
PROPERTIES OF MATERIALS

13-1 THE GENERAL IDEAL GAS

A brief survey of the range of physical properties of gases, liquids, and
solids logically starts with a recapitulation of the simplest of systems-the
ideal gas. All gases approach ideal behavior at sufficiently low density, and
all gases deviate strongly from ideality in the vicinity of their critical
points.

The essence of ideal gas behavior is that the molecules of the gas do not
interact. This single fact implies (by statistical reasoning to be developed
in Section 16.10) that

(a) The mechanical equation of state is of the f.orm PV: NRT.
(r) For a single-component ideal gas the temperature is a function only

of the molar energy (and inversely).
(c) The Helmholtz potential F(T,V, N1, Nr,...,N,) of a multicompo-

nent ideal gas is additive over the components ("Gibbs's Theorem"):

F (7 ,v ,Nr , . . . ,  N , )  :  F r (T ,v ,Nr )  +  F r (T ,v ,  N r )

+ . . . + F , ( T , V , N , )  ( 1 3 . 1 )

Considering flrst a single-component ideal gas of molecular species 7,
property (b) implies

fl  :  Nrur(T)

It is generally preferable to express this equation in terms of
capacity, which is the quantity most directly observable

(J, :  Niu io  + N,  fc , r (T ' )  dT '
-  - t T o

where Zo is some arbitrarily-chosen standard temperature.
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(r3.2)

the heat

(13.3)
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The entropy of a single-component ideal gas, like the energy, is de-
termined by cr(T). Integrating c,,: N, rT(dSi/dT),, and determining
the constant of integration by the dquatibn of stlate PV : N,Rf

(13.4)

Finally, the Helmholtz potential of a general multicomponent ideal gas
is, by property (c)

F(T,v)  : lu, ( r )  -  T l ,s j ( r ,v)  :  u -  TS (13.5)
J J

ideal gas (equation 13.4) in the form (taking N, : N):

r T 1:  N l '  *u,Q') dr '  + NR lna - NR lx,rn x, (13.6)J r o T '  " '  u o  I  
r  t

and the last term is again the entropy of mixing. We recall that the entropy
of mixing is the difference in entropies between that of the mixture of
gases and that of a collection of separate gases, each at the same
temperature and the same density N,/V,: N/V as the original mixture
(and hence at the same pressure as the oiiginal mixture).

It is left to the reader to show that rcr, a, and the difference (c, - c,)
have the same values for a general ideal gas as for a monatomic ideal gas
(recall Section 3.8). In particular,

1
r c r : F ,  d : c o  -  c u :  R (13.7)

The molar heat capacity appearing in equation 13.3 is subject to certain
thermostatistical requirements, and these correspond to observational
regularities. one such regularity is that the molar heat capacity c, of real

s, : N,qu .*,1:: c,i(r') dr' + NjRh(; 
+)

s - - ? *r, : l*,!^ic,i(r') 
dr' + 

l*,^,'(,;#)

I
T '
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FIGURE I3.1

The molar heat capacity of a system with two vibrational modes, with @2 : 15rrrr.

gases approaches a constant value at high temperatures (but not so high
that the molecules ionize or dissociate). If the classical energt can be
written as a sum of quadratic terms (in some generalized coordinates and
momenta), then the high temperature ualue of c, is simply R/2 for each
such quadratic term. Thus, for a monatomic ideal gas the energy of each
molecule is (p,' + p3 + p:)/zm; there are three quadratic terms, and
hence c,:3R/2 at high temperatures. In Section 16.10, we shall explore
the thermostatistical basis for this "equipartition value" of c, at high
temperatures.

