

number of molecules that

constitute any macroscopic

quantity of matter.

Classical thermodynamics – based

on macroscopic measurement of

properties. Eg. – temperature,

pressure, etc.

Laws of thermodynamics are based

on macroscopic approach.
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Basic Concepts of Thermodynamics - continuum

Concept of continuum

https://www.waterlogic.com/en-
gb/resources/blog/styles-functions-water-taps/
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Density vs length

Homework – find out the density of a water molecule in g/m3Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 9
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Basic Concepts of Thermodynamics 
– Systems

Thermodynamic System – Control Mass

Thermodynamic System - Control Volume

Thermodynamic System
- Any quantity of matter or a fixed region in space on
which we focus our attention for the purpose of analysis
- Has a boundary – fixed or moving, real or imaginary

Surrounding - Everything (not anything) apart from the
system

Interaction
- Energy (closed system)
- Mass and / or Energy (open

system)
- Nothing (isolated system)

https://www.newscientist.com/term/covid-19/

Assignment – Energy consumption by a single corona virus

https://www.drugtargetreview.com/news/57328/resea
rchers-work-to-create-a-covid-19-viral-epitope-map/

Test of learning – System + Surrounding = ?Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 10
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Some Engineering Systems

• A system can comprise multiple systems; when individual sub-systems is being 
analysed, the rest can be treated as a surrounding

• Any system can be viewed from an engineering perspective

https://www.airbus.com/newsroom/press-
releases/en/2019/05/airbus-and-sas-scandinavian-airlines-
sign-hybrid-and-electric-aircraft-research-agreement.html

A
ir

cr
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t

Propulsion

Controls

Aerodynamics
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Some Engineering Systems (contd.)

• A system can comprise multiple systems; when
individual sub-systems is being analysed, the rest
can be treated as a surrounding

• Any system can be viewed from an engineering
perspective

A
ir

cr
af

t
Propulsion

Controls

Aerodynamics

P
ro

p
u

ls
io

n

Inlet (diffuser)

Compressor

Combustor

Turbine

Exit (Nozzle)Test of learning - Classify each of the system / sub-system 
as closed / open / isolated system
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Thermodynamics – Properties

Property
- A parameter that describes a

system
- Temperature, pressure, volume,

density, enthalpy, entropy, etc.

Thermodynamic 

Properties

Extensive

Volume

Kinetic & Potential 

energies

Etc.

Intensive

Derived

Sp. Volume

Sp. Enthalpy

Etc.

Innate

Temperature

Pressure
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State, Process, Equilibrium

Quasi-static process – A process that happens so slowly that the 
system is in equilibrium with the surroundings at every state

Thermodynamic equilibrium –

When the system is in equilibrium with the

surroundings with respect to

1. Mechanical – no unbalanced forces

2. Thermal – no variation in temperature

3. Phase – mass of each phase reaches an

equilibrium, remains unchanged thereafter

4. Chemical – no change in composition with time

State – Defined by thermodynamic properties

Process – Change of State
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Processes (contd.)
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Engineering Thermodynamics
Lecture 2
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Today’s discussion

• Properties – a small review & numerical example

• Thermal equilibrium & Zeroth law of Thermodynamics

• Temperature scale & numerical example

• Some of the explanation(s) could be deliberately missed, and posted 
as assignments / homework. This is to develop self-learning.
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Some properties

S No. Property SI Units Extensive / Intensive

1 Mass kg Extensive

2 Length m Extensive

3 time s Intensive

4 Temperature K Intensive

5 Force N or kgms-2 Extensive

6 Pressure Pa or N/m2 Intensive

7 Energy (PE, KE, IE, etc) J Extensive

8 Entropy J/K Extensive

9 Power W Extensive

Food for thought - Time and pressure are extensive properties – argue for and against
Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 18



Conversion of an extensive property to an intensive property
SNo Property Symbol Units Corresponding Intensive Property Symbol Units

1 Volume V m3 Sp. Volume (reciprocal of density) v m3/kg

2 Force F N Sp. Force (acceleration) f m/s2

3 Kinetic energy (½ mc2) KE J Sp. Kinetic energy (½ c2) ke J/kg

4 Potential energy (mgz) PE J Sp. Potential energy (gh) pe J/kg

5 Internal energy U J Sp. Internal energy u J/kg

6 Enthalpy H J Sp. Enthalpy h J/kg

7 Entropy S J/K Sp. Entropy s J/kgK

A freely falling body has a total energy of 100 J. At a specific instant, it has a specific potential energy of 2 J/kg and a
kinetic energy of 45 J. Compute the (a) mass of the object (b) the velocity of the object and its height above the ground,
at that instant. Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 19



Temperature – sense of hot or cold

BA

A B A B

A and B are of the same material

What if A and B are not of the 
same material?
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Temperature – sense of hot or cold

BA

A B A B

A and B are not of the same 
material

Our sense of temperature is 
unreliable

We need a system to judge if
they are in equilibrium →

Thermometer

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 21



Temperature – sense of hot or cold

BA

A B A B

A and B are not of the same material

When any two bodies are separately in
thermal equilibrium with a third, they are
also in thermal equilibrium with each other.

Zeroth Law of Thermodynamics
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Thermometers

Utilize a change in property of the “thermometric” material with 

respect to change in temperature

• Hg in glass, Alcohol in glass – expansion

• RTD, Thermistor – change in resistance

• Thermocouple – EMF

• Constant volume gas thermometer – volumetric expansion of gas

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 23



Temperature scales & relation between them
Temperature scale Symbol History

Celsius C 1948, Formerly called as Centigrade; named after Swedish

astronomer A. Celsius (1701-1744)

Fahrenheit F Named after German instrument maker G. Fahrenheit (1686-1736)

Kelvin K Named after Lord Kelvin (1824-1907)

Rankine R Named after William Rankine (1820-1872)

𝑇 𝐾 = 𝑇 °𝐶 + 273.15

𝑇 𝑅 = 𝑇 °𝐹 + 459.67𝑇 𝑅 = 1.8 𝑇 𝐾

𝑇 °𝐹 = 1.8 𝑇 °𝐶 + 32

Convert the following into other three temperature scales

C F K R

32 92 403 600

Thermodynamic temperature scale – one which is independent of properties of a substanceDr A S Krishnan, Faculty of Mechanical Engineering, CIT 24



Engineering Thermodynamics
Lecture 3
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Today’s discussion

• Constant volume gas thermometer 

• Pressure – gage and absolute

• Boyle’s, Charles's and Gay-Lussac’s laws

• Energy & Work transfer
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The Constant volume gas thermometer[1]

Thermodynamic temperature scale – one which is independent of properties of a substance

Why so? One may seek Ref [4] to have an explanation. 
Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 27
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pabs

pgage

pabs
pvac

patm

pgage = pabs – patm

pvac = patm - pabs

Pressure [1]

Absolute vacuum

Atmospheric pressure

Absolute vacuum

Atmospheric pressure



Pressure (contd.)

1. A pressure gage reads a value of 1.5 bar. What is the absolute pressure?

2. The absolute pressure of a system is 0.75 bar. Calculate the vacuum pressure.

3. Two tanks are connected to each other as shown in figure below. Gages are
installed to measure the pressure levels in the tanks. Calculate the absolute
pressure difference between the two. The atmospheric pressure may be taken as
1 bar.
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pgage = 3.5 bar
pvac = 15 kPa



Boyle’s law, Charles’s law & Gay-Lussac’s law

• 1662 – Robert Boyle (Englishman);
experiments in a vacuum chamber
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• 1787 Jacques Charles

• 1808 – Joseph Louis Gay-Lussac
(Frenchman)

𝑝𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐶1

𝑉

𝑇
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐶2

𝑝

𝑇
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐶3

𝑝  ቤ
1

𝑉
𝑇

𝑉  ቚ𝑇
𝑝

𝑝  ቚ𝑇
𝑉

𝑝𝑉.
𝑉

𝑇
.
𝑝

𝑇
= 𝐶1𝐶2𝐶3

𝑝𝑉

𝑇

2

= 𝐶4
𝑝𝑉

𝑇
= 𝐶5

HW: Find out the conditions under which the above laws are valid

𝑝𝑣

𝑇
= 𝐶6

𝑝𝑣

𝑇
= 𝑅 𝒑𝒗 = 𝑹𝑻 The Ideal Gas Equation



Energy & Work
• Energy – the capacity to do work

• Work – Work is said to be done when the sole effect of the system on the 
surroundings could be reduced to lifting of a mass.
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𝑑𝑊 = Ԧ𝐹. 𝑑𝑠

It is to be noted that the continuum assumption
is valid. The circles of different colour and sizes
only to indicate a mixture of gases.

Ԧ𝐹 = 𝑝 Ԧ𝐴 = ො𝑛𝑝𝐴

𝑑𝑊 = 𝑝 Ԧ𝐴. 𝑑𝑠 = 𝑝𝑑𝑉
This could be either positive or negative,

depending on the directions of Ԧ𝐴 and 𝑑𝑠

I𝐟 Ԧ𝐴 is defined to be positive into the piston and 𝑑𝑠 positive
towards right, then 𝒅𝑊 is positive when piston moves
outward.

system surrounding

Work is positive when done by the system on the surrounding



pV curves for isothermal and isentropic processes
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pV curves for isothermal and isentropic processes
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Engineering Thermodynamics
Lecture 4
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Today’s discussion

• Ideal Gas Equation

• Forms of Energy & Work

• Path & Point Function

• Numerical example
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The ideal gas equation & its variants
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𝒑𝒗 = 𝑹𝑻
𝒑 – pressure, Pa; 𝒗 - sp. Volume, m3/kg
𝑻 - temperature, K; R – Gas constant, ? R=

𝑝𝑣

𝑇
: 

ൗ𝑁
𝑚2 ൗ𝑚3

𝑘𝑔

𝐾
=

𝑁𝑚

𝑘𝑔𝐾
=

𝐽

𝑘𝑔𝐾

𝒑𝑽

𝒎
= 𝑹𝑻

𝑽 - Volume, m3 ; 
𝒎 - mass, kg

𝒑𝑽 = 𝒎𝑹𝑻 𝒑𝑽 = 𝒏𝑴𝑹𝑻

𝒑𝑽 = 𝒏ഥ𝑹𝑻

𝒏 – No. of moles; 𝑴 – molecular mass,  kg/kmol

ഥ𝑹– Universal Gas Constant,  8314 J/kmol-K



Molar masses and Gas constants

SNo. Gas Molecular Mass, kg/kmol Gas Constant, J/kgK

1 He 4.003 2076.9

2 Ne 20.18 412.0

3 A 39.95 208.1

4 H2 2.016 4124.0

5 N2 28.02 296.7

6 O2 32 259.8

7 CO2 44.01 188.9

8 NH3 17.03 488.2

9 CH4 16.03 518.7

10 Air 29 286.7
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Energy & Work [1]

• A closed system interacts with
surroundings energy (heat and / or
work) transfer through its
boundaries

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 38

• An open system interacts with
surroundings mass and energy.



Forms of energy

• Motion

• Gravity

• Surface tension

• Magnetism

• Electricity

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 39

Energy

Macroscopic Microscopic

Relative to an outside
reference frame

• Molecular structure of the

system

• Degree of molecular activity

• Internal energy

• Kinetic energy

• Potential energy

• Internal energy



Microscopic energy

• Sensible

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 40

• Latent – energy of bonding between
the molecules; strongest in solids and
weakest in gases

• Chemical – energy
associated with atomic
bonds in a molecule

• Nuclear – energy
associated strong bonds
within the nucleus of an
atom.



Forms of work

• Electrical

• Magnetic

• Mechanical – F.ds

• Shaft work

• Spring work

• Work on elastic solid bars

• Work done on stretching of a liquid film

• Work done to raise and / or to accelerate an object
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Mechanical Work[1]

• Shaft work

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 42

• Spring work



Path & point functions[1]

• Path function
• depends on path of process

• have inexact differentials

• Eg. – Work transfer, heat transfer, etc.
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• Point function
• Independent of path of process

• Eg. – pressure, volume, temperature, etc.

• have exact differentials



pV curves for isothermal and isentropic processes
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Engineering Thermodynamics
Lecture 5
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Today’s discussion

• Path & Point Function

• Processes 
• Generation of pV isotherms for different temperatures - demonstration

• Generation of pV isotherms for different temperatures - exercise
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Path & point functions[1]

• Path function
• depends on path of process

• have inexact differentials

• Eg. – Work transfer, heat transfer, etc.
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• Point function
• Independent of path of process

• Eg. – pressure, volume, temperature, etc.

• have exact differentials



Exact & Inexact differentials

• Point functions
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න

1

2

𝑑𝑥 = 𝑥2 − 𝑥1 = ∆𝑥∆𝑥 = 𝑥2 − 𝑥1

න

1

2

𝑑𝑝 = 𝑝2 − 𝑝1 = ∆𝑝 න

1

2

𝑑𝑉 = 𝑉2 − 𝑉1 = ∆𝑉 න

1

2

𝑑𝑣 = 𝑣2 − 𝑣1 = ∆𝑣

Definition of Dx Definition of ׬ 𝑑𝑥 between 1 and 2

Exact differential

න

1

2

𝛿𝑊 = න

1

2

𝑝𝑑𝑉 = 𝑊12 ≠ ∆𝑊

• Path functions



Engineering Thermodynamics
Lecture 6
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Today’s discussion

• Pure substance – Phases, Property diagrams, Tables 

• Compressibility Factor & van der Waal Equation of state
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Pure substance

• One which has homogenous chemical composition throughout
• Example – N2, O2, H2, Air, water

• Impure – the composition of the system varies
• Example – mixture of oil and water

• Phases of pure substances
• Solid

• Liquid

• gas
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Pure substances – contd.

• Pure substances

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 52

• Not Pure substances

(Ethanol + Water) → Liquid

(Ethanol + Water) → Vapor



Pure substances
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Pure substances
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Pure substances – the saturation pressure

T, C Psat, kPa

0 0.61

50 12.35

100 101.4

150 476.2

200 1555

250 3976

300 8588
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Pure substances 
– Tv diagram
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No distinct phase change 
beyond critical point



Pure substances – Tv & pV diagrams
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Phase diagrams (including solid phase)
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• Substances that contract on freezing • Substances that expand on freezing



The pVT surface

• Substances that contract on freezing
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• Substances that expand on freezing



The p-T diagram
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Basic Concepts of Thermodynamics
SNo Topic Hours

1 Macroscopic & Microscopic approach, Concept of Continuum, 

Thermodynamic system & control volume, Thermodynamic properties, 

Quasi static process, Thermodynamic Equilibrium

2

2
Temperature – Zeroth law of thermodynamics – Temperature scales. 

Pressure measurement – Barometer.

2

3
Energy and Work transfer – Forms of energy – forms of work transfer – point and path function.

1

4
Pure Substances– phases of pure substances – property diagrams – Property tables

2

5
Ideal gas equation of state – Compressibility factor – Vander Waals equation of state – vapor 

pressure and phase equilibrium.

2
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Today’s discussion

• Compressibility Factor & van der Waal Equation of state

• Numerical problems – Self study
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The ideal gas equation & its variants
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𝒑𝒗 = 𝑹𝑻
𝒑 – pressure, Pa; 𝒗 - sp. Volume, m3/kg
𝑻 - temperature, K; R – Gas constant, ? R=

𝑝𝑣

𝑇
: 

ൗ𝑁
𝑚2 ൗ𝑚3

𝑘𝑔

𝐾
=

𝑁𝑚

𝑘𝑔𝐾
=

𝐽

𝑘𝑔𝐾

𝒑𝑽

𝒎
= 𝑹𝑻

𝑽 - Volume, m3 ; 
𝒎 - mass, kg

𝒑𝑽 = 𝒎𝑹𝑻 𝒑𝑽 = 𝒏𝑴𝑹𝑻

𝒑𝑽 = 𝒏ഥ𝑹𝑻

𝒏 – No. of moles; 𝑴 – molecular mass,  kg/kmol

ഥ𝑹– Universal Gas Constant,  8314 J/kmol-K

Validity – low pressures and high temperatures
How low pressure and how high temperature?



