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INTRODUCTION

» What do we consider in thermodynamics: the thermodynamic system
® Athermodynamic system is a precisely specified macroscopic region of the universe.

® |tis limited by boundaries of particular natures, real or not and having specific
properties.

® All space in the universe outside the thermodynamic system is known as the
surroundings, the environment, or a reservoir.

® Processes that are allowed to affect the interior of the region are studied using the
principles of thermodynamics.

» Closed/opened system

® |n open systems, matter may flow in and out of the system boundaries
® Not in closed systems. Boundaries are thus real: walls

» lIsolated system

® |solated systems are completely isolated from their environment: they do not
exchange energy (heat, work) nor matter with their environment.

» Sign convention:

® (Quantities going "into" the system are counted as positive (+)

® (Quantities going "out of" the system are counted as negative (-)
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INTRODUCTION

» Thermodynamics gives:
® a macroscopic description of the state of one or several system(s)

® a macroscopic description of their behaviour when they are constrained
under some various circumstances

» To that end, thermodynamics:

® uses macroscopic parameters such as:
o the pressure p
o the volume V
o the magnetization M
o the applied magnetic field H
® provides some other fundamental macroscopic parameters defined by some
general principles (the four laws of thermodynamics):

o the temperature T

o the total internal energy U
o the entropy S...
® expresses the constraints with some relationships between these parameters
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INTRODUCTION

» Extensive quantities

® are the parameters which are proportional to the mass m of the system
suchas:V, M, U, S...

= X=m©K

» Intensive quantities
® are not proportional to the mass : p, T, H...

» Thermodynamic equilibrium

® athermodynamic system is in thermodynamic equilibrium when there are
no net flows of matter or of energy, no phase changes, and no unbalanced
potentials (or driving forces) within the system.

® A system that is in thermodynamic equilibrium experiences no changes
when it is isolated from its surroundings.

® Thermodynamic equilibrium implies steady state.
Steady state does not always induce thermodynamic equilibrium
(ex.: heat flux along a support)

CERN Accelerator School — 2013
Basic thermodynamics @

INTRODUCTION

» Quasi-static evolution:
® |t is a thermodynamic process that happens infinitely slowly.

® |t ensures that the system goes through a sequence of states that are
infinitesimally close to equilibrium.

Example: expansion of a gas in a cylinder

F o H

Initial state Final state
p N I p N I p N I
F=nF/n F=n/F/n (n - )
F F F
Vv ) _ V. ) V
Real evolution Quasi-static evolution Continuous evolution

After a perturbation F/n, the time constant to return towards equilibrium (=relaxation time)
is much smaller than the time needed for the quasi-static evolution.
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INTRODUCTION

> Reversible evolution:

® |tis a thermodynamic process that can be assessed via a succession of
thermodynamic equilibriums ;

® by infinitesimally modifying some external constraints

® and which can be reversed without changing the nature of the external
constraints
Example: gas expanded and compressed (slowly) in a cylinder

p/\

<V
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INTRODUCTION

» The laws of thermodynamics originates from the recognition that the
random motion of particles in the system is governed by general
statistical principles

® The statistical weight 2denotes for the number of possible microstates of
a system (ex. position of the atoms or molecules, distribution of the
internal energy...)

® The different microstates correspond to (are consistent with) the same
macrostate (described by the macroscopic parameters P, V...)

® The probability of the system to be found in one microstate is the same as
that of finding it in another microstate

® Thus the probability that the system is in a given macrostate must be
proportional to Q.
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A GLANCE AT WORK
> Work

Considering the gas inside the cylinder, for a quasi-static and reversible expansion or compression:

Pin
d|® %Cross sectional area A,, 5\Nﬂow = plnAndIin - poutAbutdlout = dV - pouthout
\ - BT, ~ Putvdm,, =[PV,
External pressure
CONStrains Pgy - :
sthaft _Vdp (Cf. Slide 12)
-'\-I_c NB3- isobaric process: dp=0 = 6Wj,,,=0
ross- sectional area A,
Pout @dm
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A mechanical work (W=Fdx) is achieved when displacements dx or deformations occur by
means of a force field
Closed system:

F
oW, ¢ =—ZAdx=—pdV and W, :I-pdv

External pressure ep
constrains p.,;  NB1

- during expansion, dV>0 and 6W,, <0: work is given to the surroundings
- during compression, dV<0 and W, >0: work is received from the

dx surroundings
NB2 - Isochoric process: dV=0 = 6W,=0

A

Opened system (transfer of matter dm with the surroundings)

