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Heat Engine

 A device, which operating in a cycle, produced work from heat

 Termed the “prime mover”

– A thermal power plant is a prime mover

 A series of processes constitute the power plant cycle

– The working fluid undergoes change of phase alternatively

 Net heat is transferred and net work is delivered

 The Laws of Thermodynamics in energy interaction

 The goal is to design and operate a sustainable power 

generation system 
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Heat engine: how much of heat can be 
converted?

 Work can be fully converted to heat

 Can heat be fully converted to work?

Q

W = VI

W?

The answer is NO
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Second law of thermodynamics

 Kelvin Planck Statement: It is impossible to 
construct a device, which, operating in a 
cycle, would produce no effect other than 
doing thermodynamic work, while exchanging 
heat with a single thermal reservoir.

 Clausius Statement: It is impossible to 
construct a device, which, operating in a cycle 
will produce no effect other than transferring 
heat from a low-temperature to a high-
temperature thermal reservoir.
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Equivalence of the two statements

 Violation of Kelvin Planck statement leads to 

the violation of Clausius statement

 And vice versa

 Violation of any of the two statements leads 

to PMM II
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Perpetual motion machine 

PMM-I PMM-II

We should be careful that our heat engine designs 

does not lead to PMM-I or PMM-II 

Wnet
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Heat Engine, Heat Pump and 
Refrigerator

TH

TL

W

QH

= W/QH

= (QH –QL)/QH

= 1-QL/QH

QL

TH

TL

W

QH

COPHP=QH /W

= QH/(QH –QL)

QL

TH

TL

W

QH

COPRefr=QL /W

= QL/(QH –QL)

QL

Heat Engine Heat Pump Refrigerator
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Corollaries of 2nd law

 Corollary 1:
– Operating between the 

same TH and TL

 WR > WI

 R > I

 QLR< QLI

 Corollary 2:
– Operating between the 

same TH and TL

 R1 = R2 = R3

 WR1 = WR2 = WR3

TH

Rev IrrevWR
WI

QH QH

QLR QLI

TL

TH

Rev RevWR1
WR2

QH QH

QLR1 QLR2

TL



8

Corollaries applicable to Heat 
Engines…

What is the efficiency?
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Corollaries applicable to Heat Pumps 
or Refrigerators

TH

TL

WR

QH

QLR

WI

QH

QLI

COP1 = COP2

Rev Rev

COP1 > COP2

Corollary 1 Corollary 2

WR< WI

For the same QH (i.e., the same Heat Pump outputs) 

W1R = W2R

TH

TL

W1R

QH1

QL1R

W2R

QH2

QL2R

Rev Irrev



Example of reversible cycle

 Carnot heat engine

10



Example of reversible cycle

 Carnot heat pump/ refrigerator

11

QHQL
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Corollary III: Clausius inequality

 For any cycle,

  Rev

 = 1- (QL/QH)

 Rev=1-(TL/TH)

 {1- (QL/QH)}{1-(TL/TH)}

i.e., (QH/TH- QL/TL) 0

Or    / 0bQ T

TH

W

QH

QL

TL

TH

TL

Heat 

Transfer 

Boundary 

Heat 

Transfer 

Boundary 

Tb = Boundary temperature
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Entropy

 For reversible process:    Re
/ 0b v

Q T

      
2 1

Re Re
1 2

/ / 0b bv v
A B

Q T Q T

      
2 1

Re Re
1 2

/ / 0b bv v
C B

Q T Q T
1

A

2

B

C

For the reversible process 1A2B1

For the reversible process 1C2B1

I

II

I-II      
2 2

Re Re
1 1

/ /b bv v
A C

Q T Q T

  
Re

/ b v
Q T dS

ENTROPY



14

Significance of T-s diagrams

 QRev= TdS  [kJ]

 Area under T-s diagram

 Not applicable for 

irreversible process

 For an internally 

reversible cycle:

– Net work = area 

enclosed by the cycle in 

T-S diagram
netW TdS 

T

S
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Which one is a power producing cycle?
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Which cycle has greater efficiency?
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What is Entropy? 

 In general, it is the a thermodynamic property which 
provides a quantitative measure of the disorder of a 
given thermodynamic state

– Entropy increases from solid to liquid to gas corresponding 
to an increase in positional probability.

– Entropy increases when you dissolve a solid in liquid 
corresponding to an increase in positional probability. 

– The larger the volume the larger the positional probability 
and the greater the entropy (n constant).

