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This course is aiming at extending fundamental knowledge on the
laws of thermodynamics to various applications and at understanding
statistical approach to diverse problems. Starting from the classical
thermodynamics, basic principles and related topics will be dealt with.
Statistical modeling of gas, solid, and liquid phases will be made,
and behaviors of materials will be intensively studied.
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[ 10 Week ]
[ 11 Week ]
[ 12 Week ]
[ 13 Week ]
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[ 15 Week ]

Introduction

Nature of Thermodynamics, Equation of State
The First Law of Thermodynamics, Applications
The Second Law of Thermodynamics, Applications
Chemical Potential, Kinetic Theory of Gases
Classical and Quantum Statistics

Classical Statistical Treatment of Ideal Gas
Mid-term Exam.

Heat Capacity of Diatomic Gases

Heat Capacity of Solid

Bose-Einstein Gases (1)

Bose-Einstein Gases (2)

Fermi-Dirac Gases (1)

Fermi-Dirac Gases (2)

Final wrap-up
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1.1 What is thermodynamics?

Thermodynamics? ——— Effect of temperature change

Heat motion — Transformations of energy

* The study of heat in the field of physics.

Thermodynamics Other mechanics

Heat

Temperature
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1.1 What is thermodynamics?

* The basis of thermodynamics is experimental observation (empirical).
e Zeroth, first, second and third laws of thermodynamics were founded

and formalized.

Laws of thermodynamics

» The 0" law of thermodynamics: Thermal equilibrium (Definition of temperature)
> The 18t law of thermodynamics: Energy conservation
» The 2" Jaw of thermodynamics: Process directionality

» The 3 law of thermodynamics: Absolute entropy
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1.1 What is thermodynamics?

Thermodynamics

« Classical thermodynamics
* macroscopic

. matter is continuous (direct observation, measurement).

 Statistical thermodynamics
* Mmicroscopic

. matter is particulate (molecules and atoms).
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1.1 What is thermodynamics?

The scale of statistical thermodynamics

-

0 ¢

' o \ﬁ o
d

« Density of particles = 1mole / 22.4L = 6 x 102 particles / 22.4L

« Mean velocity of particles ¢ =450 m/s
 Size of a particled - 1 A =101°m = 0.1 nm scale
« Mean particle separation 0 = 10d = 10° m = 1 nm scale

« Mean free path A= 100 =100d = 108 m = 10 nm scale
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1.2 Definitions

System

Surroundings

Universe

Boundary

Some portion of the physical world, that could be a
container of gas, a piece of metal, a magnet, etc.

The surrounding systems of the given system.
The system can exchange energy or mass with them.

The system, together with its surroundings.

The boundary between a system and its surroundings
through which changes may be imposed.

~ Universe ~N
gy
%

Surroundings
\ J
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1.2 Definitions

System (# control volume)

— Open system
* The system that can exchange mass and energy with its

surrounding.

— Closed system

« The system that cannot exchange mass, but can exchange

energy with its surrounding.

Isolated system

« The system that cannot exchange mass and energy with its

surrounding.
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1.2 Definitions

System
Heat Work
A No energy exchange
Mass Flow /

ST — a |
— | |- : | |
| Control | | A Control

Volume | | Control | | volume |
| | | Volume | | |
s I |
L l— e — &
Work Mass Flow No mass flow \ No mass flow
Heat
Open system Closed system |solated system
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1.2 Definitions

Boundary (= system wall)

— Adiabatic wall
* A boundary that permits no heat interaction with the surroundings.
* An isolated system is adiabatically contained, but a system with
adiabatic wall is not always isolated.
« Mechanical interactions, such as material exchange, volume

change, or magnetic field can be applied.

— Diathermal wall
« A boundary that freely allows heat to be exchanged, but not

mass transfer across boundary.
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1.2 Definitions

Properties — Observable characteristics of a system that describe the

macroscopic behavior of a system.

Property

Extensive property

» Properties that are proportional to the mass.

* Volume, internal energy, entropy, etc.

Intensive property

« Properties that are independent to the mass.

« Temperature, pressure, density, etc.
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1.2 Definitions

Property

« Usually, extensive properties (Volume (V), enthalpy (H), ...) are

given by capital letter.

* Intensive properties Temperature (T), and pressure (P) are two

exceptions to distinguish it from time (t) and probability (p).