O = d/Vsl"laft + d/Vflow

FIRST LAW OF THERMODYNAMICS

» Internal energy
® Itis a function of state such as: U= 2E . ,+2E, ..., (Joules J)

® |t can thus be defined by macroscopic parameters

» First law of thermodynamics
® Between two thermodynamic equilibriums, we have:
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® For a cyclic process

For example, for a non-magnetic fluid, if p and V are fixed, U=U(p, V) is also fixed

6U = 6W + 6Q (for a reversible process: dU = W + 6Q)

0 Q: exchanged heat
o W: exchanged work (mechanical, electrical, magnetic interaction...)

(during which the system evolves from an initial state /

to an identical final state F):

U/=UF:>AU=UF—UI=0 p A I=F

<V




ENERGY BALANCE

» Between two thermodynamic equilibriums:
® The total energy change is given by A€ = AE ..o + AE, oo + AU = W+ Q
® ifAE, oo™ D Epmacro =0 = AU =W +Q

o if work is only due to external pressure forces: Wepf = I-pdV
AU =W, +Q,

o and if V=cst (isochoric process), AU = Q (calorimetetry)

» Opened system:

AE = AEc,macro+ 4 Ep,macro + AU = Wshaft * Wf/OW +Q
AE = AEc,macro+ 4 Ep,macro +4U + [p V]inOUt = WStht * Q

® Function of state Enthalpy: H=U + pV (Joules J)
S AE=LE_ o0t AE +AH = W, ..+ Q

p,macro

¢ /:f AEc,macro: 4 Ep,macro =0 = 4H= Wshaft +Q Wi +Q = th - th

outputboundaries inputboundaries

o and if p=cste (isobaric process), AH = Q Wepre +Q = th a th

outputboundaries inputboundaries
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ENERGY BALANCE

g A
%w:-/bdv
B
/
W_/%
p
pinQdm
e Whar = Ard
dl$--- shaft p - 4 3
External pressure
constrains Pey;
2
Pin
Pout @dm
\%
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SECOND LAW OF THERMODYNAMICS
» Entropy

® Entropy S is a function of state (J/K)

® For a system considered between two successive states: A4S, = AS= AS¢ + §
o ASe relates to the heat exchange 4S° = I%
o S'is an entropy production term: §'= A4S, ..+ AS_ 01 dings
o For areversible process, S'= 0 ; for an irreversible process: 5'>0
o For an adiabatic (6Q = 0) and reversible process, AS = 0 = isentropic
» Entropy of an isolated system (statistical interpretation)

® Ae=0= 45, =5 20
® Anisolated system is in thermodynamic equilibrium when its state does not

change with time and that 5'=0.
® S=k,In(Q)

o Qis the number of observable microstates. It relates to the probability of finding
a given macrostate.

o If we have two systems A and B, the number of microstates of the combined
systemsis 2 ,/02, = $=5,+S;the entropy is additive
o Similarly, the entropy is proportional to the mass of the system (extensive):
mA, Q,=(2 ,)" and Sp=m[kBIn(Q2 ,)]-m /S,

if B=
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SECOND LAW OF THERMODYNAMICS

» The principle of increase in entropy:

® The entropy of an isolated system tends to a maximum value at the
thermodynamic equilibrium
Example 1: gas in a box

Initial state: 2= @2, Final equilibrium state: Q= Q,
e . N > <o
S ) NO N. ,; &j 0Q,<< Q¢
o7 e Py =S,<<S;
*~> e ® o

® |t thus provides the direction (in time) of a spontaneous change

® |f the system is not isolated, we shall have a look at (2 or S of the
surroundings and this principle becomes not very convenient to use...