At zero temperature the heat capacities of all materials in thermody-
namic equilibrium vanish, and in particular the heat capacities of gases
fall toward zero (until the gases condense). At high temperatures the heat
capacities of ideal gases are essentially temperature independent at the
"equipartition" value described in the preceding paragraph. In the inter-
mediate temperature region the contribution of each quadratic term in the
Hamiltonian tends to appear in a restricted temperature range, so that c,
versus ? curves tend to have a roughly steplike form, as seen in Fig. 13.1

The temperatures at which the "steps" occur in the c, versus T curves,
and the " height" of each step, can be understood in descriptive terms
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I3.2 CHEMICAL REACTIONS IN IDEAL GASES

The chemical reaction properties of ideal gases is of particular interest.
This reflects the fact that in industrial procesies many important chemical
reactions_ actually are carried out in the gaseous phise, ind the assump-
tion of ideal behavior permits a simple and explicil solution. Furthermoie
the theory o-f ideal gas reactions provides the Jtarting point for the theory
of more realistic gaseous reaction models.

.It follows directly from the fundamental equation of a general ideal gas
mixture (as given parametrically in equations-l3.3 to 13.5t thar the pu.iiul
molar Gibbs potential of the 7th component is of the form

t t i  :  RT[+,<r l*  lnp + lnxr] (13 .8 )

(13.e)

The quantity +i(T) is a function of ? only, and x, is the mole fraction of
!hg_,r,tr comp<inent. The equation of chemical equilibrium is (equation
2.70 or 6.57\

lv,p,:  o
J

lv,ln xj : - lv,ln P - Ev,+,(T)
j j j

whence

(13.10)
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Defining the "equilibrium constant" KQ) for the particular chemical
reaction by

hl r ( r ) :  -D, ,+ , ( r )
l

we find the mass action law

(13 .11 )

The equilibrium constant K(T) can be synthesized from the functions
+,(T) by the definition (13.11), and the functions +,Q) are tabulated for
cbmmon chemical gaseous components. Furthermoie the equilibrium con-
stant K(T) is itself tabulated for many common chemical reactions. In
either case the equilibrium constant can be considered as known. Thus,
given the temperature and pressure of the reaction, the product flx'7 is
determined by the mass action law (13.12). Paired with the condition that
the sum of the mole fractions is unity, and given the quantities of each
atomic constituent in the system, the knowledge of flxir determines each
of the x,. We shall illustrate such a determination in an example, but we
first not-e that tabulations of equilibrium constants for simple reactions
can be extended to additional reactions by "logarithmic additivity."
Certain chemical reactions can be considered as the sum of two other
chemical reactions. As an example, consider the reactions

[ I r ' i :  P-zL ' iK(T)

2 } J 2 + O r + 2 H r O

and

2 C O + O r + 2 C O ,

Subtracting these two equations in algebraic fashion gives

2 H r - 2 C O + 2 H 2 O - z C O z

zlltr+ Co, = Hp + col

We now observe that the quantities lnrK(f)
be subtracted in a corresponding fashion.

Consider two reactions

(13.12)

(13.13)

(13 .14)

(13.1s)

(13.16)

of the various reactions can

0 + Lrj')Ai (13 .17 )
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o + Lvj2)Ai (13 .18 )

and a third reaction obtained by multiplying the first reaction by a
constant Br, the second reaction by Br, and adding

o + Lvj',A, = L(nrvj't + nrrjl)A (13.19)

Assume-that the equilibrium constant of the first reaction is Kr(z) and
that of the second reaction is Kr(T), so that by deflnition

hn,(r) : -LvlD+,(r) (13.20)

and

rn Kr(T) : -Lvjz)+,(T) (B.zL)

The equilibrium constant for the resultant reaction equation 13.19 is
defined by an analogous equation, from which it follows ihat

lnrKr(T) : B,ln Kr(T) * BrtnKr(r) 
'(13.22)

Thus tabulations of equilibrium constants for basic reactions can be

# 
: - r 

: i(Lv,rt 1)p, N,, Nz,

and, inserting equation 13.8

#: 
-r#(nrtv,e, + Rr}v,lnp * RrLv,ln'i) G3.24)

# 
: -Lv1tr1- nr2fiLv,+,

Recognizing that Lirilti vanishes at equilibrium and recalling the defini-
tion (13.11) of the equilibrium constant, we find the uan't Hoff relation

F: nr,finKe)

(r3.23)

(13.25)

(r3.26)
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Thus measurements of the equilibrium constant at various temperatures
enable calculation of the heat of reaction without calorimetric methods
(the equilibrium constant being measurable by direct determination of the
concentrations xo).

