PHY 341/641 Thermodynamics and
Statistical Mechanics
MWF: Online at12 PM & FTF at 2 PM

Record!!!
Discussion for Lecture 15:

Properties of the Gibbs free energy
Reading: Chapters 5.1-5.2
1. Intensive and extensive variables

2. General properties of Helmholtz and Gibbs free
energies

3. ldeal gas relationships

4. Gibbs free energy G
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schedule -- subject to frequent adjustment.) Reading assignments are for the An Introduction to Thern

Course schedule for Spring 2021

by Daniel V. Schroeder. The HW assignment numbers refer to problems in that text.

| | Lecture date | Reading | Topic \ HW \ Due date
1 |Wed: 01/27/2021 |Chap. 1.1-1.3 |[Introduction and ideal gas equations 1.21  |01/29/2021
2 |Fri:01/29/2021  |Chap. 1.2-1.4  [First law of thermodynamics 117 |02/03/2021
3 |Mon: 02/01/2021 |Chap. 1.5-1.6  (Work and heat for an ideal gas | |
4 |Wed: 02/03/2021 |Chap. 1.1-1.6 [Review of energy, heat, and work 145  |02/05/2021
5 |Fri: 02/05/2021  |Chap.2.1-2.2  |Aspects of entropy | |
6 |Mon: 02/08/2021 |Chap. 2.3-2.4  |Multiplicity distributions 224 |02/10/2021
7 |Wed: 02/10/2021 |Chap.2.5-2.6 [Entropy and macrostate multiplicity 226 |02/12/2021
8 |Fri: 02/12/2021  |Chap. 2.1-2.6  |Review of entropy and macrostates 232 |02/15/2021
9 |Mon: 02/15/2021 |Chap. 3.1-3.2 [Temperature, entropy, heat 3.10a-b|02/17/2021
10 |Wed: 02/17/2021 |Chap. 3.3-3.4 [Temperature, entropy, heat 3.23  |02/19/2021
11 |Fri: 02/19/2021  |Chap. 3.5-3.6  [Temperature, entropy, heat 3.28  |02/22/2021
12 |Mon: 02/22/2021 |Chap.4.1-4.3 |Ideal engines and refrigerators 4.1 |02/24/2021
13 |Wed: 02/24/2021 |Chap. 4.3-4.4 |Real engines and refrigerators 4.20  |02/26/2021
44 [Fri- 02/26/2021 __|Chap 5 1 |Free energy 55 ___103/01/2021
15 |Mon: 03/01/2021 |Chap. 5.1-5.2 | |Thermodynamic relations 1.46¢c-e (03/03/2021
16 \Wed: 03/03/2021 |Chap. 5.3 Phase transformations 3.33  |03/05/2021
17 |Fri: 03/05/2021  |Chap. 5.3 Phase transformations 5.14a-e|03/08/2021
18 [Mon: 03/08/2021 | | | |
19 |Wed: 03/10/2021 | | | |
20 |Fri: 03/12/2021  |Chap. 1-5 IReview | |

Take

Mon: 03/15/2021 |No class APS March Meeting Home
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Comment — the homework assignments include
problems from earlier chapters that we are now in a
better position to understand. They involve evaluating
material properties. For most materials, these must be
determined experimentally for each different material. In
some cases, we can evaluate them analytically assuming
the ideal gas law.



Your questions —

From Parker — What is the advantage of using the Helmholtz versus the Gibbs free
energy, when is one more appropriate than the other?

From Chao -- while expressing Gibbs free energy this time, why are we doing the
summation of the chemical potentials, instead of just a single mu times dN?

From Kristen — 1. In the book it says that the entropy of the environment can
increase if it acquires volume from the system, what does this mean exactly? 2. Could
you explain how we get equation 5.357?

From Michael -- Could you elaborate a little more about what the book means
when it says "it was crucial that the two variables being held fixed in eq 5.34, T and P,
were both intensive so that all extensive quantities could grow in proportion to N"?

