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Abstract. The conditions that determine the evolution preces both isolated and open non-
equilibrium thermodynamic systems are analyzedci@pattention is paid to open non-equilibrium
systems that are far from equilibrium. It has bekawn by experiments and calculations that non-
equilibrium processes occurring in hydrodynamicgathtransfer, aerodynamics, magnetism,
heterogeneous catalytic and homogeneous periodimichl reactions, in biological systems (in the
cell membrane, protein and algae cell) obey to gdhme general laws of state change of non-
equilibrium thermodynamic systems in their evolatigrocess. The basis of these laws is a general
principle formulated in the form of an axiom abdbe processes perfection pursuit in nature.
Schemes of evolutionary processes of non-equilibriiermodynamic systems having both several
non-overlapping and overlapping stationary statespaesented. In conclusion, the obtained laws of
the hysteretic process of non-equilibrium thermadyit systems evolution are shown on the
example of the Earth’'s atmosphere with all kindsoojanisms living in it. Based on this, it is
concluded that ice age and interglacial periodthefEarth's life are two branches of its evolution.
On the lower branch of the hysteresis loop, witlovaer entropy production, the evolution of the
system proceeds according to the Clausius thernaodignprinciple by the formation of increasingly
complex structures with enlarging values of theitrepy, which does not contradict Darwin's
evolution theory.

MNPOLECC 3BOJIIOIIUU HEPABHOBECHbIX
TEPMOANHAMUNYECKUX CUCTEM
Hezenvckuii B.T'.

KiloueBble cJioBa: HEpaBHOBECHasi TEPMOJMHAMHUKA, THUCTEPE3UC, IMPOLECCHl JallekKhue OT
paBHOBECHS, MPOU3BOICTBO DHTPOIIUHU, BETBU IBOJIOLUU 3€MITH.

AnHoraums. [IpoaHanu3upoBaHbl YCJIOBHUS, OIpEAENSIOUIMe IPOLECC DJBOJIOUMU Kak B
M30JIMPOBAHHBIX, TaK M OTKPBITBIX HEPaBHOBECHBIX TEPMOIUHAMHUYECKUX cuctemax. Ocoboe
BHUMaHHWE YICNCHO OTKPBITHIM HEPABHOBECHBIM CHCTEMaM, JaleKUM OT PaBHOBECHS.
OKCcIepUMEHTaIbHO-PACUETHBIM ITyTEM TOKa3aHO, YTO HEPABHOBECHEIE MPOIIECCHI, IPOTEKAIOMIHNE B
THAPOAWHAMIEKE, TEIUIOOOMEHE, a’pOAWHAMHKE, MarHeTH3Me, TEeTepOTCHHBIX KaTAIUTHUYECKUX H
TOMOTCHHBIX TIEPHOANYECKAX XUMHUYCCKUX PEaKIHAX, B OHOJOTHMYECKHX cHCTeMax (B MeMOpaHe
KJIETKH, O€JKe W KIEeTKE BOIOPOCIH), TOMYNHSIOTCS OJHUM W TEM € OOIIMUM 3aKOHOMEPHOCTSIM
W3MEHEHHSI COCTOSHUI HEPaBHOBECHBIX TEPMOAMHAMHYECKUX CHCTEM B MPOIECCE WX SBOJIONUH. B
OCHOBE 3THUX 3aKOHOMEPHOCTCH JIC)KUT OOIIMH MPUHIUI, CHOPMYTHUPOBAHHBIA B BHIIC aKCHOMBI O
CTpPEeMJIEHUH K COBEPILEHCTBY MpolieccoB B npupoje. [IpeacTapieHbl CXeMbl MPOLECCOB IBOJIIOLUU
HEPaBHOBECHBIX TEPMOJUHAMUYECKUX CHUCTEM, UMEIOLIUX KaK HECKOJLKO HEMEPEKPhIBAEMbIX, TaK U
MEPEKPHIBAEMBIX CTAllMOHAPHBIX COCTOSIHMI. B  3akitoueHuu TMONy4YeHHbIE 3aKOHOMEPHOCTHU
TUCTEPE3UCHOTO MpOIIecca IBOJIIOLMHA HEPABHOBECHBIX TEPMOJUHAMHUYECKUX CHCTEM MEPEHOCSATCS
Ha atMoc(epy 3eMiu C KUBYIIMMH B HEH BCEBO3MOXKHBIMHU OpraHum3Mamu. Ha OCHOBaHHH 3TOTrO
JleNTaeTcs BBIBOJ, YTO JICTHUKOBEIM M MEXKJICTHUKOBBIN TIEPHOABI KIU3HH 3€MJIH — TO [IBE BETBH €€
sBomon. Ha HmKHEH BETBH THCTEPE3WCHOW METIH, ¢ MEHBIINM 3HAYCHHWEM IIPOW3BOICTBA
SHTPOIINH, HBOJIOIM CHCTEMBI MPOTEKAET M0 TepMOIMHaMHUYecKoMy mpuHImy Kiaysmyca myrem
oOpa3oBaHus Bce OoJiee CIIOKHBIX CTPYKTYp C HapacTAOUIMMH 3HAYCHHSAMH WX SHTPOIHH, YTO HE
MIPOTHBOPEUHT TEOPHUH IBOTIONNH JlapBHHa.
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A thermodynamic system (in brief, a system) is amgcroscopic material
object of thermodynamic research isolated from (#dernal) surroundings by a
control surface. A thermodynamic system whose obsuirface prevents the mass
and energy exchange with the environment is raedeiweas an isolated system. All
other systems that do not meet the isolation camditwill be referred to as open
systems.