® NB: it is always possible to consider a system as isolated by enlarging its
boundaries...
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TEMPERATURE AND THE ZEROTH LAW OF THERMODYNAMICS

» Temperature:

® Thermodynamic temperature: T:@_l;)
\%

» Zeroth law of thermodynamics:
® Considering two closed systems:
o AatT,
0 BatTy,
o having constant volumes (6W=0)

o not isolated one from each other
= energy (heat) 6U(=6Q) can flow from A to B (or from B to A)

B

AOB

e _[ 0S 0
® Considering the isolated system A [ B: 0S :(—AJ oU —( SBJ oU
\% \%

ou, aU,
e 1 1
® At the thermodynamic equilibrium: 05 =—0Q-—Q
A B

AS: AS‘€+SI: 0+ O=Oand thUS TA:TB
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THIRD LAW OF THERMODYNAMICS

» Boltzmann distribution:
The probability that the system Syst has energy E is the
probability that the rest of the system Ext has energy E,-E
= In Q(E,E) = 1/k; S, S=F(E,,,=E ;-E)

ext™

1 1 0S = :
F<cE In Q(E-E)=—SE.)—El 2= Sy = Syst/JEXxt:
As E << E,, (E-E) kBS( o) k. ( an)E_o Eg=E+E. =020,
Andas (98] -1, In QE-E,)=QE,)—
OE, ) T keT

E
Q(E-E))=cst E[ kBTj (as T -0, state of minimum energy)

» Zeroth law of thermodynamics:

® A the absolute zero of temperature, any system in thermal equilibrium
must exists in its lowest possible energy state

® Thus, if 2=1 (the minimum energy state is unique)as T - 0,5=0
® An absolute entropy can thus be computed
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EQUATIONS of STATE

» Relating entropy to variable of states

® (Jand S are functions of state ; therefore:

du = (G_Uj dsS+ (G_Uj dV , for a reversible process
\% S

0S ov
du :Tds+(a_uj N = p=—(a—u) _, [dU=Tds-pav] ds=Pav+Lidu
oV )q aV Jq T T
The relation between p, V and T is called the equation of state
» ldeal gas
B:nM:@:m_R:ﬂ, n: number of moles (mol) pv=rT

T v V.M N,=6.022 0% mol1: the Avogadro’s number

ky=1.38 11023 J/KK1: the Boltzmann’s constant
R=8.314 Jimol* K': the gas constant

» Van der Waals equation
a: effect of the attractions between the molecules

a —_—
(p+$j(v— b)=rT b: volume excluded by a mole of molecules

Other models for the equations of state exist
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P, V DIAGRAM

Isotherms of the ideal gas Isotherms of a Van der Waa Is gas

5 ;

\ . \
4 —T/Tr=0.1
15 Il —T/tr=0.5

a0 750K " —T/Tr=0.9
—T=100K 3 —twe=r

—T=150K —1/Tr=1.1

—T=200K =5 —1/Tr=15

—T=250K e T
—T=300K e

T=350K 2
T=400K

v (m3/kg) v/v ()
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HEAT CAPACITIES

® The amount of heat that must be added to a system reversibly to change its
temperature is the heat capacity C, C=6Q/dT (J/K) 55
® The conditions under which heat is supplied must be specified: C = (%) = (G_Tj
NB: specific heat (JIKg1[K1):¢ = T(:?J | |
0S TC
t tant C, =T = S(T,p)=| ==dT
0 at constant pressure: (a_l_)p (T, p) IO T

C, 6= (O_Hj = |AH =I C,dT | (known as sensible heat)
aT )/,

0S T
o atconstantvolume: C, = T( Tj = S(T,V):j.0 %dT
\Y

C, :(G_Uj = |AU =I C,dT | (known as sensible heat)

aT ),
® Ratio of heat capacities: |y = S = (G_Vj (G_VJ
c, lap)\ap ),
® Mayer’srelation: C -C, :T(@j (O_V) = |C, —C, =nR|for an ideal gas
a1 J,\oT /),
C,= ni andC, = nﬁ
y-1 y-1
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USE OF THERMODYNAMIC RELATIONS

» Maxwell relations
® Asif Z=Z(x,y), P=P(x,y), Q=Q(x,y) and dZ = Pdx + Qdy, we can write:

53]
oo (32 (5, (23 (3

» Adiabatic expansion of gas:
During adiabatic expansion of a gas in a reciprocating engine or a turbine

(turbo-expander), work is extracted and gas is cooled. '
- Wshaft

For a reversible adiabatic or = (OTJ 0S ( j(_j L_
ap ) 0S 6p 0S ) \aT C, aT

expansion:

As C,>0and (V/ JT),>0= (JT/ Ip)s;>0. Thus, dp <0 = dT < 0.
—> Adiabatic expansion always leads to a cooling.
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USE OF THERMODYNAMIC RELATIONS

» Joule-Kelvin (Joule-Thomson) expansion:

A flowing gas expands through a throttling valve from a fixed high pressure to
a fixed low pressure, the whole system being thermally isolated