Deviation from Ideal gas behavior

Compressibility factor
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𝑝𝑣 ≠ 𝑅𝑇?
𝑝𝑣

𝑅𝑇
≠ 1

𝒑𝒗𝒂𝒄𝒕

𝑹𝑻
= 𝒁 (𝒔𝒂𝒚)

𝑍 = ቐ
< 1
= 1
> 1

𝑍 = 1

Compressibility 
factor

𝒗𝒂𝒄𝒕 =
𝑍𝑅𝑇

𝑝
𝒗𝒊𝒅𝒆𝒂𝒍 =

𝑅𝑇

𝑝
𝑍 =

𝒗𝒂𝒄𝒕

𝒗𝒊𝒅𝒆𝒂𝒍
&

IdealActualDifferent gases behave
differently @ same (p, T); but
quite same @ normalized (p, T)

𝑝𝑅 =
𝑝

𝑝𝑐𝑟𝑖𝑡
𝑇𝑅 =

𝑇

𝑇𝑐𝑟𝑖𝑡

𝑣𝑅 =
𝑣𝑎𝑐𝑡

𝑅𝑇𝑐𝑟𝑖𝑡/𝑝𝑐𝑟𝑖𝑡

Reduced pressure
Reduced 

Temperature
Reduced Volume

Z is approx. same for all gases @ (pR, TR) 
→ principle of corresponding states
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The Van der Waals 
equation of state
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𝒑 +
𝒂

𝒗𝟐
𝒗 − 𝒃 = 𝑹𝑻

Inter-molecular 
attractive forces

Volume of 
molecules

How to find the constants a & b?

Evaluate the I & II derivative of p w.r.t v, and equate to zero

𝑎 =
27𝑅2𝑇𝑐𝑟𝑖𝑡

2

64𝑝𝑐𝑟𝑖𝑡

𝑏 =
𝑅𝑇𝑐𝑟𝑖𝑡

8𝑝𝑐𝑟𝑖𝑡



Data of critical pressure & temperature
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Data of critical pressure & temperature
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Temperature Scales
• Ice Point: the temperature at which a mixture of ice and 

water are in equilibrium at a pressure of 1 atmosphere.

• Steam Point: the temperature at which water vapor 
condenses at a pressure of 1 atmosphere

• Two point scales – when temperature values are assigned 
at two different points (0⁰C and 100⁰C & 32⁰F and 212⁰F)

• Kelvin scale 
• Lowest temperature is absolute zero (0 K)

• Only one non-zero reference point needs to be assigned to 
establish the slope of linear scale.
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Example 1
The pressure in a constant gas thermometer is measured as 32 mm of 
mercury above atmospheric pressure at triple point. Determine the 
temperature in °C, when the pressure is 76 mm of mercury above 
atmospheric pressure. The barometer reads 752 mm of mercury.

Given: 𝑃𝑎𝑡𝑚 = 752 𝑚𝑚 𝑜𝑓 𝐻𝑔, 𝑃𝑔𝑎𝑢𝑔𝑒,𝑡𝑝 =
32 𝑚𝑚 𝑜𝑓 𝐻𝑔, 𝑃𝑔𝑎𝑢𝑔𝑒,1 = 76 𝑚𝑚 𝑜𝑓 𝐻𝑔, 𝑇𝑡𝑝 = 273.15 𝐾

Solution: 𝑃𝑡𝑝 = 𝑃𝑎𝑡𝑚 + 𝑃𝑔𝑎𝑢𝑔𝑒,𝑡𝑝 = 752 + 32 = 784 𝑚𝑚 𝑜𝑓 𝐻𝑔
𝑃1 = 𝑃𝑎𝑡𝑚 + 𝑃𝑔𝑎𝑢𝑔𝑒,1 = 752 + 76 = 828 𝑚𝑚 𝑜𝑓 𝐻𝑔

𝑃𝑡𝑝 ∝ 𝑇𝑡𝑝
𝑃𝑡𝑝

𝑇𝑡𝑝
=

𝑃1

𝑇1

𝑇1 =
𝑃1 ∗ 𝑇𝑡𝑝

𝑃𝑡𝑝
=

828 ∗ 273.15

784
= 288.48 𝐾
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Example 2
The temperature scale of a certain thermometer is given by the 
relation, 𝑇 = 𝐴 ln 𝑝 + 𝐵, where A and B are constants, and ‘p’ is the 
thermometric property of the fluid in thermometer. At ice point and 
steam point, if the thermometric property is found to be 1.5 and 7.5 
respectively, what will be the temperature corresponding to the 
thermometric property of 3.5 on Celsius scale⁇

Given: 𝑃𝑖 = 1.5, 𝑇𝑖 = 0℃, 𝑃𝑠 = 7.5, 𝑇𝑠 = 100℃, 𝑃 = 3.5, 𝑇 = ⁇

Solution: 
𝑇 = 𝐴 ln 𝑝 + 𝐵
𝑇𝑖 = 𝐴 𝑙𝑛 𝑝𝑖 + 𝐵
𝑇𝑠 = 𝐴 𝑙𝑛 𝑝𝑠 + 𝐵

𝐴 ln 1.5 + 𝐵 = 0
𝐴 ln 7.5 + 𝐵 = 100

Solving Equations 1 and 2
𝐴 = 62.13, 𝐵 = −25.2

𝑇 = 62.13 ln 3.5 − 25.2 = 52.64℃

1

2
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Example 3
It is proposed to construct a new scale with the value 5°N assigned to ice point and 
20°N to steam point. The pressure of an ideal gas at constant volume is considered 
as a thermometric property.

a) Set up a linear relationship between pressure and temperature in °N on a new 
scale.

b)What is the Kelvin absolute zero on this scale?

c)Derive an expression between °N and K.

Solution:
𝑇 = 𝑎𝑃 + 𝑏

In Celsius Scale, 𝑇𝑖 = 0℃, 𝑇𝑠 = 100℃
𝑇𝑖 = 𝑎𝑃𝑖 + 𝑏
𝑇𝑠 = 𝑎𝑃𝑠 + 𝑏

By substituting the corresponding values,
𝑎𝑃𝑖 + 𝑏 = 0

𝑎𝑃𝑠 + 𝑏 = 100

On solving the above equations

𝑎 𝑃𝑠 − 𝑃𝑖 = 100 𝑎 =
100

𝑃𝑠−𝑃𝑖
𝑏 = −𝑎𝑃𝑖 =

−100𝑃𝑖

𝑃𝑠−𝑃𝑖
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𝑇 ℃ = 𝑎𝑃 + 𝑏 =
100 𝑃

𝑃𝑠 − 𝑃𝑖
−

100 𝑃𝑖

𝑃𝑠 − 𝑃𝑖
=

100(𝑃 − 𝑃𝑖)

𝑃𝑠 − 𝑃𝑖
𝑇 ℃

100
=

(𝑃 − 𝑃𝑖)

𝑃𝑠 − 𝑃𝑖

In the New scale, 𝑇𝑖 = 50𝑁, 𝑇𝑠 = 200𝑁
𝑇𝑖 = 𝑐𝑃𝑖 + 𝑑
𝑇𝑠 = 𝑐𝑃𝑠 + 𝑑

By substituting the corresponding values,
𝑐𝑃𝑖 + 𝑑 = 5

𝑐𝑃𝑠 + 𝑑 = 20

On solving the above equations

𝑐 𝑃𝑠 − 𝑃𝑖 = 15 𝑐 =
15

𝑃𝑠−𝑃𝑖
𝑑 = 5 − 𝑐𝑃𝑖 = 5 −

15𝑃𝑖

𝑃𝑠−𝑃𝑖

𝑇(0𝑁) = 𝑐𝑃 + 𝑑 =
15 𝑃

𝑃𝑠 − 𝑃𝑖
+ 5 −

15 𝑃𝑖

𝑃𝑠 − 𝑃𝑖
= 5 +

15(𝑃 − 𝑃𝑖)

𝑃𝑠 − 𝑃𝑖
𝑇 ⁰𝑁 − 5

15
=

(𝑃 − 𝑃𝑖)

𝑃𝑠 − 𝑃𝑖

From Equations 1 and 2
𝑇 ℃

100
=

𝑇 ⁰𝑁 − 5

15

1

2
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b) T = 0 K = -273⁰C
𝑇 ℃

100
=

𝑇 ⁰𝑁 − 5

15

𝑇 ⁰𝑁 = 15
𝑇 ℃

100
+ 5 = 15

−273

100
+ 5 = −35.950𝑁

0 𝐾 = −273℃ = −35.950𝑁

c) 
𝑇 ℃

100
=

𝑇 ⁰𝑁 −5

15
𝑇 𝐾 − 273

100
=

𝑇 ⁰𝑁 − 5

15

𝑇 𝐾 =
100

15
𝑇 ⁰𝑁 − 5 + 273
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Engineering Thermodynamics
Lecture 8
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I Law of Thermodynamics

SNo Topic Hours

1 Statement of I law, PMM1, application to Non-flow Systems – Ideal gas processes. 2

2 I law for Non-flow Systems – Vapor processes 2

3
Analysis of Flow Systems – Continuity equation (Mass balance) and Steady Flow Energy

Equation (Energy balance)
2

4 Illustration in Some Steady flow Engineering Devices – nozzles, turbines, etc. 3
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Today’s discussion
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I Law statement, 
PMM 1

Applications to 
Non-flow systems; 

Ideal gas 
processes



Statement of I law of TD & PMM1

• I law of thermodynamics – statement of principle of conservation of

energy

• Energy can neither be created nor be destroyed, but can only be converted

from one form to another

• Some more statements

• For any cycle of a closed system, the net heat transfer equals the net work

• The total work is the same in all adiabatic processes between any two

equilibrium states having the same kinetic and potential energies
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The Perpetual Motion Machine of 1st kind (PMM1)
• Perpetual Motion Machine of 1st kind

• A machine which violates the first law

• Operates in a cycle and produces more work than the net amount of heat into the system

• A system that operates in such a way that it produces no other effect on the surroundings other
than delivery of useful work

• Generates energy from nowhere

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 83

There are 3 kinds of PMMs !

Generator MotorExample of a perpetual
motion machine of 1st

kind



Thermodynamic Cycle
• Process – A system is said to have

undergone a process if there is a change

in its state. Types of processes –

isothermal, adiabatic, polytropic, etc.

• Cycle – A system is said to have

undergone a cycle if it returns to its

initial state at the end of a process.

[Initial & final states are identical for a

cycle.
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Process 1 - 2

Process 2 - 1

Frictionless piston cylinder arrangement

0

2

4

6

8

10

12

0 0.02 0.04 0.06 0.08 0.1 0.12

p
, b

ar

V, m3

p-V curves

Isothermal

1

2

Can there be useful work out in a cycle if
onward & return paths are same ?
If not, when can there be useful work out?



“Net heat in” & “Net work out”

• Net heat in:
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• Net work out

Q1

Q2

Q3

Q4

W1

W2

W3

𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = 𝑊𝑜𝑢𝑡 − 𝑊𝑖𝑛

𝑄𝑖𝑛 = 𝑄1 + 𝑄3 + 𝑄4

𝑄𝑜𝑢𝑡 = 𝑄2

𝑄𝑛𝑒𝑡,𝑖𝑛 = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡

𝑊𝑖𝑛 = 𝑊1 + 𝑊2

𝑊𝑜𝑢𝑡 = 𝑊3

SNo. Q, J W, J

1 100 150

2 200 50

3 350 400

4 200 NA

Net, in 450 ----

Net, out ---- 200

Net heat into the system = 450 J
Net work out of the system = 200 J

What about the difference (250 J) in energy?

If, there are no other interaction between system
& surroundings, this difference is stored in the
system – Internal energy.



Examples of multiple energy interaction[1]
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Qin

Qin

Win

Qout



Work-done ; The Piston 
cylinder arrangement

• An ideal (frictionless) arrangement

• Gas - ideal
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0

0.2

0.4

0.6

0.8

1

1.2

0 0.02 0.04 0.06 0.08 0.1 0.12

pV - Isobaric

V, m3

p
, b

ar

0.8

1

1.2

1.4

1.6

1.8

2

0 0.02 0.04 0.06 0.08 0.1

pV - Isochoric

V, m3

p
, b

ar

• Fictitious experiments
• Isobaric
• Isochoric – can this be done?
• Work done – depends on the process

• Work is done by the gas / work is done on
the gas?

𝑝𝑉 = 𝑚𝑅𝑇

𝑊 = න

𝑉1

𝑉2

𝑝𝑑𝑉



Work-done for different types of 
processes

• Isobaric process:
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0

0.2

0.4

0.6

0.8

1

1.2

0 0.02 0.04 0.06 0.08 0.1 0.12

pV - Isobaric

V, m3

p
, b

ar

0

5

10

15

20

25

30

0 0.02 0.04 0.06 0.08 0.1 0.12

p
, b

ar

V, m3

p-V curves

Adiabatic

Isothermal

𝑝𝑉 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑝𝑉𝛾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑊 = 𝑉1׬

𝑉2 𝑝𝑑𝑉=𝑝 𝑉1׬

𝑉2 𝑑𝑉 = 𝑝∆𝑉= ±

• Isentropic process:

𝑊 = 𝑉1׬

𝑉2 𝑝𝑑𝑉=𝐶 𝑉1׬

𝑉2 1

𝑉𝛾 𝑑𝑉 = 𝐶
𝑉(−𝛾+1)

−𝛾+1 𝑉1

𝑉2

= ±

• Isothermal process:

𝐶 = 𝑝𝑉𝛾

37.797 𝑘𝐽

9 𝑘J𝑊 = 𝑉1׬

𝑉2 𝑝𝑑𝑉=𝐶 𝑉1׬

𝑉2 1

𝑉
𝑑𝑉 = 𝐶𝑙𝑛

𝑉2

𝑉1
= ±

23.0259 𝑘𝐽

𝐶 = 𝑝𝑉

* The answers are jumbled *



Engineering Thermodynamics
Lecture 9 & 10
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Today’s 
discussion
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pdV work, net heat in & net work out - review

I law for closed systems

* process

* cycle

Steps in problem solving

Numerical Illustration



pdV work – Boundary work

• There is a movement of at least one
boundary
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𝑊 = න

𝑉1

𝑉2

𝑝𝑑𝑉 = 𝑊𝑏𝑜𝑢𝑛𝑑

Piston positions

Non-boundary works



“Net heat in” & “Net work out”

• Net heat in:
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• Net work out

Q1

Q2

Q3

Q4

W1

W2

W3

𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = 𝑊𝑜𝑢𝑡 − 𝑊𝑖𝑛

𝑄𝑖𝑛 = 𝑄1 + 𝑄3 + 𝑄4

𝑄𝑜𝑢𝑡 = 𝑄2

𝑄𝑛𝑒𝑡,𝑖𝑛 = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡

𝑊𝑖𝑛 = 𝑊1 + 𝑊2

𝑊𝑜𝑢𝑡 = 𝑊3

SNo. Q, J W, J

1 100 150

2 200 50

3 350 400

4 200 NA

Net, in 450 ----

Net, out ---- 200

Net heat into the system = 450 J
Net work out of the system = 200 J

What about the difference (250 J) in energy?

