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Lecture 5:-
Entropy,the Second Law

of Thermodynamics
(com'mued)



Material covered in Lecture 5

Entropy and the 2nd law

* Heat engines, Carnot Cycle and the maximum efficiency

« Applications of heat engines and Carnot Efficiency to atmosphere,
ocean and deep earth

« 2nd Law of thermodynamics

» First and second laws combined

« Energy functions; Maxwell Equations



Heat engine

device which extracts work as thermal energy
flows from a hot reservoir to a cold reservoir.

« external combustion engines

(e.g. steam or Stirling engine)

 Internal combustion engine

hot reservoir

(e.g. petrol or diesel engine, jet engine)
* refrigerators W

* Clouds and weather systems
(convective clouds, hurricanes)

« Many other types

Qn

Qc

cold reservoir




Efficiency of a heat engine

hot reservoir T,

The efficiency of a Qn
Heat engine depends
on the temperatures N w=Qy-Q,
of the hot and cold J a
reservoirs (Carnot)
Q.
y

cold reservoir T,




Carnot cycle: Maximum
efficiency

proposed by Carnot in 1824.
* most efficient cycle for an engine,
converting a given amount of

thermal energy into work

* most efficient cycle for a

refrigerator, creating a AT (pumping

the maximum heat) by doing a
given amount of work.

It is the cycle for which AS i erse
Other cycles tend to have AS
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= 0. It cannot get better than that.

universe

> (0 so are less efficient.



Carnot cycle: Maximum efflClency
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Carnot cycle: Maximum efficiency
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Carnot cycle: Maximum efficiency
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Carnot cycle: Maximum efficiency
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Carnot cycle: Maximum efficiency
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Carnot cycle. Maximum efflc_lency
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Car'no‘r cycle. Maxumum efflClency
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Kerry Emanuel

Hurricanes as a Carnot Engine

Hurricanes: Tempests
in a greenhouse

Greenhouse gases make Earth’s surface hotter than it would be if the
planet were simply a blackbody radiator. That additional warming is
an important driver of hurricanes.

Kerry Emanuel is a professor of atmospheric sciences at the Massachusetts Institute of Technology in Cambridge, Massachusetts.

The tropics have generally the most benign climates found
on Earth, with gentle breezes and small daily and seasonal
temperature variations. Why, then, do tropical climates breed
the most destructive wind storms known? This brief tutorial
explains the paradox and presents an overview of hurricane
physics.

The greenhouse effect

Of the solar energy that streams to Earth, about 30% is re-
flected by clouds or the surface, and an additional small per-
centage is directly absorbed by atmospheric water —either
gaseous or condensed in clouds. The radiation that escapes
reflection or absorption in the atmosphere is absorbed by the
surface, which transmits energy upward both by radiation
and in vast convective currents whose visible manifestations
are the beautiful cumulus and cumulonimbus clouds that ply
the tropical skyscape. The outgoing photons have much
longer wavelengths than the incoming photons, since Earth’s
surface temperature is far lower than the Sun’s. The outgoing
IR radiation is strongly absorbed by clouds and by trace
amounts of certain gaseous components of the atmosphere,
notably water vapor, carbon dioxide, and methane. Those
constituents reradiate both upward and downward. Re-
markably, the surface receives on average more radiation

Manuscript in reading material

ated with precipitation absorb most of the entropy produc-
tion and spare people from violent winds. But not always.

A Carnot engine

In the part of the tropics where the sea surface is warm
enough and the projection of Earth’s angular velocity vector
onto the local vertical axis is large enough, random small-
scale convective currents sometimes organize into rotating
vortices known as tropical cyclones. In computer models of
the tropical atmosphere, such organization can happen spon-
taneously, but usually only if a combination of ocean tem-
perature and rotation is somewhat higher than those ob-
served in nature. In subcritical conditions, some trigger is
necessary to initiate the vortices, and in the terrestrial at-
mosphere tropical cyclones only develop from preexisting
disturbances of independent origin. In mathematical parl-
ance, tropical cyclones may be said to result from a subcriti-
cal bifurcation of the radiative—convective equilibrium state.
About 10% of them develop in the Atlantic Ocean, where the
disturbance is often a 100-km-scale “easterly wave” that
forms over sub-Saharan Africa and then moves westward out
over the Atlantic. When its maximum wind speed exceeds
32 m/s, it, by definition, becomes a hurricane.

