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Abstract

The entropy equilibrium equation is the basis of the nonequilibrium state thermodynamics. But the internal energy im-

plies the kinetic energy of the fluid micelle relative to mass center in the classical entropy equilibrium equation at present. This internal en-

ergy is not the mean kinetic energy of molecular movement in thermodynamics. Here a modified entropy equilibrium equation is deduced,

based on the concept that the internal energy is just the mean kinetic energy of the molecular movement. A dynamic entropy production is

introduced into the entropy equilibrium equation to describe the dynamic process distinctly. This modified entropy equilibrium equation can

describe not only the entropy variation of the irreversible processes but also the reversible processes in a thermodynamic system. It is more

reasonable and suitable for wider applications.

Keywords: nonequilibrium thermodynamics, entropy equilibrium equation, entropy production, irreversible processes, environ-

ment liquid.

Development of thermodynamics in recent years
can not only replace the inequality of the second law
in classical thermodynamics with an equality, but also
explain the mechanism of the forming and maintain-
ing of macroscopic ordering structure in general, so
that the irreversible processes can be described quanti-

tatively[lNﬂ .

This is achieved through generalizing
the concept and method of the equilibrium state ther-
modynamics to the nonequilibrium state and irre-
versible processes in terms of the local equilibrium hy-
pothesis. A series of important conclusions about the
linear and nonlinear nonequilibrium state thermody-
namics have been drawn using the entropy equilibri-
um equation. It means that any change in the ther-
modynamic property of a system will change the con-
clusions of the linear or nonlinear nonequilibrium state
thermodynamics. Obviously, the entropy equilibrium
equation is the important basis of the nonequilibrium
state thermodynamics.

The entropy equilibrium equation is derived from
Gibbs relation under the condition of local equilibrium
hypothesis. The internal energy in Gibbs relation is
the total kinetic energy of molecular heat movement
in the classical thermodynamics. However, the inter-
nal energy in the entropy equilibrium equation is the
total energy minus the total system potential energy
and the kinetic energy of the mass center>*). It

means that the system internal energy in the entropy
equilibrium equation comprises the macroscopic kinet-
ic energy of the fluid micelle movement relative to
mass center, which is not strictly the internal energy
in the classical thermodynamics, namely the mean ki-
netic energy of the molecular movement. So the sys-
tem entropy variation caused by the kinetic energy of
macroscopic movement of the fluid micelle is not re-
flected in the entropy equilibrium equation. It is not a
serious problem for fluid under the condition of labo-
ratory scale, but it will be a serious problem for envi-
ronmental hydrodynamics under the condition of the
earth scale about atmosphere and ocean. The fluid
micelle is situated in earth force field (gravity and
Coriolis force). The kinetic energy of macroscopic
movement of the fluid micelle in the earth force field
is extremely important for the system entropy varia-
tion. This fact restricts the applicability of the cur-
rent nonequilibrium state thermodynamics to the en-
vironmental hydrodynamics[S]. Thus, the current en-
tropy equilibrium equation must be modified.

1 Reviewing the deduction of classical en-
tropy equilibrium equation

It is necessary to review the deduction of the
classical entropy equilibrium equation for analytical
convenience. Under the condition of local equilibrium
hypothesis, the Gibbs relation can be written as
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ds 1 du ! dc,, tively given b
ds _ 1 du z 2 e y given by l
dt T dt T dt T 1 Un
. Js_, = SUJ’ + TJW' - z J,U, (9)
where the entropy in unit mass is §; the chemxcal po-

The mass of 1 mole of the
nth constituent in a system is M,,, so the relation be-

tential in unit mass is j, .

tween the chemical potential in 1 mole and the chemi-
cal potential in unit mass is

n = Myp,. (2)
The continuity equation is
dv _ 19U,
dt  p oz’ (3)

the equilibrium equation of the nth constituent in the
system can be written as

de, aJ '"
Py = a + Zv,,,M,,w,, (4)
and the internal energy equatlon is
du Al oV,
Cdt = oz, Pag M a Z"wF'v

(5)
The symbols T, u, v, and ¢, in the above equations
are the fluid temperature, internal energy, specific
volume and ratio of the nth constituent in the system
respectively; p, U;, II;;, F;, J;'J', J, the hydrostatic
pressure, velocity component in j direction, stress
tensor, external force in j direction enduring the nth
constituent in the system, material flux in j direction
partaking in the mth chemical reaction of the nth
constituent in the system and heat flux in j direction
respectively; w,, v, the reaction rate and stoichio-
metric coefficient partaking in the »th chemical reac-
tion of the nth constituent in the system respectively;
¢t the time, and z, the space coordinate.

