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Capitulo 4

4.1-Definitions in Thermodynamics:
- The Enthalpy

- The Helmholtz free energy

- The Gibbs free energy
Experimental variables: coefficient of thermal expansion (),
coefficient of compressibility (5) and heat capacity (C))

4.2 - Maxwell relations. Example 4.1

4.3 - General strategy for deriving thermodynamics relations:
4.3.2- Energy functions expressed in terms of T and P (Table 4.5)
4.3.3-The general procedure: Examples 4.2 to 4.6

4.3.4- Application to Ideal gas: Examples 4.7 to 4.11

4.3.5 - Application to solids and liquids: Examples 4.12 to 4.15



Funcoes de energia :

Entalpia: H=U + PV dH=TdS + VdP +oW’

Utilizada para descrever maquinas térmicas. Neste caso o trabalho é so6
mecanico (oW’ = 0). Em processos isobaricos (dP = 0), a entalpia

corresponde ao calor trocado com o ambiente:

—dH=TdS =&,

Energia Livre de Helmholtz : F=U =TS dF =-SdT-PdV+oW’

Simplifica a descricao de processos sujeitos a controle de temperatura.
Em processos isotérmicos (dT = 0), a energia livre de Helmholtz
corresponde ao trabalho total realizado no sistema.



Energia Livre de Gibbs : G=U + PV - TS dG = -SdT + VdP +oW’
Simplifica a descricdo de processos a T constante e P constante.

SedP=0edl=0 =dG = W’;p

Em processos isotéermicos e isobaricos (reacoes
quimicas e transformacoes de fase), a energia
livre de Gibbs corresponde ao trabalho total
realizado no sistema, excluindo trabalho
mecanico. Nas reacoes, dG determina a direcao da
mudanca espontanea.

O valor absoluto de G para uma substancia nao é

mensuravel. Na termodinamica usamos somente
FIGURA 7.22 Josiah Willard Gibbs

(1839-1903) variacoes de G




TABLE 4.1 -
Typical values of coefficients of thermal

expansion o for common materials*

Material arx106 K1 ax106 K™!
Aluminum 23.5 70.5
Chromium 6.5 19.5
Copper - 170 51.0
Lead 29.0 87.0

~ Potassium 83 250
Sodium 71 213
Alumina (Al,O3) 7.6 23
Silica (Si0;) 22.2 66
Silicon Carbide (SiC) 4.6 14

* Reported values are for a linear expansion coefficient, ay ; for
isotropic systems, the volume coefficient o = 3o,

Leitura da tabela: Cobre: oo = 51 x 10¢ K-’




TABLE 4.2
Typical values of coefficients of

compressibility 3 for common
materials may be estimated
from tabulated values of the
modulus of elasticity, E*

Material B (atm)~1 x 107
Aluminum 12

{arbon (Graphite) 340
Copper 6.6

Iron 3.9
Tungsten 29
Alumina 83
Boron Nitride 37

Silicon Carbide 6.5
Silica Glass 42

* For isotropic materials, 8 = 3/E with prop-
erly converted units.

Coeficiente de
compressibilidade

Leitura da tabela:

Cobre: B = 6.6 x 10 atm™"
= 6.7 x 10" N/m?

(1 atm = 1.05 x 10> N/m?



Calor especifico em funcdo da temperatura

Cp(moljc K) 20

Relacdo empirica: C,(T) =a + bT + ¢/T?




TABLE 4.3
Experimental values of the

variation of heat capacity at
constant pressure (C,) for common
materials above room temperature*

Material a b x10® ¢ x 103
Aluminum 20.6 12.4 —
Carbon 17.2 4.3 —
Copper 22.6 6.3 —
Goid 25.7 -0.7 38
Iron 14.1 30 —
Nickel 17.0 29 ——
Tungsten 24.0 3.1 —
Alumina 219 3.7 —
Silica 15.6 11.4 —

-

* The empirical expression for the temperature depen-
dence of the heat capacity is

Cp=a+bT + C

Values are rep-oncd in Joules pcr gram atom.

C(N=a+bT+c/T?

Leitura da tabela:
Cobrea T = 300 K:

Cp =22.6 + 6.27 x 103(300 K)
=24.5 J/mol K



Estratégia para derivar Relacoes Termodinamicas

Variaveis de estado :Pressao (P), temperatura (T), volume (V)

Funcées de energia : Energia interna (U), Entalpia (H), Energia livre de
Helmholtz (F), energia livre de Gibbs (G)

As variaveis mais utilizadas em problemas praticos sao Pe T

TABLE 4.5 |
Thermodynamic state functions expressed in terms of

the independent variables Temperature and Pressure

V=V(T,P) dV=VadT - VBdP (4.32)
S=S(T,P)  dS=[%]dT - VadP (4.38)
U=(,P)  dU=(Cp—PVa)dT +V(PB—Ta)dP  (4.41)
H=H(T,P) dH=CpdT +V(l -Ta)dP ' (4.42)
F=F(T,P) dF=—(S+PVa)dT 4+PVBdP (4.43)

