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X' : irreversible change
in the interior of the system
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Figure 3.7 Entropy changes in a system consist of two parts: d;§ due to nreversible
processes, and ¢ .S, due to exchange of energy and matter. According to the second law,
the change ;8 is always positive. The entropy change .S can be positive or negative

dS=dS+d.S
d.S =entropy production d.S = entropy flow

G. Jaumann, Math. Naturw. Klasse, 120 (1911) 385

dS=dS+d.S

For closed systems, deS = ﬂ; diS = & >0
T T
0Q’

For isolated systems, deS =0 diS =—= >0
T
For open systems,

d,S = 5T—Q+(o|es)rnatter - ds=22s¢




Universality of thermodynamic laws

Clausius in later years

15t Law: The Energy of the Universe is Constant.

2"d Law: The Entropy tends to a Maximum.

Kelvin

“The Heat Death of the Universe”

Kelvin measured the rate at which heat is
radiated from the Earth’s surface and
predicted that 2,000 years in the future,
the Earth will become ice cold and unable

to support life.




Josiah Willard Gibbs (1839-1903)

On the Equilibrium of
Heterogeneous Substances
(1876)

http://www.aip.org/history/gap/Gibbs/Gibbs.html

Gibbs' starting point for analyzing a system was
the state of equilibrium, which is characterized
by a maximum in the system's entropy.

Little has been done to develop the principle
as a foundation for the general theory
of thermodynamic equilibrium.

He proceeded to correct this situation, demonstrating
for the first time the uses of the differential relationship
in a system between energy E, pressure P, volume V,
temperature T, and the entropy S, the last quantity
then scarcely understood: dE = TdS - PdV.

http://www.aip.org/history/gap/Gibbs/Gibbs.html




Carnot Engine Cycle

http://www.colorado.edu/che/CLASSES/3320f/

Entropy Change during Carnot Cycle

1. Isothermal Expansion : AS= AQ, /T,

2. Adiabatic Expansion : AS=0

3. Isothermal Compression: AS= -AQ /T .o
4. Adiabatic Compression : AS=0

Since AQin/ThOt: AQout/Tcoldv
AStotal =0




AE = AQ - AW
For areversible case,

AS:A—g ordS:g—g
T T
AE = TAS - PAV

dE = TdS - PdV

— a new form of the First and Second Laws

Enthalpy
E + PV = Enthalpy = H

AH = TAS + VAP

dH =TdS + VdP

— a new form of the First and Second Laws




AE = AQ - AW
AE = AQ at constant volume
AQ = C,AT= AE
Cv . constant volume heat capacity
T2
Cv — E AE = CVdT
AT T

AE=AQ-AW AW = PAV
at constant pressure
AQ = AE + PAV = AH
AQ = C.AT = AH

CP . constant pressure heat capacity

AH _ ("
CP :E AH — i deT




Exercise Problem

At a pressure of 1 atm the equilibrium melting temperature
of lead is 600 K, and, at this temperature, the latent heat
of melting of lead is 4810 J/mole. Calculate the entropy
produced when 1 mole of supercooled liquid lead
spontaneously freezes at 590 K and 1 atm pressure.

The constant-pressure molar heat capacity of liquid lead,
as a function of temperature, at 1 atm pressure is given by

Co=32.4-3.1x103T JK
and the corresponding expression for solid lead is

Co = 23.6 +9.75x 10° T J/K

Entropy change of the system

1. Step a — b: 1 most of supersaturated liquid lead is heated reversibly
from 590 to 600 K at 1 atm pressure.

2. Step b — c: 1 mole of liquid lead is solidified reversibly at 600 K
(The equilibrium melting or freezing temperature is the only temperature
at which the melting or freezing process can be conducted reversibly).

3. Step ¢ — d: 1 mole of solid lead is reversibly cooled from 600 to 590 K
at 1 atm pressure.

As entropy is a state function,

AS 4,4y =AS(ap) T AShoe) T AS L)




Siaum = J- bR,y :jbéQ J-bl‘lCp pondT

a T & T
_ BOOKM EOOK 3274_31 1072 [dT
o0 T 590K T
600

=324In_ -3, 1x107% x(600 - 590) = +0.514 J / K

ASi ye) = Qe = % = _ 4810 =-8.017J/K
T T 600

4 0Q,, _ [40Q, 590K NC, pps)dT
AS(eq) = .[ T T _.[GOOK T
- 59°K(236+9 75x10° de
600K T
590

=23. 6In%+9 .75%x107° x(590-600) = -0.494 J / K

AS, 4 =+0.514-8.017-0.494 =-7.997 J/ K

As the heat is transferred at constant temperature, then Q, = AH
As H is a state function,

AH(a—»d) = AH(a—>b) + AH(b—>c) + AH(c—>d)

AHo ) = jncppb(l)dT j (32.4-3.1x10°T)dT

3
= 32.4x(600—590)—%(6002 ~590?) = +306 J

AH. ., = —4810 J

590K

CommedT = [ (23.6+9.75x10°T )dT

3
= 23.6x(590 - 600)+%(5902 ~600%) =294 J

AHe ) =]

600K

4799

surrounding = 590

AHaya, = AQ, =—4799 1 AS =8.134 J/K

AS, . =AS +AS —7.994 +8.134 =0.137 J/K

total system surrounding =




AHo s =AQ, = 47993 AS. e = 199 _g 134 JIK
° 90

surrounding 5

ASia = AS,em + ASuuounding = —7-994 +8.134 = 0.137 J/K

AG =7

AG =AH,, 4 ~TAS, )
=-4799 J —590x(-7.994J / k) =-82.54 J

AG =-TAS,,, =-590x0.137 = -80.83J

=T (AS

system + ASsurroundmg ) -T ( —7.994 + 4799)

7.994T —4799 =-82.54

T( —7.994 + 4799)

dG =dH - d(TS) = -SdT +VdP
AG=AH-TAS and dG =-SdT + VdP

ol & ’%'S HEH CHED?
Ol & 20N G= HE AN CHEJH?

Homework Problems

1) dG =-SdT +VdP, O|& = Ol EoHA 22 SHI0IA 2
BIOHS BtS2l 23S Hottdcth




Why do we consider
Free Energy

(Gibbs, Helmholtz)?

Why the term “free” energy?

dS=d.,S+d.S

HII0IA dS= AlIAE S HEZT]
Olgt2+=s=2-JtE = ULL

=, irreversibility2| J|=2 d,SOI Xl dSJt OtLICt.

dSE ol System2 2 2
& =F 0F OtLlet
Surrounding 222 & =2
Jedoll =01 0F tCt.




dStotaI = dSs.ys + dS
=d.S+dS-d.S=dS

surr

O™ dS,,2 75t H, surrounding 2
ANEZI| HetE L 0t0F oF 12,

12424 ™, surrounding® 2 & E 2 0t0k
ot, (e JtXlg 2H6tC,

G=H-TS=E+PV -TS

dG =dE +PdV +VdP -TdS -SdT
=dQ —-PdV +PdV +VdP
-Td,S-Td;S -SdT
=Td,S-Td,S-TdS atconst. T&P
=-Td,S atconst.T &P

dG =-Td,S <0 at const.T &P




