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What is thermodynamics?

* C(Classical definition: branch of physics studying the
effects of changes 1n temperature, pressure and

volume (energy changes).
* Therme (Gr) heat, dynamis (Gr) power.

James Watt (1736-1819)




Thermodynamics

“Classical thermodynamics... is the only physical theory of universal content concerning which Iam
convinced that, within the framework of applicability of its basic contents, will never be
overthrown.”

-Albert Einstein

“Thermodynamics is a funny subject. The first ime you go through it, you don’t understand it at all.
The second time you go through it, you think you understand it, except for one or two small points.
The third time you go through it, you know you don’t understand it, but by that time your are so
used to it, it doesn't bother you any more.”

-Arnold Sommerfeld




 (Classical thermodynamics, which was developed 1n
the first half of the nineteenth century by Carnot,
Clausius, Joule, Kelvin, and Mayer (and others), 1s a
phenomenological theory, dealing with macroscopic
phenomena, and avoiding atomic concepts.

* Its strength lies in the generality of its predictions,
which are based on the small number postulates set
out 1n the laws of thermodynamics, and apply to all
macroscopic systems; e.g. solids, fluids and
electromagnetic radiation.



Its weakness also lies 1in great generality, since it
cannot be applied to real systems without
auxiliary input, either experimental or
theoretical.

For example: the equation of state of a fluid,
linking pressure, volume and temperature, must
be derived from experiment.
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- Temperature and heat are different.
(Joseph Black )

- First thermometer
( Galileo Galilei)

- First clinical thermometer
(Jean Rey 1631)

- Early temperature scale
(Anders Celsius 1742).

F=1.8C+ 32
K=C+273.15

- Temperature scale
(Carl von Linne)




Fahrenheit: water freezes at 32 °F; boils at 212 °F
Celsius: water freezes at 0 °C; boils at 100 °C

Kelvin: water freezes at 273.15 K; boils at 373.15 K

F=1.8C+ 32

K=C+273.15



The Kelvin scale 1s setup so that its zero point 1s the coldest possible
temperature--absolute zero, at which point a substance would have
zero internal energy. This 1s -273.15°C. Absolute zero can never be
reached, but there is no limit to how close we can get to 1it. Scientists
have cooled substances to within 10~ kelvins of absolute zero. How
do we know how cold absolute zero 1s, if nothing has ever been at that
temperature?
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absolute zero.
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Thermodynamic system today

Chromatin




Abstraction of the thermodynamic
system

Definition: the thermodynamic system 1s the
part of nature under investigation.

Surroundings
(environment)

~~
Boundary

(connects the system and
the surroundings)




The thermodynamic system
interacts with the surroundings

Exchange of matter and energy may occur across the
boundary.

Matter Energy

Matter (+)

Energy (+)

Sign convention!




The thermodynamic system
interacts with the surroundings

Defining the thermodynamic system has consequences for
processes.




Types of thermodynamic systems

Matter Energy Energy

Surroundings Surroundings

OPEN CLOSED

Surroundings Surroundings

DIATHERMIC IABATIC

ISOLATED Heat




Types of thermodynamic systems

Homogeneous inhomogeneous
uniform

heterogen anisotropic

interface }




Characterization of the
thermodynamic system

Macroscopic characterization: state variables
- explicitely determine the state of the system.

Pressure: p
Volume: V'
Temperature: T
Concentration: ¢

Universal gas law

pV=nRT




Isolated, Closed and Open Systems

A system 1s the portion of the physical world being studied.
The system plus surroundings comprise a universe.

The boundary between a system and 1ts surroundings 1s the system
wall.

If heat cannot pass through the system wall, 1t 1s termed an adiabatic
wall, and the system is said to be thermally isolated or thermally
insulated.

If heat can pass through the wall, 1t 1s termed a diathermal wall.

Two systems connected by a diathermal wall are said to be in thermal

contact. .



Isolated, Closed and Open Systems

An isolated system cannot exchange mass or energy with its
surroundings.

The wall of an 1solated system must be adiabatic.

A closed system can exchange energy, but not mass, with its
surroundings.

The energy exchange may be mechanical (associated with a volume
change) or thermal (associated with heat transfer through a
diathermal wall).

An open system can exchange both mass and energy with its
surroundings. 18



Thermodynamic Variables

Thermodynamic variables are the observable macroscopic variables
of a system, such as P, V and T.

If the are used to describe an equilibrium state of the system, they are
known as state variables.