G=G(T,P) dG = ~8dT + VdP (4.11)




Roteiro para derivar Relacées Termodinamicas

Relacione a entropia de um sistema a sua temperatura e volume:
1- Identificando as variaveis : S = S(T,V)

2- forma diferéncial : dS=M dT + N dV
3-daTabela4.5:dV=V adT -V SdP

= dS=MdT +N (V adT -V SdP)
4- Coletando os termos : dS= (M + NV o) dT - V S dP

5- S =5(T,P) da Tabela 4.5 :

C
dS = 7pdT—VadP



6- Igualando os coeficientes :  gs - M+ NV @) dT -V BdP

C
dS =—=dT —VodP

T
C
- M+NV05:7” —-NVB=-Va
7- Resolvendo :
a 2
N=— M:—chH—”:l(Cp—Tva ]
b S p
8- Resultado :




Energy functions expressed in terms of T and P

TABLE 4.5 |
Thermodynamic state functions expressed in terms of

the independent variables Temperature and Pressure

V=V(T,P) dV=VadT - VBdP (4.32)
S=S(T,P)  dS=[%]dT - VadP (4.38)
U = (T, P) dU = (Cp — PVa)dT + V(PB —Ta)dP  (4.41)
H=H(T,P) dH=CpdT +V( -Ta)dP (4.42)
F=F(T,P) dF =—(S+PVa)dT 4PVBdP (4.43)

G=G(T,P) dG = ~SdT + VdP (4.11)




Exemplos trabalhados pelo autor

Relacdes termodinamicas:

4.2 -5 =S(T,V)
(P,V

4.3-5=S(P,V)
4.4-F=F(P,V)
4.5 - H = H(S,V)

4.6 - T, num processo a S = constante

Aplicacdes a gases ideais
4.7- AS numa compressao isotérmica
4.8 - T, numa compressao adiabatica reversivel
4.9- AS numa expansao livre
4.10 - Calor absorvido numa mudanca isotermica de pressao;
numa mudanca isobarica de V e numa mudanca isocorica de T
4.11 - T, e Q,, num processo onde V = V(P)



Exemplos trabalhados pelo autor

Aplicacdes a soélidos e liquidos:

4.12 - Niquel: AH (300 — 1000 K, isobarico) + (compressao 1 — 1000 atm)
4.13 - MgO: AG (298 — 1300 K, a 1 atm)
4.14 - Cobre: T, numa compressao de 1 — 10.000 atm

4.15 - Ferro: AS numa expansao 100.000 —» 1 atm

Problemas propostos pelo autor

4.4 - AS para diversos processos

4.7 - AS(T,P) para nitrogénio

4.9- (6H/8G), em termos de variaveis experimentais

4.10 - relacao termodinamica: F = F(S,T)

4.12 - T;, Qe 4H, AF, AG e AS num processo onde V = V(P)
4.14 - (dF/0S), para um gas ideal e para o ferro

4.19 - C, - C, para o potasio e o tugténio



Entalpia do Cd
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Figure 2. Standard enthalpy of cadmium.



S? (cal/mol)
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Valores de entropias em metais

(entropia padrao, de fusao e de vaporizacao)

Table 3. Entropy Values

Elements
Na K Mg Ca Ba Cr W Fe Ni
S398 (cal/’K mol) 12.23 15.46 7.81 9.9 14.92 5.5 7.80 6.52 7.14
AS? (cal/’K mol) 1.67 1.66 232 1.84 1.85 1.9 2.3 1.82 2.42
T; °K) 371.0 336.4 922 1112 1002 2130 3680 1809 1726
AS7Vap (cal/’K mol) 20.05 18.50 22.34 20.90 15.6 27.94 33.79 26.65 27.717
T, (°K) 1156 1032 1363 1757 217 2945 5828 3135 3187

Para a maioria dos metais,
1- AS; na fusao € da ordem de 2 - 3 cal/K-mol (regra de Richard).

2- AS, na vaporizacao € da ordem de 22 cal/K-mol (regra de Trouton)

Ref: Lupis, Chemical Thermodinamics of Materials




Calculo da Entropia padrao

Capacidade calorifica, C P
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Temperatura, 7
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The laws of thermodynamics form the physical basis for solving practical prob-
lems. Additional energy functions are defined:

H=U+ PV F=U-TS G=U+PV =TS

because they provide measures of energy convenient for specific classes of prcaesses.
Alternate forms of the combined statements of the first and second laws may be
derived for these energy functions:

dU:TdePdV—k(SW’ (4.4)

dH =TdS +VdP + 8V (46)

dF = —SdT — PdV + 8§W' (4.8)

dG = —SdT + VdP + §W’ (4.10)

A collection of experimental variables are defined:
o = ! (8—‘-{) | 4.11)
VA\aT ],
B = —-1- (é‘—/) (4.12)
VAP /),
6 Qrev.p = CpdTp (4.13)

0Qrev,v = CydTy (4.15)




