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THERMODYNAMICS AND
STATISTICAL MECHANICS

1.1 INTRODUCTION: THERMODYNAMICS AND STATISTICAL
MECHANICS OF THE PERFECT GAS

Ludwig Boltzmann, who spent much of his life studying statistical
mechanics, died in 1906, by his own hand. Paul Ehrenfest, carrying on the
work, died similarly in 1933. Now it is our turn to study statistical mechanics.

Perhaps it will be wise to approach the subject cautiously. We will begin
by considering the simplest meaningful example, the perfect gas, in order
to get the central concepts sorted out. In Chap. 2 we will return to complete
the solution of that problem, and the results will provide the foundation of
much of the rest of the book.

The quantum mechanical solution for the energy levels of a particle in a
box (with periodic boundary conditions) is
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where m is the mass of the particle, & = 2n# is Planck’s constant, and q
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States of Matter (1975), by David L. Goodstein.



Figure 1.1. A hot-air balloon interacts thermally, mechanically, and diffusively
with its environment—exchanging energy, volume, and particles. Not all of these
interactions are at equilibrium, however.




Figure 1.2. A selection of thermometers. In the center are two liquid-in-glass
thermometers, which measure the expansion of mercury (for higher temperatures)
and alcohol (for lower temperatures). The dial thermometer to the right measures
the turning of a coil of metal, while the bulb apparatus behind it measures the
pressure of a fixed volume of gas. The digital thermometer at left-rear uses a
thermocouple—a junction of two metals—which generates a small temperature-
dependent voltage. At left-front is a set of three potter’s cones, which melt and
droop at specified clay-firing temperatures.
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Figure 1.3. Data from a student experiment measuring the pressure of a fixed
volume of gas at various temperatures (using the bulb apparatus shown in Fig-
ure 1.2). The three data sets are for three different amounts of gas (air) in the bulb.
Regardless of the amount of gas, the pressure is a linear function of temperature
that extrapolates to zero at approximately —280°C. (More precise measurements
show that the zero-point does depend slightly on the amount of gas, but has a
well-defined limit of —273.15°C as the density of the gas goes to zero.)




Leis dos gases

1662 Robert Boyle formula a
Lei de Boyle:

1787 Jacques Alexandre Cesar
Charles descobre a

Lei de Charles:
(publicada por Gay-Lussac em 1802)

1802 Lei de Gay-Lussac:

Pressao ()

Volume (V)

Pressan (F)

PV =const.

L olume (V)

V =const.xT

Temperatura (T)

P =const.xT

Temperatura (T)



1811 Principio de Avogadro: “Sob as mesmas condi¢des de temperatura e
pressdo, um determinado numero de moléculas de um gas ocupa 0 mesmo
volume, independente de sua identidade quimica”.

V cn

1834 Benoit Paul-Emile Clapeyron formula sua equacio
para os gases ideais:

PV =nRT




Figure 1.4. A greatly sim-
plified model of an ideal gas,
with just one molecule bounc-
ing around elastically.
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Figure 1.5. A diatomic molecule can rotate about two independent axes, per-
pendicular to each other. Rotation about the third axis, down the length of the
molecule, is not allowed.

Figure 1.6. The “bed-spring” model
of a crystalline solid. FEach atom is
like a ball, joined to its neighbors by
springs. In three dimensions, there are
six degrees of freedom per atom: three
from kinetic energy and three from po-
tential energy stored in the springs.
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2. Energia:

Conservacao de energia: “a quantidade total de energia do universo ndo muda”.
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calor ou trabalho J

ao energias em transito, nunca estao no sistema.
guanto calor entrou/saiu de um sistema, ou

oi realizado sobre/pelo sistema.
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Nomenclatura:

U = energia total contida em um sistema
Q = quantidade de calor que entra num sistema

W = trabalho realizado sobre um sistema

12 lei da termodinamica:

Figure 1.7. The total change in the energy
of a system is the sum of the heat added to it
and the work done on it. Copyright (S2000,
A ddizon-Wesley.
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12 lei da termodinamica: <
AU=Q+W as
)
no Sl: =

[U] = [Q] = [W] =J = kg m?/s®

caloria: 1 cal é o calor necessario para aumentar a temperatura de 1 g de
agua de 1 °C (14,5 °C —15,5 °C).
1cal =4,186J

caloria alimentar: 1 Cal = 1 kcal = 4186 J
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1cal =4,186J

(1845) J. P. Joule

James Prescott Joule
(1818-1889), fisico
britanico.



https://pt.wikipedia.org/wiki/Equivalente_mecânico_do_calor

4) Calor e trabalho

1cal=4,186J

(1845) J. P. Joule

0 pelo atrito necessario para James Prescott Joule
1 kg de agua em 1 °F e (1818-1889), fisico
78,24 libras de forga - pés. britanico.


https://pt.wikipedia.org/wiki/Equivalente_mecânico_do_calor

5) Trabalho

Trabalho sobre um sistema (compressao de um gas):

Figure 1.8. When the pis-
ton moves inward, the vaol-
ume of the gas changes by
AV [anegative amount ) and
the work done on the gas
(assuming quasistatic ocom-
pression] s —PAV. Copy-
right () 2000, A ddizson-Wesley.
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Agora F=P- A4, mas queremos que a pressao
seja a mesma em todo 0 gas, ou seja, 0 processo
tem que ser lento de forma a haver equilibrio,

OuU Seja, um processo quase-estatico (idealizacao).