Example
Two moles of HrO are enclosed in a rigid vessel and heated to a temperature of
2000 K and a pressure of 1 MPa. The equilibrium constant K(T) for the
chemical reaction

H2O e H2+ rO2

has the value K(2000) : 0.0877 Par/z.What is the equilibrium composition of the
system? What is the composition if the temperature remains constant but the
pressure is decreased to 104 Pa?

The law of mass action states that

* -r/2*H ,^ !_ :  
p - t / zK (T )

xHro

The mole numbers of each component are given by

N H r o :  2  -  L N  N r r r :  A f r  N o r :  I A N

so that the sum of the mole numbers is 2 + LN /2. Consequently

2 - LN Aiv + Ai!'
x H , o :  

r r  ' / J i  
* ^ , :  

2  a  t r L r t  x o , :  
2  +  L r L f r l

The law of mass action accordingly becomes

1

a ( 2 -  A N ) ( 2 + + L N ) ' / '

( tu1't ' :  p -L tzK(T)

and with the right-hand side known we can solve numerically for Alf. We Rnd
AiV : 0.005 for P : 1 MPa and AN :0.023 for P : 104 Pa. Thus, for a
pressure of 1 MPa, the mole fractions of the components are

x . ' ,o :0 .9963 xn ,  :  0 .002t  xaz :  0 .0012

whereas for a pressure of 104 Pa the mole fractions are

x ' ,o :0 .9828 x" ,  :  0 .0110 xoz :  0 .0057
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PROBLEMS

13.2-1. How is the equilibrium constant of the reaction in the Example related to
that for the same reaction when written with stoichiometric coefficients twice as
large? Note this fact with caution!
13.2-2. What are the mole fractions of the constituents in the Example if the
pressure is further reduced to 103 Pa?
13.2-3. In the Example, what would the final mole fractions be at a pressure of 103
Pa if the vessel initially had contained 1 mole of oxygen as well as 2 moles of water?

13.2-4. In an ideal gas reaction an increase in pressure at constant temperature
increases the degree of reaction if the sum of the stoichiometric coefficients of the
"reactants" is greater in absolute value than the sum of the z's of the "products,"
and vice versa. Prove this statement or show it to be false, using the law of mass
action. What is the relation of this statement to the Le Chatelier-Braun principle
(Sect. 8.5)?

13.2-5. The equilibrium constant of the reaction

S O r + S O r + j O ,

has the value 171.9 Pi/z at 7 : 1000 K. Assuming 1 mole of So, and 2 moles of
o, are introduced into a vessel and maintained at a pressure of 0.4 Mpa, find the
number of moles of SO, present in equilibrium.
13.2-6. At temperatures above - 500 K phosphorus pentachloride dissociates
according to the reaction

P C l r + P C l 3 + C l 2

A PCls sample of 1.9 x 10-3 Kg is at a temperature of 593 K and a pressure of
0.314 x 105 Pa. After the reaction has come to equilibrium the system is found to
have a volume of 2.4 liters (or 2.4 x l0-3 m3). Determine the equilibrium
constant. what is the "degree of dissociation" (i.e., the degree of reaction e for
this dissociation reaction; recall equation 6.53)?
13.2-7. A system containing 0.02 Kg of co and 0.02 Kg of o, is maintained at a
temperature of 3200 K and a pressure of 0.2 Mpa. At this temperature the
equilibrium constant for the reaction