The thermodynamic processes in the system are &bioation of its
continuously changing states. If at least one efftfocess parameters changes, then
the state of the system also changes. The processaging in a thermodynamic
system can be divided into equilibrium and non-Eguum. Equilibrium processes
are those that can be represented as a continequsrge of equilibrium states in
which all parts of the system at any time have shme temperature, pressure,
density, concentration, and other parameters. Npil#erium processes are those
in which the thermodynamic system is not in equiliim, and therefore the values
of the parameters in different parts of the sysaeendifferent.

Any non-equilibrium process is irreversible, and; agquilibrium process is
reversible [1]. Reversible processes are those;hwigither in the direct or reverse
form, cause a thermodynamic system to return toiiginal state without any
changes in the environment. Irreversible proceasseghose, which, either in the
direct or reverse form, do not make a system reiuits original state. The reason
for the irreversibility of real-life processes lies their disequilibrium. Reversible
processes do not exist in nature.

In 1865, Rudolf Clausius introduced a physical eafi which he called
entropy, into thermodynamics. Its value dependshenstate of the system, and it
changes only under the influence of energy trariethiin the form of heat. The
analytical expression connecting the change inopgtdS in the equilibrium
process with the amount of he® transferred in the process has the fo®*= 6Q
/ T. According to the second law of thermodynamics, ¢hange in entropgS is
equal to or greater than the value of the elemgmarmalized headQ / T absorbed
by the system:

dS>6Q/T. Q)

The equal sign in (1) refers to equilibrium proesssand the greater-than sign
refers to non-equilibrium processes. For isolatgstesns that by definition do not
exchange heat with the environmes® = 0), equation (1) takes the form

dS>0. (2)

So, no matter what processes occur in an isolatsf@r, its entropy cannot
decrease. The equal sign in formula (2) correspondisto reversible (equilibrium)
processes. It follows that in an isolated systeonsgneous processes can continue
until the entropy of the system reaches the maximWwpon reaching the
equilibrium state, which corresponds to the maxinpossible value of entropy for
a given system, spontaneous processes in the sgatesite.

For open thermodynamic systems, the change in gnt8 consists of two
parts

dS=d.S+dS. 3)
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The first part,deS is the change in entropy due to the interactibrihe
system with the environment. The second pa®tis determined by the processes
inside the thermodynamic system itself. The incneinoé entropyd; S cannot have a
negative value. The value dfSequals zero only when there are reversible changes
in the system, but it is always positive if the ggsses are irreversible. Thus:

di S= 0 (reversible processes), (4)
di S> 0 (irreversible processes). (5)

Taking into account that for an isolated systene, émtropy fluxd.S = O,

based on (3) — (5) we write
dS= d S> 0 (isolated system). (6)

It follows that in such a system, entropy cannairdase. For isolated systems
equation (6) is equivalent to equation (2).