The convective core of a tropical cyclone may be many

(2 pages)



Hurricanes as a Carnot Engine

The hurricane as a
Carnot heat engine.
This two-dimensional
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14 = =73 plot of the thermody-
namic cycle shows a
vertical cross section of
the hurricane, whose

storm center lies c:1|ong
the left edge. Colors
depict the entropy dis-
tribution; cooler colors
indicate lower entropy.
The process mainly
responsible for driving
6 the storm is the evapo-
ration of seawater,
which transfers energy
T . from sea to air. As @
H "¢ result of that transfer,
air spirals inward from
A to B and acquires
enfropy at a constant
temperature. It then
undergoes an adiabat-
ic expansion from B to
C as it ascends within
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equilibrium with the sea. loses the entropy it acquired from the sea. The depicted com-

The figure illustrates the four legs of a hurricane Carnot T ERSL WERVEIIVREYeT R Yo I EUEE W I Ye -\ P s
cycle. From A to B, air undergoes nearly isothermal expan- [T e ErRe TRl [fe] o¥e oo ety Ty o WA oT] O | Yo CoTUT I R
sion as it flows toward the lower pressure of the storm cen-  [JECIHITREVEY

ter while in contact with the surface of the ocean, a giant heat
reservoir. As air spirals in near the surface, conservation of



The Laws of Thermodynamics

0. Two bodies in thermal equilibrium are at same T
1. Energy can never be created or destroyed.

AE =q+w

2. The total entropy of the UNIVERSE
(= system plus surroundings) MUST INCREASE
In every spontaneous process.

ASTOTAL = ASsystem +ASsurroundings >0

3. The entropy (S) of a pure, perfectly crystalline
compound at T=0 K is ZERO. (no disorder)

Sty = 0 (perfect xll)
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Life and the second law
Schrodinger (1943) What is life?

‘Life’s ability to maintain itself, expand, and reproduce in a world
subject to the second law is a paradox explained by the fact that
live beings, open to and dependent upon energy via light or
chemical reactions, release heat and other thermodynamic
wastes into their environment. ... Their high organisation and
low entropy is made up for by pollution, heat, and entropic

export to their surroundings.’ E Schneider & D Sagan (2005)
Into the Cool: Energy flow, thermodynamics and life

‘Metabolism’ [Greek: meta, after + bole, change]



Sustaining life & entropy production

‘Gradients can be of pressure, chemical concentration, temperature
or any work-related potential. As gradients move systems away
from equilibrium, the systems shift states so as to oppose the
applied gradients. In general, as systems move away from
equilibrium, increasingly more energy is needed to keep them

there.’

E Schneider & D Sagan (2005)
Into the Cool: Energy flow, thermodynamics and life

l.e.: Life helps bring more disorder to the universe.
A consequence of the second law?



Gibbs Free Energy
AS,, :ASsurr T ASsys
ASyniv = T = 4 ASsys

Multiply through by -T

-TAS iy = AHgys - TAS

-TAS,,, = change in Gibbs free energy
for the system = AG, e

Under standard conditions —

J. whllard Gibbs

The Gibbs

AG° = AH? - TASO Equation

18



Sign of AG for Spontaneous processes

2nd LAW requirement for SPONTANEITY Is:

ASTOTAL = ASsys.tem +ASsurroundings >0

Multiply by T TAS + TAS > 0

system surroundings

= AHO o/ T

and ASsurroundings system
Thus TAS - AHO >0

Multiply by -1 (->reverse > to <), drop subscript “system”

=) AH°-TAS <0 and AG°=AH° -TAS

system system

—> AG° < O for all SPONTANEOUS processes

19



Sign of Gibbs Free Energy, AG
AG® = AH® - TAS°

* change in Gibbs free energy =

(total free energy change for system - free energy lost in
disordering the system)

* If reaction is exothermic (AH° is -ve) and
entropy increases (AS° is +ve), then
AG° must be -ve and reaction CAN proceed.

* |f reaction Is endothermic (AH° is +ve), and
entropy decreases (AS° is -ve), then

AG° must be +ve; reaction CANNOT proceed.

20



Gibbs Free Energy changes for reactions

AG® = AH® - TAS®

AH° ASO AGO Reaction

exo (-) Increase(+) - Product-favored
endo(+) decrease(-) + Reactant-favored
exo (-) decrease(-) ? T dependent
endo(+) Increase(+) ? T dependent

Spontaneous In last 2 cases only If
Temperature Is such that AG° <0

21



Thermodynamic functions
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See notes for more details