2 C O r + 2 C O + 0 2

is K : .0424 MPa. What is the mass of CO, at equilibrium?
13.2-8. Apply equation 13.8 to a single-component Eer.eral ideal gas (of species 7).
Evaluate pl for the single-component ideal gas by equation 13.4 (note that by
equation 13.3 constant U implies constant Z), and in this way obtain an
expression for {r.
13.2-9. An experimenter finds that water vapor is 0.53% dissociated at a temper-
ature of 2000 K and a pressure of 105 Pa. Raising the temperature to 2100 K and
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keeping the pressure constant leads to a dissociation of 0.88%. That is, an initial
mole of HrO remains as 0.9947 moles at 2000 K or as 0.9912 moles at 2100 K
after the reaction comes to completion. Calculate the heat of reaction of the
dissociation of water at P :105 Pa and T = 2050 K.

Answer:
AH = 2.7 x l}s J/mole

r},3 SMALL DEVIATIONS FROM
" IDEALITY''-TTIE VIRIAL EXPANSION

Although all gases behave "ideally" at sufficiently large molar volume,
they exhibit more complicated behavior as the molar volume u is de-
creased. To describe at least the initial deviations from ideal gas behavior
the mechanical equation of state can be expanded in inverse powers of u

(73.27)

This expansion is called a "virial expansion"; BQ) is called the "second
virial coefficient," C(f) is the "third virial coefficient," and so forth. The
forms of these functions depend on the form of the intermolecular forces
in the gas. The second virial coefficient is shown in Fig. 13.2 as a function
of temperature for several simple gases.

Corresponding to the virial expansion of the mechanical equation of
state, in inverse powers of u, the molar Helmholtz potential can be
similarly expanded

f  : f ,o"^+Rr l+.#.#.  ] (13.28)

The equality of the coefficients B(T), C(T),... in these expansions
follow's, of course, from P : - 0f/0u.

All thermodynamic quantities thereby are expressible in virial-type
cxpansions, in inverse powers of u. The molar heat capacity cu, for
instance, is

+:+( ' .9.#. )

rnd the molar energy is

cu :  c. , idea,.  ^r[ ]  #. ## .  *#. ]
(13.2e)

] 
(r3.30)

- t t d a  I  d c  I  d Du: uid"^t+ RTzL;ff i* ,urf i+ #ff i .
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FIGURE 13.2

Second virial coefficient as a function of temperature for several gases. Measurements by
Holborn and Otto. Data from Statistical Thermodynamics, by R. H. Fowler and E. A.
Guggenheim, Cambridge University Press, L939.

PROBLEMS

13.3-1. In a thermostatistical model in which each atom is treated as a small hard
sphere of volume r, the leading virial coefficients are

B : 4Ntr C : 70N;2rz D : I8.36Nlr3

Using the value of B determined from Fig. 13.2, find the approximate radius of a
He atom. Given Fig.I3.2, what would be a reasonable (though fairly crude) guess
as to the value of the third virial coefficient of He?

13.3-2. Expand the mechanical equation of state of a van der Waals gas (equation
3.41) in a virial expansion, and express the virial coefficients in terms of the van
der Waals constants a and b.

f33-3. Show that the second virial coefficient of gaseous nitrogen (Fig. 13.2) can
be fit reasonably by an equation of the form

a : a o - \
T

and find the values of ,Bo and Br. Assume that all higher virial coefficients can be
neglected. Also take the molar heat capacity cu of the noninteracting gas to be
sR/2.
(a) Explain why c, (noninteracting) reasonably can be taken as 5R/2.
(b) Evaluate the values of Bo and B, from Fig. 13.2.
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(c) What is the value of cu(T,u) for N2, to second order in a virial expansion?

13.3-4. The simplest analytic form suggested by the qualitative shape of B(T) of
H, and Ne in Fig. 13.2 is BQ): Bo - Br/T (as in Problem 13.3-3). With this
assumption calculate co(T,u) for H, and Ne.

