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Abstract

We extend here a set of earlier articles that deal with irreversible processes across a thin boundary separating a
system from its surroundings. We consider the transfer of heat and material when the system and reservoir are
held at constant volume, and the temperatures (7) and chemical potentials () differ by arbitrary amounts in the
two parts of the compound system. Three distinct time variations for changing temperature and composition in
the system are adopted. Although for any specified change of state the entropies associated with the transfer of
heat and matter are quite different in the three cases, the overall entropy change remains the same, as is
consistent with entropy being a function of state. The relation of the present approach to standard methodology is
discussed.
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1. Background Information

The extension of thermostatic to irreversible processes, nowadays termed extended thermodynamics, has been
the subject of intensive research over roughly one century. A recurrent problem in the theoretical treatment has
been the specification of temperature, as well as pressure, and entropy, under nonequilibrium conditions — a
subject area that has been accorded a review on its own (Jou, Casas-Vazquez, & Lebon, 1999). We merely draw
attention to several discussions of the subject (Kaufmann, Muschik, & Schirrmeister, 1996; Lebon, Jou, &
Casas-Vazquez, 1996; Jou, Casas-Vazquez, & Lebon, 2001) which indicate the complexities involved in such a
task. Among other matters, there is no unique formulation for the specification of temperature under
nonequilibrium conditions which depends on the particular irreversible phenomenon under investigation.
Nevertheless, a study of several special cases (Evans 1989; Jou & Casas-Vazquez, 1992; Fort, 1997; Jou, Casas-
Vazquez, & Lebon, 2010) indicates that the difference between the equilibration temperature and its dynamical
analog, at least as it pertains to the flow of heat, tends to be small, generally much less than 10 %.

In these circumstances it seemed appropriate to ignore the difference between static and dynamic temperatures
and to concentrate on the investigation of the transfer of heat, work, and matter across a boundary separating a
system from its surroundings under conditions where the two portions are at different temperatures, volumes,
and chemical potentials. The situation is depicted in Figure 1 by a temperature (7) profile that remains constant
in the two parts of the system, but changes abruptly across the thin intervening boundary; a similar profile
obtains for the pressure (P), and chemical potential (u).
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Figure 1. Sketch of a temperature profile for the combined system and reservoir at different temperatures T and
Ty. The temperature develops over only a small region 1 at the interface
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The standard analysis of the problem involves setting up linear phenomenological equations that relate fluxes
and generalized forces, and imposing steady state conditions to identify the phenomenological coefficients. Here
we proceed along different lines, based on a didactic article (Honig, 2011), that generalizes the standard
thermodynamic functions of state, by including the contribution to the entropy arising from the irreversible
transfers of heat, work, and material under the conditions represented in Figure 1. The processes occurring across
the boundaries are characterized by specifying how the relevant control variables vary with time (¢), and then
integrating to find the total entropy change over the entire time interval. The principal drawback of this
procedure is the assumption that changes in 7, P, and  occur uniformly within the system except very close to
the boundary. By convention, all processes within the reservoir will take place reversibly, and in such a manner
that its intensive variables remain constant. For such a situation to be approximated experimentally one could
work with a system that is either very tiny, and/or by assuming that all processes within the system are subject to
a very fast relaxation rate. Alternatively, one may conceive of many reservoirs surrounding the system and
acting in concert.

The subsequent analysis hinges on the differential of the path-dependent entropy change @@ that tracks the
difference in entropy S when the same element of a given process in the system is carried out irreversibly as
opposed to reversibly. The corresponding entropy changes of the reservoir are designated by d,S; and by d,Sy
respectively; thus,

dpSo - duSo = av, (1)
Here we may set d,S, = - dS(T, V,n), so that Eq. (1) reads
dS(T,V,n) + dSo(To,Vono) = do. 2)

We now set up the differential equations for energy for the system and surroundings, as applicable to reversible
processes; variables for the surroundings carry the subscript 0.

dE(S,V,I’l): TdS—PdV‘f‘,Udl’l, dEo(So,Vo,l’lo): TOdSO _POdVO +,U0dl’lo. (3)
However, since E and E, are functions of state we may reconstitute the above so as to apply to irreversible
processes, by substituting for dS, from Eq. (2). We next invoke energy conservation for the compound system by
setting dE + dE, = 0, impose volume conservation by setting dV + dV, = 0, and conservation of material by
setting dn + dny = 0. Lastly, we introduce the functional dependence of the entropy of the system by

setting dS =(8S /0T )T + (S /aV )dV + (8S/n)dn . This leads to the fundamental relation derived earlier by using a
different approach (Honig, 2011) :

Tod0 = (Ty— D[(C//T)dT + (P/dT)dV + S dn] - (Py—P)dV + (1o — p)dn, @)

where Cy is the heat capacity at constant volume, the appropriate Maxwell relation has been invoked,
S; = (05 /0n)y y is the differential entropy, and all other symbols retain their conventional significance.