– The larger the pressure the smaller the positional 
probability and the lower the entropy (n constant). 

– The larger the molecule the larger the number of relative 
positions of the atoms resulting in a greater positional 
probability and a greater entropy.

– The higher the temperature the greater the range of 
energies, therefore the larger the entropy.

 = to put into 

 = turn / conversion



Calculation of entropy change

 For solids and liquids (having only one 

specific heat, c)
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
 
q c dT

ds
T T

 
    

 

2

1

2
2 1

1

ln

T

T

Tc dT
s s c

T T

c = average specific heat within the temperature range [T1, T2]



Calculation of entropy change 
(contd..)

 For ideal gases (the specific heat depends on path)
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    
v

dv
q du pdv c dT R

V

 
    

 

0

0

0

ln

T

v

T

c dT v
s s R

T v

    
p

dp
q dh vdp c dT R

p

 
    

 

0

0

0

ln
T

p

T

c dT p
s s R

T p

Both Cp and Cv depend on temperature for ideal gas

• Therefore, one must know the functional 

dependence Cp(T) and Cv(T) for evaluation of  

the first integrals  

Cp

Cv

T

C

R

T0 = Ref. temperature (0 K for ideal gas)

p0 = Re. pressure (1 atm)

v0 = Reference specific volume (depends on the MW) 



Evaluation of 
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
2

1

T

p

T

c dT

T

    2 3 ...
p
c a bT cT dT

    
 

0 0

2 3 ...T T
p

T T

a bT cT dT dTc dT

T T

     
 

       
 

2 2 3 3

0 0 0

0

1 1
ln ...

2 3

T
a b T T c T T d T T

T

 
0

0
T

p

T

c dT
s T

T

Thus, for an ideal gas,                 is a function of temperature only 
2

1

T

p

T

c dT

T

The integral is either calculated from the coefficients a, b, c, d, 

… 

or is tabulated as function of temperature 
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Temperature dependence of Molar Cp



Evaluation of entropy change 
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    
      

   
 
2 1

0 0

2
2 1

1

ln

T T

p p

T T

c dT c dT p
s s R

T T p

    
 

     
 

0 0 2
2 1 2 2 1 1

1

ln
p

s s s T s T R
p

1

2

From Moran and Shapiro
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Clausius inequality for an 
irreversible process

   / 0b Irrev
Q T

      
2 1

Re
1 2

/ / 0b bIrrev v
A B

Q T Q T

      
2 1

Re Re
1 2

/ / 0b bv v
C B

Q T Q T
1

A

2

B

C

For the reversible process 1A2B1

For the reversible process 1C2B1

I

II

I-II      
2 2

Re
1 1

/ /b bIrrev v
A C

Q T Q T

   
2

2 1

1

/ b Irrev
Q T S S
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genS

Entropy balance equation

   
2

2 1

1

/ b Irrev
S S Q T something

Sgen = 0 for reversible process

Sgen > 0 for irreversible 


  gen

b

Q
dS S

T
III

  i
gen

bi

QdS
S

dt T
I II

I: Entropy transferred to the system with heat

II: Entropy generation due to irreversibilities

   
2

2 1

1

/ b Irrev
Q T S S
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Entropy generation due to irreversibility

 The increase of entropy of 

the gas (as measured in 

terms of its T, and V) is 

greater than (Q/Tb)

 The extent of entropy rise 

will depend on how much 

the friction is
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Principle of increase of entropy 

 Internally reversible system
– Temperature of the system is Tb everywhere

 No irreversibility in the surrounding
– Temperature of the surrounding is T0 everywhere

 For the system: dSCM=Q/Tb

 For the surrounding: dSsurr= Q/T0

 dSuniv = dSCM+ dSsurr

= Q/Tb +( Q/T0)

= Q(1/Tb  1/T0)

Surrounding

Tb

Q

W

T0

CM

Spontaneous heat transfer 

from the surrounding, 

under T0 > Tb

Positive quantity, since Tb < T0 dSCM+ dSsurr  0
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Entropy generation in the Universe

 Universe is an Isolated System

 dSUniverse= Q/Tb + Sgen,Universe= Sgen

0

dSCM+ dSsurr = Sgen,Universe  0

Universe = 

Isolated System

Q = 0 W = 0Surrounding

System 

Where does the entropy generation take place in the previous case??
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It takes place in the wall….!
Why?  That is where heat transfer takes place with a finite T…

