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A quasi-static change of the phase state of a one-
component system takes place under the action of con-
stant intensive parameters: pressure P, temperature
T, and electrochemical potential u for the two phases.
The degree of change of the extensive parameters de-
pends on the reciprocal relations for the intensive and
extensive parameters. This relationship, for a simple
system with constant mass (i.e., constant mole num-
ber) is expressed by the well-known Clausius-Clapey-
ron equation, which can be written as follows:

dpP Ay S

—_— =, (1)
a T AyV

where A denotes the change of an extensive parameter
(that which it precedes) during a total change of the
phase state; the subscript indicates a parameter which
remains constant during a given change of phase state
(here the mole number N).

In general it is not necessary to restrict ourselves
to a change of phase state occurring in a system with
constant mass.

The general process of variation of phase state may
be represented in a system in which none of the exten-
sive parameters remains constant (except the mole
number for which the Clausius~Clapeyron equationhas
been derived). This kind of very general case of change
of phase state is unsuitable for direct analysis.

Let us therefore consider processes (and systems)
where one of the intensive parameters remains con-
stant. Here we can refer to the case with change of
phase state with constant volume, the case of change
of phase state with constant entropy, and so on.

It is easy to analyze a system with constant volume.
This is an open system where we permit mass to flow
out from a constant volume, or mass to flow out ac-
companied by a change of phase state. A system with
constant entropy is an open system, for which aphase
change process is associated with change of volume
and of mole number, the entropy remaining constant.

By using an analogy method, we may write down a
full system of equations to describe these processes.
From Eq. (1):

ar
T =—ANS/ANV’ (2)
duy A

— b = ASVIASN, (3)
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Here II is the negative of the pressure (—P), corre-
sponding to the temperature T and the electrochemical

potential u; AnS is the total change of entropy at con-
stant mole number; AV is the total change of volume
at constant mole number; AgV is the total change of
volume at constant entropy; ASN is the total change
of mole number at constant entropy; AVN is the total
change of mole number at constant volume; A_,S isthe
total change of entropy at constant volume.
The validity of Egs. (8)and (4) canbe proved as follows:
Starting from the Gibbs-Duhem relation

—VdP + SdT 4+ Ndp =0, (5)
we obtain

% = v—s(dT/dP),

we determine dT/dP from the Clausius~-Clapeyron
equation (1)
dar

F = (Vg —U)/(sy — 8;)

and arrive at the relation

d
-‘% =, (Uy— 0)/(5y — 5), (6)

expressed in terms of individual extensive parameters.

We can determine the left side of (3) from the ex-
pression for the total change of volume at constantsys-
tem entropy

ASV-":NQUZ—‘NlUl (7)

and the total change of mole number at constant sys-
tem entropy

(Ny— Ny sy =Ny 7/T = N, (5, —5y),
AN = — Ny (s, —5,)/s,. (8)
Substituting expressions (6), (7), and (8) into (3),

we obtain

Vi—Nys (U, —0)/(5,—5;) =

=5, (Ny v, — N, v)/(5; — ),
whence

Nis; = Nys,.

It has thus been shown that the total chanrge of vol-
ume and of mole number occurs at constant system
entropy, which confirms the validity of (3).

Relation (¢), i.e.,
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can be proved in a similar way. From (5) we have

d
—&TL — —s, + v, dP/dT.

We substitute for dP/T from (1):

dp_ _

ar — 8 + v [(s; — s vy, — )] (10)

The right-hand side of (9) can be determined from
the expression for the total change of entropy at con-
stant system volume

A, S = Ny(s;—s) —(N; — Ny)s, (11)

and the expression for the mole number at constant sys-
tem volume

(N —Njv, = —(V,—V,),

Ay N = Ny (v;—0p) v, (12)

Substituting expressions (10), (11), and (12) into (9),
we obtain
— 8 — U [(5g — s )/(vg —vp)] =
= 0, [Ny (53— 8;) — (N1 — Ny) s,/ Ny (v, —0y),
whence

N,y = Nyv,.

Thus it has been shown that the total change of en-
tropy and mole number occurs at constant system vol-
ume, which confirms the validity of Egs. (9) and 4).

INZHENERNO-FIZICHESKII ZHURNAL

By multiplying relations (2), (3), and (4), we obtain
the following equations:

(8, S/AL VYA, N/A, A V/IAGN) =
= (— dP/dT)d p/dP)(dT/d p) = — 1.

The equation obtained expresses the ratio of the
total changes of two of the extensive parameters of
the system in terms of the remaining extensive param-
eters.

The parameter appearing in (3) and (4) is entropy.
It should be stressed that we cannot calculate the ab-
solute value of entropy from these equations, and that
we do not need to use these relations. Since the abso-
lute value of entropy is related to the chemical poten—
tial through the Gibbs-Duhem relation, the equations
derived are in agreement with any zero reference lev-
el of entropy. ' ,

The expressions obtained make it possible to ex-
tend the Clausius-Clapeyron equation to systems with
a variable mole number, the variation occurring be-
cause of leakage of material from the system, or as
a result of simultaneous or subsequent chemical re-
action associated with the change of phase state.
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