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e Thermodynamics

; the investigation of energy transformations
that accompany physical and chemical changes in matter

, use to evaluate the flow and interchanges of matter and energy

< How to describe the thermodynamic system?

« A few macroscopic properties: p, T, V, n, m etc.

« Knowledge if system is homogeneous or heterogeneous
« Knowledge if system is in equilibrium state

« Knowledge of the humber of components



Thermodynamic system

\

I X (g,

Environment (2t3&) or

Reservoir (2 &)
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* |solated system : physical system that does not interact with its surroundings.

It obeys a number of conservation laws its total energy and mass stay constant.

They cannot enter or exit, but can only move around inside.

* Closed system : Can interchange energy and mechanical work with other outside systems

but not matter. Ex. mass conservation

* Open system : Can be influenced by events outside of the actual or conceptual bounglaries.



Thermodynamic system
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Thermodynamic system
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Thermodynamic system

Open system (2 &l H) : QU X(E 0t &), EE 25 &3 WEtot= A OIL.

Olgd A= EAE U =(permeable) Z H 2t StCT.
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Chapter 1.1
Equilibrium
Mechanical equilibrium | |

I

(a) (b) (c)

. total potential energy of the system is a minimum.

Thermal equilibrium we e [e ac

30°C 32°C

: absence of temperature gradients in the system we el e e

(a) Before (b) After

Chemical equilibrium

: no further reaction occurs between the reacting substances
i.e. the forward and reverse rates of reaction are equal.

Thermodynamic equilibrium

: the system is under mechanical, thermal and chemical equilibrium



Equilibrium The properties of the system-pressure, temperature, volume

dG

B and concentrations-do not change with time.

No desire to change ad infinitum

=) Lowest possible value of Gibb’s Free Energy

Equilibrium

| dG=0 unstable

. |
Gibbs free | metastable
energy |

|
G |
|
|
|

®

Arrangement of atoms

Phase Transformation AG=G,-G, <0 J




Gibbs and Helmholtz free energies

When no useful work is being extracted from the sub-system, |dX <0

The energy X reaching a minimum at equilibrium, when dX=0.
If no chemical species can enter or leave the sub-system, then > 14, N, can be ignored.

If furthermore the temperature of the sub-system is such that T is always equal to Tg,

then | X = E TS + PV +const

X =E-TS +const'= A+ const'

If the volume V is constrained to be constant, then
where F is the thermodynamic potential called Helmholtz free energy, F=E —TS.

Under constant volume conditions therefore, dF < 0 if a process is to go forward,;

and dF=0 is the condition for equilibrium.

Helmholtz free energy : F=E —TS.
Useful when V is constrained during thermodynamic process.
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Gibbs and Helmholtz free energies

If the sub-system pressure P is constrained to be equal to the external reservoir pressure Pg,

X =E-TS + PV +const =G + const

,\where G is the Gibbs free energy, G=E —TS+PV. Therefore under constant pressure
conditions, if dG =<0, then the process can occur spontaneously, because the change in
system energy exceeds the energy lost to entropy. dG=0 is the condition for equilibrium.

This is also commonly written in terms of enthalpy, where H=E+PV. G=H-TS

Gibbs free energy : G=E +PV-TS=H-TS
Useful when P is constrained during thermodynamic process.
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Properties of a system

Any characteristic of a system in equilibrium is called a Property.

The property is independent of the path used to arrive at the system
condition.

Intensive Property (X848 AHE: 25 &)

are those that are independent of the size of a system. Ex) T, P

Extensive Property(S& & &EHE: 20 &)

are those whose values depend on the size of the system. Ex) V, E, H, S, G &

I
m % 741 : % 7] | Extensive
v Ly l Ly : properties
T — r . T
? PP propenie
P P : P




Process & Cycle

Any change from one state to another is called a process.
During a quasi-equilibrium or quasi-static process the system remains

practically in equilibrium at all times.
A process with identical end states is called a cycle.

P

- Final state

a

Prju-uess path

Initizl
state

(1}

= (isothermal)
1 & (isochoric)
| 2 (isobaric)

— S (adiabatic)
JEE/| JtE (reversible/irreversible)

i
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Process

- A
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B
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About the thermodynamical laws :-)
(According to P.W. Atkins " The Second Law, Energy Chaos, and Form’.)
< There are four laws.
+ The third of them, the Second Law, was recognized first.
+ The first, the Zeroth Law, was formulated last.
+ The First Law was second.

+ The Third Law might not even be a law in the same sense
as the others.
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The four laws in thermodynamics
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Zeroth law :

x4
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dE =6Q-ow+d (> iN,)

The change in the internal energy of a closed thermodynamic system is equal to the sum
of the amount of heat energy supplied to the system and the work done on the system.

o

First law: : Ol Al E& ©

Second law : I E £ 11 §=2

The total entropy of any isolated thermodynamic Systenmtends to increase
over time, approaching a maximum value.