* An extensive property can be converted to an intensive property

by dividing by the mass. This is called a specific value.

Value of the extensive property

Specific value =

mass of the system

15/40



1.2 Definitions

1 kilomole — unit of mass m in kilograms equal to the molecular weight.

ex) Molecular weight of oxygen gas (0,) = 32
1 kilomole of oxygen gas (0,) = 32 kg
1 mole of oxygen gas (0,) = 32 ¢
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1.2 Definitions

State — A condition uniquely specified by a set of properties.

Two independent variables can specify the thermodynamic

state of a single component system.

Equilibrium state — One in which the properties of the system are uniform
throughout and do not change with time unless the system is

acted upon by external influences.

Non equilibrium state — A state that characterizes a system in which

gradient exist and whose properties vary with time.

State variable — Properties that describe equilibrium states.
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1.2 Definitions

Equation of state — A functional relationship among the state variables

for a system in equilibrium.

If the state variables are the pressure P, the volume V, and the

temperature T, the equation of state (EOS) takes the form
f(PR,V,T)=0

This relationship reduces the number of independent variables of
the system from three to two. The function f is assumed to be given

as part of the specification of the system.
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1.2 Definitions

The equation of state defines a surface in P-V-T space.

equilibrium state

\f(P, V,T)

> Y

Any point lying on this surface represents a state in equilibrium.
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1.2 Definitions

Path — A series of states through which a system passes.

Process — A change of the state of a system.

‘change of state’ # change of phase or phase transformation

Cyclical process — A process of which the initial and final states are the

same.
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1.2 Definitions

Process

— Quasi-static process

« At each instant, the system departs only infinitesimally from

an equilibrium state.

— Reversible process

« A guasi-static process without any dissipative forces.

Reversible process # Quasi-static process

Irreversible process

« Aprocess includes a finite change with dissipation
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1.2 Definitions

In many processes, some property of the system remains constant.

Isobaric process — The pressure of the system remains constant during

process.

Isochoric process — The volume of the system remains constant during

Process.

Isothermal process — The temperature of the system remains constant

during process.
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1.2 Definitions

diathermal wall 4

(P Vi)

>

heat bath

(a) (b)

In case of figure 1.3, a piston enclosing a gas is immersed in a heat bath,

so that the gas is kept at constant temperature.

If the gas is very slowly compressed, the process is quasi-static, reversible,

and isothermal.
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1.2 Definitions

diathermal wall

(P, Vi)

'

heat bath

gas

(a) (b)

Instead of a gradual compression, if the piston is given a violent push,
sound or shock and turbulence will generated, accompanied by strong
temperature and pressure gradients. In this case, the process is an
irreversible, non-equilibrium process that cannot be represented by a path

in the P-V plane. Only the end points can be plotted
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1.4 Limits of the continuum

* We tacitly assume that classical thermodynamics is a continuum theory,
that properties vary smoothly from point to point in the system.
But if all system are made up of atoms and molecules, it is

reasonable to ask;

how small a volume can we be concerned with and still have

confidence that continuum theory is valid?

we can roughly obtain an approximate answer to this question by invoking

Avogadro’s law:

at standard temperature and pressure, one kilomole of gas occupies 22.4 m?3

1 kilomole = N, = 6.02 X 10%® molecules
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1.4 Limits of the continuum

Density of particles = Imole / 22.4L = 6 x 1023 particles / 22.4L

= ° 9 Yo S @
3 o 3
i .
| | 1nm
1 mm

# of particles in 1 mm?3 = 1016 # of particles in 1 nm3 = 0.01

Classical thermodynamics is applicable down to very small macroscopic

volumes, but ultimately a limit is reached where the theory will break down.
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1.4* Heat carriers

Heat carriers

Heat transfer involves the motion of heat carriers generated by
temperature difference.

Gas molecule — A heat carrier is gas.

Electron — A heat carrier in metals.

Phonon — A heat carrier in solids (electrical insulators).
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1.4* Heat carriers

Phonon

The interatomic interactions in crystals can be represented by a mass-spring
system.

If one side of the solid is hotter, the atoms near the hot side will have larger
vibrational amplitudes, which will be felt by the atoms on the other side of the
system through the propagation and interaction of lattice wave.