From Rich -- In the equation for dStotal, is T the system or environmental
temperature?



Thermodynamic quantities

Among the many thermodynamic functions and variables
that we have encountered, it is useful to distinguish two
types in terms of how they scale with size —

Intensive — independent of system size
Extensive — proportional to system size

Examples —

Temperature T - Intensive or Extensive?
Volume V - Intensive or Extensive?
Pressure P - Intensive or Extensive?
Entropy S - Intensive or Extensive?



Examples of intensive variables

Temperature T
Pressure P
Chemical potential n
Number density N/V

Examples of extensive variables

Number of particles N
Volume V

Entropy S

Internal energy U
Enthalpy H
Helmholtz free energy F
Gibbs free energy G



Summary of thermodynamic energies

Internal: U(S,V,N) dU =T1dS — PdV + udN
Enthalpy: H(S,P,N)=U+PV  dH =T1dS +VdP+ udN
Helmholtz: F(T,V,N)=U -8T  dF =-8dT — PdV + udN
Gibbs: G(T,P,N)=F+PV  dG=-5dT +VdP+ udN

Note that, in order to maintain constant T, P, etc. we need to
introduce the notion of interaction of our system with a
‘reservoir’.  For the moment, we will assume that the
effects of the reservoir are negligible and that all processes in
our “system” are performed under quasi-static conditions.
More generally, corrections from reservoir effects lead to the
iInequalities mentioned in our textbook.



Summary of thermodynamic functions

Internal energy U=US,V,N) dU=TdS—-PdV + udN

Entropy S=SW.V.N) dS=—au+Lay_£an
T T T

Enthalpy H=H(S,P,N) dH=TdS+VdP+ udN

Helmholtz free energy F =F(T,V,N) dF =-8dT — PdV + udN
Gibbs free energy G=G(T,P,N) dG=-8dT+VdP+ udN

a] ?’N

Some first derivative relationships --
S:_(@_Fj :_(@_Gj V:(ﬁ_Hj :(@_Gj
oT ), x oT )p v OP )s v \OP ),y

T— (5_(/) _ (aﬂj pe _(5_(])
oS Jyn 0S Jp oV Jsn
_(5_(]} _ (@ﬂj _(5_Fj _(5_Gj
av)s v ), \av),, \av),,



Properties of the Helmholtz free energy

Helmholtz: F(T,V,N)=U -S8T  dF =-8dT — PdV + udN
—> Under quasi-static conditions of constant 7',}/, and V:
dF =0 so that at equilibrium, the system 1s characterized

by the minimum value of F'.
Why "free" energy?
AF =AU - A(TS)
From first law: AU =AQ+AW =AQ+AW . . +AW .
Under conditions of constant temperature, AQ = A(7S)

Under conditions of constant volume, AW =0

mechanical
= AF =AW

other



Properties of the Gibbs free energy

Gibbs: G(T,P,N)=U - ST + PV dG =-SdT —VdP + udN
— Under quasi-static conditions of constant 7',P, and N:
dG =0 so that at equilibrium, the system is characterized

by the minimum value of G.
Why "free" energy?
AG =AU - A(TS)+A(PV)
From first law: AU = AQ+AW =AQ + AW,
Under conditions of constant temperature, AQ = A(7S)
=0 and VdP =0

+ AW

echanical other

Under conditions of constant pressure, AW,
= AG =AW

other

echanical



Helmholtz free energy for monoatomic ideal gas
[We have only worked out the entropy for this case.]