In what follows we now assume special operating conditions in which the individual volumes are held fixed,
leaving

a9 = (1-T/ T)[(CyDAT ]+ [ (1 =T/ T0) S + (uo/To) (1 — /o) ]l (&)

With 7, V, and n as control variables, the relevant function of state is the Helmholtz free energy, for which
A =u=E-TS. Eq. (5) may then be rewritten in the form

a0 = a0y +dh, = (1- T/ T)[(C/TdT | + [ S + uo/Ty - E IToldn, 6)
where E = (0E/ On)y  is the differential energy.

For definiteness we adopt the Berthetelot gas as a working substance in both parts of the compound unit; the
equation of state for the system is specified by

P(T.V.,n) = nRT/V + n*RTb/V? - nalV>T, (7)

where a and b are materials-specific parameters. The energy derivative with respect to volume is then found
from the caloric equation of state as

(GE/3V) = T(6P/dT) - P = 2n’a/V>T, 8)
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which may be integrated to yield

E(TV,n) = E(T;,V,n;) + 3nRT/2 —2n%a/VT; Cy = 3nR/2 + 2n’a/VT?;

.. )
E=E(T,,V,n;) + 3RT/2—4na/VT.

The entropy of the system (at constant volume) at temperature 7 relative to the initial temperature T; is specified
via

S(T,V,n) = [(Cy /T)dT = (3nR/2)INT/T;) — (n*a/V)A/T* ~1/T?) + S(T,,V,n;), (10)

where E(T;,V,n;), S(T;,V,n;) are the energy and entropy at initial temperature 7;and mole number #;, while the
energy and entropy are to be evaluated at a temperature 7 and mole number n. Then

S(T.V.,n) = GR/DW(TIT)) — QnalVY1/T*-1/T?) + S(T,,V.,n,)). (11)
With Egs. (6) and (9) the entropy contribution associated with the temperature variation is given by

6r = [(3nR/2T)dT — [(3nR/2Ty)dT + [(2na/VT*)dT — [(2n*a/VT*Ty)dT. (12)

The contribution associated with the transfer of matter is specified via the second bracketed term in Eq. (6) as

o) 1w el 2} w By sen e (3)
2 T, 2T, v\ r? 72 TT, Ty Ty

This completes the specification of the fundamentals. In what follows we shall temporarily ignore the
contributions arising from /T, —E(T,,V,n;)/Ty+ S(T;,V,n;), which remain unchanged in the operations
outlined in the next section.

2. Specification of Entropy

To determine the contributions of irreversible processes to the entropy of the combined unit we selected three
different paths, by introducing time ¢ (0 < ¢ < 7) as a parameter and adopting three types of time dependence. We
assume that T; <T<T, <Ty; n; <n <n; <ny.

2.1 Case 1
We set T'= T, exp (krt), Tr/T; = explkrt), n=n;exp(k,t), ny/n;=exp(k,7), kr/k,=1In(T,/T;)/In(n,/n;).

Insertion of these relations into Eq. (12) and carrying out the required integrations is a tedious but
straightforward process and leads to the following contribution to the entropy arising from the transfer of heat
associated with the temperature change:

Or = 611 + O + O + Oi74 (14)

where the first two terms on the right apply to the ideal gas case (via the first two terms in Eq. (12)), and the
second set involves the additional corrections arising from the Berthelot equation of state. We find that

O, = Tk_(n/ —ni); O = —j—i%(nfﬂ- —niTi);

(15)
a kplk, |n; n? 2a kplk, |n; n?
Or=————|7=7 "5} Ouw=—7r5— | |
Vi-kplk,|T; T, VTy 2— ky /k, T, T,
Similarly, on applying this case to Eq. (13), corresponding to the transfer of matter, we obtain
Oin = Otng + Oy + Otpe + 6144, (16)

where the first two terms relate to the contribution involving terms in 1/7, (excepting E/T, ), as specified by
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3R 1 2

e =TT + ky K,

4a 1

(Tyn; =Tm); Oy = o e (17)
SR T Ty 2 — e k| T ’

i
T;

and the remaining terms read
2 2 2 2
glnc:?’RkT[nf lnnf+(nl.—n/.)J; g, -2 ["r/") LA R (18)
2 k7 ' Vi\d=k 'k, \T; T7) T T,

Weset T'=T;exp(krt), T,/T; = explkrz), n=n;(1+k,t), ny/nj=l+k,z, kplk,=In(T,/T;)/(ns/n;=1).

2.2. Case 2
Proceeding as before, for the contribution to the entropy from the temperature difference we write

Orr = Orry + o + Orpe + Oapy, (19)

where the first two terms involve the ideal gas contribution, and the others, the Berthelot portion. We obtain

from Eq. (12)
T : T T, T,
92T(:E37R1n7f[nf+ni]; gzrbz_ﬂni —ﬁ 7f_1 +£ fflnff 5
4T, 27, Lk NT ) T \T T

11 k1, 17 [ 1 1
R TS Al Ve
a f i /L 4r f f i (20)
el

As regards the transfer of matter as specified by Eq. (13), we find that
9211 = 9271(1 + 927117 + 92nc + 92nd9 (21)

where the first two terms relate to the contribution involving terms in 1/7}, (excepting E/ Ty ), as specified by

