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Abstract. A non-equilibrium contact between two discrete systems by an inert partition is
considered. One of these two systems, the equilibrium environment reservoir, is controlling
the other non-equilibrium system which is described by two levels of different accuracy: firstly
as an undecomposed system and secondly as an endoreversible composite system of non-
interacting subsystems. The intensive variables of the system in its undecomposed description
are non-equilibrium contact quantities which are defined by inequalities induced by the second
law. The intensive variables of the system in its description as a composite system are given
by the equilibrium variables of the reversible subsystems. The different accuracy of the two
descriptions leads to the introduction of the concept of compound deficiency. In particular,
the sub-additivity of the entropy rates belonging to the different descriptions is caused by
compound deficiency. Finally, the relations between different forms of the Clausius inequality
of closed systems are derived by using the concept of compound deficiency.

Key words: non-equilibrium thermodynamics, discrete systems, contact temperature,
compound deficiency, extended Clausius inequality, local equilibrium approximation.

1. DISCRETE SYSTEMS

The description of a system depends on the chosen scale. In many cases,
the system is a complex one, having a substructure which is not known in detail
at the given scale, so its description by fields cannot be performed correctly.
Nevertheless, a coarse description of any part of the system as a discrete one
is always possible. Even if a field formulation is practicable, for the numerical
simulation of an irreversible process (e.g. by using FEM) one has to introduce a
suitable grid whose implementation requires the knowledge of the non-equilibrium
states of computational cells. In this case, the description of a computational cell
as a discrete system is an adequate one.
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1.1. Schottky system

In the standard setting ['], a discrete non-equilibrium system § is in interaction
with an equilibrium one G*, the so-called environment reservoir. The interaction
between these two systems consists of heat exchange Q*, power exchange W,
and material exchanges n*, represented by the external mole number rates of
the components (see Fig. 1). These kind of discrete systems are called Schottky
systems [2]. Their exchanges are referred to the equilibrium reservoir G*.

1.2. Undecomposed system

First of all, we describe the non-equilibrium Schottky system G as an unde-
composed one. This means that we are introducing a coarse description ignoring
the possible internal structure of the system. It may be composed of different
subsystems, but it is described as an undecomposed system, not knowing how the
exchange quantities Q*, W*, and 7* are distributed over the unknown subsystems.

A prototype for an undecomposed system is the equilibrium environment G*.
Because of its reservoir properties and the absence of internal adiabatic partitions,
G* cannot be decomposed into subsystems of different intensive variables.

The first law of the open equilibrium reservoir G* reads [?]

U* = Q"+ W*+h*-n*. (1)

Here U™ is the internal energy and h* are the molar enthalpies of the components
of G*. The entropy rate of §* is that of thermostatics

S* = - - n*. 2)

Here p* are the chemical potentials of the components of G*.

9*

Non-equilibrium

e 1 Ny

Equilibrium

Fig. 1. General structure of a Schottky system (explanations in text).
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Inserting the expression for the first law (1) into (2), and introducing the molar
entropies s* of the chemical components of §*, we obtain for the entropy rate

. Q* . 1
S* - v * . * * S — h* _ * . 3
T t+s - n ’ S T* ( 124 ) ( )
If we describe the system G as an undecomposed one, we have to define its non-
equilibrium entropy [*]. We do that according to the equilibrium entropy (3); of

the environment reservoir

SO ::é(@m-n)—%.n ::%+8'7’i. 4)
Here the coarse non-equilibrium quantities of § have the following meaning: a
temperature ©, the molar enthalpies h, and the chemical potentials g of the
components in G are up to now only symbols which have to be defined later.
The molar entropy s of the undecomposed system is defined as in equilibrium
according to (3)s:

S =

(h— ). 5)

O+

1.3. Endoreversible composite system

Up to now, the non-equilibrium system § has been described as an
undecomposed system. A more detailed description results from not ignoring that
§ may be composed of subsystems §;. Then G is replaced by the sum of the
subsystems § — Uj G;. In this case |J ; 9j is called a composite or compound
system.

In this description, the exchange quantities can be attached to the subsystems.
The equivalence of both descriptions with respect to the exchanges is guaranteed
by the additivity of the exchanges of the subsystems (see Fig. 2)

W* = ZW;, QF = ZQ;, nt o= an (6)
J J J

By using the additivity conditions (6) we get for the entropy rate (3); of the open
equilibrium reservoir G*

St = ;ZQ] + s Zn] 0
J J
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Fig. 2. Systems G; and G5 as parts of the composite system G U Go (explanations in text).