13.3-5. A " porous plug" experiment is carried out by installing a porous plug in a
plastic pipe. To the left of the plug the gas is maintained at a pressure slightly
higher than atmospheric by a movable piston. To the right of the plug there is a
freely sliding piston, and the righrhand end of the pipe is open to the atmo-
sphere. What is the fractional difference of velocities of the pistons?
(a) Express the answer in terms of atmospheric pressure Po, the driving pressure

P1,, and co, dt K7t and u (assuming that the pressure difference is small
enough that no distinction need be made between the values of the latter
quantities on the two sides of the plug).

(b) Evaluate this result for an ideal gas, and express the deviation from this
result in terms of the second virial coefficient, carrying results only to first
order in B(T) or its derivatives (the heat capacity c, is to be left as an
unspecified quantity in the solution).

I3.4 THE *LAW OF CORRESPONDING STATES'FOR GASES

A complete virial expansion can describe the properties of any gas with
high precision, but only at the cost of introducing an infinite number of
expansion constants. In contrast the van der Waals equation of state
captures the essential features of fluid behavior, including the phase
transition, with only two adjtJstable constants. The question arises as to
whether the virial coemcients of real gases are indeed independent, or
whether there exists some general relationships among them. Alternatively
stated, does there exist a more or less universal form of the equation of
state of fluids, involving some finite (or even small) number of indepen-
dent constants?

In the equation of state of any fluid there is one unique point-the
critical point, characterrzedby 7,,, P,,, and u,,. A dimensionless equation
of state would, then, be most naturally expressed in terms of the "reduced
temperature" T/7,r, the "reduced pressure" P/Pr,, and the "reduced
molar volume" u/u,r.

It might be expected that the three parameters 7,,, P,,, and u,, are
themselves independent. But evaluation of the dimensionless ratio P"u"/ RT,
for various gases reveals a remarkable regularity, as shown in Table 13.1.
The ratio is strikingly constant (with small deviations to lower values for a
few polar fluids such as water or ammonia). The dimensionless constant
P.,u,,/RT,, has aualue onthe order of 0.27 for all"normal" fluids. Of the
three parameters that characterize the critical point, only two are indepen-
dent (in the semiquantitative sense of this section).
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TABLE 13.1
Criticaf Constants and the Ratio P",tr", / RT", oI Various Fluids-

Substance Molecular Weight 7,,(K) P",(106 Pa) u,,(10- 3 m3) p,,u,, / R\,

H2
He
CHo
NH,
H,O
Ne
N2
CrHu
o2
Ct H.
c 2 H 5 o H
SO,
CuHu
Kr
ccl4

2.016
4.003

L6.043
17.03
18.015
20.183
28.013
30.070
3r.999
44.097
46.07
64.063
78.115
83.80

1.53.82

J J . J

5 .3
191.1
405.5
647.3
44.5

126.2
305.5
154.8
370
516
430.7
562
209.4
556.4

1.30
0.23
4.64

LI.28
22.09
2.73
3.39
4.88
5.08
4.26
6.38
7.88
4.92
5.50
4.56

0.4649
0.0578
0.0993
0.0724
0.0568
0.04t7
0.0899
0.1480
0.0780
0.1998
0.r6't3
0.rzl'l
0.2603
0.0924
0.2759

0.30
0.30
0.29
0.24
0.23
0.31
0.29
0.28
0.31
0.28
0.2s
0.27
0.27
0.29
v. , / .1

* Abstracted from K A. Kobe and R, E. Lynn, Jr., Chem Reu 52,717 (1953\.

_ Proceeding further, then, one can plot u/u* as a function of p/p,, and
T/7,, for a variety of fluids. Again there is a remarkable similarity among
all such "reduced equations of state".