Put Egs. (3~5) into Eq. (1) to get the en-
tropy variation equation
ds __19ly

. w1 U
edr =TT aa, I

<~ T oz; T Yoz,

1 d d Vorftn
+ ?ZlJnanj - Zl __T&_wrs (6)

after arranging suitably, we get the entropy equilibri-
um equation in unit volume

o __ ol
or oz, (7)

This is the classical entropy equilibrium equation in
the nonequilibrium state thermodynamics, in which s
is the entropy in unit volume. By entropy additivity
principle, the relationship between entropy in unit
volume and entropy in unit mass should be

ds = pds. (8)

The entropy flow and entropy production are respec-

o<1 3 -2l 2]

oU, N\ o,
Hva 2y T (10)

where J; is the entropy exchange rate in j direction
through unit area, called for short as the entropy
flow; o represents the rate of producing entropy,
called for short as the entropy production. A chemical
affinity o, is defined by

i
- zvnr/&ny &"[r = Mn err . (11)
n=1

Egs. (7,9 and 10) constitute the classical equilibrium
equation in the nonequilibrium state thermodynamics.

2 Modifying the entropy equilibrium equa-
tion in force field

Subtracting the potential energy of all con-

stituents ¢ = Zc,,¢,, and the kinetic energy of mass

1 .
center EUJZ from the total energy ¢, we get the in-

ternal energy u in equilibrium equation (5)!%,

which means that the internal energy u still contains
the macroscopic kinetic energy of the constituents’
movement relative to mass center. The internal ener-
gy should only comprise the thermal vibration and the
short-range interaction among molecules in thermody-
namic sense. Hence, we should subtract the potential
energy and kinetic energy of all constituents from the
total energy e then focusing on the internal energy
« " in unit mass

u’” =e—2c,,¢,, 2 cU (12)

n=1

On the other hand, the total kinetic energy should be

o 1
sum of kinetic energy 5 UJZ- of the mass center and

the kinetic energy %c,, (v, - U, )? of all the con-

stituents’ movement relative to mass center, namely

N1 2 1.2 l
ZEC"U"J = EUJ+Z1

n=1

1
E'C,,( U,,j - Uj)z,
(13)

where U,; is the velocity component in j direction of
the nth constituent. The total energy density and the
potential energy of all constituents are

5:%U?+¢+u, ()b"__zcnsbn’
n=1
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where ¢, is the potential energy in unit mass of the
nth constituent in the system. Considering the above
formulas, the internal energy of molecular heat move-
ment %~ is exactly equal to the internal energy u, as
defined in the current classical nonequilibrium state
thermodynamics, minus the kinetic energy of con-

stituents relative to mass center, namely
7

* 1
u~ = u—zxfc,,(U,,j—Uj)z. (14)
Gibbs relation of the equilibrium state is really
the relationship among the entropy §, the internal
energy u = of thermal vibration and molecular short-

range interaction, and c,, i.e.
!
Tdi = du* + pdv — > i dc,.  (15)
n=1

Introducing the chemical potential ;I: , the relation-

ship between which and u ™ is
!

2, =
n=1

Since the hypothesis of local equilibrium is yet

tenable, Eq. (15) is tenable in the deviating equilib-
rium state, then Eq. (1) is changed into the form
dfi _ 1du”  pdo_1xv_»doy
de T dt T dt T;#" 4 a7
Putting Eq. (14) into Eq. (17), and using the rela-
tion of matter diffusion flow of the nth constituent

Iy, = pca(Uy = Up),

u' —T5 + puv. (16)

we get

ds

1
dt T

|e

2,
TZ‘IW dt - U, (18)

where the relation of f, with )u; obeys

*-3|'-‘

*

I |
fin = By + (U, U (19)

and the relation between u and g, is similar to
Eg. (16)

l
ZC,,;I,, =u—T5 + pv. (20)
n=1
d(U,;, — U,
When _(——Id_t—J_) equals zero, namely the derivative

of velocity of each constituent’s movement relative to
mass center with respect to time can be neglected,
Eq. (18) is the same as Eq. (1). Also, if the accel-
eration of mass center is neglected, Eq. (1) is true.

In the same way as the derivation of Eq. (6),
using Egs. (3~35), the modified entropy equilibrium
equation in the force field can be obtained from

Eq. (18)
s

s 2 1 tny,  Us )
at ax,-(SUf + e = 207+ T
@4%_ Q%&]

+ Jq, axj T Z'Inj [axj T

+Hdw,-v)-r]
+11,,a (g)—Z”—{—w (21)

This equation shows that the entropy equilibrium e-
quation should include the acceleration of the con-
stituents relative to mass center. Using the relation of
matter diffusion flow of the nth constituent, separat-
ing the terms relating with the acceleration of con-
stituent relative to mass center and the external force
from the entropy production, the entropy equilibrium
equation (21) can be written as

o __ 8,
at = ast]+O'+0'f, (22)

J, = sU, + ]L_qu
_ ,i(i)_ (L
o =Jig \ T Z":J"f oz, | T

i(ﬂ)_ Varftn
+ 1L o D) e, (24)

5y + I, QT— (23)

ver\ T /™ & T
P Tdtzcn[_(Un]_ )]
+pZU Ci—u oU, }L (25)

This is named the revised form of the entropy e-
quilibrium equation. A new term, called the “dynam-
ic entropy production” o, is added to the revised en-
tropy equilibrium equation, which characterizes the
contribution of reversible processes to entropy ex-
change. The entropy flux [Eq. (23)] and the en-
tropy production [Eq. (24)] are entirely similar to
Egs. (9 and 10), except that the momentum trans-
portation of molecular viscosity, the molecular ther-
mal conduction and the molecular diffusion are all in-
cluded in the molecular viscosity transportation.