The parameters of a non-equilibrium thermodynanyistesn change over
time at points in space limited by the control auef of the system. The resulting
gradients of these parameters, for example, pressamperature, concentration,
velocity cause the transfer of mass, momentum,ggnatc., which increases the
amount of entropy created (produced) inside thetesys evens out its
heterogeneities and brings the system closer taligum. Thus, a non-
equilibrium system is characterized not only byfatént values of spatial
thermodynamic parameters, including entropy, bsw &ly the rate of their temporal
changes. Therefore, when describing a system, tiee®mes a variable. Let us
differentiate expression (3) with respect to time

dS/dt=d.S/dt+d;S/at, (7)
where dS/ dt is the rate of total entropy changd,S/ dt is the rate of system-
environment entropy transfed; S/ dt is the rate of entropy production inside the
system. The componerd.S/dt accounts for the environment-system transfer
processes and can be both positive and negatiwecdimponent; S/ dt cannot be
negative:

diS/dt>0. 8)

Equality in (8) is applicable to equilibrium proses. In non-equilibrium
processes, the rate of production (increment) ¢fopg can only be positive. The
justified confirmation of (8) can be found, for exple, in [2, 3]. Further on in the
paper, we will refer to the entropy production as

P=dS/dt. 9

Entropy production is equal to the amount of entrppoduced (occurring)
inside a thermodynamic system per unit time.

In an isolated system, there is no entropy exchdmegeeen the system and
the environment, which means that the compode8t dt is absent in (7). Based
on this and (8) for an isolated system, we write

dS/dt=d;S/dt>0. (10)

An isolated system can only do work when it is imoa-equilibrium state. As
work progresses, the non-equilibrium isolated sysiéll approach the equilibrium
state in which the entropy of the system reachesmaximum value, and the
entropy production becomes equal to zero. Clausinsidered the Universe to be
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an isolated system and believed that the entropyhefUniverse tends to the
maximum, which will ultimately lead to its "thermadéath”.

So the evolution of an isolated non-equilibriumrthedynamic system is
determined by the processes that conform to theviolg conditions

S— Snax diS/dt>0. (11)
Upon reaching the equilibrium state consistent whthextreme conditions:
S=Snax diS/dt=0, (12)

the evolution is complete.

Evolution in thermodynamics is regarded as the gge®f directional change
in the state of a thermodynamic system. Criteriadeolution are the identified
relationships, patterns, schemes, algorithms, @mer conditions that determine the
direction or route of development for a given syste

For any process to begin in a system in equilibritims system must interact
with its environment. In this case, the transitioh the newly formed open
thermodynamic system to a new equilibrium staté dépend on the conditions of
its interaction with the environment. Dependingtbese conditions, the process of
evolution of the system to an equilibrium state magrespond to the extreme value
of a thermodynamic function. The examples of suaicfions are internal energy,
enthalpy, Gibbs or Helmholtz free energy. All thésections, which reach extreme
values at the equilibrium with the environment, ealed characteristic functions or
thermodynamic potentials. For example, if, wherrnactting with the environment,
the volumeV and temperatur@ of the system are constant, during evolution the
Helmholtz free energ§ tends to a minimum, reaching it in equilibrium.uBh
during the evolution of an open system whé&fe= const and T = congt, the
conditiondF < 0 is fulfilled, while in equilibrium

F = Fmin; dF = 0;d°F > 0.