777777777727272727727, 7777777777777
sure Low pressur AU=W = U;+p,V,;= U,+p,V,
/ p21 V2 7 H1: H2
()38 2 2B el g
op ), oH)\dp ). C,\op), C,|\dp), C,| \aT ), C,
a= 1 ﬂ is the coefficient of thermal expansion
VioT ),

o for the ideal gas: aT=1 = (JdT/ dp),, = 0 = isenthalpic expansion does not change T
o for real gas:

o aT>1 = (JdT/ dp), >0 below a certain T= there is cooling below the inversion temperature
o 0T<1 = (JdT/ dp), < 0 above a certain T=> there is heating above the inversion temperature
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USE OF THERMODYNAMIC RELATIONS

» Joule-Kelvin (Joule-Thomson) expansion:

® |nversion temperature: For helium (He?):

ao|- f “"f1* :,~iheaﬁng
- cooling

T T |
= — >0

TEMPERATURE
T, K

SRR SN TN B T T 1
[+ ) s = - - c
i 2 3 4
Presswre p, MPo

The maximum inversion temperature is about 43K

PRESSURE

® |n helium liquefier (or refrigerator), the gas is usually cooled below the inversion
temperature by adiabatic expansion (and heat transfer in heat exchangers) before the
final liquefaction is achieved by Joule-Thomson expansion.

® Nitrogen and oxygen have inversion temperatures of 621 K (348 °C) and 764 K (491 °C).
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THERMODYNAMIC REVERSIBLE PROCESSES for an ideal gas

ISOCHORIC ISOBARIC ISOTHERMAL ADIABATIC POLYTROPIC
Feature v = cst p = cst t=cst 0q=0
p-V p A p s p p p
|diagram| das A B
B
v v A VA A VA/Y v A Va/n v
Eq. Ps_Ts Ve _ Ty PaVa = PgVy = RT, = cst Pav) = pgvy = cst PVa = pyva = cst
Pa Ta vy T, y=c,/c,
Heat =uy-u, =" =h, - " -
(Jlkg) Qug =Ug —U, J-T,,CVdT Qe =hg—h, _J‘TA deT s :rTIn:i Gss =0 U —PsVs _iAVA "’PAVAln*B
=¢,(T;=T,) :cp(TB =T)) A y B
v(gl?(”)( ( ) Wi = ﬁ(TB -T)
9 Wi = ~PWVgV, v P - PaVg — P4V
— = In-& = In=4& v BY8 —PaVa
W =0 = cp(TB _TA) Wy = PaVy nVA PaV, an :M 1_(&] v Wyg -1 n#zl
y-1 Pa
Au W =0,(T,=T)
(J/kg) g~y = ¢y (T3~ T,) U~y =6, (T3 =T,) U —u, =0 = PsVe “PaVa
y-1
As S;—S, =¢C InT—B
B CA T v -n, v
Jlk -s, =¢,InPe TA —s. =rin’e e - As. = Y=MnYe
(J/kg) Sg =S, cvnpA :cpInV—B Sg =S4 rnvA Sp =5, =0 S s rV_ nVA
VA
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HEAT MACHINES

» General principle

HEAT
RESERVOIR
Temperature T

RESERVOIR
Temperature T

__________________

HEAT

NB: in the case of a heat pump, if Q, is the useful heat transfer (from the cold reservoir)

then the heat pump is a refrigerator.

® Qver one cycle:

o Energy balance (15t law): AU=U,-U;=0=W + Q.+ Q4
o Entropy balance (2" law): AS=0=A45¢+S=Q. /T, +Q, /T, +S 20
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HEAT MACHINES
» Engine cycle: S L :

® Q+Qc=-W :
HEAT s
® QH =- QC -W RESERVOIR u LHAECZ'\I/"\?EL RESERVOIR
: T, i i Te
® Qu=-T,/TcQc—T,.8 i i
® |f-W >0 (work being given by the engine) '.Considered domain
andif T, > T,
thenQ,>0and Q<0
Qc
&
\\\ ‘oo
. . . ‘\\ ‘@
» Engine efficiency: N
o %
W - + N Q
PY n:u: W:QH QC:1+& ;\//\
o Qy Qy Qy OO
, T TS T
ops ol TS n=1--c-1> <1-lc<q (s'20)
H TH H H H TH
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HEAT MACHINES
» Heat pump or refrigerator cycle: ... N \
' Considered domain; .
® Qu+Q.=-W i ! 2\ Qu
HEAT ! | HEAT N RN
® Q,=-Q-W RESERVOIR & 2l -II\-/I}:LIE:IT-:\IAI\?IIE_ Lmml RESERVOIR 2\
® Qu=-Ty/TcQ.—-T,L8 i <0 Qd:>0 — 2 . O_W Qc
® |f-W <0 (work being provided to the heat pump)  § Q SN
N ) N

and if T, > T, W>0 Q
then Q,<0and Q.>0

» Heat pump efficiency:

) Q,|_-Q Q 1
® Coefficient of perfomance: COF,;, :‘ Al=_"H = H =
P Heating ~ "1/ W -Q,-Q, 1+Q%
r 1 lcop =1 1 . g
® As & =-lc ¢ Heating — T, TCSi = 1 T, (S' > 0)
QH TH QH 1_7_7_7 I
H H H
» Refrigerator efficiency: Q Q 1
ici . CO'Dooin =—t= £ =
® Coefficient of perfomance: A
C
i 1 1
® As & = —L —E COPCooling = f =
’ Tc TS T _
QH TH QH 7_1_'_7 1 1
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HEAT MACHINES

» Sources of entropy production and destruction of exergy:

Heat transfer (with temperature difference)

Friction due to moving solid solid components

Fluid motions (viscous friction, dissipative structures)
Matter diffusion

Electric resistance (Joule effect)

Chemical reactions
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HEAT MACHINES
» The Carnot cycle

® Cyclic process:

® Carnot cycle: 4 reversible processes

Carnot cycle: engine case

upon completion of the cycle there has been no net change in
state of the system

p/

M I=F

<\/

o 2isothermal processes (reversibility means that heat transfers occurs

under very small temperature differences)
o 2 adiabatic processes (reversibility leads to isentropic processes)
o 1%t law of thermodynamics over cycle: AU=U,-U,=0=W + Q;, + Q,

= adiabatic

L R R 7 S

isotherm

§

<0%
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HEAT MACHINES
» The Carnot cycle

® Efficiency of a Carnot engine:

® Coefficient of performances of Carnot heat pump:

® Coefficient of performances of Carnot refrigerator:

» Comparison of real systems relatively with the Carnot cycle

relative efficiencies and coefficients of performance

® Relative efficiencies:

o Engine:

’7r=n

Ne

TS

o)

o Heat pump and refrigerator:

COP,

Heating _

_Tc
TH

COPr Heat/ng C O P

C Heating

T .S
R
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Ne =1- T_C <1
H
T
COP Heatmg T HT
7
COR, Heating — #
v le

C —_

r Cooling —

-0

)

HEAT MACHINES

» Carnot efficiency and coefficient of performance

100

90

80

70

60 /
50

nc (%)

J o

30 /
0

./

0

10 15 20 25
T/

30

40
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1/C0PC Cooling

300

40

250 A

200

—1/COPC Cooling —COP C Heating

—(COP C Cooling

- TE300K

Ti=L8K (L'He @ P=16mbar)

F 35

F 30

F 25

—_
w
(=]

T.=300K
T4 X (L“He @r- latm)

g
(=)
cop,

F 15

_
o
(=]

TH 300K
=204 [LH, @ P=latm)

50

+ 10




HEAT MACHINES

» Vapour compression

2 Condenser
m 3
Q<0
W>0 I:I]— Compressor §§ J.T valve.
Q=0W=0
EQ>03
1 4
Evaporator

= Small temperature difference

® the COP of a vapour compression cycle is relatively good compared with
Carnot cycle because:

o vaporization of a saturated liquid and liquefaction of saturated vapour are
two isothermal process (NB: heat is however transfered irreversibely)

o isenthalpic expansion of a saturated liquid is sensitively closed to an isentropic
expansion
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EXERGY
® Heat and work are not equivalent: they don’t have the same "thermodynamic
grade” :

o (Mechanical, electric...) work can be integrally converted into heat
o Converting integrally heat into work is impossible (2" law)

® Energy transfers implies a direction of the evolutions:
o Heat flows from hot to cold temperatures;
o Electric work from high to low potentials;
o Mass transfers from high to low pressures...

® Transfers are generally irreversible.