3 Physical significance of entropy equilibri-
um equation and concept of dynamic entropy
production

The various terms in the entropy equilibrium
Eq. (22) as well as those in the entropy flow
Eq. (23) and the entropy production Eq. (24) all
have explicit physical significance:

(i) The entropy equilibrium equation (22)
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shows that the local variation of the entropy is the al-
gebraic sum of the following three terms, i.e. the di-
vergence of the entropy flow, the entropy production
and the dynamic entropy production. Eq. (22) is the
mathematical expression of the second law of thermo-
dynamics under the condition of the local equilibrium
hypothesis. (ii) The first term on the right side of
Eq. (23) represents entropy flow due to convection
processes; the second term is due to thermal conduc-
tion; the third and fourth terms are the entropy flow
due to matter diffusive processes and viscous flow.
(iii) The first term on the right side of Eq. (24) is
related with thermal conduction; the second term is
related with diffusive processes; the third term is re-
lated with viscous flow; and the fourth term is related
with chemical reactions. The various terms in this
formula are all composed of two factors related with
the rate and impetus of irreversible processes. For ex-
ample, the thermal conduction flow J,, the matter
diffusive flow J,, and the momentum flow or stress

o
tensor ?11, as well as the chemical reaction rate w,
are all the rates of irreversible processes. These rate
factors can be generally called the thermodynamic
flow of irreversible processes. The other factors of
these terms in the formula are related with the impe-

tus leading to corresponding “flow”. For example,

leads to the heat

- ( 1
the temperature gradient o5, \ T

, . - P
flow; the chemical potential gradient oz, \ T
leads to the diffusive flow; the velocity gradient

i

- leads to the momentum flow, while ==

ox; T
regarded as the impetus of the chemical reaction.
These factors related with impetus can be generally
called the thermodynamic force of the irreversible

can be

processes. The entropy production can be character-
ized as the strength of the irreversible processes, be-
cause the entropy production is the product of the rate
of irreversible processes and the impetus force of irre-
versible processes.

A new term oy is added to the entropy equilibri-
um Eq. (22), which consists of three terms: the first
term is the kinetic energy variation of the fluid mi-
celle relative to mass center, the second term is the
work done on the constituents by external force, and
the third term is the work done by external force on

the micelle mass center. They have the dimension of
entropy production, if they are divided by tempera-
ture. Therefore o is called the “dynamic entropy
production”. Because the work done by external force
on the micelle and its mass center may be positive or
negative, the dynamic entropy production does not
have the definite positive property. In the physical
essence, the kinetic energy variation and all the
works done by external forces obey the dynamic re-
versible process of the second law. It means that the
dynamic entropy production is not the strength mea-
sure of the irreversible process, but is the strength of
the dynamic reversible process. Though the dynamic
entropy production has the same dimension as the en-
tropy production, its physical essence is similar to en-
tropy flow. The entropy flow in Eq. (23) is the en-
tropy transported by airflow and the entropy variation
due to internal energy transportation with molecular
viscosity, thereby leading to system entropy varia-

tion.

Just owing to the qualitative difference between
the classical entropy equilibrium Eq. (7) and the re-
vised entropy equilibrium Eq. (22), their capabilities
in describing the properties of a thermodynamic sys-
tem are distinctly different. The revised entropy equi-
librium equation is even more reasonable in physics.
For example, the author ever studied the property of
equilibrium state of an atmospheric system using the
classical entropy equilibrium equation, yet fell into
the predicament of “equilibrium state paradox of the
atmospheric system”, but he attained reasonable con-
clusions using the revised entropy equilibrium equa-

[

tiont!. Again for instance, the least entropy produc-

tion principle is an important theorem proved by Pri-

(3] in the linear region of nonequilibrium state

gogine
thermodynamics. But it is difficult to prove this theo-
rem in the nonlinear region using the classical entropy
equilibrium equation. However, the author” has
proved this theorem in the nonlinear region of
nonequilibrium state thermodynamics in an atmo-
spheric system using this revised entropy equilibrium
equation. Again, Glansdorff and Prigogine[ﬁ] induct-
ed the excessive entropy as a Lyapunov function to
study the stability of thermodynamic system. But the
excessive entropy inducted by them contains only the

1) Hu, Y. Q. Least principle of entropy production and order structure of nonlinear thermodynamic system, (to be published)
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irreversible processes of molecular viscosity transport.
By all means, the stability of any thermodynamic sys-
tem is not only related with the irreversible processes
of molecular viscosity transport, but also must be re-
lated with the dynamic reversible processes of external
forces. To overcome this difficulty, they inducted the
general kinetic energy with velocity disturbance su-
perimposed on the excessive entropy as a Lyapunov
function. These facts sufficiently demonstrate that it
is of theoretical significance and practical importance
to induct the dynamic entropy production into the en-
tropy equilibrium equation.
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