AsSIm:
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Pressura Prassure

Area = P-(Vp - V)
g

A res j- Pdv
/

¥ ¥y Volume Vi Vy  Volume

Figure 1.8. When the volume of & gas changes and its pressure is constant, the
waork done on the gas is minus the ares under the graph of pressure vs. volume. The
same s true even when the pressure is not constant. Copyright (@2000, Addison-
".".'l‘-n|-.-_‘..



5) Trabalho

Pressure Pressure

Area = P-(Vy - V)) "\ Area:de‘l-r'

1
Vi Ve  Volume Vi Vy  Volume

Figure 1.8. When the volume of & gas changes and its pressure is constant, the
work done on the gas is minus the ares under the graph of pressure vs. volume. The
same 15 true even when the pressure is not constant. Copyright (©2000, Addison-
Wesley.
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Compressao de um gas ideal

Vamos considerar 2 processos ideais:

1. compressao isotérmica: tdo lenta que a temperatura ndo aumenta;

me=ma temperatura

Manx valume

ma masculas atacam
cada centimedo quadraco
makr pressin
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compression of an ideal gas
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the graph. Copyright (32000,
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me=ma temperatura
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The work done is the area under the curve: N
 compressao (V; > Vy):
we [ pave [PNE L i 1nf Y W >0 sobre o gas
) Ju v <Vf) (ou W < 0 pelo gas)
? i T =constant 3
. « expansao (V; < Vf):
| 1 W <0  sobreogas
B (ou W > 0 pelo gas)
W = NkT 1n<:2)
da 12 lei da termodinamica, vem:
Ve
Q=AU-W =AY/, NfkT) —W =1/, kagff W = NKT In V =W

Ou seja, na compressao Q < 0 (calor sai) e na expansao Q > 0 (calor entra).
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A capacidade térmica de um objeto € quantidade de
calor necessaria para aumentar a temperatura de uma
substancia por grau:

Q

AT

e por unidade de massa é o calor especifico: c = C/m.

C

Esta defini¢do é ambigua, pois ndo esta especificado se ha trabalho e
em quais circunstancias (12 lei da termodinamica):

o Q AU-W
AT AT

selW =0=W = —PAV =0= AV =0o0oulV = const., assim:

Para 1 g de agua:

Cy = (E) ( i Cy=1cal/°C=4,186 J/°C

¢ a capacidade térmica a volume constante ou “capacidade @nergeticas’
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6) Capacidade térmica

Se P = const., a capacidade térmica a pressao constante é:
AU — (—PAV) U
CP = = | — + (P
AT oT
P P

calor adicional para compensar a energia
4_

perdida como trabalho

av

para solidos e liquidos =

— 0, mas para gases € significativo.
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6) Capacidades térmicas (Cp, C,)):

1. medir experimentalmente:

Husting ressine
TABLE 8.31
Mean Heat Capacities of Ideal Combustion Gases: 51 Units*
C,(J/mol-*C)
tate: Py = 1 atm, T,y = 25°C
TEO  Air [ H, o €0, H,0
0 2894 ®/ss PO 3663 035
3 2908 906 288 2906 3715
00 2921 16 8% N 3863 ne
200 2948 932 M9 D47 4048 uu
300 2071 2952 295 2972 4210 3480
400 2097 2974 2903 2999 4 3529
500 3028 2998 2.2 3027 4493 3581
600 305 024 92 056 4614 36
w0 081 3051 2935 085 o 3692
s0 310 wn® a8 IRV TR )
00 338 0 96 a2 w0 3808
1000 3165 3134 2978 3170 4985 866
Hwo 302 362 994 3197 s0s4 3924
[T T Ik 02 23 5118 3931
B0 24 309 R S5 M3
1400 3265 n» 3047 3269 5228 4091
150 31285 05 W6 ErY I X )
Qs T18.

Two hundred f’/h of air at 70 °F and 1.2 atm are blown through ducts that pass through the
interior of a large industrial motor. The air emerges at 500 °F. Calculate the rate at which the

Table 8.3-1 (Hint: you need to use Linear Interpolation, ie. assume that the mean heat

capaity interest).