® Exergy allows to “rank” energies by involving the concept of “usable ” or
“available” energy which expresses
o the potentiality of a system (engine) to produce work without irreversibility evolving
towards equilibrium with a surroundings at T,.=T, (ambiant)
0 the necessary work to change the temperature of a system (refrigerator) compared
to the natural equilibrium temperature of this system with the surroundings (T,).

T
Ex = j5Q(l— 7"’) Equivalent work of the transferred heat Ex=W

Ex =H-T,S
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EXERGY

» Exergetic balance of opened systems:

AEx =AH-TAS =W,,, +Q( —%j—TaS’ T.5'20;

Usuable work and potentially usuable work is given by the exergetic change
Usable energy is maximum if the system has no irreversibility: T,5'= 0.

» Exergetic balance of closed systems:
AU—LAS:W+Q(1—%j—TaS"

» Exergetic balance of heat machines (thermodynamic cycles):

0:W+Q(l—%j—TaS’

» Exergetic efficiency:

Equivalentwork of service _ AEx real
= rlexergetic

Equivalentwork of supply AEX rev

nexergetic -
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MAXWELL THERMODYNAMIC RELATIONS
As dU = TdS — pdV

» ENTHALPY

® H=U+pV = dH = TdS + Vdp
» HELMHOTZ FREE ENERGY

® F=U-TS = dF =-pdV - SdT
» GIBBS FREE ENERGY

® G=U-TS+pV = dG =-SdT + Vdp
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FREE ENERGY AND EXERGY

® Considering an isothermal (7=T,) and reversible thermodynamic process:
0 dU=8W + TydS = W = dU -T,dS =dF
o the work provided (<0) by a system is equal to the reduction in free energy
o Here (reversible process) it is the maximum work that can be extracted ;

® Similarly, for an opened system:
(0] dH = 5W5h0ft + Tods :,> 6W5h0ft = dH 'Tods =dG

o the maximum work (other than those due to the external pressure forces) is
equal to the reduction of Gibbs free energy.

® In these cases, all energy is free to perform useful work because there is
no entropic loss

CERN Accelerator School — 2013
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DIRECTION OF SPONTANEOUS CHANGE

® Spontaneous change of a thermally isolated system, :
0 = increase of entropy
0 = at thermodynamic equilibrium, entropy is a maximum

® For non isolated system:

o System in thermal contact with its surroundings
o  Assumptions:
- heat flow from the surroundings to the system
- surroundings EXT at T=Text=cst (large heat capacity)
0 Ay AS+AS,, 2 0
0 85447 -8Q/Tey
o  Forthe system: 6U = 6Q and thus 6(U-T,S)< 0
o Thus spontaneous change (heat flow) is accompanied by a reduction of U-T,S
At equilibrium, this quantity must tend to a minimum
Therfore, in equilibrium, the free energy F=U-TS of the system tends to a minimum
o System in thermal contact with its surroundings and held at constant pressure:

o The Gibbs free energy E-TS+pV tends to a minimum at equilibrium
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PHASE EQUILIBRIA

» States of matter:

@ — « p
condensation
§4 2
@ S —
§ / f\ocl, P—f(T) -
& / / ;Z? ’ ~ &f 5
St & 3K
& S RINAN
— < l /’ 9 / 3 s
PR ~ \E\ Ji &
{ PLASMA ™
~ ” U,
-~ ~ e e = - - C/
v
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pressure

temperature

PHASE DIAGRAM: p-T DIAGRAM

Gibbs’ phase rule: gives the num

ber of degrees of freedom (number of independent intensive

variables)
A V = C + 2 - ¢
pressure »c number of constituents (chemically independent)
* @ number of phases.
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For a pure substance in two phases (biphasic) (pointP):v=1
saturated vapour tension: pressure of the gas in equilibrium with the liquid
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PHASE EQUILIBRIA

® Considering point P: gas and liquid phases coexisting at p and T (constant)
o The equilibrium condition is that G — minimum
o Considering a small quantity of matter ém transferring from the liquid to the gas phase
o The change in total Gibbs free energy is: (g,4-9;;,)-6m = minimum for g ,.=g;;,

® Considering a neighbouring point Q on the saturated vapour tension curve:

0 0
00e(Q) = 0,..(P) + [g—j dp+ [g—j 0T = g, (P) +V o = 5,0,
T p

ap oT
ag, a9,
and 9,,(Q) =g,,(P)+ (a_/qj dp + (Jj dT =g,,(P) +v,,dp —s,,dT
P ) or ),
= 0= (Vo = Vg )P = (Syos = Sy )T

® The slope of the saturated vapour tension curve is thus given by:

% - (Sgas - Sliq) Lvap

dT (Vgas - Vliq) T(Vgas - Vliq)

which is the Clausius-Clapeyron equation

Lap (>0 as AS>0) is the specific latent heat for the liquid — gas transition (vaporization).
AH=Q =m-L,,
L,ap It is the heat required to transform 1kg of one phase to another (at constant T and p).