If, there are no other interaction between system
& surroundings, this difference is stored in the
system – energy.



Change in the energy of the system
• Energy of the system – a property of

the system
• Internal energy

• Kinetic energy

• Potential energy

• I law for a closed system undergoing a
process
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𝑄𝑛𝑒𝑡,𝑖𝑛 − 𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝐸

Q1

Q2

Q3

Q4

W1

W2

W3

∆𝐸 = ∆𝑃𝐸 + ∆𝐾𝐸 + ∆𝑈

∆𝑃𝐸 = 𝑚𝑔∆𝑧

∆𝑧 = 𝑧2 − 𝑧1

∆𝐾𝐸 =
1

2
𝑚(𝑐2

2 − 𝑐1
2)

∆𝑈 = 𝑈2 − 𝑈1

Energy interaction mechanisms
- Heat
- Work
- Mass

𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 + 𝑊𝑖𝑛 − 𝑊𝑜𝑢𝑡 + 𝐸𝑛𝑒𝑟𝑔𝑦𝑚𝑎𝑠𝑠,𝑖𝑛 − 𝐸𝑛𝑒𝑟𝑔𝑦𝑚𝑎𝑠𝑠,𝑜𝑢𝑡

Zero for closed systems



Other forms of the energy 
conservation equation

• Unit mass basis
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𝑞𝑛𝑒𝑡,𝑖𝑛 − 𝑤𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝑒

∆𝑒 = ∆𝑝𝑒 + ∆𝑘𝑒 + ∆𝑢

∆𝑝𝑒 = 𝑔∆𝑧

∆𝑧 = 𝑧2 − 𝑧1

∆𝑘𝑒 =
1

2
(𝑐2

2 − 𝑐1
2)

∆𝑢 = 𝑢2 − 𝑢1

𝑄𝑛𝑒𝑡,𝑖𝑛 − 𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝐸

∆𝐸 = ∆𝑃𝐸 + ∆𝐾𝐸 + ∆𝑈

∆𝑃𝐸 = 𝑚𝑔∆𝑧

∆𝑧 = 𝑧2 − 𝑧1

∆𝐾𝐸 =
1

2
𝑚(𝑐2

2 − 𝑐1
2)

∆𝑈 = 𝑈2 − 𝑈1

• Rate basis

ሶ𝑄𝑛𝑒𝑡,𝑖𝑛 − ሶ𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆ ሶ𝐸

∆ ሶ𝐸 = ∆ ሶ𝑃𝐸 + ∆ ሶ𝐾𝐸 + ∆ ሶ𝑈

∆ ሶ𝑃𝐸 = 𝑚𝑔∆ ሶ𝑧

∆ ሶ𝑧 =
𝑧2 − 𝑧1

∆𝑡

∆ ሶ𝐾𝐸 =
1

2
𝑚

(𝑐2
2 − 𝑐1

2)

∆𝑡

∆ ሶ𝑈 =
𝑈2 − 𝑈1

∆𝑡

ሶ𝑥 =
𝑑𝑥

𝑑𝑡

Parameter per unit mass →
specific parameter



Other forms (contd.) • On unit mass & rate basis
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𝑞𝑛𝑒𝑡,𝑖𝑛 − 𝑤𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝑒

∆𝑒 = ∆𝑝𝑒 + ∆𝑘𝑒 + ∆𝑢

∆𝑝𝑒 = 𝑔∆𝑧

∆𝑧 = 𝑧2 − 𝑧1

∆𝑘𝑒 =
1

2
(𝑐2

2 − 𝑐1
2)

∆𝑢 = 𝑢2 − 𝑢1

ሶ𝑞𝑛𝑒𝑡,𝑖𝑛 − ሶ𝑤𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆ ሶ𝑒

∆ ሶ𝑒 = ∆ ሶ𝑝𝑒 + ∆ ሶ𝑘𝑒 + ∆ ሶ𝑢

∆ ሶ𝑝𝑒 = 𝑔∆ ሶ𝑧

∆ ሶ𝑧 =
𝑧2 − 𝑧1

∆𝑡

∆ ሶ𝑘𝑒 =
1

2

(𝑐2
2 − 𝑐1

2)

∆𝑡

∆𝑢 =
𝑢2 − 𝑢1

∆𝑡



I law for a closed system undergoing a cycle
• Energy of a system is a property (like temperature, pressure, volume etc.)
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ර𝛿𝑄𝑛𝑒𝑡,𝑖𝑛 − ර𝛿𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = 0

𝑄𝑛𝑒𝑡,𝑖𝑛 = 𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

ሶ𝑄𝑛𝑒𝑡,𝑖𝑛 = ሶ𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

Rate basis

1

2

2`

2``

2```



Steps in 
problem solving
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Determine the required properties & unknowns

Draw the process diagrams

Apply the conservation equations

State assumptions (if any)

Check for special processes

List the given information on the sketch

Identify the system & draw a sketch of it



Illustration

• A piston-cylinder device contains 50 g of saturated water vapor that is

maintained at a constant pressure of 200 kPa. A resistance heater

within the cylinder is turned on and passes a current of 0.1 A for 10

minutes from a 220 V source. At the same time, a heat loss of 5 kJ

occurs. (a) Show that for a closed system the boundary work and the

change in internal energy can be combined into one term and (b)

determine the final temperature of the steam.
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The system under analysis

1. Identification of system & sketch
a) Closed system
b) Boundary work – yes
c) Heat interaction - yes

2. List information on sketch

3. Special process – constant pressure
process

4. Assumptions
a) The tank is stationary, hence changes in KE

and PE are zero.
b) The electrical wires form a very small part of

the system and hence energy changes of
them can be neglected
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220 V

0.1 A
Sat. Vapor of H20

m=50g

10 min
p=200 kPa (constant)

5 kJ



The system under analysis (contd.)
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5. Conservation equations

220 V

0.1 A
Sat. Vapor of H20
m=50g

10 min
p=200 kPa (constant)

5 kJ

𝑄𝑛𝑒𝑡,𝑖𝑛 − 𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝐸

∆𝐸 = ∆𝑃𝐸 + ∆𝐾𝐸 + ∆𝑈

Z     e     r     o

𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 + 𝑊𝑖𝑛 − 𝑊𝑜𝑢𝑡 = ∆𝑈

−𝑄𝑜𝑢𝑡 + 𝑉𝑜𝑙𝑡𝑠. 𝐼∆𝑡 − 𝑝𝑑𝑉 = 𝑈2 − 𝑈1

−𝑄𝑜𝑢𝑡 + 𝑉𝑜𝑙𝑡𝑠. 𝐼∆𝑡 − 𝑝 𝑉2 − 𝑉1 = 𝑈2 − 𝑈1

−𝑄𝑜𝑢𝑡 + 𝑉𝑜𝑙𝑡𝑠. 𝐼∆𝑡 = 𝑝 𝑉2 − 𝑉1 + 𝑈2 − 𝑈1

−𝑄𝑜𝑢𝑡 + 𝑉𝑜𝑙𝑡𝑠. 𝐼∆𝑡 = 𝑈2 + 𝑝𝑉2 − 𝑈1 + 𝑝𝑉1

−𝑄𝑜𝑢𝑡 + 𝑉𝑜𝑙𝑡𝑠. 𝐼∆𝑡 = 𝐻2 − 𝐻1 = ∆𝐻

𝐻 = 𝑈 + 𝑝𝑉 ℎ = 𝑢 + 𝑝𝑣

Enthalpy Sp. Enthalpy



6. Process diagram
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220 V

0.1 A
Sat. Vapor of H20
m=50g

10 min
p=200 kPa (constant)

5 kJ

The system under analysis (contd.)

1 2



7. Determine the required
properties & unknowns
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1 2

The system under analysis (contd.)

220 V

0.1 A
Sat. Vapor of H20
m=50g

10 min
p=200 kPa (constant)

5 kJ

−𝑄𝑜𝑢𝑡 + 𝑉𝑜𝑙𝑡𝑠. 𝐼∆𝑡 = 𝐻2 − 𝐻1

𝑊𝑖𝑛 =  𝑉𝑜𝑙𝑡𝑠. 𝐼∆𝑡 = 220 0.1 600 = 13.2 𝑘𝐽

𝐿𝐻𝑆 = 13.2 − 5 = 8.2 𝑘𝐽

From property tables, sp. Enthalpy of
saturated vapor at 200 kPa

ℎ1 = ℎ𝑔 =2706.7 kJ/kg

𝐻1 = 𝑚ℎ1 = 0.05 2706.7 = 135.34 𝑘𝐽

𝐻2 = 𝐻1 + 8.2 = 143.54 𝑘𝐽 ℎ2 =
𝐻2

𝑚
= 2870.7 𝑘 Τ𝐽 𝑘 𝑔

From property tables, for sp. Enthalpy of superheated vapor of 2870.7
kJ/kg at 200 kPa

𝑇2 = 200℃



Saturated water properties
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Saturated water properties
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Superheated water properties
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Engineering Thermodynamics
Lecture 11
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Today’s 
discussion
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Specific Heats

Numerical Illustration



Specific heat

• The amount of heat required to raise the temperature of a unit mass
of a substance by a unit temperature.
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Specific heat J/(kgK)

Specific heat at 

constant volume

Specific heat at 

constant pressure



Steps in 
problem solving
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Determine the required properties & unknowns

Draw the process diagrams

Apply the conservation equations

State assumptions (if any)

Check for special processes

List the given information on the sketch

Identify the system & draw a sketch of it



Specific heats (contd.)
Sp. Heat at const. volume: cv
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Sp. Heat at const. pressure: cp

Qin

Mass =  1 kg
Volume = V, m3

DT = 1 K

Mass =  1 kg
Pressure = p, kPa
DT = 1 K

Qin

𝑄𝑛𝑒𝑡,𝑖𝑛 − 𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝐸

Applying the I law of TD for
a process

𝑐𝑣 =
𝑑𝑢

𝑑𝑇
𝑣

∆𝑒 = ∆𝑝𝑒 + ∆𝑘𝑒 + ∆𝑢

𝑞𝑖𝑛 = 𝑑𝑢

𝑐𝑣𝑑𝑇 = 𝑑𝑢

Z     e     r     o

𝑑𝑣 = 0

𝑞𝑛𝑒𝑡,𝑖𝑛 − 𝑤𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝑒
Zero

𝑄𝑛𝑒𝑡,𝑖𝑛 − 𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝐸

𝑞𝑛𝑒𝑡,𝑖𝑛 − 𝑤𝑛𝑒𝑡,𝑜𝑢𝑡 = ∆𝑒 ∆𝑒 = ∆𝑝𝑒 + ∆𝑘𝑒 + ∆𝑢

Z     e     r     o

 𝑤𝑜𝑢𝑡 = 𝑝𝑑𝑣 𝑐𝑝𝑑𝑇 − 𝑤𝑜𝑢𝑡 = 𝑑𝑢 𝑐𝑝𝑑𝑇 − 𝑝𝑑𝑣 = 𝑑𝑢

𝑐𝑝𝑑𝑇 = 𝑑 𝑝𝑣 + 𝑑𝑢𝑐𝑝𝑑𝑇 = 𝑑 𝑢 + 𝑝𝑣

𝑐𝑝𝑑𝑇 = 𝑑ℎ 𝑐𝑝 =
𝑑ℎ

𝑑𝑇
𝑝



Relation between specific heats

• The gas constant
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• The ratio of specific 
heats

ℎ = 𝑢 + 𝑝𝑣 𝑝𝑣 = 𝑅𝑇

𝒄𝒑

𝒄𝒗
= 𝜸

ℎ = 𝑢 + 𝑅𝑇

)𝑑ℎ = 𝑑𝑢 + 𝑑(𝑅𝑇

&

𝑑ℎ − 𝑑𝑢 = 𝑅𝑑𝑇

𝑐𝑝𝑑𝑇 − 𝑐𝑣𝑑𝑇 = 𝑅𝑑𝑇 𝑐𝑝 − 𝑐𝑣 𝑑𝑇 = 𝑅𝑑𝑇

𝒄𝒑 − 𝒄𝒗 = 𝑹

1׬

2
𝑑ℎ = 𝑐𝑝 1׬

2
𝑑𝑇

1׬

2
𝑑𝑢 = 𝑐𝑣 1׬

2
𝑑𝑇

ℎ2- ℎ1 = 𝑐𝑝(𝑇2-𝑇1)



Saturated water properties
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Saturated water properties
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Superheated water properties
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Engineering Thermodynamics
Lecture 12
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Today’s 
discussion
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Numerical Problem

I Law of TD for open systems



Steps in 
problem solving
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Determine the required properties & unknowns

Draw the process diagrams

Apply the conservation equations

State assumptions (if any)

Check for special processes

List the given information on the sketch

Identify the system & draw a sketch of it



Numerical example

• A rigid tank is divided into two equal parts by a partition. Initially, one
side of the tank contains 5 kg of water at 200 kPa & 25 C, and the
other side is evacuated. The partition is then removed and water
expands to the entire tank. The water is allowed to exchange heat
with the surroundings until the temperature in the tank returns to the
initial value. Determine the (a) volume of the tank (b) final pressure
and (c) heat transferred during the process.
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The system
• Water in a tank with partition

• Partition removed and system allowed to equilibrate with surroundings,
and temperature returns to initial value

• Assumptions
• The system is stationary

• Heat is transferred into the system

• There is no change in the volume of the tank
• There are no shaft work, electrical or any other kind of work interaction.

• State of the system – compressed liquid; approximating it to be a
saturated liquid (with respect to specific volume alone)
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𝑣1 = 𝑣𝑓 𝑎𝑡 25℃=0.001003 m3/kg 𝑉1 = 𝑚𝑣1 = 0.005 𝑚3

𝑉𝑡𝑎𝑛𝑘 = 0.01 𝑚3=V2Therefore, volume of the tank
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The system
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𝑣2 =
𝑉𝑡𝑎𝑛𝑘

𝑚
= 0.002 𝑚3/kg

𝑣𝑓 < 𝑣2 < 𝑣𝑔

𝐴𝑡 25℃

𝑣𝑓 =0.001003 m3/kg and 𝑣𝑔 =43.36 m3/kg 

The state of the system 
is saturated mixture

𝑝2 = 𝑝𝑠𝑎𝑡 @ 25℃ = 3.169 𝑘𝑃𝑎

Energy conservation 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = ∆𝐸

𝑄𝑖𝑛 = ∆𝑈 = 𝑚∆𝑢𝑄𝑖𝑛 = 𝑚 𝑢2 − 𝑢1

Steam quality (dryness fraction)

Int. energy @ 2

Heat transferred 
into the system ?

State 2: T = 25C, 
mix of liq & vap

𝑢1 = 104.88
𝑘𝐽

𝑘𝑔
𝑎𝑡 25 C

vfg=vg-vf
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Saturated water properties 
(temperature table)



Saturated water properties 
(pressure table)
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Saturated water properties
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Superheated water properties
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Open systems

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 129

Mass 
interaction

Energy 
interaction



Mass interaction
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𝑚𝑖𝑛 = 𝑚1 + 𝑚3 + 𝑚4 + 𝑚5 + 𝑚7

𝑚𝑜𝑢𝑡 = 𝑚2 + 𝑚6

m1

m2

m3

m4

m5

m7

m6

mstored

𝑚𝑖𝑛 − 𝑚𝑜𝑢𝑡 = 𝛥𝑚𝑠𝑡𝑜𝑟𝑒𝑑

ሶ𝑚𝑖𝑛 = ሶ𝑚1 + ሶ𝑚3 + ሶ𝑚4 + ሶ𝑚5 + ሶ𝑚7

In rate terms (per unit time)

ሶ𝑚𝑜𝑢𝑡 = ሶ𝑚2 + ሶ𝑚6

ሶ𝑚𝑖𝑛 − ሶ𝑚𝑜𝑢𝑡 = ሶ𝛥𝑚𝑠𝑡𝑜𝑟𝑒𝑑

ሶ𝑚𝑖𝑛 = ሶ𝑚𝑜𝑢𝑡

Mass flow rate

ሶ𝑚 = 𝜌𝐴𝑐 = 𝜌 ሶ𝑉

Volume flow rate

ሶ𝑉 = 𝐴𝑐

At steady state (no dependence on time)

ሶ𝛥𝑚𝑠𝑡𝑜𝑟𝑒𝑑 = 0



Energy Interaction – energy of a flowing fluid

• Energy of a flowing fluid
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𝐹 = 𝑝𝐴

𝑊𝑓𝑙𝑜𝑤 = 𝐹𝐿

𝑊𝑓𝑙𝑜𝑤 = 𝑝𝐴𝐿 = 𝑝𝑉

Flow work (J)

𝑤𝑓𝑙𝑜𝑤 = 𝑝𝑣

Specific flow work (J/kg)

Force applied (N)



• Total energy of a flowing fluid 
per unit mass
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Energy Interaction (contd.)