For simplification!, we consider an endoreversible compound system | J ; §; which
by definition consists of equilibrium subsystems [°]. Especially here, these sub-
systems should be isolated from each other and interact only with their environ-
ment §*. Because §; are equilibrium subsystems isolated from each other, their
entropy rates are, according to Eq. (3),

Sj == f+3j-ﬁj, Sj = ?(hj_uj) (8)
J J

Q; 1

T
Here Tj is the equilibrium temperature of the jth subsystem and s; is its molar
entropy. We now need the connection between the heat exchanges Q ; with respect
to G in (8) and between Q; with respect to §* in (7). The connection between these
heat exchanges is given by the properties of the partition separating the two systems
G and G*, which are discussed in the next section.

2. INERT PARTITIONS

The heat exchange in open systems is influenced by the material exchange.
Therefore the heat exchange has to be redefined for open systems [®]. An inert
partition which does not absorb or emit heat and material is defined for the jth
partition of a composite system by the transfer condition [*]

Qj+hjm; = —Q—h*-nl, n; = -nj, Vi )

Summing up all partial partitions of the composite system and using the additivity
conditions (6), we obtain from relation (9)

' The general case will be treated elsewhere.
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The additivity relations (6)2 3 of the environment are also valid with respect to the
composite system | J; §;:

Q:=> Q 1= n; = -n (11)
J j

Using the additivity condition (11);, we have from (10)

Q+ hjnj; = —Q" —h" 7", (12)
J
By the mean value theorem
> hjeri; = htent+ b, it >0, 6 <0, (13)
J
nt+n- = n, (14)

we obtain from (12), (14), and (11)y the transfer condition for an inert partition
between the composite system | J ; §; and the environment G*:

Q+h-n+(h"—h) - nt+(h~—h)-n~ = —Q* —h*-n". (15)
If the compound system is described by an undecomposed one, we have to set
for G: h"=h™ =h. (16)

Consequently, we obtain from (15) the transfer condition for an inert partition
between the undecomposed system G and the environment G* similarly to (9):

Q+h-n = —Q —h*-n* (17)
A comparison of (15) with (17) shows that the transfer conditions of composite
systems and undecomposed systems differ from each other by the excess term [!]

HEX .= (h* —h) - n" +(h~ —h) 1", (18)
which stems from the different description of the system: as a composite system

or as an undecomposed one. In case of an undecomposed system (Eq. (16)), the
excess term vanishes. In case of vanishing net material exchange

nt+n" =n=0, (19)

the excess term becomes
n=0: HEX — (bt —h7).nt. (20)
For closed systems, it is identical to zero, and the transfer conditions for composite

and undecomposed systems are identical in this case.
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3. TOTAL ENTROPY RATES

Taking the transfer condition (9) into account, we obtain from (8) for the sum
of entropy rates of the subsystems

S8 = Y [ - h g — ey 1)
j i 7
Together with (7) and (21), the total entropy of the composite system | ; G; and of
the environment G* becomes

StOt(T*,[J,*) — Zsj —|—S*
J

*

— Z(%-%) (Qj+h*-nj)+z<’;f—%> >0, (22)
J J J

J

The inequality stems from the second law, because of the isolation of the total
system. This total entropy appears if we consider the composite system [ J ; ;.

Inserting the entropy rate of the undecomposed system (17) into the transfer
condition (4), we obtain by using (11)2 and (3)

SEU(T w) = So+ &
11 : - -

the total entropy of the undecomposed system G U §*, which is different from the
total entropy (22) of the composite system | ; G; U G*. It follows directly that

SEtO,u) = 0, (24)

which is different from St*°*(©, p) > 0.
Because of Sf§* # S™ we have to introduce the difference of the two
quantities. This will be done in the next section.

4. EXCESS ENTROPY RATE

The entropy rates of the compound system (21) and of the undecomposed
system (4) are different. As expected, that means, the entropy rate depends on
the description of the system under consideration, as the transfer conditions (15)
and (17) do. The difference between entropy rates for the composite system and
for the undecomposed system is the excess entropy rate

S =3 "8 - S (25)

J

138



Using (22) and (23), we obtain

LR R RO
J

J
By comparison with (22), this yields
SN O,u) = S >0, 27)

the positive definiteness of the excess entropy rate. According to (26), the minimum
of the excess entropy rate appears if the compound system is isolated:

Q=0 nj=0v; — S =no. (28)

Taking (27) into account, we get from (25) an inequality
SD < Z Sj, (29)
J

which is denoted as sub-additivity of the entropy rates. Sub-additivity is well
known for quantum entropies [%], but here we proved the sub-additivity of entropy
rates for classical systems, which is caused by different descriptions of the same
system: the entropy rate of the undecomposed system is smaller than that of the
composite system.