NB1- Critical point: L,,, - 0 as (p,T) - (pc,Tc); NB2- At the triple point: L =L e =Lgup

CERN Accelerator School — 2013

Basic thermodynamics

T-s DIAGRAM

T

A

’! ' f‘ |Sotherm a|
B I

. : .

ii I,’ ,I/ ------ |Sentr0p|C

Loir
| ,"’,/-"I / ,'/ — Isobaric

Lo 2
A

.

i - Isochoric

Isenthalpic

Gas fraction

&i____ P

(" Critical

Latent heat:
Lvapz(hgas'hliq)=T(Sgas'sliq)

v

CERN Accelerator School — 2013

Basic thermodynamics




THERMODYNAMICS OF MAGNETIC MATERIALS

® Magnetic material placed within a coil:
o i is the current being established inside the coil
o e is the back emf induced in the coil by the time rate of change of the magnetic flux
linkage
o energy fed into the system by the source of current: _[ i (& Ldit
o Considering the magnetic piece: I

o applied magnetic field: Ifl J- p 4 N
o magnetization: M 0

o 4, H dM = 8W: reversible work done on the magnetic material (H=-p and f,M =V).

o The applied magnetic field A is generated by the coil current only and not affected by
the presence of the magnetic material.

o The magnetic induction B is given by the superposition of A and M: B = 4, (A +M)

o For a type | superconductor in Meissner state (A< A,):
B = (A+M)=0,M=-A and thus W=-1;, A d A

o For type | superconductor:

application of a large magnetic field leads to a phase

transition from superconducting to normal states

Normal state
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THERMODYNAMICS OF MAGNETIC MATERIALS

» Type | superconductor phase transition:

® Similarly with the liquid-gas phase transition, along the phase boundary,
equilibrium (constant A and T) implies that the total magnetic Gibbs free
energy is minimum and thus that G=U -TS - (,HM is equal in the two phases:

® AsdG =-5dT -f;MdH, in the Meissner state (H< H_) we have:
Q&UU:Q@inﬁMmiﬂi@U+ﬂm%ﬁ:QQJM%%HZ

® |In normal state, the magnetic Gibbs free energy is practically independent of
H as the material is penetrated by the field: G (H,T) =G, (0,T) =G, (T)
® Therefore, the critical field A, of the superconductor (phases coexistence) is
given by: A A 1 -
G,(T)-G,(0,T) :_luoch "
2 dH. _ L _ L
TuoHc

® Analogy of the Clausius-Clapeyron equation: “41 ~ Tu M
0

o As A_ - 0, dA_/dT tends to a finite value. Thus as A, - 0, L - 0.

o In zero applied magnetic field, no latent heat is associated with the
superconducting to normal transition
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THERMODYNAMICS OF MAGNETIC MATERIALS
» First and second-order transitions:

® First-order phase transition is characterized by a discontinuity in the first
derivatives of the Gibbs free energy (higher order derivatives discontinuities may occur).
o Ex. : liquid — gas transition: |dp _ (Sgas = Sig) _ L

vap

dr (Vgas - Vliq) T(Vgas B V”q)

o discontinuity in S=-(dG/ JT),. Latent heat is involved in the transition.
o Discontinuity in (dG/ V),

® Second-order phase transition has no discontinuity in the first derivatives
but has in the second derivatives of the Gibbs free energy

o Ex. : liquid — gas transition at the critical point:

0 A5 VgV, — 0and dp/dTis finite, L,,, » 0= s,,~s;, — 0and S=-(dG/ JT), is continuous
0 Ex.:Hel - He ll (superfluid) transition:

o heat capacity: C,=T(d5/ JT),= -T(#G/ 9*T), o8] l
(as dG =-SdT + Vdp) E,” ] A
heat capacity is not continuous 54 ] /
o Type | superconductor — normal transition if g,
no magnetic field is applied (= discontinuity in C)) & ) Tenk

. ey . 0 i I2 I3 4 é
® NB: higher order transition exists
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