𝜃 = 𝑤𝑓𝑙𝑜𝑤 + 𝑒

𝑒 = 𝑝𝑒 + 𝑘𝑒 + 𝑢

𝜃 = 𝑝𝑣 + 𝑢 + 𝑝𝑒 + 𝑘𝑒

𝜃 = ℎ + 𝑝𝑒 + 𝑘𝑒

𝜃 = ℎ + 𝑔𝑧 +
1

2
𝑐2

• Energy transport by mass

𝐸 = 𝑚𝜃 = 𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

Amount of energy transport (J) Rate of energy transport (W)

ሶ𝐸 = ሶ𝑚𝜃 = ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

• Steady flow analysis

ሶ𝑚𝑖𝑛 = ሶ𝑚𝑜𝑢𝑡 ሶ𝐸𝑖𝑛 = ሶ𝐸𝑜𝑢𝑡

ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑜𝑢𝑡The steady flow energy equation



Engineering Thermodynamics
Lecture 13
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Today’s 
discussion
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I Law of TD for open systems (review)

Numerical Problems



Energy Interaction – energy of a flowing fluid

• Energy of a flowing fluid
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𝐹 = 𝑝𝐴

𝑊𝑓𝑙𝑜𝑤 = 𝐹𝐿

𝑊𝑓𝑙𝑜𝑤 = 𝑝𝐴𝐿 = 𝑝𝑉

Flow work (J)

𝑤𝑓𝑙𝑜𝑤 = 𝑝𝑣

Specific flow work (J/kg)

Force applied (N)



• Total energy of a flowing fluid 
per unit mass
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Energy Interaction (contd.)

𝜃 = 𝑤𝑓𝑙𝑜𝑤 + 𝑒

𝑒 = 𝑝𝑒 + 𝑘𝑒 + 𝑢

𝜃 = 𝑝𝑣 + 𝑢 + 𝑝𝑒 + 𝑘𝑒

𝜃 = ℎ + 𝑝𝑒 + 𝑘𝑒

𝜃 = ℎ + 𝑔𝑧 +
1

2
𝑐2

• Energy transport by mass

𝐸 = 𝑚𝜃 = 𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

Amount of energy transport (J) Rate of energy transport (W)

ሶ𝐸 = ሶ𝑚𝜃 = ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

• Steady flow analysis

ሶ𝑚𝑖𝑛 = ሶ𝑚𝑜𝑢𝑡 ሶ𝐸𝑖𝑛 = ሶ𝐸𝑜𝑢𝑡

ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑜𝑢𝑡The steady flow energy equation



Special forms of the SFEE

• No work & heat interaction
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ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑜𝑢𝑡

ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑖𝑛

= ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑜𝑢𝑡

• No changes in potential energy

ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚 ℎ +
1

2
𝑐2

𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚 ℎ +
1

2
𝑐2

𝑜𝑢𝑡

• No changes 
in ke & pe

ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚ℎ 𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚ℎ 𝑜𝑢𝑡

Some steady flow devices

𝑐1 𝑐2 > 𝑐1

𝑐2 < 𝑐1𝑐1

Subsonic flow

Compressor

Throttling devices

Mixing chambers

Heat exchangers



Steps in 
problem solving
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Determine the required properties & unknowns

Draw the process diagrams

Apply the conservation equations

State assumptions (if any)

Check for special processes

List the given information on the sketch

Identify the system & draw a sketch of it



Air at 10C and 80 kPa enters the diffuser of a jet engine steadily with a velocity of 200 m/s. The
inlet area of the diffuser is 0.4 m2. The air leaves the diffuser at a velocity that is much smaller
than that at inlet. Determine the (a) mass flow rate & (b) temperature of air leaving the diffuser.

Assumptions

1. Steady flow process; no change in mass and energy stored within the CV.

2. Air is ideal gas; its at high temperature & low pressure compared to its
critical point (-140C & 37.86 bar)

3. HT & exit KE→ Negligible

4. No change in PE

5. Constant sp. heat
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ሶ𝑚 = 𝜌𝐴𝑐

Mass flow rate

𝜌 =
𝑝

𝑅𝑇

ሶ𝐸𝑖𝑛 = ሶ𝐸𝑜𝑢𝑡

ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑜𝑢𝑡

ℎ +
1

2
𝑐2

𝑖𝑛

= ℎ𝑜𝑢𝑡

ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛 =
1

2
𝑐𝑖𝑛

2 𝑐𝑝 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 =
1

2
𝑐𝑖𝑛

2 𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 +
𝑐𝑖𝑛

2

2𝑐𝑝

The kinetic energy is converted to internal energy
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Air at 280K and 100 kPa is compressed steadily to 600 kPa and 400 K. The mass flow rate of air is
0.02 kg/s and a heat loss of 16 kJ/kg occurs during the process. Determine the necessary power
input to the compressor.

Assumptions

1. KE & PE changes are negligible.

2. Air is ideal gas; its at high temperature & low pressure compared to its
critical point (-140C & 37.86 bar)

3. Constant sp. heat

Dr A S Krishnan, Faculty of Mechanical Engineering, CIT 141

ሶ𝐸𝑖𝑛 = ሶ𝐸𝑜𝑢𝑡

ሶ𝑊𝑖𝑛 = ሶ𝑄𝑜𝑢𝑡 + ሶ𝑚 ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛

ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑜𝑢𝑡

ሶ𝑊𝑖𝑛 = ሶ𝑚𝑞𝑜𝑢𝑡 + ሶ𝑚 ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛
ሶ𝑊𝑖𝑛 = ሶ𝑚 𝑞𝑜𝑢𝑡 + ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛

ሶ𝑊𝑖𝑛 = ሶ𝑚 𝑞𝑜𝑢𝑡 + 𝑐𝑝 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛



Refrigerant 134a enters a capillary tube of a refrigerator as saturated liquid at 0.8 MPa and is
throttled to a pressure of 0.12 MPa. Determine the quality of the refrigerant at the final state and
the temperature drop during this process.

Assumptions

1. Steady flow process; no change in mass and energy stored within
the CV.

2. HT, changes in KE & PE→ Negligible

3. No work transfer
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ሶ𝐸𝑖𝑛 = ሶ𝐸𝑜𝑢𝑡

ሶ𝑄𝑖𝑛 + ሶ𝑊𝑖𝑛 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑖𝑛

= ሶ𝑄𝑜𝑢𝑡 + ሶ𝑊𝑜𝑢𝑡 + ሶ𝑚 ℎ + 𝑔𝑧 +
1

2
𝑐2

𝑜𝑢𝑡

ℎ𝑖𝑛 = ℎ𝑜𝑢𝑡

𝑢 + 𝑝𝑣 𝑖𝑛

= 𝑢 + 𝑝𝑣 𝑜𝑢𝑡

92.75

0.67

93.42 93.42

86.75



Pure substances – Tv & pV diagrams
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Throttling (contd.,) • At inlet
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𝑝𝑖𝑛 = 0.8 𝑀𝑃𝑎

𝑇𝑖𝑛 = 𝑇𝑠𝑎𝑡 @ 0.8 𝑀𝑃𝑎 = 31.33℃

ℎ𝑖𝑛 = ℎ𝑓@ 0.8 𝑀𝑃𝑎 = 93.42 𝑘 Τ𝐽 𝑘 𝑔

𝑢𝑖𝑛 = 𝑢𝑓@ 0.8 𝑀𝑃𝑎 = 92.75 𝑘 Τ𝐽 𝑘 𝑔

• At exit

𝑝𝑜𝑢𝑡 = 0.12 𝑀𝑃𝑎

ℎ𝑓 @ 0.12 𝑀𝑃𝑎 = 21.32 𝑘 Τ𝐽 𝑘 𝑔

ℎ𝑔 @ 0.12 𝑀𝑃𝑎 = 233.86 𝑘 Τ𝐽 𝑘 𝑔

𝑥𝑜𝑢𝑡 =
ℎout − ℎ𝑓

ℎ𝑓𝑔
=

93.42 − 21.32

212.54
=

72.1

212.54
= 0.339

𝑢𝑓  @ 0.12 𝑀𝑃𝑎 = 21.23 𝑘 Τ𝐽 𝑘 𝑔

𝑢𝑔 @ 0.12 𝑀𝑃𝑎 = 214.5 𝑘 Τ𝐽 𝑘 𝑔

𝑢𝑜𝑢𝑡 = 𝑥𝑜𝑢𝑡 𝑢𝑔 − 𝑢𝑓 + 𝑢𝑓

𝑢𝑜𝑢𝑡 = 0.339 214.5 − 21.23 + 21.23 = 86.75 𝑘 Τ𝐽 𝑘 𝑔

92.75

0.67

93.42 93.42

86.75

𝑇𝑜𝑢𝑡 = 𝑇𝑠𝑎𝑡 @ 0.12 𝑀𝑃𝑎 = −22.36℃

Drop in temperature = 31.33-(-22.36)=53.69 C

Dryness fraction

Saturated mixture
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to

28/09/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 2



Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures

28/09/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 3
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SNo Topic Hours

1 II Law – Statements of Kelvin Planck and Clausius; Equivalence 2

2 Thermal energy reservoirs, Heat engines, Refrigerators and Heat Pumps; PMM 2 2

3
Reversibility and Irreversibility – causes of irreversibility – types of irreversibility

2

4
Carnot – Reversed Carnot cycle – Carnot’s theorem – Absolute Thermodynamic 

temperature scale
2

II Law of Thermodynamics



Today’s 
discussion

28/09/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 5

Directionality of processes

Need for a cycle

Statements of II law of Thermodynamics

Equivalence of the statements



Directionality of processes

• A hot cup of tea / coffee / milk /
boost / bournvita / Horlicks etc.
getting cooled in a room.
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• I law is still not violated, but
does this happen?

• I law is not violated, the total energy
is constant



Directionality of processes (contd.)

• Music / sound being generated
using instruments
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• I law is still not violated, but
does this happen?

• I law is not violated; the total energy is
constant - kinetic energy of the drum
sticks (not drumstick) is converted to
sound energy

• A recorded sound (exact replica)
of the music is played in the room
in which the instruments are kept

• Upon playing the recorded sound
the sticks starts beating the
drums by using the energy from
the recorded sound!!!



Directionality of processes (contd.)

Electrical heating coil
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I law is still not violated, but does this happen?

• Passing of current causes heating of
coil; heating of coil result in an
electric current generation !!

The paddle wheel

• Rotating the paddle wheel results in
heating of fluid; heating of the fluid
result in rotation of paddle wheel !!

All process in nature have a natural direction



Need for a cycle

A system needs to operate in a cycle if the work interaction needs to be continuous 
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Work delivering

Work absorbing



Why a cycle is needed?
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The person needs to come down if he /she must continuously
transport bricks from the ground to the construction floor



II law of Thermodynamics

• Kelvin Planck’s statement
• It is impossible for any device that operates in a cycle to receive heat from a

single reservoir and produce a net amount of work

• Clausius statement
• It is impossible to construct a device that operates in a cycle and produces no

other effect other than transfer of heat from a lower temperature body to a
higher temperature body
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Both the Kelvin-Planck and the Clausius statements of second law, are based on experimental

observations. No experiment has so far violated the II law, and thus is a proof of the statements.

Reservoir – A body with a large thermal capacity; the temperature of the body does
not change when heat is added or removed. E.g. Atmospheric air, ocean, etc.



Violation of the II law

Violation of the Kelvin-Planck’s statement
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Violation of the Clausius statement

Not possible



Equivalence of statements
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Violation of the Kelvin-
Planck’s statement

Violation of the 
Clausius statement
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to

30/09/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 2



Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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SNo Topic Hours

1 II Law – Statements of Kelvin Planck and Clausius; Equivalence 2

2 Thermal energy reservoirs, Heat engines, Refrigerators and Heat Pumps; PMM 2 2

3
Reversibility and Irreversibility – causes of irreversibility – types of irreversibility

2

4
Carnot – Reversed Carnot cycle – Carnot’s theorem – Absolute Thermodynamic 

temperature scale
2

II Law of Thermodynamics



Today’s 
discussion
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Thermal Energy Reservoirs (contd.)

Heat engines

Refrigerators & Heat Pumps

Perpetual Motion Machine of 2nd kind



Thermal energy reservoirs

Heat source
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Heat sink

https://www.inquisitive.com/lesson/322-here-comes-the-sun



Heat Engines
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WHAT ARE THEY? SOME EXAMPLES PERFORMANCE 
PARAMETER

NUMERICAL 
EXAMPLE



Heat Engines – what are they?
These are special devices that

1. Receive heat from a high-temperature source (solar

energy, oil furnace, nuclear-reactor, boiler etc.)

2. Convert part of this heat to work (usually in the form

of a rotating shaft)

3. Reject the remaining waste heat to a low-

temperature sink (atmosphere, rivers, etc.)

4. Generally operate on a cycle

5. Generally use a fluid (working fluid) to & from which

heat is transferred during the cycle



Heat Engines – Some examples
Those which do not operate on a cycle
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Automobile engines

https://www.howacarwor
ks.com/basics/the-engine

https://www.researchgate.net/figure/Diagram-of-
aircraft-engine-modules-35_fig4_325564535

Aircraft engines



Heat Engines – Some examples
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Those which operate on a cycle

Operating principle of a Steam power plant
Operating principle of a Closed cycle 

gas turbine power plant



Heat Engines – Performance parameter

Thermal efficiency
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𝜂𝑡ℎ =
𝑁𝑒𝑡 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 ℎ𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡

𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

𝑄𝑖𝑛

𝜂𝑡ℎ =
𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡

𝑄𝑖𝑛

𝜂𝑡ℎ = 1 −
𝑄𝑜𝑢𝑡
𝑄𝑖𝑛



Heat is transferred to a heat engine from a furnace at a rate of 100 MW. If the rate of waste heat rejection
to a nearby river is 60 MW, calculate the net power output and the thermal efficiency of this heat engine.

• Net power output
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• Thermal efficiency

QH=100 MW

QL=60 MW

ሶ𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = ሶ𝑄𝑖𝑛 − ሶ𝑄𝑜𝑢𝑡

ሶ𝑊𝑛𝑒𝑡,𝑜𝑢𝑡 = 40 𝑀𝑊

𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

𝑄𝑖𝑛

𝜂𝑡ℎ =
40

100
= 40%



Refrigerators 
& Heat Pumps
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What are they?