5. CONTACT QUANTITIES
In this section we will define the symbol introduced in (4) for the coarse non-
equilibrium quantities of G.
5.1. Contact temperature

If the net material exchange between G and G* vanishes, we obtain from (23) a
defining inequality [°]

n*=0: <—> Q* > 0. (30)

This inequality defines the temperature ©, unknown up to now: if we contact §
— which is in an arbitrary, but fixed non-equilibrium state — by an inert partition
which is impervious to material with several §* of different temperatures 7, then
we find temperatures 77" and 735 having the following properties:

if /<0 — Qi>0, (31)
if T} >0 — Q<0 (32)
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Because there exists exactly one temperature with
n*=0: " =0 — QF =0, (33)

we can give [10,117,

Definition 1. The contact temperature of G is the thermostatic temperature T = ©
of the closed controlling reservoir G* for which the heat exchange Q* vanishes with
the change of its sign.

The contact temperature is a non-equilibrium analogue to the thermostatic
equilibrium temperature. If G and G* are in equilibrium with each other, the contact
temperature transfers to the thermostatic temperature.

A corresponding defining inequality exists also for the chemical potentials g,
as we will discuss in the next subsection.

5.2. Dynamic chemical potentials
The defining inequality for p follows directly from (23):
=0, S8(O,p") = (p—p)-n* >0, (34)

and we presuppose that this inequality is valid for each component in G:

Definition 2. The dynamic chemical potentials p of G are those chemical potentials
= p of the open controlling reservoir G* of T* = O for which all mole number
rates v* vanish with the change of sign.

The defining inequalities (30) and (34) introduce the coarse non-equilibrium
quantities of the undecomposed system G as special equilibrium quantities of the
controlling environment G*.

6. COMPOUND DEFICIENCY

As we already know from (25), there are excess quantities caused by
describing the system with different accuracy [!]. Using the defining inequalities,
we can derive further inequalities expressing the difference of describing the
undecomposed system G and the composite system Uj Gj, which is called
compound deficiency.

For closed systems, we obtain from (22)

ni=0,V;: gzj:%zo (35)
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from (23)

o o Q
= 2 >
n; =0, Vj T g = 0, (36)
and from (26) '
Y o ;
=0 S — > 0. 37
n; =0,V 5 7, 0 (37)

The last inequality describes clearly what is denoted as compound deficiency:
the reduced heat exchange depends on the description of the system as an
undecomposed one or as a composite system. From (35) and (37) it follows that

L 0 O Q:
e : —_ > = > e
nj =0 w2 g 2 Zj T, (38)

With the same procedure, from (22) we obtain for systems whose contact
temperature is equal to the thermostatic temperature of the environment:

T"=0: Q—"—-n* > 0. (39)

Here Q is the following abbreviation:

Q := Z(@—T) (Qj+h -nj)+ZTj-nj. (40)

J

Taking (33) into account, we obtain

Q:Zzy((uj—h)-n;—Qj)Jr@-n. @41)
J
From (23) it follows that
T =9 g.n*—%.n*zo, 42)
and from (26),
ENCE Q—%~ri*20. 43)
Together with (42), this results in
*
T*=0: ng-n*z%.n*. (44)
If, additionally, also the net material exchange vanishes, we obtain
T"XO Vi =0: Q= ZTj((ujh )i - Q;) =20 @)
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from which it follows that

T*=© Vi =0, Vj: Z

J

(46)

’ﬂ\@

We now consider a cyclic process in § and in | ; G;j. Because both systems are
endoreversible ones, we obtain from (4) and (21) in case of closed systems:

- 74 Spdt =0 = 7{ “a, forg, 47)
nr=0,Vj: fZdet—o— —j{ZT;dt, forUSj. (48)
J J J

Taking (38) into account, these relations result in

& oy [0
—fdt > th = %T*dt, for G, (49)

7{2 Jdt > %dt > jfdt forUSJ (50)

This is a remarkable result with respect to the compound deficiency: the Clausius
inequality of closed systems
7{ —dt <0 (51)

is valid for both descriptions, independently of being undecomposed or composite.
In contrast to the general validity of the Clausius inequality, the corresponding
inequality, formulated by use of the contact temperature, marks the difference
between an undecomposed system and a composite one:

= j{gdt, for G, 0> j[gdt, for L}Jgj. (52)
In any case, the extended Clausius inequalities ['213]
Q Q
> ¢ =dt > ¢ —dt 53
> foar = § 7 (53)

are valid for closed systems.
The important case for which an undecomposed system is approximately
described by only one endoreversible system is discussed in the next section.
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7. LOCAL EQUILIBRIUM APPROXIMATION

A conventional procedure in the description of an irreversible process is
the projection of the non-equilibrium state of a system on the state of an
accompanying local equilibrium process ['4716]. In finite-volume numerical
methods such projection is achieved by averaging over the computational cell.
This approximation provides the values of local equilibrium parameters in the
cell, which are in general different from the values of the contact quantities
characterizing the non-equilibrium state of the cell by the exchanges.

Here we find a particular situation, where the undecomposed non-equilibrium
system is approximated by a local equilibrium (endoreversible) system, the
parameters of which are not identical to the corresponding contact quantities due
to the averaging procedure. This means that the entropy rate for the undecomposed
system is still different from the entropy rate of its endoreversible approximation
(cf. 25)forj =1)

SEX = 8, — Sp. (54)

T2

Here the subscript “x” denotes averaged quantities of the endoreversible
approximation.

Moreover, inserting the transfer conditions (9) into the expression for the
entropy rate excess (26), we obtain in the considered particular case

GEX :<é;> <Q*+h.rn‘,*)<l;fg)-7i*. (55)

Thus, the entropy rate excess is expressed in terms of contact quantities and
parameters of the approximating endoreversible system. Using (55), we can rewrite
(54) as

SN L1y n B B
SD— S*+<® T*) (Q*+h n*)+<T* @> T, . (56)

The latter means that the local equilibrium approximation of a non-equilibrium
state may be true if and only if the local equilibrium values are identical to the
values of the corresponding contact quantities. In any other case we need to take
the excess quantities into account.

8. DISCUSSION

As expected, the description of systems depends on the accuracy of their
knowledge. Consequently, the entropy rates of the same system described as
an undecomposed one or as a composite system are different and give rise
to introduction of the concept of compound deficiency characterized by excess
quantities. The intensive non-equilibrium variables of the undecomposed system,
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such as contact temperature and the dynamic chemical potentials, are defined by
inequalities induced by the second law, now proving these well-known inequalities.
Another result is the sub-additivity of the entropy rates also for classical systems,
which is based on the concept of compound deficiency. Consequently, the sub-
additivity is caused by the different descriptions of the system and not by the
system’s properties themselves. The Clausius inequality for closed systems can be
formulated by use of the contact temperature of the non-equilibrium system or by
using the thermostatic temperature of the controlling environment reservoir. The
value of the Clausius integral formulated with the contact temperature depends,
according to (52), on the description, but it is always an upper bound for the usual
Clausius integral independently of the chosen description according to (53).

The conjecture that these results remain valid also in the case where the
compound system is not an endoreversible one, is discussed elsewhere.
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Mittetasakaalulised kontaktsuurused ja iihenddefitsiit
diskreetsete siisteemide piiripindadel

Wolfgang Muschik ja Arkadi Berezovski

On vaadeldud mittetasakaalulist kontakti inertse vaheseinaga eraldatud kahe
diskreetse siisteemi vahel. Uks neist — tasakaalus keskkonna ruum — juhib teist
mittetasakaalulist siisteemi, mida on kirjeldatud kahel erineval tipsuse tasandil:
esiteks terviksiisteemina ja teiseks teineteist mittemdjutavatest alamsiisteemi-
dest koosneva podratava liitslisteemina. Terviksiisteemi muutujate kirjeldused
on esitatud poOodratavate alamsiisteemide tasakaalu muutujate kaudu, mis on
defineeritud (termodiinaamika) teisest seadusest tulenevate vorratuste kaudu.
Liitsiisteemina vaatlemise korral on esitatud muutujad podratavate alamsiistee-
mide tasakaalu muutujate kaudu. Nende kahe Kkirjelduse erinev tdpsus viib
tihenddefitsiidi mdisteni. Konkreetsemalt: erinevalt kirjeldatud entroopia méiira
lisandumine on tingitud tihenddefitsiidist. Lopuks: iihenddefitsiidi mdiste abil on
tuletatud seosed suletud siisteemide Clausiuse vorratuse eri vormide vahel.

145