It is evident that these conditions differ from #guilibrium conditions (12)
for an isolated system. The conditions for theratgon of the system with the
environment, under which other characteristic fiomg in the equilibrium state
reach extreme values, are given, for example,,iB][1

It should be noted that processes can be consi@epatbrium if they occur
with infinitesimal deviations from the equilibriustate. Equilibrium processes are
the idealization of real processes. However, orilg equilibrium states of
thermodynamic systems and the processes of thamgehcan be quantitatively
described using the methods of classical thermadig®g In nature, the evolution
of any non-equilibrium state to an equilibrium etas caused by irreversible
processes. In equilibrium state, these processesece

In open thermodynamic systems with irreversiblecpsses and stationary
non-equilibrium states, there exist extreme coadgiand evolutionary criteria. A
stationary state of a non-equilibrium thermodynaasyistem is a state where all the
parameters of the system in its various parts nemachanged over time, including
the total entropy of syste® We will write equations (3) and (7) for the staary
state in the system

dS=d.S+d S=0;dS/dt =d.S/dt+d;S/dt=0. (13)
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For an open continuous system (Fig. 1) in thetaty state, let us write
the following using (13)
diS/dt+d.S/dt =d; S/ dt + Jsjn—JIsou) =0, (14)
where Jsin and Jso: are total entropy fluxes: inward and outward flowstropy
flux is the amount of entropy passing through tbetwl| surface per unit time.
Based on (14), several important conclusions camrmbde. Sinced, S/ dt > 0,
entropy exchange with the surroundinggld$/ dt < 0. Thus, the stationary non-
equilibrium state in the open system is sustaingdthe negative entropy
(negentropy) exchange with the surroundings. At saene time ¢.S/dt| =
=d; S/ dt.
Entropy production in a stationary non-equilibriggstem can be determined
using the balance of inward and outward entropyeitu
P=d S/dt =Jsout — Jsin - (15)
It follows from (15) that stationary non-equilibnustates cannot appear in
isolated systems, as stationary state requiresmnfiux. Stationary state should
not be confused with equilibrium state, where gntrate is zero.

JS, in JS,out

Fig. 1. Open continuous system

The evolution of non-equilibrium thermodynamic €yss and the irreversible
processes in them are considered in non-equilibtienmodynamics or, in other
words, the thermodynamics of irreversible procesSewe almost all processes in
nature and technology are irreversible, non-equiiib thermodynamics requires
in-depth study.

At present, only non-equilibrium systems in a stEltse to equilibrium are
well researched, since in this case the relati@ta/den the thermodynamic flows
J, in these systems (for example, such as heat flsxdsstances, rates of chemical
reactions, etc.) and the flow-inducing forceg (temperature, concentration,
chemical affinity gradients, etc.) can be represeats linear equations:

J, = ZB:LG’BXB ,rae o, f =1, 2 ...nfor n flows u n-forces. (16)

The coefficientsL, , are called phenomenological, and to= § they are

called eigenvalues corresponding, for example, @ toefficients of thermal
conductivity, diffusion, chemical resistance, ef@ue to the linear character of
equations (16), this section of thermodynamics betabe called linear non-
equilibrium thermodynamics. Its theoretical basithe Onsager reciprocal relations
and Prigogine's theorem on the minimum entropy gectdn, and the main
postulate is the presence of local thermodynamiglibgum at each point in the
system.

The physical meaning of the Onsager reciprocaticglas that the influence
of the force X; on the flow J, in equations (16) is the same as the effect of the
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force X, on the flow J,. This corresponds to the equality of the coeffitse
Lo = Lgo in (16). When only two thermodynamic forces argévag the influence

of the first force (e.g. temperature gradient) loa low (e.g. diffusion) caused by
the second thermodynamic force is the same as rifigemce of the second
thermodynamic force (concentration gradient) on ftbes of the first force (heat
flux). Onsager's theory makes it possible to expldie internal relationships
between various effects and predict new proces$ésen the values of the
coefficients L, ; are determined experimentally, the theory allowtaishing a

quantitative relationship between simultaneous gsses in the system, even
without detailed information about their mechanism.

Let us consider several well-known processes ex@thby Onsager's theory:
thermoelectric effect — when the junction of twesiinilar metal conductors is
heated, a potential difference appears across tmas; thermal diffusion — a
concentration gradient of components appears uhédeinfluence of a temperature
gradient; barodiffusion — diffusion flows appearden the influence of a pressure
gradient. A list of known cross-over phenomena i in [4]. An analytical
substantiation of some of the effects can be foond].