Performance parameter

Numerical example



Refrigerators & Heat Pumps – what are they?
Refrigerator
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Heat Pump



Performance parameter – COP (Coeff. of Performance)
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Refrigerator Heat Pump

𝐶𝑂𝑃 =
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 Τ𝑜 𝑝

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 Τ𝑖 𝑝

𝐶𝑂𝑃𝑅 =
𝑄𝐿

𝑊𝑛𝑒𝑡,𝑖𝑛
𝐶𝑂𝑃𝐻𝑃 =

𝑄𝐻
𝑊𝑛𝑒𝑡,𝑖𝑛

Refrigerated 
space (-4C)

COP=2.5

𝐶𝑂𝑃𝑅 =
5

2
= 2.5 𝐶𝑂𝑃𝐻𝑃 =

7

2
= 3.5

𝐶𝑂𝑃𝐻𝑃 − 𝐶𝑂𝑃𝑅 =
𝑄𝐻

𝑊𝑛𝑒𝑡,𝑖𝑛
−

𝑄𝐿
𝑊𝑛𝑒𝑡,𝑖𝑛

𝐶𝑂𝑃𝐻𝑃 − 𝐶𝑂𝑃𝑅 =
𝑄𝐻 − 𝑄𝐿
𝑊𝑛𝑒𝑡,𝑖𝑛

𝐶𝑂𝑃𝐻𝑃 − 𝐶𝑂𝑃𝑅 =
𝑊𝑛𝑒𝑡,𝑖𝑛

𝑊𝑛𝑒𝑡,𝑖𝑛
= 1



Refrigerators & Heat Pumps – Numerical examples

1. The food compartment of a refrigerator is maintained at 4C by removing heat

from it at a rate of 420 kJ/min. If the required power input to the refrigerator is 3

kW, determine (a) the COP and (b) the rate of het rejection into the room housing

the refrigerator.

2. A heat pump is used to meet the heating requirements of a house to maintain it at

25 C. On a day when the outdoor air temperature drops to – 4C, the house is

estimated to loose heat at a rate of 90 MJ/h. If the COP of the heat pump under

these conditions is 2.5; determine the (a) power consumption of heat pump and (b)

rate of absorption of heat from outside cold atmosphere.



Perpetual Motion Machines

• PMM 1
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• PMM 2
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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SNo Topic Hours

1 II Law – Statements of Kelvin Planck and Clausius; Equivalence 2

2 Thermal energy reservoirs, Heat engines, Refrigerators and Heat Pumps; PMM 2 2

3
Reversibility and Irreversibility – causes of irreversibility – types of irreversibility

2

4
Carnot – Reversed Carnot cycle – Carnot’s theorem – Absolute Thermodynamic 

temperature scale
2

II Law of Thermodynamics



Today’s 
discussion
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Reversibility & Irreversibility

Causes & Types

The Carnot & Reversed Carnot cycles



Directionality of processes

• A hot cup of tea / coffee / milk /
boost / bournvita / Horlicks etc.
getting cooled in a room.
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• I law is still not violated, but
does this happen?

• I law is not violated, the total energy
is constant

All process in nature have a natural direction



Reversible & Irreversible Process

• Reversible process
• A process is said to be reversible if the system can be restored to its initial state,

without leaving any trace on the surroundings;

• Both system & surroundings are restored to their initial states

• Possible only when net heat interaction and net work interaction of the system with
the surroundings is zero.

• Deliver most work & consume least work; theoretical limit

• Idealizations; do not occur in nature.

• Irreversible process
• All processes that are not reversible

• Eg. – all real processes
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Reversible process

Examples

Irreversible process

Frictionless pendulum

Quasi-equilibrium expansion 
and compression of a gas

Slow expansion

Slow compression

Fast expansion

Fast compression



Causes of irreversibility
Friction
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Non-quasi static expansion and compression

Heat Transfer

Others – electric resistance, inelastic
deformation of solids, chemical
reactions, etc.

Fast expansionFast compression

Unrestrained expansion

Friction includes fluid friction

Friction between two people 
also results in irreversibility !!



Types of reversible processes
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Internally reversible 

• no irreversibilities occur
within the boundaries of the
system during the process

• The system passes through
exactly the same equilibrium
states while returning to its
initial state

• Forward & reverse processes
coincide. Eg., a quasi-
equilibrium process.

Externally reversible

• no irreversibilities occur
outside the system
boundaries during the
process

• Eg., HT between a system &
a reservoir wherein the
surface of contact between
the system & reservoir is at
the same temperature as
that of the reservoir.

Totally reversible (or 
reversible)

• Both internally and 
externally reversible.



Reversible or Irreversible Process?

Internally Reversible Externally Reversible Resulting Process

Yes Yes Reversible

Yes No Irreversible

No Yes Irreversible

No No Irreversible
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Classify the processes
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The Carnot Cycle

03/10/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 13

Reversible isothermal expansion

Reversible isothermal compression

Reversible adiabatic expansion

Reversible adiabatic compression



The reversed Carnot Cycle
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Reversible isothermal expansion

Reversible isothermal compression

Reversible adiabatic expansion

Reversible adiabatic compression

Assignment - Identify the mistakes
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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SNo Topic Hours

1 II Law – Statements of Kelvin Planck and Clausius; Equivalence 2

2 Thermal energy reservoirs, Heat engines, Refrigerators and Heat Pumps; PMM 2 2

3
Reversibility and Irreversibility – causes of irreversibility – types of irreversibility

2

4
Carnot – Reversed Carnot cycle – Carnot’s theorem – Absolute Thermodynamic 

temperature scale
2

II Law of Thermodynamics



Today’s 
discussion
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The Carnot & Reversed Carnot cycles

Carnot Principles

The Thermodynamic temperature scale



The Carnot Cycle
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Reversible isothermal expansion

Reversible isothermal compression

Reversible adiabatic expansion

Reversible adiabatic compression



The reversed Carnot Cycle
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Reversible isothermal expansion

Reversible isothermal compression

Reversible adiabatic expansion

Reversible adiabatic compression

Assignment - Identify the mistakes



Nicholas Leonard Sadi Carnot 
(1796-1832)
• Member of an illustrious family

• Studied at Ecole Polytechnique; Officer in 
the French Army Engineers

• An accomplished athlete

• Reflections on the Motive Power of Heat 
– only paper published; but a milestone 
of scientific thought

• Originated use of cycles in 
thermodynamic analysis

• Laid foundation for II law of 
thermodynamics

Engg. Thermodynamics - Dr A S Krishnan / CIT 05/10/2020 8

https://www.comsol.com/blogs/happy-
birthday-nicolas-leonard-sadi-carnot/



Same reservoirs means the same temperature limits 

Carnot 
Corollaries 

(or principles)

• Heat Engines

1. No engine can be more efficient than a reversible

heat engine operating between the same reservoirs.

2. The efficiencies of all reversible engines operating

between the same reservoirs are same.

• Refrigerators & Heat Pumps

1. No refrigerator can have a higher COP than a

reversible refrigerator operating between the same

reservoirs.

2. The COPs of all reversible refrigerators operating

between the same reservoirs are same.



Proof of Carnot’s corollary 1
for heat engines
No engine can be more efficient than a
reversible heat engine operating between
the same reservoirs.
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• Consider 2 engines – 1 reversible and other
irreversible operating between same two
reservoirs.

• Assume the irreversible engine to be more
efficient than a reversible engine

• Then,

High temperature 
reservoir at TH

Low temperature 
reservoir at TL

HEREVHEIRREV

QH QH

QL,RQL,IR

WIR WR

IR > R

𝑊𝐼𝑅 > 𝑊𝑅 𝑄𝐿,𝐼𝑅 < 𝑄𝐿,𝑅and

Let

𝛥𝑊 = 𝑊𝐼𝑅 − 𝑊𝑅 𝛥𝑄 = 𝑄𝐿,𝑅 − 𝑄𝐿,𝐼𝑅and



Proof of Carnot’s corollary 1 for heat
engines
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High temperature 
reservoir at TH

Low temperature 
reservoir at TL

HEREVHEIRREV

QH QH

QL,RQL,IR

WIR WR

IR > R

High temperature 
reservoir at TH

Low temperature 
reservoir at TL

REFREVHEIRREV

QH QH

𝛥𝑄

𝛥𝑊 WR

IR > R

𝛥𝑊 = 𝑊𝐼𝑅 − 𝑊𝑅

𝛥𝑄 = 𝑄𝐿,𝑅 − 𝑄𝐿,𝐼𝑅



Proof of Carnot’s corollary 1 for heat
engines
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High temperature 
reservoir at TH

Low temperature 
reservoir at TL

REFREVHEIRREV

QH QH

𝛥𝑄

𝛥𝑊 WR

IR > R

𝛥𝑊 = 𝑊𝐼𝑅 − 𝑊𝑅

𝛥𝑄 = 𝑄𝐿,𝑅 − 𝑄𝐿,𝐼𝑅

High temperature 
reservoir at TH

Low temperature 
reservoir at TL

REFREVHEIRREV

𝛥𝑄

𝛥𝑊 WR



Proof of Carnot’s corollary 1 for heat engines (contd.)
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1. Reverse the operation of the

reversible heat engine, i.e.

operate it as a reversible

refrigerator (or a heat pump)

2. Combine the irreversible heat

engine & reversible refrigerator

as a single device

High temperature 
reservoir at TH

Low temperature 
reservoir at TL

REFREVHEIRREV

QH QH

𝛥𝑄

𝛥𝑊 WR

IR > R

High temperature 
reservoir at TH

Low temperature 
reservoir at TL

REFREVHEIRREV

𝛥𝑄

𝛥𝑊 WR

The combined irreversible engine & reversible
refrigerator is a device that receives heat
from a lower temperature reservoir &
convert to an equivalent work !

Violation of the Kelvin Planck’s statement 
of II law of thermodynamics

A similar argument can be used to prove the 2nd corollary of Carnot for Heat 
Engines, and for the Carnot principles for the refrigerator & heat pump as well



The thermodynamic temperature scale
• Three reversible engines – A, B & C

• B operating @ intermediate temperature T2

• The combined reversible engines A & B should be equivalent to
the reversible engine C (2nd corollary of Carnot for heat engines)

• By 2nd corollary of Carnot for heat engines,
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High temperature 
reservoir at T1

Low temperature 
reservoir at T3

HER,C

HER,B

Q1 Q1

Q3
Q3

WC

HER,A

WA

WB

Q2 T2

ሻ𝜂𝑡ℎ = 𝑓(𝑇𝐻 , 𝑇𝐿

𝜂𝑡ℎ = 1 −
𝑄𝐿
𝑄𝐻

Also
𝑄𝐻
𝑄𝐿

= 𝑔 𝑇𝐻, 𝑇𝐿

𝑄1
𝑄2

= 𝑔 𝑇1, 𝑇2
𝑄2
𝑄3

= 𝑔 𝑇2, 𝑇3
𝑄1
𝑄3

= 𝑔 𝑇1, 𝑇3
𝑄1
𝑄3

=
𝑄1
𝑄2

∙
𝑄2
𝑄3

Now

ሻ𝑔 𝑇1, 𝑇3 = 𝑔 𝑇1, 𝑇2 ∙ 𝑔(𝑇2, 𝑇3𝑔 𝑇1, 𝑇2 =
Ψ 𝑇1
Ψ 𝑇2

Possible only if

𝑔 𝑇2, 𝑇3 =
Ψ 𝑇2
Ψ 𝑇3

&

𝑔 𝑇1, 𝑇3 =
Ψ 𝑇1
Ψ 𝑇2

∙
Ψ 𝑇2
Ψ 𝑇3

=
Ψ 𝑇1
Ψ 𝑇3

𝑄1
𝑄3

=
Ψ 𝑇1
Ψ 𝑇3

𝑄𝐻
𝑄𝐿

=
Ψ 𝑇𝐻
Ψ 𝑇𝐿

=
𝑇𝐻
𝑇𝐿

Proposed by Lord Kelvin



Efficiency of a Carnot Engine
Working fluid – ideal gas
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𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

𝑄𝑖𝑛
𝜂𝑡ℎ = 1 −

𝑄𝑜𝑢𝑡
𝑄𝑖𝑛

𝑄𝐻 −𝑊1−2 = ∆𝑈1−2

𝜂𝑡ℎ = 1 −
𝑄𝐿
𝑄𝐻

𝑄𝐻 = න
1

2

𝑝𝑑𝑉 = 𝑚𝑅𝑇𝐻න
1

2𝑑𝑉

𝑉
=𝑚𝑅𝑇𝐻𝑙𝑛

𝑉2
𝑉1

−𝑄𝐿 +𝑊3−4 = ∆𝑈3−4

Likewise

𝑄𝐿 = −𝑊3−4
Note the additional 

–ive sign

𝑄𝐿 = −න
3

4

𝑝𝑑𝑉 = −𝑚𝑅𝑇𝐿න
3

4𝑑𝑉

𝑉
= −𝑚𝑅𝑇𝐿𝑙𝑛

𝑉4
𝑉3

= 𝑚𝑅𝑇𝐿𝑙𝑛
𝑉3
𝑉4

𝜂𝑡ℎ = 1 −
ሻ𝑇𝐿l n( Τ𝑉3 𝑉4
ሻ𝑇𝐻l n( Τ𝑉2 𝑉1

Processes (2-3) & (4-1) are adiabatic

𝑉3
𝑉2

=
𝑇2
𝑇3

1
𝛾−1

=
𝑇𝐻
𝑇𝐿

1
𝛾−1

𝑉4
𝑉1

=
𝑇1
𝑇4

1
𝛾−1

=
𝑇𝐻
𝑇𝐿

1
𝛾−1 H

o
w

? 

𝑉3
𝑉4

=
𝑉2
𝑉1

⇐
𝑉3
𝑉2

=
𝑉4
𝑉1

𝜼𝒕𝒉 = 𝟏 −
𝑻𝑳
𝑻𝑯

Thermal efficiency of a Carnot engine is a function of ratio of the temperatures of the reservoirs

A similar argument can be used to prove the COP of a Carnot refrigerator (& heat pump) is a function of ratio of the temperatures of the reservoirs

0

0
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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SNo Topic Hours

1 II Law – Statements of Kelvin Planck and Clausius; Equivalence 2

2 Thermal energy reservoirs, Heat engines, Refrigerators and Heat Pumps; PMM 2 2

3
Reversibility and Irreversibility – causes of irreversibility – types of irreversibility

2

4
Carnot – Reversed Carnot cycle – Carnot’s theorem – Absolute Thermodynamic 

temperature scale
2

II Law of Thermodynamics



Today’s 
discussion
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Performance of Carnot HEs, Refs & HPs

Numerical Examples



Efficiency of a Carnot Engine
Working fluid – ideal gas
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𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

𝑄𝑖𝑛
𝜂𝑡ℎ = 1 −

𝑄𝑜𝑢𝑡
𝑄𝑖𝑛

𝑄𝐻 −𝑊1−2 = ∆𝑈1−2

𝜂𝑡ℎ = 1 −
𝑄𝐿
𝑄𝐻

𝑄𝐻 = න
1

2

𝑝𝑑𝑉 = 𝑚𝑅𝑇𝐻න
1

2𝑑𝑉

𝑉
=𝑚𝑅𝑇𝐻𝑙𝑛

𝑉2
𝑉1

−𝑄𝐿 +𝑊3−4 = ∆𝑈3−4

Likewise

𝑄𝐿 = −𝑊3−4
Note the additional 

–ive sign

𝑄𝐿 = −න
3

4

𝑝𝑑𝑉 = −𝑚𝑅𝑇𝐿න
3

4𝑑𝑉

𝑉
= −𝑚𝑅𝑇𝐿𝑙𝑛

𝑉4
𝑉3

= 𝑚𝑅𝑇𝐿𝑙𝑛
𝑉3
𝑉4

𝜂𝑡ℎ = 1 −
ሻ𝑇𝐿l n( Τ𝑉3 𝑉4
ሻ𝑇𝐻l n( Τ𝑉2 𝑉1

Processes (2-3) & (4-1) are adiabatic

𝑉3
𝑉2

=
𝑇2
𝑇3

1
𝛾−1

=
𝑇𝐻
𝑇𝐿

1
𝛾−1

𝑉4
𝑉1

=
𝑇1
𝑇4

1
𝛾−1

=
𝑇𝐻
𝑇𝐿

1
𝛾−1 H

o
w

? 