There exists, at least semiquantitatiuely, a uniuersal equation of state
containing no arbitrary constants if expressed in the reduced uariables u/u,,,
P/P,,, and T/7",. This empirical fact is known as the "Law of Corre-
sponding States".

temperature scale is superimposed as a set of constant reduced temper-
ature loci in the plane.

- To_find u/uc, ,at, a given value of P/P,, and T/7,, one reads p/p,, on
the abscissa and locates the appropriate T/7", curve. These values de-
termine a point, of which one can read the ordinate. The ordinate is
= 0.27(P/P,,)(u/u,,)/(T/7,,), so that u/u,, is thereby evaluated.

The existence of such an approximate universal equation of state is
given a rational basis by statistical mechanical models. The force between

rR. E Sonntag and G. J. Van Wylen, Introduction to Thermodynamics, Classical and Statistical,
2nd ed (Wiley, New York, 1982)

I
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FIGURE 13 3
"Generalized" or universal equation of state of gases in terms of reduced variables. From
R. E. Sonntag and G. van Wylen, Introduction to Thermodynamics, Classical and Statisti-
cal, 2nd edition, 1982, John Wiley & Sons, New york.

molecules is generally repulsive at small distance (where the molecules
physically .overlap). and attractive at larger distances. The long-range
attraction in nonpolar molecules is due to the polarization of onJ moG-
cule by the instantaneous fluctuating dipole moment of the other; such a
" van der waals force" falls as the sixth power of the distance. Thus
the force between two molecules can be parametrized by the radii of the
molecules (describing the short-range repulsion) and the strength of the
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long-range attractive force. It is this two-parameter characteizationof the
intermolecular forces that underlies the two-parameter equation of state.

13.5 DILUTE SOLUTIONS:
OSMOTIC PRESSURE AND VAPOR PRESSURE

written in the general form

G(7, p,lrr,  Nr) = Nrp?(p, T) + Nzq,@,r) + NrR"1r, --Nt =:
N r + N ,

+NzRn"#N,

where r/, is an unspecified function of P and T and where the latter two
!9rqs are suggested by the entropy of mixing terms (equation 13.6) of an
ideal gas. From a statistical mechanical perspective ry' represents the effect
of the interaction energy between the two types of moleiules; whereas the
entropy of mixing terms arise purely from combinational considerations
(to be developed in chapters 15 e/ seq.). For our present purposes,
however, equation 13.31 is to be viewed as an empirical thermodynamic
approximation.

In the feglon of validity (i.e., small concentrations, or N, << Nr) we can
expand the third term to first order in Nr/N, and we tan neglect N,
relative to N, in the denominator of the logarithm in the lait terml
obtaining

G(7,  p ,Nr ,  Nr)  = N,p?(p,  T)  + N2l ,e , r )  -  N2RT + ,nr rnrh$
l Y l

(13.32)

It follows that the partial molar Gibbs potentials of solvent and solute are,

(13.31)



respectively

trr(p,T,x): f f i :  
p?(p,T\ - xRT

where x is the mole fraction of solute (= Nr/Nr), and

pz(P,r ,  x)  :  # 
:  *e , r )  *  R? ln.x
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(13.33)

(13.34)

It is of interest to examine some simple consequences of these results.
Consider first the case of the osmotic pressure difference across a semi-
permeable membrane. Suppose the membrane to be permeable to a liquid
(water, for instance). A small amount of solute (such as sugar) is intro-
duced on one side of the membrane. Assume that the pressure on the pure
solvent side of the membrane is maintained constant (: P), but that the
pressure on the solute side can alter (as by a change in height of the liquid
in a vertical tube). Then the condition of equilibrium with respect to
diffusion of the solvent across the membrane is

pJP ,7 ,0 )  :  p r (P ' ,T ,  x )  ( t : . l s )

where P' is the as yet unknown pressure on the solute side of the
membrane. Then, by equation 13.33

pJP,7 ,o)  :  p t (P ' ,7 ,0 )  -  xRT (13.36)

where we have altered the notation slightly to write Fr(P,7,0) for
t4(P,7). Then, expanding Ft(P',I,0) around the pressure P

pr(P ' , r ,0)  :  pJP,T,0)  +
op.r(r , r ,o)

x ( P ' , -  P )