Surrounding

Tb

Q

W

T0

CM

Spontaneous heat transfer 

from the surrounding, 

under T0 > Tb

Tb T0

T0

Tb

Different parts of the wall 

are maintained at their 

same respective 

temperature (e.g., the outer 

side is steadily at T0 while 

the inner side is at Tb)

Hence, overall entropy of 

the wall does not change

 



  

0

gen

b

Q Q
dS S

T T
= 0

 
 

  
 0

1 1
gen

b

S Q
T T
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Entropy generation associated 
with heat transfer under a finite T

Tsurr

Hot gas at Tsys
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Example 1:

A gearbox assembly of a truck receives 60 kW power in the driving shaft (that 

connects the engine and the gearbox) and transmits 58.8 kW to its driven 

shaft (gear box to the axel). Both the shafts are rotating at 600 rpm. The 

outer surface of the wall of the gearbox is maintained at 27 oC, while the 

ambient is at 20 oC. What is the entropy generation rate (i) within the gearbox 

assembly, and (ii) outside?

Ans: 4 W/K, 0.1 W/K 



31

Example 2

Ans: Tf = 303 K, Sgen = 0.2027 kJ/K 



One myth about entropy…

 Myth: Entropy of a system would always increase during a 

process

 Truth: Entropy of the system may increase (e.g., if you supply 

heat to the system) or decrease (e.g., if the system releases 

heat to the surrounding). However, the combined entropy of the 

(system + Surroundings) should always increase (or, stay 

unchanged if it’s a reversible process).

– For example, if a system of hot gas rejects heat to a colder

surrounding, the entropy of the system will decrease, while the

entropy of the surroundings will increase. The magnitude of the

entropy increase (of the surrounding) will exceed the entropy

reduction (of the system) so that the total entropy of the Universe

will increase.
32
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Entropy generation 
would take place ….

– Un-resisted expansion or compression

– Friction (fluid-fluid, fluid-solid or solid-solid)

– Heat transfer with finite temperature 

difference

– I2R heating (Joule heating)

– Magnetization with hysteresis

– Spontaneous mixing in finite concentration  

difference

– Spontaneous chemical reaction

– Inelastic deformation

When Irreversibility occurs

Departure from 

equilibrium

Dissipative 

effects

Any spontaneous process 
leads to entropy generation….
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Entropy balance equation for flow system

     i i e e gen
inlet exitb

dS Q
ms m s S

dt T

Entropy of a system can change
1. Due to heat transfer across its boundary

2. Attributed to the entropy transfer associated 

mass entering or leaving the system

3. Due to entropy generation (irreversibility)

Work transfer has nothing associated with entropy transfer
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Isentropic efficiency (turbine)

     i i e e gen
inlet exitb

dS Q
ms m s S

dt T

0 0

 
gen

e i

S
s s

m

genS

m

Steady flow, adiabatic, internally irreversible
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Isentropic efficiency
(compressor and pump)

 Adiabatic, internally irreversible

For compressor

For pump
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Are both the statements correct?

netW TdS  netW TdS 

Ideal Rankine cycle Actual Rankine cycle



Example: Evaluating a 
performance claim

An inventor claims to have developed a device requiring no energy transfer by work or heat transfer, 

yet able to produce hot and cold streams of air from a single stream of air at an intermediate 

temperature. The inventor provides steady-state test data indicating that when air enters at a 

temperature of 39 oC and a pressure of 5.0 bars, separate streams of air exit at temperatures of -18
oC and 79 oC, respectively, and each at a pressure of 1 bar. Sixty percent of the mass entering the 

device exits at the lower temperature. Evaluate the inventor’s claim, employing the ideal gas model 

for air and ignoring changes in the kinetic and potential energies of the streams from inlet to exit.

38

     i i e e gen
inlet exitb

dS Q
ms m s S

dt T

genS

m

0.454kJ/kgK
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What are the efficiencies of these 
reversible engines?

1200 K

300 K

W = ? kW

QH = 120 kW

QL = ?

300 K

W = 100 kW

QH1 = 120 kW

QL1 = 10 kW

1200 K 900 K

QH2 = ? kW

600 K

QL2 = ?

=? =?

QH2 = 90 kW, QL2 = 100 kW, =47.6%W= 90 kW, QL2 = 30 kW, =75%

Power plant with single 

heat source and sink

Power plant with multiple heat 

sources and sinks