𝑉3
𝑉4

=
𝑉2
𝑉1

⇐
𝑉3
𝑉2

=
𝑉4
𝑉1

𝜼𝒕𝒉 = 𝟏 −
𝑻𝑳
𝑻𝑯

Thermal efficiency of a Carnot engine is a function of ratio of the temperatures of the reservoirs

A similar argument can be used to prove the COP of a Carnot refrigerator (& heat pump) is a sole function of ratio of the temperatures of the reservoirs

0

0



Performance of Carnot devices

Refrigerator
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Heat engine Heat pump

𝜂𝑡ℎ =
𝑁𝑒𝑡 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 ℎ𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡

𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

𝑄𝐻

𝜂𝑡ℎ =
𝑄𝐻 − 𝑄𝐿
𝑄𝐻

𝜂𝑡ℎ = 1 −
𝑄𝐿
𝑄𝐻

𝜼𝒕𝒉 = 𝟏 −
𝑻𝑳
𝑻𝑯

𝐶𝑂𝑃 =
𝐻𝑒𝑎𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝑊𝑜𝑟𝑘 𝑖𝑛𝑝𝑢𝑡
𝐶𝑂𝑃 =

𝐻𝑒𝑎𝑡 𝑟𝑒𝑗𝑒𝑐𝑡𝑒𝑑

𝑊𝑜𝑟𝑘 𝑖𝑛𝑝𝑢𝑡

𝐶𝑂𝑃𝑅 =
𝑄𝐿

𝑄𝐻 − 𝑄𝐿

𝐶𝑂𝑃𝑅 =
1

𝑄𝐻
𝑄𝐿

− 1

𝐶𝑂𝑃𝑅 =
1

𝑇𝐻
𝑇𝐿

− 1

𝑪𝑶𝑷𝑹 =
𝑻𝑳

𝑻𝑯 − 𝑻𝑳

𝐶𝑂𝑃𝐻𝑃 =
𝑄𝐻

𝑄𝐻 − 𝑄𝐿

𝐶𝑂𝑃𝐻𝑃 =
1

1 −
𝑄𝐿
𝑄𝐻

𝐶𝑂𝑃𝐻𝑃 =
1

1 −
𝑇𝐿
𝑇𝐻

𝑪𝑶𝑷𝑯𝑷 =
𝑻𝑯

𝑻𝑯 − 𝑻𝑳



Temperature dependence of performance

07/10/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 8



Numerical examples
1. An automobile engine consumes fuel at a rate of 20 L/h and delivers 60 kW of power to the wheels. If the

fuel has a heating value of 44 MJ/kg and a density of 800 kg/m3, determine the efficiency of the engine.

2. A household refrigerator that consumes a power input of 450 W has a COP of 2.5. It is used to cool 5 large

watermelons, 10 kg each from a temperature of 20C to 8C. Treating the water melon as water whose

specific heat is 4.2 kJ/kgK, determine how long it would take for the refrigerator to cool them. Is your

answer realistic (or) optimistic? Explain

3. A heat pump is used to maintain a house at a constant temperature of 23  C. The house looses heat to

the outside air through the walls, roof and windows at a rate of 60 MJ/h, while the energy generated

within the house from the people, lights and appliances amount to 4 MJ/h. If the COP of the heat pump is

2.5, determine the power required for the heat pump.

4. A Carnot heat engine operates between a source at 1000 K and a sink at 300 K. If the heat engine is

supplied with heat at a rate of 800 kJ/min, determine the (a) thermal efficiency and (b) power output of

the engine.
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Numerical examples
5. A Carnot heat engine receives 500 kJ of heat from a source of unknown temperature and rejects 200 kJ of it

to a sink at 17C. Determine the (a) temperature of the source and (b) thermal efficiency of the heat

engine.

6. An inventor claims to have developed a heat engine that receives 800 kJ of heat from a source at 400 K and

produces 250 kJ of net work while rejecting the waste heat to a sink at 300 K. Is the claim reasonable?

Justify.

7. During an experiment conducted in a room at 25C, a laboratory assistant measures that a refrigerator

draws 2kW of power has removed a heat of 30 MJ of heat in 20 minutes from a refrigerated space at -30C.

Determine if these measurements are reasonable.

8. A Carnot heat engine receives heat from a reservoir at 900 C at a rate of 800 kJ/min and rejects waste heat

to the ambient air at 27C. The entire work output of the engine is used to drive a refrigerator that removes

heat from the refrigerated space at -5C and transfers it to the same ambient air at 27C. Determine the (a)

maximum rate of heat removal from the refrigerated space and (b) total rate of heat rejection to the

ambient air.
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Entropy & Exergy
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SNo Topic Hours

1 Entropy – Clausius Theorem, Clausius Inequality
2

2 Entropy of Isolated system
1

3 Entropy change of liquids, solids & ideal gases
2

4 Exergy – Reversible work and Irreversibility - II law efficiency
2

5 Exergy change for non flow system & flow streams
2

6 III law of Thermodynamics
1



Today’s 
discussion

08/10/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 5

Entropy



Performance of Carnot devices

Refrigerator
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Heat engine Heat pump

𝜂𝑡ℎ =
𝑁𝑒𝑡 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 ℎ𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡

𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡,𝑜𝑢𝑡

𝑄𝐻

𝜂𝑡ℎ =
𝑄𝐻 − 𝑄𝐿
𝑄𝐻

𝜂𝑡ℎ = 1 −
𝑄𝐿
𝑄𝐻

𝜼𝒕𝒉 = 𝟏 −
𝑻𝑳
𝑻𝑯

𝐶𝑂𝑃 =
𝐻𝑒𝑎𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝑊𝑜𝑟𝑘 𝑖𝑛𝑝𝑢𝑡
𝐶𝑂𝑃 =

𝐻𝑒𝑎𝑡 𝑟𝑒𝑗𝑒𝑐𝑡𝑒𝑑

𝑊𝑜𝑟𝑘 𝑖𝑛𝑝𝑢𝑡

𝐶𝑂𝑃𝑅 =
𝑄𝐿

𝑄𝐻 − 𝑄𝐿

𝐶𝑂𝑃𝑅 =
1

𝑄𝐻
𝑄𝐿

− 1

𝐶𝑂𝑃𝑅 =
1

𝑇𝐻
𝑇𝐿

− 1

𝑪𝑶𝑷𝑹 =
𝑻𝑳

𝑻𝑯 − 𝑻𝑳

𝐶𝑂𝑃𝐻𝑃 =
𝑄𝐻

𝑄𝐻 − 𝑄𝐿

𝐶𝑂𝑃𝐻𝑃 =
1

1 −
𝑄𝐿
𝑄𝐻

𝐶𝑂𝑃𝐻𝑃 =
1

1 −
𝑇𝐿
𝑇𝐻

𝑪𝑶𝑷𝑯𝑷 =
𝑻𝑯

𝑻𝑯 − 𝑻𝑳



Sub-dividing a reversible process
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𝑊1−2 = 𝑊1−𝑏−𝑐−2Work done

𝑄1−2 = 𝑈2 − 𝑈1 +𝑊1−2

By I law of thermodynamics

𝑄1−2 = 𝑈2 − 𝑈1 +𝑊1−𝑏−𝑐−2

𝑄1−𝑏−𝑐−2 = 𝑈2 − 𝑈1 +𝑊1−𝑏−𝑐−2

𝑄1−𝑏 = 𝑄𝑐−2 = 0Now 𝑄1−𝑏−𝑐−2 = 𝑄𝑏−𝑐

It is always possible to replace a reversible process by a
series of reversible adiabatic and isothermal processes so
that the internal energy change, the heat transferred, and
the work done are the same.



Reversible cycle

• Reversible cycle  series of reversible adiabatic 
& isothermal processes
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4

3

2

1



Reversible cycles - Application of II law
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By II law, for the Carnot cycle a-b-c-d-a

By II law, for the Carnot cycle e-f-g-h-e

𝑄𝐻,𝑎−𝑏

𝑇𝐻,𝑎−𝑏
=

𝑄𝐿,𝑐−𝑑

𝑇𝐿,𝑐−𝑑

𝑄𝐻,𝑒−𝑓

𝑇𝐻,𝑒−𝑓
=

𝑄𝐿,𝑔−ℎ

𝑇𝐿,𝑔−ℎ

𝑄𝐻,𝑎−𝑏
𝑇𝐻,𝑎−𝑏

+
𝑄𝐿,𝑐−𝑑
𝑇𝐿,𝑐−𝑑

= 0

𝑄𝐻,𝑒−𝑓

𝑇𝐻,𝑒−𝑓
+
𝑄𝐿,𝑔−ℎ

𝑇𝐿,𝑔−ℎ
= 0



Reversible cycle  series of reversible adiabatic & 
isothermal processes (contd.)
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𝑄𝐻,𝑎−𝑏
𝑇𝐻,𝑎−𝑏

+
𝑄𝐿,𝑐−𝑑
𝑇𝐿,𝑐−𝑑

+
𝑄𝐻,𝑒−𝑓

𝑇𝐻,𝑒−𝑓
+
𝑄𝐿,𝑔−ℎ

𝑇𝐿,𝑔−ℎ
+ 𝑎𝑛𝑑 𝑠𝑜 𝑜𝑛 … = 0

𝑄𝐻,𝑎−𝑏
𝑇𝐻,𝑎−𝑏

+
𝑄𝐿,𝑐−𝑑
𝑇𝐿,𝑐−𝑑

= 0
𝑄𝐻,𝑒−𝑓

𝑇𝐻,𝑒−𝑓
+
𝑄𝐿,𝑔−ℎ

𝑇𝐿,𝑔−ℎ
= 0and

෍
𝑄

𝑇
= 0 ර

𝛿𝑄

𝑇
𝑟𝑒𝑣

= 0

∆𝑆 = න
𝛿𝑄

𝑇
𝑟𝑒𝑣

Therefore

Change in Entropy
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Entropy & Exergy
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SNo Topic Hours

1 Entropy – Clausius Theorem, Clausius Inequality
2

2 Entropy of Isolated system
1

3 Entropy change of liquids, solids & ideal gases
2

4 Exergy – Reversible work and Irreversibility - II law efficiency
2

5 Exergy change for non flow system & flow streams
2

6 III law of Thermodynamics
1



Today’s 
discussion
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Entropy (review) & Clausius theorem

Clausius inequality



Reversible cycle  series of reversible adiabatic & 
isothermal processes (contd.)

09/10/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 6

𝑄𝐻,𝑎−�
�𝐻,𝑎−�

+
𝑄𝐿,�−�
�𝐿,�−�

+
𝑄𝐻,�−�

�𝐻,�−�
+
𝑄𝐿,�−ℎ

�𝐿,�−ℎ
+ 𝑎𝑛� 𝑠� �𝑛 … = 0

𝑄𝐻,𝑎−�
�𝐻,𝑎−�

+
𝑄𝐿,�−�
�𝐿,�−�

= 0
𝑄𝐻,�−�

�𝐻,�−�
+
𝑄𝐿,�−ℎ

�𝐿,�−ℎ
= 0and

෍
𝑄

�
= 0 ර

𝛿𝑄

�
𝑟��

= 0

∆𝑆 = න
𝛿𝑄

�
𝑟��

Therefore

Change in Entropy

Clausius theorem



Clausius inequality

Clausius theorem
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ර
𝛿𝑄

�
𝑟��

= 0

ර
𝛿𝑄

�
𝑖𝑛�, 𝑟��

= 0To be specific

So, if the process is not internally reversible ?

By I Law of TD

For the cyclic device

𝛿𝑊𝐶 = 𝛿𝑄𝑅 − �𝐸𝐶

𝛿𝑊𝐶 = 𝛿𝑊𝑟�� + 𝛿𝑊�𝑦�Where 

𝛿𝑄𝑅
�𝑅

=
𝛿𝑄

�
𝛿𝑄𝑅 = �𝑅

𝛿𝑄

�

𝛿𝑊𝐶 = �𝑅
𝛿𝑄

�
− �𝐸𝐶

𝑊𝐶 = �𝑅ර
𝛿𝑄

�

ර
𝛿𝑄

�
: �𝑎𝑛𝑛�� �� ��𝑠𝑖�𝑖𝑣�

ර
𝛿𝑄

�
≤ 0

𝑄𝑛��,𝑖𝑛 −𝑊𝑛��,��� = ∆𝐸
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Entropy & Exergy
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SNo Topic Hours

1 Entropy – Clausius Theorem, Clausius Inequality
2

2 Entropy of Isolated system
1

3 Entropy change of liquids, solids & ideal gases
2

4 Exergy – Reversible work and Irreversibility - II law efficiency
2

5 Exergy change for non flow system & flow streams
2

6 III law of Thermodynamics
1



Today’s 
discussion
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Review – entropy & Clausius inequality

Entropy change of Isolated systems

Numerical illustrations



Reversible cycle  series of reversible adiabatic & 
isothermal processes (contd.)
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𝑄𝐻,𝑎−�
�𝐻,𝑎−�

+
𝑄𝐿,�−�
�𝐿,�−�

+
𝑄𝐻,�−�

�𝐻,�−�
+
𝑄𝐿,�−ℎ

�𝐿,�−ℎ
+ 𝑎𝑛� 𝑠� �𝑛 … = 0

𝑄𝐻,𝑎−�
�𝐻,𝑎−�

+
𝑄𝐿,�−�
�𝐿,�−�

= 0
𝑄𝐻,�−�

�𝐻,�−�
+
𝑄𝐿,�−ℎ

�𝐿,�−ℎ
= 0and

෍
𝑄

�
= 0 ර

𝛿𝑄

�
𝑟��

= 0

∆𝑆 = න
𝛿𝑄

�
𝑟��

Therefore

Change in Entropy



Clausius inequality

Clausius theorem
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ර
𝛿𝑄

�
𝑟��

= 0

ර
𝛿𝑄

�
𝑖𝑛�, 𝑟��

= 0To be specific

So, if the process is not internally reversible ?

By I Law of TD

For the cyclic device

𝛿𝑊𝐶 = 𝛿𝑄𝑅 − �𝐸𝐶

𝛿𝑊𝐶 = 𝛿𝑊𝑟�� + 𝛿𝑊�𝑦�Where 

𝛿𝑄𝑅
�𝑅

=
𝛿𝑄

�
𝛿𝑄𝑅 = �𝑅

𝛿𝑄

�

𝛿𝑊𝐶 = �𝑅
𝛿𝑄

�
− �𝐸𝐶

𝑊𝐶 = �𝑅ර
𝛿𝑄

�

ර
𝛿𝑄

�
: �𝑎𝑛𝑛�� �� ��𝑠𝑖�𝑖𝑣�

ර
𝛿𝑄

�
≤ 0

𝑄𝑛��,𝑖𝑛 −𝑊𝑛��,��� = ∆𝐸



Entropy change of an isolated system
• A cycle with 2 processes

• Onward (irreversible or reversible)

• Return (reversible)

• Recalling Clausius inequality
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ර
𝛿𝑄

�
≤ 0 න

1

2 𝛿𝑄

�
+න

2

1 𝛿𝑄

�
𝑟��

≤ 0 ∆𝑆 = න
𝛿𝑄

�
𝑟��

Also

න
1

2 𝛿𝑄

�
+ ∆𝑆 ≤ 0 ∆𝑆 ≥ න

1

2 𝛿𝑄

�
�𝑆 ≥

𝛿𝑄

�
In differential 

form
∆𝑆 = 𝑆1 − 𝑆2 (or)

∆𝑆�𝑦� = 𝑆2 − 𝑆1 = න
1

2 𝛿𝑄

�
+ 𝑆��𝑛

Entropy generated

For process 1-2

Always > 0

For an isolated system, since 
there is no heat transfer

න
1

2 𝛿𝑄

�
= 0

∆𝑆𝑖��𝑙𝑎��� �𝑦� ≥ 0

Principle of increase of entropy



Principle of increase of entropy
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1. A piston-cylinder device contains a liquid-vapor mixture of water at 300K. During a
constant pressure process, 750 kJ of heat is transferred to the water. As a result, part of the
liquid in the cylinder vaporizes. Determine the entropy change of water during the process.
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2. A heat source at 800 K looses 2000 kJ to a sink at (a) 500 K and (b) 750 K. Determine
which heat transfer process is more irreversible.

