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INn this lecture...

Introduction to the second law of
thermodynamics

Thermal energy reservoirs

Heat engines

Kelvin—Planck statement
Refrigerators and heat pumps
Clausius statement

Equivalence of the two statements

Perpetual motion machines of the second
kind (PMM2)
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Second law of thermodynamics

 Need for the second law of thermodynamics

— Limitations of the first law of
thermodynamics

— Directionality of a process
— Quality of energy
« Examples

— A hot object does not get hotter in a
cooler room.

— Transferring heat to a resistor will not
generate electricity.
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Second law of thermodynamics

 Processes proceed In a certain direction and
not in the reverse direction.

 The first law places no restriction on the
direction of a process.

 This inadequacy of the first law to identify
whether a process can take place or not is
remedied by the second law of
thermodynamics.

* A process cannot occur unless it satisfies
both the first and the second laws of
thermodynamics.
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Second law of thermodynamics

The first law of thermodynamics was

concerned only with the quantity of energy
and its transformations.

Second law reveals that energy has
quantity as well as quality.

Second law of thermodynamics determines
theoretical limits for feasibility of a
process.
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Thermal energy reservoir

A hypothetical body with a relatively large
thermal energy (mass x specific heat).

Supply or absorb infinite amounts of heat
without any change In its temperature

Eg. Oceans, lakes, atmosphere

A reservoir that supplies energy in the
form of heat: Source

A reservoir that absorbs energy in the
form of heat: Sink
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Heat engines

Work can be rather easily converted to heat.

The reverse process Is not easy and
requires special devices: heat engines

Receive heat from a high-temperature
source (solar energy, oil furnace etc.).

Convert part of this heat to work

Reject the remaining waste heat to a low-
temperature sink

Operate on a cycle
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Heat engines

Work No Work
::> —

o Heat | Jl—

Water i | Water

Work can be easily converted to heat,
but the reverse does not occur naturally.
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Heat engines

High temperature
Source

Qin
Heat
et ) Y W o

QOUt

Low temperature
Sink

Heat engines convert part of Q;, to W, o ot
and reject the balance heat to the sink.
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Heat engines
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Low temperature
Sink (atmosphere)
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Heat engines

 The net work output of the heat engine
Wnet,out — Wout o Win (kJ)
« The heat engine system may be

considered as a closed system and hence
AU=0.

Wnet,out — Qin _ Qout (k‘])
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Thermal efficiency

e Q.t- €nergy “wasted” during the process

 Only part of the heat input can be
converted to useful work output.

 For heat engines, thermal efficiency is
defined as

Thermal efficiency = Net work o_utput
Total heat input

N, = Wnet,out —1— Qout

" Qin Qin

(Si nce net,out an QOUt)
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Thermal efficiency

High temperature

Source

Q;,=100 kJ Qin=100 kJ
Heat Heat
Engine Engine
1 Wt out 2 Whet,out My = 29 —0.25
net,ou —

=25 kJ 35 KJ 100

Q. =75 kJ Q,,=65 kJ 35 0.35
Low temperature Thn2 = 100 -

Sink

All heat engines do not perform the same way.
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Thermal efficiency

 Even the most efficient heat engines
reject a huge fraction of the input
energy.

« Thermal efficiency of common heat
engines

— Automobile engines: 20-25%

— Aero engines: 25-30%

— Gas turbine power plants: 40%

— Combined cycle power plants: 60%
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Kelvin-Planck statement

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

 That Is, a heat engine must exchange
heat with a low-temperature sink as well
as a high-temperature source to keep
operating.

 No heat engine can have a thermal
efficiency of 100 percent.
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Kelvin-Planck statement

 The impossibility of having a 100 percent
efficient heat engine is not due to friction
or other dissipative effects.

e It is a limitation that applies to both the
Idealized and the actual heat engines.

« Maximum value of thermal efficiency
depends on the reservoir temperatures
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Heat engines

High temperature
Source

Heat _
Engine » Wnet,out_Qin

Qout=0

A violation of the Kelvin-Planck statement as
there is no Q. :, which means n4=100%

Prof. Bhaskar Roy, Prof. A M Pradeep, Department of Aerospace, IIT Bombay



INTRODUCTIONTO AEROSPACE PROPULSION [ ect-10

Refrigerators and heat pumps

 Refrigerators and heat pumps transfer
neat from a low temperature medium to a
nigh temperature one.

 Both of these devices operate on the
same cycle, but differ in their objectives.

 Refrigerator: maintains the refrigerated
space at a low temperature by removing
heat from It.

« Heat pump: maintains a heated space at
a high temperature
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Refrigerator

Warm surroundings
T.,>T,
Requjr;d input

net,in

Desired output

Cold refrigerator
space at T,

Refrigerator removes heat from a cooled
space and rejects heat to the ambient.
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Heat pump

Desired output

Warm heated space
T.,>T,
Q

W

net,in
~

Required input
QL

Cold environment
at T,

Heat pump supplies heat to a heated space.

Prof. Bhaskar Roy, Prof. A M Pradeep, Department of Aerospace, IIT Bombay



INTRODUCTIONTO AEROSPACE PROPULSION [ ect-10

Coefficient of performance

 The efficiency of a refrigerator is
expressed in terms of the coefficient of
performance, denoted by COP.

e COP iIs expressed as:
Desired effect
Required input
Requiredinput =W, ., =Q,,—Q,

COP =
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Coefficient of performance

For a refrigerator, the desired effect s Q,

Hence, COP, = 2
QH _QL

Similarly, for a heat pump, the desired effect s Q,,

cop,, =
QH _QL
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Coefficient of performance

e COP,, =COP; + 1
» Hence, COP_, will be always = unity
» COPg can also be = unity (but not always)

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

Prof. Bhaskar Roy, Prof. A M Pradeep, Department of Aerospace, IIT Bombay



INTRODUCTIONTO AEROSPACE PROPULSION [ ect-10

Clausius statement

e It is Impossible to construct a device that
operates in a cycle and produces no effect
other than the transfer of heat from a lower-

temperature body to a higher-temperature
body.

* Refrigerators and heat pumps do not violate
the Clausius statement as they operate with
a work input.

e Both the Kelvin—Planck and the Clausius
statements are negative statements, and
hence cannot be proved.
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Equivalence of the Kelvin-Planck
and the Clausius statement

High temperature
reservoir at T,

Refrige
rator

Low temperature
Reservoir at T
A refrigerator that works using a heat
engine with n,,=100%
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Equivalence of the Kelvin-Planck
and the Clausius statement

High temperature
reservoir at T,

Refrige
rator

Low temperature
Reservoir at T

The equivalent refrigerator
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Perpetual motion machines of the
second kind (PMM2)

 Any device that violates the second law is

called a perpetual-motion machine of the
second kind (PMM2).

e Such a device will

— Either generate work by exchanging heat
with a single reservoir

— Or transfer heat from a low temperature

reservoir to a higher temperature one
without any work input.
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Perpetual motion machine of the
second kind (PMM2)

System boundary ﬁQi”

——————————————————————————————————
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Recap of this lecture

Introduction to the Second Law of
thermodynamics

Thermal energy reservoirs

Heat engines

Kelvin—Planck Statement
Refrigerators and heat pumps
Clausius statement

Equivalence of the two statements

Perpetual motion machines of the second
kind (PMM2)
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INn the next lecture ...

e Reversible and Irreversible Processes
e Irreversibilities

* Internally and Externally Reversible
Processes

e Entropy

e Clausius theorem and inequality
 Property of entropy
 Temperature-entropy plots

e Isentropic processes
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