Extensive variables depend on the size of the system; e.g. mass,
volume, entropy, magnetic moment.

Intensive variables do not depend on size; e.g. pressure,
temperature, magnetic field.

An extensive variable may be changed to an intensive variable,
known as a specific value, by dividing 1t by a suitable extensive
variable, such as mass, no.of kmoles, or no. of molecules.

Example: the specific heat 1s normally (heat capacity)/(mass).

19



Equilibrium

Macroscopic description: intensive variables are 1dentical
(between the system and surroundings, or between different
parts of the system)

Dk, Uk, Ok, Tk

Pl b P Tk = pr, s, ¢ 1r




Equilibrium

Microscopic description: average rates of forward and reverse
reactions are equal.

Boundary

Surroundings System

Kbackward

k forward — RMpackward




Equilibrium States

An equilibrium state 1s one 1n which the properties of the system do
not change with time.

In many cases, an equilibrium state has intensive variables which are
uniform throughout the system.

A non-equilibrium state may contain intensive variables which vary
in space and/or time.

An equation of state 1s a functional relationship between the state

variables; e.g. if P,V and T are the state variables, then the equation of
state has the form f(P, V, T) =0.

In 3-dimensional P-V-T space,
an equilibrium state is represented by a point,

and the equation of state is represented by a surface.



Zeroth law of thermodynamics

* If two systems (4 and B) are independently in equilibrium with a third one
(C), then they are in equilibrium with each other as well.

* Between different points of a system in equilibrium, the intensive variables
are equal (there are no thermodynamic currents).




Change

Thermodynamics is interested in the changes within the system
Changes may be evoked by: heating, work.

Result: internal energy of the system changes.

Surroundings
esuntERa,
o ”‘
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o % Work (W):
* " mechanical
L electric
Heat (Q) E material
System R
‘0
.
. 0,
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Sign of change is +, if heat is given to the system or work is
done on the system.

Sign of change is -, if the system gives off heat or does work.




Thermodynamic processes

® Isobaric: at constant pressure.
e Isochoric (isometric, isovolumetric) at constant volume.
® Jsothermic: at constant temperature.




Processes 1

A process refers to the change of a system from one equilibrium state to another.
The 1nitial and final states of a process are its end-points.

A quasistatic process is one that takes place so slowly that the system may be
considered as passing through a succession of equilibrium states.

A quasistatic process may be represented by a path (or line) on the equation-of-
state surface.

If it is non-quasistatic, only the end-points can be shown.

A reversible process 1s one the direction can be reversed by an infinitessimal
change of variable.

A reversible process is a quasistatic process in which no dissipative forces, such as
friction, are present.

A reversible change must be quasistatic, but a quasistatic process need not be
reversible; e.g. if there is hysteresis.

26



Processes 2

An isobaric process 1s one in which the pressure is constant.

An isochoric process 1s one in which the volume 1s constant.
An isothermal process 1s one in which the temperature 1s constant.

An adiabatic process 1s one in which no heat enters or leaves the
system; 1.e. Q = 0.
If a system 1s left to itself after undergoing a non-quasistatic process,

it will reach equilibrium after a time t much longer than the longest
relaxation time 1T 1nvolved; 1.e. t » T.

Metastable equilibrium occurs when one particular relaxation time t,
1s much longer than the time At for which the system is observed; 1.e.
T At .

27



Three Types of Process

Isothermal process

Heat bath or reservoir

P

t Adiabat

_Isotherm

Adiabatic free expansion

L

v

Adiabatic process
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The Ideal Gas Law

Ideal gas law

Bovle’s Law
P,V,=P,V;
(T constant)

P

T increasing

PV =nRT or PVm = RT,

where n 1s the no. of kmoles, v 1s the volume per kmole, T 1s the absolute
temperature in K, and the gas constant R = 8.314 x 103 J/(K .kmol).

For a constant quantity of gas, P,V,/T, =P, V,/T,.

Gay-Lussac Law
Pi/T1=Py/T,

(V constant)
P

V increasing

T

Charles’ Law
ViIT1=V/T,

(P constant)
Vv

P'increasing
T




Internal energy

Internal energy 1s the energy an object or substance is
due to the molecular kinetic and potential energies
associated with the random motions of all the particles
that make 1t up.

I'he kinetic energy 1s due to the motion of the particles.
I'he potential energy 1s due to interactions between
atoms, 1ons and molecules.