3. A rigid tank contains 5 kg of refrigerant (R-134a) initially at 20 C and 140 kPa. The
refrigerant is now cooled while being stirred until its pressure drops to 100 kPa. Determine
the entropy change during this process.



A rigid tank contains 5
kg of refrigerant (R-
134a) initially at 20 C
and 140 kPa. The
refrigerant is now
cooled while being
stirred until its
pressure drops to 100
kPa. Determine the
entropy change during
this process.

Engg. Thermodynamics - Dr A S Krishnan / CIT 12/10/2020 11
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Entropy & Exergy
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SNo Topic Hours

1 Entropy – Clausius Theorem, Clausius Inequality
2

2 Entropy of Isolated system
1

3 Entropy change of liquids, solids & ideal gases
2

4 Exergy – Reversible work and Irreversibility - II law efficiency
2

5 Exergy change for non flow system & flow streams
2

6 III law of Thermodynamics
1



Today’s 
discussion

14/10/2020 Engg. Thermodynamics - Dr A S Krishnan / CIT 5

Review

The TdS equations

Entropy changes – Liquids & Solids

Entropy changes – Ideal gases

Numerical illustrations



Entropy change of an isolated system
• A cycle with 2 processes

• Onward (irreversible or reversible)

• Return (reversible)

• Recalling Clausius inequality
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ර
𝛿𝑄

𝑇
≤ 0 න

1

2 𝛿𝑄

𝑇
+න

2

1 𝛿𝑄

𝑇
𝑟𝑒𝑣

≤ 0 ∆𝑆 = න
𝛿𝑄

𝑇
𝑟𝑒𝑣

Also

න
1

2 𝛿𝑄

𝑇
+ ∆𝑆 ≤ 0 ∆𝑆 ≥ න

1

2 𝛿𝑄

𝑇
𝑑𝑆 ≥

𝛿𝑄

𝑇
In differential 

form
∆𝑆 = 𝑆1 − 𝑆2 (or)

∆𝑆𝑠𝑦𝑠 = 𝑆2 − 𝑆1 = න
1

2 𝛿𝑄

𝑇
+ 𝑆𝑔𝑒𝑛

Entropy generated

For process 1-2

Always > 0

For an isolated system, since 
there is no heat transfer

න
1

2 𝛿𝑄

𝑇
= 0

∆𝑆𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑠𝑦𝑠 ≥ 0

Principle of increase of entropy



Principle of increase of entropy
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𝑆𝑔𝑒𝑛 = 𝛥𝑆𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑆𝑠𝑦𝑠 + 𝛥𝑆𝑠𝑢𝑟



The Tds equations

• Differential form of energy conservation equation, as applied to
• A closed stationary system

• Simple compressible substance

• Internally reversible process
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𝛿𝑄𝑖𝑛𝑡 𝑟𝑒𝑣,𝑖𝑛 − 𝛿𝑊𝑖𝑛𝑡 𝑟𝑒𝑣,𝑜𝑢𝑡 = 𝑑𝑈

𝛿𝑄𝑖𝑛𝑡 𝑟𝑒𝑣,𝑖𝑛 = 𝑇𝑑𝑆 𝛿𝑊𝑖𝑛𝑡 𝑟𝑒𝑣,𝑜𝑢𝑡 = 𝑝𝑑𝑉

𝑇𝑑𝑆 = 𝑑𝑈 + 𝑝𝑑𝑉𝑇𝑑𝑠 = 𝑑𝑢 + 𝑝𝑑𝑣𝑇𝑑𝑠 = 𝑑𝑢 + 𝑑 𝑝𝑣 − 𝑣𝑑𝑝

𝑇𝑑𝑠 = 𝑑ℎ − 𝑣𝑑𝑝

𝑇𝑑𝑆 = 𝑑𝐻 − 𝑉𝑑𝑝

(OR)

1st Tds equation or Gibbs equation

2nd Tds equation 𝑇𝑑𝑠 = 𝑑𝑢 + 𝑝𝑑𝑣 𝑑𝑠 =
𝑑𝑢

𝑇
+
𝑝𝑑𝑣

𝑇

𝑇𝑑𝑠 = 𝑑ℎ − 𝑣𝑑𝑝 𝑑𝑠 =
𝑑ℎ

𝑇
−
𝑣𝑑𝑝

𝑇



Entropy changes – liquids & solids

• Liquids & solids 
• approximated as incompressible substances(dv = 0 )
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Entropy change during a process

If the process is isentropic

𝑑𝑠 =
𝑑𝑢

𝑇
=
𝑐𝑑𝑇

𝑇
𝑐 = 𝑐𝑝 = 𝑐𝑣Where

𝑠2 − 𝑠1 = න
1

2

𝑐 𝑇
𝑑𝑇

𝑇
= 𝑐𝑎𝑣𝑔𝑙𝑛

𝑇2
𝑇1

𝑐𝑎𝑣𝑔 =
ሻ𝑐(𝑇1ሻ + 𝑐(𝑇2

2
Where

𝑠2 = 𝑠1

𝑇2 = 𝑇1As a special case The process is isothermal too !



Entropy changes – ideal gases
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𝑑𝑠 =
𝑑𝑢

𝑇
+
𝑝𝑑𝑣

𝑇
𝑑𝑠 = 𝑐𝑣

𝑑𝑇

𝑇
+
𝑅𝑇𝑑𝑣

𝑣𝑇
𝑑𝑠 = 𝑐𝑣

𝑑𝑇

𝑇
+ 𝑅

𝑑𝑣

𝑣
𝑠2 − 𝑠1 = න

1

2

𝑐𝑣 𝑇
𝑑𝑇

𝑇
+ 𝑅 𝑙𝑛

𝑣2
𝑣1

𝑑𝑠 =
𝑑ℎ

𝑇
−
𝑣𝑑𝑝

𝑇
𝑑𝑠 = 𝑐𝑝

𝑑𝑇

𝑇
−
𝑅𝑇𝑑𝑝

𝑝𝑇
𝑑𝑠 = 𝑐𝑝

𝑑𝑇

𝑇
− 𝑅

𝑑𝑝

𝑝
𝑠2 − 𝑠1 = න

1

2

𝑐𝑝 𝑇
𝑑𝑇

𝑇
− 𝑅 𝑙𝑛

𝑝2
𝑝1

All the quantities on the right 
hand side are measurable



The III law of Thermodynamics

The entropy of a pure crystalline substance at absolute
zero temperature is zero
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Note: The entropy of a substance that is not pure crystalline substance at
absolute temperature is not zero.



Entropy changes – ideal gases
• Constant specific heats (Approximate analysis)
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𝑠2 − 𝑠1 = 𝑐𝑝,𝑎𝑣𝑔න
1

2𝑑𝑇

𝑇
− 𝑅 𝑙𝑛

𝑝2
𝑝1

𝑠2 − 𝑠1 = 𝑐𝑣,𝑎𝑣𝑔න
1

2𝑑𝑇

𝑇
+ 𝑅 𝑙𝑛

𝑣2
𝑣1

𝑠2 − 𝑠1 = න
1

2

𝑐𝑣 𝑇
𝑑𝑇

𝑇
+ 𝑅 𝑙𝑛

𝑣2
𝑣1

𝑠2 − 𝑠1 = න
1

2

𝑐𝑝 𝑇
𝑑𝑇

𝑇
− 𝑅 𝑙𝑛

𝑝2
𝑝1

• Exact analysis

𝑠𝑣
0 = න

0

𝑇

𝑐𝑣 𝑇
𝑑𝑇

𝑇
න
1

2

𝑐𝑣 𝑇
𝑑𝑇

𝑇
= 𝑠𝑣

2 − 𝑠𝑣
1

𝑠2 − 𝑠1 = 𝑠𝑝
2 − 𝑠𝑝

1 − 𝑅 𝑙𝑛
𝑝2
𝑝1

𝑠𝑝
0 = න

0

𝑇

𝑐𝑝 𝑇
𝑑𝑇

𝑇
න
1

2

𝑐𝑝 𝑇
𝑑𝑇

𝑇
= 𝑠𝑝

2 − 𝑠𝑝
1

𝑠2 − 𝑠1 = 𝑠𝑣
2 − 𝑠𝑣

1 + 𝑅 𝑙𝑛
𝑣2
𝑣1

The superscripts on the 1st two 
terms on the RHS are not powers !
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A rigid tank contains 5
kg of refrigerant (R-
134a) initially at 20 C
and 140 kPa. The
refrigerant is now
cooled while being
stirred until its
pressure drops to 100
kPa. Determine the
entropy change during
this process.
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Liquid methane is commonly
used in many cryogenic
applications. The critical
temperature of methane is 191
K & hence methane must be
maintained below 191 K to keep
it in liquid phase. Determine the
change in entropy of liquid
methane as it undergoes a
process from 110 K and 1 MPa
to 120 K and 5 MPa using (a)
actual data from table below
and (b) approximating liquid
methane as an incompressible
substance. What is the % error
involved in case (b)?

10/14/2020
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Entropy & Exergy
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SNo Topic Hours

1 Entropy – Clausius Theorem, Clausius Inequality
2

2 Entropy of Isolated system
1

3 Entropy change of liquids, solids & ideal gases
2

4 Exergy – Reversible work and Irreversibility - II law efficiency
2

5 Exergy change for non flow system & flow streams
2

6 III law of Thermodynamics
1



Today’s 
discussion
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Review & Numerical illustrations

Exergy, Reversible Work, Irreversible Work



Entropy changes – liquids & solids

• Liquids & solids 
• approximated as incompressible substances(dv = 0 )
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Entropy change during a process

If the process is isentropic

𝑑𝑠 =
𝑑𝑢

𝑇
=
𝑐𝑑𝑇

𝑇
𝑐 = 𝑐𝑝 = 𝑐𝑣Where

𝑠2 − 𝑠1 = න
1

2

𝑐 𝑇
𝑑𝑇

𝑇
= 𝑐𝑎𝑣𝑔𝑙𝑛

𝑇2
𝑇1

𝑐𝑎𝑣𝑔 =
ሻ𝑐(𝑇1ሻ + 𝑐(𝑇2

2
Where

𝑠2 = 𝑠1

𝑇2 = 𝑇1As a special case The process is isothermal too !



Entropy changes – ideal gases
• Constant specific heats (Approximate analysis)
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𝑠2 − 𝑠1 = 𝑐𝑝,𝑎𝑣𝑔න
1

2𝑑𝑇

𝑇
− 𝑅 𝑙𝑛

𝑝2
𝑝1

𝑠2 − 𝑠1 = 𝑐𝑣,𝑎𝑣𝑔න
1

2𝑑𝑇

𝑇
+ 𝑅 𝑙𝑛

𝑣2
𝑣1

𝑠2 − 𝑠1 = න
1

2

𝑐𝑣 𝑇
𝑑𝑇

𝑇
+ 𝑅 𝑙𝑛

𝑣2
𝑣1

𝑠2 − 𝑠1 = න
1

2

𝑐𝑝 𝑇
𝑑𝑇

𝑇
− 𝑅 𝑙𝑛

𝑝2
𝑝1

• Exact analysis

𝑠𝑣
0 = න

0

𝑇

𝑐𝑣 𝑇
𝑑𝑇

𝑇
න
1

2

𝑐𝑣 𝑇
𝑑𝑇

𝑇
= 𝑠𝑣

2 − 𝑠𝑣
1

𝑠2 − 𝑠1 = 𝑠𝑝
2 − 𝑠𝑝

1 − 𝑅 𝑙𝑛
𝑝2
𝑝1

𝑠𝑝
0 = න

0

𝑇

𝑐𝑝 𝑇
𝑑𝑇

𝑇
න
1

2

𝑐𝑝 𝑇
𝑑𝑇

𝑇
= 𝑠𝑝

2 − 𝑠𝑝
1

𝑠2 − 𝑠1 = 𝑠𝑣
2 − 𝑠𝑣

1 + 𝑅 𝑙𝑛
𝑣2
𝑣1

The superscripts on the 1st two 
terms on the RHS are not powers !



A rigid tank contains 5
kg of refrigerant (R-
134a) initially at 20 C
and 140 kPa. The
refrigerant is now
cooled while being
stirred until its
pressure drops to 100
kPa. Determine the
entropy change during
this process.
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Exergy – work potential of energy

• Also called as availability or available energy

• Work potential of energy in a system

Work=f(initial state, process path, final state)

• All irreversibilities are disregarded in calculating the exergy

• System must be in dead state (thermodynamic equilibrium with surrounding) at the
end of the process to maximize work output
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• Surroundings – everything outside system boundary

• Immediate surroundings – portion of surroundings 

that is affected by the process

• Environment – region beyond the immediate

surroundings whose properties are not affected by

the process at any point

Dead state

Surroundings =

Immediate Surroundings 
+ Environment

A system will deliver the maximum possible work as it undergoes a reversible process 
from a specified initial state to the state of its environment, i.e. dead state. → Exergy



Exergy (contd.)

• Upper limit on the amount of
work a device can deliver (or
lower limit on the amount of
work a device will consume)
without violating any laws of
thermodynamics

• Not the actual work delivered or
consumed

• Property of system-environment
combination
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A windmill with a diameter of 12-m rotor is to be installed in a
location where the wind is blowing steadily at an average velocity
of 12 m/s. Determine the maximum power that can be generated
by the wind mill
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Reversible work & irreversibility
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No surrounding work for constant 
volume & cyclic devices

ሻ𝑊𝑠𝑢𝑟𝑟 = 𝑝𝑎𝑡𝑚(𝑉2 − 𝑉1

𝑊𝑢 = 𝑊𝑎𝑐𝑡 −𝑊𝑠𝑢𝑟𝑟

𝐼 = 𝑊𝑟𝑒𝑣,𝑜𝑢𝑡 −𝑊𝑎𝑐𝑡,𝑜𝑢𝑡

𝐼 = 𝑊𝑎𝑐𝑡,𝑖𝑛 −𝑊𝑟𝑒𝑣,𝑖𝑛

(OR)



Reversible work & irreversibility (contd.)

• Reversible work
• maximum amount of useful work that can be produced (or the minimum

work that needs to be supplied) as a system undergoes a process between
the specified initial and final states.