A quantized lattice wave is called a phonon.
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1.7 Temperature and the zeroth law of thermodynamics

The zeroth law

. If two systems are separately in thermal equilibrium with a third

system, they are in equilibrium with each other.

A C B C
A and C in thermal B and C in thermal
equilibrium equilibrium
P
A B

A and B in thermal
equilibrium
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1.7 Temperature and the zeroth law of thermodynamics

Temperature

Figure 1.3

The system C can be thought of as a thermometer. Its state is given by the
pair of variables (P, V). From observations, if we choose a particular

value for P,, then V, will be uniquely determined (only one variable is

independent).
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1.7 Temperature and the zeroth law of thermodynamics

The conditions under which A and C are in equilibrium may be expressed

by the equation

F1 (Pa, Va, Pc, Ve) =0, (1)
Where F, is some function of the four variables.

We assume that this equation can be solved for P

Pc =1, (Py Va Vo). (2)
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1.7 Temperature and the zeroth law of thermodynamics

Next we place system B and C in thermal contact (Figure 1.x(b)).

For equilibrium,
F, (Pg, Vg Pc Vo) =0 (3)
or

Pc=1,(Pg Vg Vo). (4)

Equating equations (2) and (4), we obtain the condition under which A and

B are separately in equilibrium with C

fy (P, Va, Ve) =1, (Pg Vg Vo). (5)
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1.7 Temperature and the zeroth law of thermodynamics

But, according to the zeroth law, A and B are then in equilibrium with each

other, so that

F3 (Pa, Va, Pg, Vi) = 0. (6)
Solving for P,, we obtain

Py =13 (V4 Pg Vp). (7)

Now, equation (5) can also be solved for P,, in principle

Pr =g (Va Pg Vg Vo). (8)
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1.7 Temperature and the zeroth law of thermodynamics

Equation (8) states that P, is determined by four variables, whereas
equation (7) says that it is a function of only three.
This can only mean that the function f; and f, in equation 5 contain V. in

such a form that it cancels out on the two sides of the equation.

For example,
fi =01 (Pa V) £ (Vo) + 17 (Vo)

fo=¢1 (Pg Ve) (V) + 1 (Vo).

When the cancellation is performed, we have

¢4 (PA, Vo) = ¢, (PB, V). 9)
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1.7 Temperature and the zeroth law of thermodynamics

Extending the argument to additional systems, we get
¢1 (Pa Va) = ¢, (Pg Vg) = @5 (Pc Vo) = . (10)

For any system in thermal equilibrium with a given system, we can choose

to write

91 (PA, Vo) =T, (11)

Where we define T as the empirical temperature and equation 11 is the
equation of state (EOS) of the system.

Equation 10 then says that systems in thermal equilibrium with one another
have the same temperature. Thus temperature is a property of a system

that determines if thermal equilibrium exists some other system.
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1.7* The laws of thermodynamics

The first law

Law of conservation of energy.

Qp, - Wy, = E, — E

Transferred  Work Internal
heat energy
(temperature related)
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1.7* The laws of thermodynamics

The first law

i
"
|

I
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1.7* The laws of thermodynamics

The second law

For isothermal, quasi—static, irreversible process,

dsZ%Q, or ds=6?Q+50, 56 = 0

E) entropy generation

(disorder production)

)
1 AS = 1’TQ = 0.5,60 = 0.5
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1.7* The laws of thermodynamics

The second law

~
|
|
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1.7* The laws of thermodynamics

The third law

BehaviorofSasT — 0

lim AS =0
T—-0

It is possible to assign S(T=0) =0

This normalized entropy is called ‘absolute entropy’

lim S=0
T—-0
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2.2 Equation of State of an Ideal Gas

PV = ZRT (2.1)
M

m: mass of gas
M: molecular weight
R: universal constant

(8314 x 103 ——)

kilomole-K

 Sincen = % Is the number of kilomoles of the gas, the equation of state of
an ideal gas is

PV = nRT (2.2)
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2.2 Equation of State of an Ideal Gas

In Equation (2.2) we note that the extensive variable V divided by n, the number
of kilomoles of the gas, is the specific volume v.