E=E,, +E,+U
/

Microscopic characterization: internal energy (U)

Macroscopic O\Q‘ A Molecplar
potential- and I -0 potential- and
‘kinetic energies kinetic energies
are not included 60770 are in the internal
in the internal i ‘//'"\:b energy.

0Z2:0
energy.

Internal energy does not contain the potential
and kinetic energy of the macroscopic body.



Standard internal energy (298 K)

Ideal gas with Liquid

severeal atoms and solid
Ideal gas bod
with one o
atom EEEE] EE==233] rotation and vibration energy

DRSNS o o tl’tll’lSltltiO” energy

attractive molecular
interactions




The van der Waals force 1s the attractive force
between molecules (or between parts of the same
molecule) other than those due to covalent bonds
or to the electrostatic interaction of 1ons with one
another or with neutral molecules. The term
includes interactions of:

- ion — permanent dipole

- 1on — induced dipole

- permanent dipole — permanent dipole

- permanent dipole — induced dipole

- instantaneous induced dipole-induced dipole
- H bond

- hydrofobic

Van der Waals forces are relatively weak
compared to normal chemical bonds, but play a
fundamental role
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Interaction

chemical reaction
ion-ion
ion — dipole
H-bond
dipole —dipole
induced dipole —dipole
induced dipole — induced
dipole

Energy in RT units

40 - 200
80 - 100
10 - 20
10 - 15
0,5-2
0,3-2
0,2-2



Dipole — charge interaction

>y




Perm%ttlwty of vaccuo: &, ion-ion 1 94,
Relative permittivity: &, dre,e., r
Energy of ionization: I

Distance between molecules: r

2
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Modelling molecular interactions
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Internal energy (U) is “state function”

State functions: single-value functions of the state variables
(independent variables) of the system.

Change 1n the state functions depend only on the initial and final
states of the system; 1t 1s independent of the path.

“A” state

AU=U,-U,

AU

O

Other state functions: enthalpy (H), Helmholtz free energy (F), Gibbs free energy (G), entropy (S)



Change of internal energy

=

thermal

. internal .
mechanical chemical
energy
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BIO-THERMODYNAMIC SYSTEM

work
(movemen

heat

VY

metabolism

end
product

\V/

Heat and temperature play essential role !

0C°=T = 42 C°

Biological

Thermodynamics
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Change in internal energy

!

Elementary energy exchanges

1

thermal volume surface

chemical

The change of internal energy is the sum of individual energy

exchanges

AU =AQ+ > AW,




Mechanical interactions (1)

- mechanikai work w .. =—f(x)-dx

W seen = _Zv: S (x)Ax

- Volumertic work f(x)=p (V) ‘A

dW,, =—p(V)Adx=—p(V)dV

The work is not state W een = _Z p(V)AV
Xk

function!




compression: |V <V, W >0

vol

Isothermal process Isobaric process

izochor




- Surface interaction f(x)==2y-1

s\\i AW, = 2yldx = ydA,
< / >
| W =7 - Ad,

j (x)

AU
- Chemical change AW,, = Z( A jAn = Z (AR,

A: chemical potential



The change of internal energy 1s the sum of individual energy

exchanges

AU =Y AW, =3 5, -Ax

K

AU =—pAV +yAA + PAg + HAM + EAP + > 1iAn,

7

volumetric

/

electric

surface

i=1

electrostatic

magnetic

Where is the thermal interaction????

chemical




Characterization of the thermodynamic system

Macroscopic characterization: extensive and intensive variables
Extensive variables: their value 1s proportional to the size of the system
Intensive variables: their value is independent of the size of the system

Volume (V) Pressure (p) Volumetric work (pAV)
Matter (n) Chemical potential (v) \Work of material transport
Charge (Q) Electric potential (¢) |(uAn)
Entropy (S) Temperature (T) Electric work (@AQ)

Heat ?7?

J

AW, =y, - Ax,

more often
1 4

K
AU =~pAV +TAS + ®Aq + HAM + EAP+ Y 11An, (m AO =TAS
i=1

AU =—pAV +TAS




- Thermal interactions AQ = TAS e

K
AU=—pAV+TAS+Z,uiAni +...+

i=1 \\

entropy

Chemical potential




AQ =TAS

temperature changes

Thermal interactions (

temperature does not change

0, 4= latent heat
T

vapour




First law of thermodynamics

* Law of conservation of energy.

* Energy may be converted into different forms, but the total
energy of the system remains constant.

* The change in the internal energy of the system is the sum of
the supplied heat (Qr) and the work (/) done on the system.