Third law of thermodynamics : Z0H 0 &

The entropy of all system and of all states of a system is zero at absolute zero or 5

It is impossible to reach the absolute zero of temperature by any finite number of processes.



Equality of Temperature (Scales)

Thermal Equilibrium (heat stops flowing)

B0 - El-E

HOT COLD Heat flows warm ‘\

This intuitively straightforward idea is formalized
in the zeroth law of thermodynamics and is made
practical through the development of
thermometers and temperature scales

Same temperature

K=°C+273.15
R=F +459.67

are in thermal equilibrium and

are in thermal equilibrium, then e

Thermodynamics

are in thermal equilibrium.




FIRST LAW OF
THERMODYNAMICS

Energy can be neither created nor
destroyed but only transformed

* put It can be transformed from one into another.

; The total amount of energy in the universe is constant
for any physical and chemical change.




Chapter 1.2

Internal energy E of a system

: sum of the kinetic and potential energies of all parts of the system.

Energy In = Energy Out

or
Ul el

where
U,: internal energy of the system at the beginning
U.: internal energy of the system at the end
Q : net heat flow into the system
W : net work done by the system

dE=0-W =50 -P-dV

: Change in the internal energy is equal to the amount added by

heating minus the amount lost by doing work on the environment.




Chapter 1.3 HEAT CONTENT OR ENTHALPY

H=E+ PV =dE:5Q—PdV

When V is constant

0

5Q dE  _dv/ 0Q., OE OE
X _ 4P _ — _ _
e Co=Gh =Gy |G =(2) or E =[c dT

EE E 2HGHAH of= A (Cv)0l HED|l HEH vV ECHPE L EGHA
= 2 (Cp)O| & > pressure ex)1 atm,

>
ol J

30 N>

J

When pressure is const.

dH =dE + PdV +VdP

H=E+PV
= —ow+ PdV +VdP
- 50— PdV + PdV +VdP
dH éQ =X +VdP
dT dT dT
:—_I;: 0 when P is constant (di)P — (ﬂ) 5 H = ijdT
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(Z & 4] above room temp)

o

o

(@ O w7 (K)

Molecules have internal structure because they are composed of atoms
that have different ways of moving within molecules. Kinetic energy

stored in these internal degrees of freedom contributes to a substance’s

specific heat capacity and not to its temperature. 20



Table of specific heat capacities

Substance Phase Cp Cp Cv h\e/;):lérg;;:;ﬁy
J/gK J/mol-K J/mol-K 3/ emiK

Aluminium Solid 0.897 24.2 2422
Copper solid 0.385 24.47 3.45
Diamond solid 0.5091 6.115 1.782
Gold solid 0.1291 25.42 2.492
Graphite solid 0.710 8.53 1.534
Iron solid 0.450 25.1 3.537
Lithium solid 3.58 24.8 1.912
Magnesium solid 1.02 24.9 1.773
Silver solid 0.233 24.9

Water liquid (25 °C) 4.1813 75.327 74.53 4.184
Zinc solid 0.387 25.2

All measurements are at 25 °C unless otherwise noted.
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e The second law of thermodynamics S = 4
, The disorder of the universe always increase T
; all chemical and physical processes occur spontaneously

only when disorder is increased.

"SPONTANEOUS” REACTION

| as time elapses *

DRGANIZED EFFORT REQUIRING ENERGY INPUT



Two classical statements of the second law

Kelvin-Planck statement Clausius

It is impossible for any system It is impossible for any system
to operate in a cycle that fo operate in a cycle that
takes heat from a hot reservoir takes heat from a cold

and converts it fo work in the reservoir and fransfer it to a
surroundings without at the hot reservoir without at the
same time fransferring some same time converfing some
heat to a colder reservoir work into heat

High-temperatura

SOURCE TH \
g /' o

( HEAT Y
| ENGINE / -

g S _,_F'-‘.



Thus, two statements

Kelvin-Planck statement
1. HY SHHA MELIZ= AI0I2=2 S8EI= |12 2

oIr
I
T

2. 5 “:hl =2 0] ANOF 20| U=l Q l
3. ﬁ* = JtsotAl2F BJIA= ALOI2 J[ & " W=Qy
g= 100 %2 Jl& e =J)tsotl. —

IH{:}II ‘”" -

/ = Is it possible?