:  F t ( P , 7 , 0 )  + ( P '

AP

-  P ) u (r3.37)

or, from equation 13.36

(P '  -  p )u :  xRT  (13 .38 )

Multiplying by N, we find the uan't Hoffrelation f.or osmotic pressure in
dilute solutions

VLP:  N|RT (13.3e)
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Another interesting effect in liquids is the reduction in the vapor
pressure (recall Sections 9.1 to 9.3) by the addition of a low concentration
of nonvolatile solute. In the absence of the solute

poo(P,  T) :  pzu(P,T)

But with the addition of the solute, as in 13.36

l t \o(P ' ,7)  -  xRT:  pw(P' ,7)

Expanding the first term around the original pressure p

pt iq(p ' , f )  :  pr ic(p,T)  + urq(p,  f )  x(p,  _  p)

and similarly for the gaseous phase, whence we find

(13.40)
so,
Se
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(13.41)

(r3.42)

P ' - P : - xRT
0s -  a t

(13.43)

Thus the addition of a solute decreases the vapor pressure.
If we make the further approximation that r, u- r, and that u, : RT/ p

(the ideal gas equation) we obtain

AP
7 

= -, (13.4)

which is known as Raoult's Law.

PROBLEMS

13.$1. Assuming the latent heat of vaporization of a fluid to be constant over the
temperature range of interest, and assuming that the density of the vapor can be
neglected relative to that of the liquid, plot the vapor pressure (i.e., the liquid-gas
coexistence curve) as a function of the dimensionless temperature RT/t.plotihe
corresponding graphs for five and ten percent dissolved solute.
13.42. One hundred grams of a particular solute are dissolved in one liter of
water. The vapor pressure of the water is decreased by roughly 6vo.lsthe solute
more likely to be sugar (cr,}I.,o.^), table salt (Nacl), or potassium iodide (KI)?
Simple ionic solutions double their effective Raoult concentration!
13.$3. If 20 grams of sugar (cr2H22ou) are dissolved in 250 cm3 of water, what
is the change in the boiling temperature at atmospheric pressure?
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13-6 SOLID SYSTEMS

The heat capacities and various other properties of a wide variety of
solid systems show marked similarities, as we shall see in specific detail in
Section 16.6 (where we shall carry out an explicit statistical mechanical
calculation of the thermal equation of state of a solid). Accordingly, we
defer further description of the properties of solids, other than to stress
that the thermal properties of solids are not qualitatively different than
those of liquids; it is the thermomechanical properties of solids that
introduce new elements in the theorv.

whereas the mechanical state or a nuid is adequately characterized by
the volume, a solid system can be characterized by a set of elastic strain
components. These describe both the shape and the angular dilatations
(" twists") of the system. The corresponding intensive parameters are the
elastic stress components. These conjugate variables follow the structure of
the general thermodynamic formalism. For specific details the reader is
referred to the monograph by Duane c. wallace2, or to references cited

In the full theory the extensive parameters include both the volume (the
fully symmetric strain") and various other strain components. The

iugate intensive parameters are the stress components, including the, ulrensrvc paramelers are lne suess components, mcludmg the
(the "fully symmetric stress component"). If the walls of the

impose no stress components other than the pressure, then these
components vanish and the formalism reduces to the familiar form

which the volume is the only explicit mechanical parameter. Inversely,
the more general case the additional strain components can be appended
the simple theory in a manner fully analogous to the addition of any

extensrve parameter.

2Duane C. Wallace, Thermodynamics of Crystals (Wiley, New York, 1972)