For monoatomic 1deal gas --
Equation of state: PV = Nk, T
3

Internal energy: U= ENkBT
Entropy: S =Nk,| In v ((4zMU ) +§
b7 | LN 3NK? 2
V (2xMNk,T\"
Helmbholtz: F=U-TS=-Nk,T| In — +1
N Nh

3/2
Helmholtz 1 u= (a—Fj =—k,T| In 4 (ZEA{kBTj
ON ), N h



Gibbs free energy for monoatomic ideal gas

[We have only worked out the entropy for this case.]
For monoatomic 1deal gas --

Equation of state: PV = Nk,T

Internal energy: U = % Nk,T
V(4zMUY" ) 5
Entropy: S =Nk.|In L2
py B{ (N( 3N j } 2}
3/2
Gi1bbs: G=U-=-TS + PV = _NkBT In 4 (27TM]\]2kBTj
N Nh

3/2
—NKT|In k,T (27zMZkBTj
P h

3/2
Gibbs ;= (8_(?} =k, T| In kBT(Zﬂ]WszTj
ON )7 p P h




Summary of results for chemical potential of ideal gas --

3/2
Helmholtz 1 u= ( 6Fj =—k,T'| In 4 (2ﬂ];l{kBTj )]
T,V

ON N
3/2
Gibbs u: yz(é—G) =—k,T| In kBT(zﬂMZkBTj
ON ), p P h
Are these equivalent?
a. Yes?
b. No?

Note that for the constant 7" and P case:
p=u(T,P)=u(T), B)+(u(T,,P)— u(T,,R))
P

=Ty, By) + kT, In [_]
5



One further comment about chemical potential using ideal
gas example

3/2
Gibbs: G =-Nk,T| In kpl' [ 22Mh, T =G(T,P,N)
B P h2
3/2
Gibbs 1: u= (2—5) = —kBTEInLk;T (277];1421‘3Tj B = u(T, P)
T,P

Also note that G(T,P,N)=Nu(T, P)



Note that for most materials, the equation of state and
equations describing thermodynamic energies are much
more complicated than that of the ideal gas. @ We rely on
experimental measurements to find values of the
parameters to analyze the systems.  Some useful
parameters are as follows.

Thermal expansion coeffient: (See problem 1.7)

_(or) 1
0=(3),,7



Example --

Volumetric Temperature Coefficients - 8 - for some Fluids

« water at 0°C: -0.000050 (1/°C)
» water at 4°C: 0 (1/°C)

« water at 10°C: 0.000088 (1/°C)
» water at 20°C: 0.000207 (1/°C)
e water af 30°C: 0.000303 (1/°C)
o water at 40°C: 0.000385 (1/°C)
» water at 50°C: 0.000457 (1/°C)
« water at 60°C: 0.000522 (1/°C)
o water at 70°C: 0.000582 (1/°C)
o water at 80°C: 0.000640 (1/°C)
» water at 90°C: 0.000695 (1/°C)

https://www.engineeringtoolbox.com/volumetric-temperature-expansion-d 315.html
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Isothermal compressibility: (See problem 1.46)

K(T) E_(Z_Zj %

Note the following relationship for partial derivatives:

(a_p) (ov/er),,
oT )y (OV/0P),




Heat capacity at constant volume: (See problem 3.33)

_p(3S
(= T(@Tjw



Behavior of Gibbs free energy for a material that changes phase
http://hacker.faculty.geol.ucsb.edu/geo124T/lecture.html

9G _y
) o

A

G

Example material
that has phases
o and B --

\""'x.
Ty
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Coexistence line as a function of T and P for phases of water

A T (°C) P, (bar) L (kJ/mol)
Critical point — 40 0.00013 51.16
221+ —20 0.00103 51.13
o 0 0.00611 51.07
2 0.01 0.00612 45.05
w Ice 25 0.0317 43.99
Z 50 0.1234 42.92
o Steam 100 1.013 40.66
= 150 4.757 38.09
0.006 + Triple point 200 15.54 34.96
250 39.74 30.90
: : - 300 85.84 25.30
—273 0.01 374 350 165.2 16.09
Temperature (°C) 374 220.6 0.00

Figure 5.11. Phase diagram for HoO (not to scale). The table gives the vapor
pressure and molar latent heat for the solid-gas transformation (first three entries)

and the liquid-gas transformation (remaining entries). Data from Keenan et al.
(1978) and Lide (1994). Copyright (©)2000, Addison-Wesley.
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