Work parts: Volumetric work Electric work: Material transport: Generalized:
W, =—-pAV W, =pAQ W, = uAn W' = yinAx,,

Negative, because in the case of work
done on the system V2-V<0.

K
AU =—pAV +TAS + ) pAn, +...+

i=1

ﬁ E — Q Change in internal energy is caused only by the heat
-4 exchange.

Izochoric process (AV=0):

[zobaric process (p=constant): AE=Q,+W,=0,— pAV



First law of thermodynamics
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Entropy change in isolated system when the temperature equalizes

AU :—><rTAS

AU =0 =TAS " Thermal isolation

Heat conducting wall

U=U,+U,=dlland6 AU=0 === AU, =-AU,

1 1 T,-T,

S=8+85,=? AS=AS +AS, =" AS =—AU, +—AU, = AU, #0
L I, 1

1, -1, ;

ha 1T,)T, akkor T >0 és AU, >0 m=p AS>0
271
LT,

ha T,<T akkor T <0 é AU, <0 == AS>0
271
n-T_,

ha 1,=1 akkor T =0 é AU, =0 == AS=0
2.1

Due to temperature equalization the entropy increases!




Entropy 1s an extensive variable.
Is 1t conservative, like energy ?



Entropy change in isolated system when the pressure equalizes

r\ K AU
AU =TAS - pAV +> pAn +..+| o) AS:7+§AV—Z%M,.+...+

i=1

Isotherm equalisation process :

Po_ Py g AV,>0 == AS>0

ha > akkor
P~ P T T

Pr_Pr g ¢ AV <0 == AS>0

ha < akkor
P <P T T
ha p, = p, akkor %—%:O és AV, >0 mmp AS=0

In 1solated system during temperature and/or pressure
equalization process the entropy increases!




Second Law of Thermodynamics

* The entropy of an 1solated system never decreases; 1.e.
AS = 0,

approaching equilibrium, S — S__ .

 Examples of real processes: l

* 1. temperature equalization; l

A
S

* 11. mixing of gases;
 111. conversion of macroscopic (ordered) KE to thermal (randomns)
KE.



Second law of thermodynamics

* During spontaneous processes entropy increases. Thermodynamic

equilibrium is characterized by entropy maximum.

* Heat flows spotaneously from regions of high to low temperature.

* In an 1solated system only such processes occur spontaneously which tend

to equilibrate the respective intensive variables. .

* Spontaneous processes proceed towards the most probably state.

hot hot
! | energy ﬂo%

cold

cold

The essentially endless heat content of oceans cannot be used

to spontaneously produce useful work.

entropy wmmmm) arrow of time




Third law of thermodynamics

* The entropy of one-component, crystallizing material at 0 K
temperature 1s 0.

The 34 Law fixes the absolute value of the entropy; i.e.
S—0asT—0.

The unattainability of absolute zero

It 1s impossible to reach T = 0 1n a finite number of steps.



/ Thermal entropy

entropy \ AS = ASterm + ASkonf
Configurational entropy
| 4 'a
Iting: Cecbe AQ,, >0 '5':';5 rV=2%
melting: ST = S b% AS,,. (T, )= >
00000 T 0 %0 op
00000 o @0 O ]
crystal melt AO =TAS
O(gg AQ,. >0 OO l
boyling: 29 — 5 S° A,
0 1, o8 AS,.. (T, )= >0
1o
liquid vapour

During phase transition the entropy increases at connstatnt T.

¥

Entropy is a measure of local order or disorder!




Dependence of entropy on the temperature




Entropy is a measure of local order or disorder!

Standard entropy at 298 K in unit of J/molK

TABLE 19.2 Standard Molaz
Entropies of Selected

substances af 296 K

Subsiance 5%, 1fmol-K

’ Cases
@ P @ @ @ @ N 1515

Oalg) 20540

H:Oig) 188.8

NH;ig) 1925

Methane, CH, Ethane, C,H,, Propane, CyH, CH;OH(g) 2376

5 = 1863 ) mol T K! 5% = 2296 mol ' KT! 5% = 2703 ml P KT CaHglx) 269:2
Liguids

H=0) R

CHOH(!) 126.8

CH,l) 1728
Solids

Mals) 51.4

C diamond 2,4 benzene 173,3 benzene vapour 269,3 ?i.:j; .

Fells(s) 142.3

C lead 5,7 water 69,9 steam 188.8 NaClis) 729