Thus the equation of state can be written Pv = RT

The projections of the surface f(P,v,T) = 0 on the P — v plane, P — T plane, and
the v — T plane are shown in Figure 2.1

(a) (b) (c)

Figure 2.1 Diagrams for an ideal gas. (a) the isotherms are equilateral hyperbolae; (b) the isochores
are straight lines; (c) the isobars are also straight lines.
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2.3 Van Der Waals’ Equation for a Real Gas

(P + v%) (v—b) =RT (2.3)

a and b: characteristic constants

 The term 1;12 arises from the intermolecular forces due to the overlap of electron
clouds.

« The constant b takes into account the finite volume occupied by the molecules.

- Multiplication of Equation (2.3) by v? yields the equation

Pv3— (Pb+RT)v*+av—ab =0 (2.4)
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2.3 Van Der Waals’ Equation for a Real Gas

« Equation (2.4) is a cubic equation in v with three roots, only one of which
needs to be real.

* In Figure 2.2 some isotherms calculated from the van der Waals equation have
been drawn. .

A

Figure 2.2 Isotherms for
a Van Der Waals’ gas. =P
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2.4 P — v — T Surfaces for Real Substances

« Figure 2.3 is a schematic diagram of the P — v — T surface for a substance
that contracts on freezing

o

triple line

Figure 2.3 P — v — T surface for a substance that contracts on freezing
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2.4 P — v — T Surfaces for Real Substances

» Notice the regions(solid, liquid, gas or vapor) in which the substance can
exist in a single phase only.

» Elsewhere two phases can exist simultaneously in equilibrium, and along
the so-called triple line, all three phases can coexist.

P P
i\
S-L S-L
CP cP
liquid
solid
W
solid CP: Critical point
TP vapor TP i TP: Triple point
N
— | =T

(a) (b)

Figure 2.4 P — T diagrams for (a) a substance that contracts on freezing; and
(b) a substances that expands on freezing
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2.5 Expansivity and Compressibility

« Suppose that the equation of state of a given substance is written in the form
v =v(T,P) (2.5)

» Taking the differential, we obtain

d d
dv = (5)dT + () rdP (2.6)

« The expansivity, or coefficient of volume expansion, is given by

1,0
B=-G)p 2.7)

« This is the fractional change of volume resulting from a change in
temperature, at constant pressure.
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2.5 Expansivity and Compressibility

« Similarly, the isothermal compressibility is defined as

1 0v

k=——()r (2.8)

« This is the fractional change in volume as the pressure changes, with
the temperature held constant.

* The negative sign is used since the volume always decreases with
Increasing pressure (at constant temperature)

« Foranideal gas, v=RT/P
p=1(8)=1 -
BAV: I | (2.9)

k = —1( RT) —% (2.10)

v P2
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2.7 Specific heat

« Specific heat: the amount of heat required to change a unit mass of a substance
by one degree in temperature

Cp, Cyy — The properties we can measure

2 = u(T, v) (2.11)

du AT + Z_Z)Tdv (2.12)
Cy

0Q=AaU+oW . lume ch
- ere is no volume change
= AU + }}dg (constant v)

= AU (2.13)
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2.7 Specific heat

V constant V constant
T1 —)Tz Tl —)TZ
00\

1

Easier to measure heat
and internal energy Iin
difference

0Q

)v — )v ——>  (, can be measured
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2.7 Specific heat

h=u+pv
= h(T, P) (2.14)

dh
dh T + %)TdP (2.15)
C

P

0Q)1deq = Tds = du + Pdv

= dh —yﬁg (2.16)

If there is no pressure change
(constant P)
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2.7 Specific heat

Constant pressure

i B

T1 —)Tz
— 00

» Amount of heat added = Ah

dh
aT)P - aT)P

— > (p can be measured

Cp =
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2.8 Maxwell equation

du = Tds — Pdv (2.17)
u=u(s,v) (2.18)
du S ”‘7 (2.19)
T —P
902U oT 5
dvds ( )S = 9sov ( )v >)s = —a—i (2.20)
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2.8 Maxwell equation

_A(Pv)

I =5as =}

Jacobian

dxdy = rdrd6

X = rcosé

y = rsinf

_0(xy)
- a(r,6)

J

det

P

a(T,s) 9(P,v)

N

T

dx
a0
dy
a0

net

__|cos@ —rsinf
sin@ rcos@

a(P,v)  aP

d(v,s) d,s)  da(s,v) "5

=1(cos?* 8 + sin’*0) =r
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