YES NO~! ,

T, T
Q= H+QL'2H Qy | W=Q,, : HT Q+Q. |
QL ;L._._._._._._‘|._._._QL_._._._._._._._.;

T T,

Clausius

1. 2= 250A ?I:E EEE ]LC-L: = E 'OI Z Rotlh
2. = ng,_ 434 H=&0 AN &R 10 D o @ =2 heat engineti 2|3
3. £&tie COP= =
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THE SECOND LAW OF

THERMODYNAMICS

(1) All energy received as heat by a heat engine cycle cannot be
converted into work (This means that no cycle can have a
thermal efficiency of 100%)

(2) The transformation of heat to work is dependent of a
temperature difference and on the flow of heat from a high
temperature reservoir to a low temparature reservoir to a low
temperature reservoir. (In other word heat must flow from hot
to cold)

(3) It is impossible to construct an engine that, operating in a
cycle, will produce no effect other than the transfer of heat from

a low temperature reservoir to a hight temperature reservoir.
25



PACKIN A PUNCH
IMN A

SACK LUNCH

BY CoLLIN ANDERSOMN

_“THERMODYMNAMICS"™

| HAVE A BOTTLE OF BEER THE BEER 1S GETTING WARMER,
MEXT TO A MUG OF COFFEE.

AMD THE COFFEE IS GETTING

COLDER.

o > S
. — D 2 — O . i
§5% ~
) 49
i
U = g b
-y

SOMEDAY, THE OPPOSITE WILL HAPPEMN, | N 1 j
AMD ON THAT DAY, | SHALL MOCK THE MNOoOT ToODAY?

LAWS OF THERMODYMNAMICS.




- 2nd law ; Entropy (S) ; irreversibility, disorder

- In an isolated system, a process can occur only if it increases the
total entropy of the system. If a system is at equilibrium, by definition
no spontaneous processes occur, and therefore the system is at
maximum entropy.

- Heat cannot spontaneously flow from a material at lower
temperature to a material at higher temperature.

- It is impossible to convert heat completely into work.

Enropy s=J

Ex) A+B > C+D
; toward an equil. state
Spontaneous >> increase in entropy What is reversible process?
- Continuous maintenance of equil. state

; degree of irreversibility =R vl =]
>0 7IEHE S0 ELC - Degree of irrevesibility 7| Z|A (=0)
- degradation - Imaginary process

Ex) mixing of gases
27



Chapter 1.4 ENTROPY

Entropy Is an extensive quantity.

Entropy is
1) a thermodynamic variable of the system.

2) a measure of the number of ways of arranging
the atoms or molecules composing the system

The atomistic approach leads to identical conclusions and it has the

great advantage of being comprehensible in terms the metallurgist
can appreciate.

Entropy can be computed from randomness by Boltzmann equation,
l.e.,

S=klnw w : degree of randomness, k: Boltzman constant

—> thermal; vibration ( no volume change )
- Configuration; atom 2| B & ZH& == (distinguishable )

S=S, +S 2

config




Chapter 1.4 ENTROPY Thermodynamic definition

AEZ| MM (disorder S7})

___, Path dependent

2 -
de _0oQ @ Various processes are present
1 T

Entropy equilibrium

,
“gen Entropy change
= +in — out + generation

Non-isolated systems  Isolated systems

N
Reversible dS = @ dS = g =0 Where dS is
T T the entropy
éQ change of
Q) the system
Irreversible ds > ? dsS > ? >0 only.
29
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Chapter 1.4 ENTROPY Atomistic concept
Excess mixing Entropy

If there is no volume change or heat change (S;.,),
w. . =1 — before solution (pureA _pureB)

config —
(NL+Np)! Number of distinguishable way

Weory = N, —after _solution_(N,,Ne) €= ¢ atomic arrangement

. |
ASmIX _ Safter _Sbefore — k |n (NA + NB)'_kInl

JN!

>N, =X,N,, Ng=XN,,N,+N, =N, o]==

using Stirling’s approximation [N N!= NInN —N
and R = kNO

= KI(N, IN N, = N,) = (X 4N, In X, N, = XN, )= (XN, In XN, = XN, )]

AS™ =-R(X,InX, + X InX,) 30



Chapter 1.4 ENTROPY Atomistic concept
Excess mixing Entropy

If there is no volume change or heat change (S;.,),

AS™ =-R(X,InX,+ X InX,)

Mechanical mixture

A, Mole fraction of B =

31



The third law of thermodynamics

* The third law of 1s an axiom of
nature regarding and the impossibility of
reaching of . The most

common enunciation ot third law of
thermodynamics 1s:

* “As a system approaches absolute zero of
temperature, all processes cease and the entropy of
the system approaches a mimimum value.

 In brief, this postulates that entropy Is temperature
dependent and leads to the formulation of the idea
of absolute zero.
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