• Equal to exergy, if the final state is dead state

• Irreversibility
• Difference between reversible work and useful work

• Equivalent to exergy destroyed

• Wasted work potential or lost opportunity to do work
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A heat engine receives heat from a source at 1000 K at a rate
of 750 kW and rejects waste heat to a medium at 300 K. If the
power output of the engine is 200 kW, determine the
reversible power and the irreversibility rate for this process.
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Entropy & Exergy
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SNo Topic Hours

1 Entropy – Clausius Theorem, Clausius Inequality
2

2 Entropy of Isolated system
1

3 Entropy change of liquids, solids & ideal gases
2

4 Exergy – Reversible work and Irreversibility - II law efficiency
2

5 Exergy change for non flow system & flow streams
2

6 III law of Thermodynamics
1



Today’s 
discussion
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Review – Exergy, Reversible work & Irreversibility

Numerical Examples



EXERGY, REVERSIBLE WORK & IRREVERSIBILITY

 Exergy

 Maximum possible work delivered by a system as it undergoes a reversible process from a 

specified initial state to the state of its environment.

 Reversible Work

 Maximum amount of useful work produced (or the minimum work that needs to be 

supplied) as a system undergoes a process between the specified initial and final states.

 Irreversibility

 Difference between useful work and reversible work
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Reversible work & irreversibility
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No surrounding work for constant 
volume & cyclic devices

ሻ𝑊𝑠𝑢𝑟𝑟 = 𝑝𝑎𝑡𝑚(𝑉2 − 𝑉1

𝑊𝑢 = 𝑊𝑎𝑐𝑡 −𝑊𝑠𝑢𝑟𝑟

𝐼 = 𝑊𝑟𝑒𝑣,𝑜𝑢𝑡 −𝑊𝑎𝑐𝑡,𝑜𝑢𝑡

𝐼 = 𝑊𝑎𝑐𝑡,𝑖𝑛 −𝑊𝑟𝑒𝑣,𝑖𝑛

(OR)
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An 50 kg iron block, initially at a temperature of 300 C is allowed to cool to 27 C by
transferring heat to the surrounding at 27 C. Determine the reversible work and
irreversibility for this process.

Fe block - 50 kg
Ti=300C 

Tamb=27C 

Assumptions
1. KE & PE changes are negligible
2. No work interactions during the 

process
3. Sp. Heat variations are negligible



Iron block loosing heat to reversible HE

• Let the iron block be connected to a reversible HE, to which 
it looses heat, then
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Fe block - 50 kg
Ti=300C 

WR

HEREV

QH

Surroundings at 27 C

QL

𝛿𝑊𝑟𝑒𝑣 = 𝜂𝑡ℎ,𝑟𝑒𝑣𝛿𝑄𝑖𝑛 𝛿𝑊𝑟𝑒𝑣 = 1 −
𝑇𝐿
𝑇𝐻

𝛿𝑄𝑖𝑛 𝛿𝑊𝑟𝑒𝑣 = 1 −
𝑇𝑎𝑚𝑏

𝑇𝑖𝑟𝑜𝑛
𝛿𝑄𝑖𝑛

𝑊𝑟𝑒𝑣 = න
𝑇𝑖

𝑇𝑓

1 −
𝑇𝑎𝑚𝑏

𝑇
𝛿𝑄𝑖𝑛

𝛿𝐸𝑖𝑛 − 𝛿𝐸𝑜𝑢𝑡 = 𝑑𝐸𝑠𝑦𝑠𝑡𝑒𝑚

−𝛿𝑄𝑜𝑢𝑡,𝑠𝑦𝑠 = 𝑑𝑈 = 𝑚𝑐𝑣,𝑎𝑣𝑑𝑇

𝛿𝑄𝑖𝑛,𝐻𝐸 = 𝛿𝑄𝑜𝑢𝑡,𝑠𝑦𝑠 = −𝑚𝑐𝑣,𝑎𝑣𝑑𝑇 𝑊𝑟𝑒𝑣 = න
𝑇𝑖

𝑇𝑓

1 −
𝑇𝑎𝑚𝑏

𝑇
−𝑚𝑐𝑣,𝑎𝑣𝑑𝑇

𝑊𝑟𝑒𝑣 = 𝑚𝑐𝑣,𝑎𝑣 𝑇𝑖 − 𝑇𝑓 + 𝑇𝑎𝑚𝑏𝑚𝑐𝑣,𝑎𝑣𝑙𝑛
𝑇𝑓

𝑇𝑖
𝑊𝑟𝑒𝑣 = 𝑚𝑐𝑣,𝑎𝑣 𝑇𝑖 − 𝑇𝑓 + 𝑇𝑎𝑚𝑏𝑙𝑛

𝑇𝑓

𝑇𝑖



Two heat engines, both 30% efficient are connected between a source and sink as
shown in figure. Comment on the performances of these.
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WA

HEA

QH,A

Surroundings at 27 C

QL,A

Heat source at 600 C

WB

HEB

QH,B

Surroundings at 27 C

QL,B

Heat source at 1000 C
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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Entropy & Exergy
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SNo Topic Hours

1 Entropy – Clausius Theorem, Clausius Inequality
2

2 Entropy of Isolated system
1

3 Entropy change of liquids, solids & ideal gases
2

4 Exergy – Reversible work and Irreversibility - II law efficiency
2

5 Exergy change for non flow system & flow streams
2

6 III law of Thermodynamics
1



Today’s 
discussion
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Review

II law efficiency

Numerical example

Exergy for non-flow systems

Exergy for flow streams



Two heat engines, both 30% efficient are connected between a source and sink as
shown in figure. Comment on the performances of these.
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WA

HEA

QH,A

Surroundings at 27 C

QL,A

Heat source at 600 C

WB

HEB

QH,B

Surroundings at 27 C

QL,B

Heat source at 1000 C



The II law efficiency

Heat engines
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Work producing devices

Refrigerators and heat pumps

Work consuming devices

Based on exergy

𝜂𝐼𝐼 =
𝜂𝑡ℎ

𝜂𝑡ℎ,𝑟𝑒𝑣

𝜂𝐼𝐼 =
𝑊𝑢,𝑜𝑢𝑡

𝑊𝑟𝑒𝑣,𝑜𝑢𝑡

𝜂𝐼𝐼 =
𝑊𝑟𝑒𝑣,𝑖𝑛

𝑊𝑢,𝑖𝑛

𝜂𝐼𝐼 =
𝐶𝑂𝑃

𝐶𝑂𝑃𝑟𝑒𝑣

𝜂𝐼𝐼 =
𝐸𝑥𝑒𝑟𝑔𝑦 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝐸𝑥𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝜂𝐼𝐼 = 1 −
𝐸𝑥𝑒𝑟𝑔𝑦 𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑

𝐸𝑥𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
Based on exergy



A dealer advertises that he has
received a shipment of room heaters
that are 100% efficient. Assuming
indoor and outdoor temperatures of
22C and 5C, determine the second
law efficiency of the room heaters.
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22C

5C

A dealer advertises that he has
received a shipment of air conditioner
that is 80% efficient. Assuming indoor
and outdoor temperatures of 24C
and 35C, determine the second law
efficiency of the air conditioner.

24C

35C



Exergy of a fixed mass (non-flow) system

• A piston cylinder arrangement with a fixed mass, m of a fluid
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Energy balance
- Both heat & work transfer 
out of the system

Includes surrounding work too !!



Exergy of a fixed mass (non-flow) system
• A piston cylinder arrangement with a fixed mass, m of a fluid
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Exergy of a fixed mass (non-flow) system
• A piston cylinder arrangement with a fixed mass, m of a fluid
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From a state 1 to state 2

On unit mass basis



Exergy of flow stream
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Flow exergy

From a state 1 to state 2
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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SNo Topic Hours

1 Thermodynamic potentials, Gibbs & Helmholtz functions 2

2 Maxwell Relations – T dS equations 2

3 Joule Kelvin effect & Clausius Clapeyron Equation 2

4 Ideal Gas Mixtures – Mass & Mole Fractions, Dalton's Law and Amagat-Leduc law 1

5 Properties of Ideal Gas mixture. 2

Thermodynamic Relations & Ideal Gas Mixtures



Today’s 
discussion
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Review

Clapeyron Equation

Clausius – Clapeyron equation

The Joule –Thompson (Joule – Kelvin) experiment



Application – Arriving at the Maxwell relations

• For a closed system, undergoing an incremental reversible change

11/06/2020
Webinar on Mathematics in Mechanical Engineering   Dr A S 

Krishnan, CIT
6

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑝𝑑𝑉

• Further

𝐻 = 𝑈 + 𝑝𝑉

𝐴 = 𝑈 − 𝑇𝑆

𝐺 = 𝐻 − 𝑇𝑆

𝑑𝐻 = 𝑇𝑑𝑆 + 𝑉𝑑𝑝

𝑑𝐴 = −𝑆𝑑𝑇 − 𝑝𝑑𝑉

𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑝

Enthalpy

Helmholtz function

Gibbs function

𝑑𝑧 = 𝑀𝑑𝑥 + 𝑁𝑑𝑦



The results – Maxwell relations

11/06/2020
Webinar on Mathematics in Mechanical Engineering   Dr A S 

Krishnan, CIT
7

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑝𝑑𝑉

𝑑𝑧 = 𝑀𝑑𝑥 + 𝑁𝑑𝑦

𝜕𝑀

𝜕𝑦
𝑥

=
𝜕𝑁

𝜕𝑥
𝑦

𝜕𝑇

𝜕𝑉
𝑆

= −
𝜕𝑝

𝜕𝑆
𝑉

𝜕𝑇

𝜕𝑝
𝑆

=
𝜕𝑉

𝜕𝑆
𝑝

𝜕𝑆

𝜕𝑉
𝑇

=
𝜕𝑝

𝜕𝑇
𝑉

𝜕𝑆

𝜕𝑝
𝑇

= −
𝜕𝑉

𝜕𝑇
𝑝

Relates rates of changes of 
immeasurable and 

measurable quantities

𝑑𝐻 = 𝑇𝑑𝑆 + 𝑉𝑑𝑝

𝑑𝐴 = −𝑆𝑑𝑇 − 𝑝𝑑𝑉

𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑝



The Clapeyron Equation
• Enthalpy change associated with a phase change

• During phase change, pressure is a function of temperature alone 
(& independent of sp. Volume)
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𝜕𝑆

𝜕𝑉
𝑇

=
𝜕𝑝

𝜕𝑇
𝑉

By integrating at saturated conditions

p = constant during phase change

𝜕𝑝

𝜕𝑇
𝑠𝑎𝑡

=
ℎ𝑓𝑔

𝑇𝑣𝑓𝑔

Clapeyron equation
𝜕𝑝

𝜕𝑇
𝑠𝑎𝑡

=
ℎ12
𝑇𝑣12

1 & 2 are phases

The general form



The Clausius Clapeyron equation
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𝜕𝑝

𝜕𝑇
𝑠𝑎𝑡

=
ℎ12
𝑇𝑣12

• General form can be simplified

• At low pressures, vg >> vf→vfg  vg

• vg=RT/p @saturation (using ideal gas relationship)

𝜕𝑝

𝜕𝑇
𝑠𝑎𝑡

=
𝑝ℎ𝑓𝑔

𝑅𝑇2
𝜕𝑝

𝑝
𝑠𝑎𝑡

=
ℎ𝑓𝑔

𝑅

𝜕𝑇

𝑇2
𝑠𝑎𝑡

• Between small temperature intervals, hfg be a assumed to be a constant 

• Integrating between two phases, we get

l𝑛
𝑝2
𝑝1 𝑠𝑎𝑡

≅
ℎ𝑓𝑔

𝑅

1

𝑇2
−
1

𝑇1 𝑠𝑎𝑡

The Clausius - Clapeyron equation



Joule-Thomson effect

Joule Thomson coefficient
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Course Objective

1. Apply concepts of energy conservation to open and closed systems

2. Arrive at benchmark performances of heat engines and refrigerator / heat pump and
compute entropy changes.

3. Depict various thermodynamic processes on property diagrams, estimate properties of
mixtures and quantify deviation from ideal gas behavior.

4. Calculate changes in properties during different ideal gas processes

To enable undergraduate students of Mechanical Engineering to apply concepts of energy,

entropy and exergy to simple systems with justifiable assumptions through theoretical

concepts and illustrations

Course Outcomes* – At the end of the course, the  student 
will be able to
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Overview of 
the topics

Basic Concepts of Thermodynamics

First Law of Thermodynamics

Second Law of Thermodynamics

Entropy & Exergy

Thermodynamic Relations and Ideal Gas 
Mixtures
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SNo Topic Hours

1 Thermodynamic potentials, Gibbs & Helmholtz functions 2

2 Maxwell Relations – T dS equations 2

3 Joule Kelvin effect & Clausius Clapeyron Equation 2

4 Ideal Gas Mixtures – Mass & Mole Fractions, Dalton's Law and Amagat-Leduc law 1

5 Properties of Ideal Gas mixture. 2

Thermodynamic Relations & Ideal Gas Mixtures



Today’s 
discussion
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Review

Ideal Gas Mixtures – Mass & Mole Fraction

Dalton’s law and Amagat-Leduc’s law



The Clapeyron Equation

Enthalpy change associated with a phase change
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𝜕𝑝

𝜕𝑇
𝑠𝑎𝑡

=
ℎ𝑓𝑔

𝑇𝑣𝑓𝑔

The Clausius Clapeyron equation

l𝑛
𝑝2
𝑝1 𝑠𝑎𝑡

≅
ℎ𝑓𝑔

𝑅

1

𝑇2
−
1

𝑇1 𝑠𝑎𝑡

Joule-Thomson effect



Ideal gas mixtures
Mass
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Moles

Gravimetric analysis Molar analysis

𝑚𝑚 =෍

𝑖=1

𝑘

𝑚𝑖 𝑁𝑚 =෍

𝑖=1

𝑘

𝑁𝑖Mass of mixture Mole number of mixture

Mass fraction of ith component Mole fraction of ith component𝑚𝑓𝑖 =
𝑚𝑖

𝑚𝑚
𝑦𝑖 =

𝑁𝑖
𝑁𝑚

෍

𝑖=1

𝑘

𝑚𝑓𝑖 = 1 ෍

𝑖=1

𝑘

𝑦𝑖 = 1
𝑚 = 𝑁𝑀



Ideal gas mixtures (contd.)

Molar mass of mixtures
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𝑀𝑚 =
𝑚𝑚

𝑁𝑚
=
σ𝑖=1
𝑘 𝑚𝑖

𝑁𝑚
𝑀𝑚 =

σ𝑖=1
𝑘 𝑁𝑖𝑀𝑖

𝑁𝑚
=෍

𝑖=1

𝑘

𝑦𝑖𝑀𝑖

𝑀𝑚 =
𝑚𝑚

𝑁𝑚
=

𝑚𝑚

σ𝑖=1
𝑘 𝑁𝑖

𝑀𝑚 =
𝑚𝑚

σ𝑖=1
𝑘 Τ𝑚𝑖 𝑀𝑖

=
1

σ𝑖=1
𝑘 𝑚𝑓𝑖

𝑀𝑖

𝑚𝑓𝑖 =
𝑚𝑖

𝑚𝑚
=

𝑁𝑖𝑀𝑖

𝑁𝑚𝑀𝑚
= 𝑦𝑖

𝑀𝑖

𝑀𝑚

Relation between mass 
fraction and mole fraction

Gas constant of mixtures

𝑅𝑚 =
ത𝑅

𝑀𝑚



Dalton’s law

Dalton’s law of additive pressures
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Amagat-Leduc law

Amagat’s law of additive volumes

pVT behaviour of mixture of gases predicted by

and

The pressure of a gas mixture is equal to the
sum of the pressures each gas would exert, if it
existed alone at the same mixture temperature
and volume

The volume of a gas mixture is equal to the sum
of the volume each gas would occupy, if it
existed alone at the same mixture temperature
and pressure

• The above laws hold good exactly for ideal gases

• They are valid only approximately for real gases, owing to intermolecular forces
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