6) Capacidades térmicas (Cp, C,)):

1. medir experimentalmente:

TABLE 834
Mean Heat Capacities of Ideal Combustion Gases: 51 Units*
C,(J/mol-*C)
Reference state: Py = 1 atm, T,y = 25°C
O A 0, Ny H, o o, H,0
0 294 124 20T 88 900 3663 3155
28 2905 239 2906 2884 2906 3715 16
00 2921 2980 2.16 256 02 386 ng
200 2948 3032 293 2890 247 4045 uM
w2991 080 M8 2898 2972 4210 50
w00 2997 312 974 290 2099 4359 3528
500 025" 3168 2998 512 3027 4493 38581
600 3053 20 3024 23 3056 46.14 3636
700 3081 2% 3051 2935 3085 23 3692
o s0 310 nn 079 2948 I 4820 749
C 900 3138 302 3107 2963 3142 4907 3808
O n S u ar a e aS 1o o i i Ao s o
[} [ 100 19 33§ 362 2994 3197 5054 3924
1200 218 nm s 3012 223 5118 931
1300 242 3402 213 3029 3247 5175 4037
1400 3265 M2 237 3047 269 228 4091
1500 3285 3442 .58 066 3289 a7 4142
Q5 T18.

Two hundred f'/h of air at 70 °F and 1.2 atm are blown through ducts that pass t

interior of a large industrial motor. The air emerges at 500 °F. Calculate the rate at which the
air is removing heat generated by the motor, using tabulated mean heat capacity data from
Table 8.3-1 (Hint: you need to use Linear Interpolation, Le. assume that the mean heat

capacity changes y the terest).

amente: [
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6) Capacidade termica

Seja um sistema cujas energias térmicas sao provenientes exclusivamente de
graus de liberdade quadraticos.

Do teorema da equiparticao de energia, sabemos que: U = %N fKT.

@

U\  a Nfk
= CV = (0_T>V = a—T(EkaT) = T,

assumindo f independente da temperatura.
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6) Capacidade termica

Cy = NTfk com f independente da temperatura.

Para um gas monoatémico (p. ex., He): ¢, /n =3/,R = 12,5 J/IK

Para gases diatdmicos ou poliatémicos: C,/n = 1/, fR

M. U M | s TK)
10 100 1000

Figure 1.13. Hest capacity at constant volume of one mole of hydrogen {Ha) gas.
Mote that the temperature scale is logarithmic. Below about 100 K only the three
translational degrees of freedom are active. Around room temperature the two
rotational degrees of freedom are sactive as well. Above 1000 K the two vibrational
degrees of freedom also become active. At atmospheric pressure, hydrogen liquefies
at 20 K and begins to dissociate at about 2000 K. Data from Woolley et al. (1948).
Copyright ©2000, Addison-Wesley.
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regra de Dulong e Petit




6) Capacidade termica

Para solidos: f =6 = C/n=9/,R = 3R = 24,9 JIK.

regra de Dulong e Petit

-5;5-___35___

llr..r"'"r /-/_'//_'
Lead ;
20¢ :

..Ill" .

Heat capacity (/1)

[= ]
\
\

_.iF.i':;1 "f"_-'-"-.-‘-l----l-...l
100 200 300 400

T (K}

Figure 1.14. Messured heat capacities at constant pressure (data points) for
one mole each of three different elemental solids. The solid curves show the heat
capacity at constant volume predicted by the model used in Section 7.5, with the
horizontal scale chosen to best fit the dats for each substance. At sufficient]ly high
temperatures, Oy for each material approsches the walue 3R predicted by the
equipartition theorem. The discrepancies betwesn the data and the solid curves
at high T are mostly due to the differences between Cp and Gy, At T = 0 all
degrees of freedom are frozen out, so both Cp and Oy go to zero. Data from Y. 5.
Touloukian, ed., Thermophysical Properties of Matter (Plenum, New York, 1970).
Copyright ©2000, Addison-Wesley.
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Calor latente

Durante as mudancas de fase, a adicao de calor ndo aumenta a temperatura, ou
seja, a capacidade térmica € infinita:

C = lim (3) = 00 (na mudanca de fase)

Define-se, entdo, a quantidade de calor necessaria, por unidade de massa, para
fundir ou ebulir uma quantidade de substancia como o calor latente:

Q

m

exs.: fusédo do gelo: L =333 J/g =80 cal/g K ‘m

ebulicdo da dgua: L = 2260 J/g = 540 cal/g
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2) Na reacao:
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Na “queima” de 1 mol de H, , 286 kJ de calor € liberado, sendo a maior parte das ligagdes
guimicas e da energia termica, mas uma parcela do trabalho é feito pela atmosfera no colapso
dos gases.