2 2
; T T, T,
PR P R 7715 I IR R f[kJ [flnf_f”] 22)
2Ty kr 4 ke \ Ty T, L\ke )\ T, T, T
and the remaining terms read
3R
Orpe = — [ln —J (ny — n)
(23)
p an? || ky | 1 1 1(k,,]2 L 5 L, ] ny n}
2nd = — - | T 5 T 5 - byl B - — - 5 - — | = — - .
' volkelrp A VA VR o B AN C A
2.3. Case 3

Set T= Tl (1 + th), Tf/Tl = (1 +kTT), n=n; (1+knf), I’lf/l’li:1+knT, kT/kn = (T//T; —1)/(l’lf/l’li —1)
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For this case the integrals associated with the Berthelot corrections become extremely unwieldy. We therefore
opted to examine only the contributions associated with the ideal gas. Proceeding as before we find that

o 3R
6 =1y YT, T (24)
0
e 3R| kp Tr Ty
0% = EX nik—Tln% +(ny— "i)ln%_ (np —m)| (25)

n 1 1

3. Discussion

We call attention to an important point that was also encountered in earlier treatments of other irreversible
phenomena (Hoehn & Honig, 2011; Honig & Hoehn, 2011): Even though the 87 and 8, contributions to the total
entropy are vastly different for the three cases treated above, the sum of these two terms is invariant, which is in
consonance with the requirement that entropy be a function of state. We find that in all cases the entropy
production for an ideal gas is given by

3R Ty 3R

0% =y = Sl Ty i) 26)

1

If we include the Berthelot corrections we obtain

T n? 2
) :3_Rnf1n_f_ 3—R(nfo—niTi)+in} A 1y, 2ar ni 27

One must, however, not forget to take account of the contributions that have been neglected, namely

b .
0% =\ o/ T, —T—O(Tl-,V,ni) +S(T,-,V,n,—)}(nf - ). (28)

On the right hand side we determined the chemical potential via o = Ey — TyS,, where Ej, T,S, were specified
by replacing 7, V, n in Egs. (9) and (11) with Ty, Vo, ng respectively; the terms in the initial configuration 7}, V,
n; cancel against identical terms contained in g, /7, because the material in the system and the reservoir is the
same. Since the latter remains at constant temperature 7, (and the volume remains fixed as well) only the change
in mole number enters in the derivation. We obtain

0, = {[%R - %R ln%] —a(cy+ Coﬂ[%"‘%}(”f - )’ (29)

i I T

where ¢, =ny/V, is the concentration of gas in the reservoir.

This completes the specification of the entropy change under the assumed condition for the exchange of heat and
transfer of matter.

4. Relation to Standard Methodology

The present approach has its antecedent in early work (Bejan, 1997; Honig, 2008; Jarzynski, 1997; Kestin, 1996;
Tolman & Fine, 1948), who dealt with special aspects, as reviewed by Honig (2011). Earlier work along the
present line of approach may be found in Ben Amotz and Honig (2006a; 2006b), Honig and Ben Amotz (2005;
2008), Hoehn and Honig (2011) and Honig and Hoehn (2011).

It is also of interest to relate the above methodology to standard procedures (de Groot & Mazur, 1962; Gyarmati,
1970; Haase, 1990; Kondepudi & Prigogine, 1998; Meixner, 1954; Mueller & Ruggeri, 1993; Prigogine, 1967)
for treating irreversible processes in discontinuous systems such as depicted in Figure 1. In this latter approach
these authors focused attention on identifying the prevailing forces and fluxes for particular situations and then

11
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invoking a linear response of the various forces or fluxes to their the conjugate variables. This engenders the
standard linear phenomenological equations subject to the Onsager reciprocity conditions. These relations are
then solved under a variety of assumed steady state conditions, so as to analyze thermomolecular and
mechanocaloric effects. In the present procedure emphasis is placed on investigating irreversible processes in
discontinuous system whose path is specified by a predetermined time variation, which precludes the
establishment of steady state conditions. It is nevertheless possible to link the current approach to standard
methodology. Toward that end we reformulate Eq. (4) under constant volume conditions as

Ty d0 = (- AT) [“) dr — AT-(aSj dn — Au-dn. (30)
or Vo njry

Now take derivatives with respect to time for an infinitesimal step, to write

Todo = -AT-(aSj ar _ AT-[aS) LU WOV [as} + (asj —ap G
or ), dt on )y, di dt o)y, \ot)y, dt

Now introduce the entropy density, §, where for a junction of cross section 4 and length /

dg_(l/T)_ﬂ.l (G_SJ +(a_5j _Au 1dn (32)
“I 1 alle),, o), [ Adt|

In the limit of a very thin junction, and on adopting the standard formulation for entropy flux Js and particle flux,
J,, we obtain (V is the gradient operator)

39 = 1[-vT-Jg —Vu-J,]. (33)
TO

This expression is the standard formulation for the entropy density flux in terms of the conjugate force-flux pairs.
Thus, the present formulation is seen to be a variant of the ordinary treatment of irreversible thermodynamics
procedure, and is therefore subject to the extremum and variational principles and Hamilton’s principle, as
discussed by Gyarmati (1970).
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