A derivation of Prigogine's theorem with assumgigngiven in [2]. In [5], a
brief description of the results following from gogine's theorem is given: "If
stationary states occur close enough to equilibritney can be characterized by the
extremal principle, according to which the prodoctiof entropy reaches a
minimum value in a stationary state compatible witie given conditions
(constraints), which are determined by the nat@ithe problem”. "The theorem on
the minimum entropy production is valid only in theld of linear thermodynamics
of irreversible processes, also provided that tenpmenological coefficients can
be considered constants that fulfil Onsager recigdreelations”.

Let us give an alternative formulation of Prigodgsngheorem.

In an open macroscopic thermodynamic system irat@osary state close to
thermodynamic equilibrium, under constant externahditions, the value of
entropy production due to internal irreversible qagses in the system has a
minimum positive value provided that the Onsageipr@cal relations are fulfilled
in linear equations describing these processes.

Therefore, according to the theorem, the state lofiemr open system with
time-independent boundary conditions changes towdetreasing entropy
production until, in the end, a stationary statéhve minimum entropy production
value is reached. Consequently, the process ofugenl of a non-equilibrium
thermodynamic system under consideration fulfies¢bnditions

S— Sg < Snax P =di S/ dt — Pnin ,
where Sy is entropy in the stationary non-equilibrium stafax is maximum
entropy if the system transits into equilibriuRy;in is minimum entropy production
in the stationary state.

When the stationary non-equilibrium state is redcltenforming to the
extreme conditions:
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diS/dt=Pmin>0;dP/dt<0,
the system evolution is complete. The above camubtindicate the stability of the
stationary state with the minimum entropy produtti@]. This means that if
fluctuations increase the value Bf the internal non-equilibrium processes restore
P to its minimum stationary value. Prigogine's tlegoris confirmed by examples
for various physical and chemical non-equilibriurogesses (for example [3, 6]).

Nature has plenty of systems that are far from ldgiwim and to which the
relations of linear non-equilibrium thermodynamiese not applicable. The
evolution process of such systems is mainly studisidg a method based on a
direct description of the processes according ¢oldlwvs of nature. In this case, the
postulate of local equilibrium is used, which canve as the basis for representing
thermodynamic variables as functions of the spatral temporal position. With
this postulate, differential equations can be usedescribe the processes in non-
equilibrium thermodynamic systems. For the vastomigj of non-equilibrium
systems, differential equations are nonlinear amtain coefficients that can be
determined only experimentally. In this case, thesibility and ways of achieving
a particular stationary state are determined byirthiel and boundary conditions,
as well as the type of differential equations, hey correctly reflect the laws
existing in the system. In this case, the stateth&f system is not always
unambiguously determined by the equations andnvestigation of their stability.

It should be noted that thermodynamic systems riam fequilibrium could
have several stationary states that differ not amlhe thermodynamic parameters
of the system, but also in their structures. Tiamss from one non-equilibrium
stationary state to another are realized throughstationary states characterized
by fluctuations in parameters and temporal andiapeitanges in the structure of
the system. In addition, such non-equilibrium systeean develop "unpredictably”,
in particular, acquire different stationary statesler the same boundary conditions,
which makes it difficult to describe them usingfeli€ntial equations. For these
systems far from equilibrium, the extremal prinegpldescribed above, predicting
the states to which the systems pass, are notapj#ias well. In the absence of the
extremum principle, it becomes impossible to ungmbusly determine which
stationary state a particular non-equilibrium systeill assume. It should also be
noted that the application of the postulate of l@cpiilibrium to a non-equilibrium
process is incorrect, since it is assumed thastidte of a small volume is described
by equations not dependent on thermodynamic fqgraslients) and flows.

Based on the above, when considering evolutioraious physical, chemical
and biological non-equilibrium thermodynamic syssemthe author used
experimental data, integral conservation equatiortescribe the processes, known
thermodynamic positions and calculation methodduding entropy. For example,
integral conservation equations were employed tscrilee the evolution of
stationary non-equilibrium thermodynamic systemswinich hydro-gas-dynamic
and aerodynamic processes take place. In this tesbpundary of the system was
selected in such a way that the distribution oftttermodynamic parameters of the
inward and outward flows at the boundary were knawgalculated using integral

10
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equations. This made it possible to determine ttiopy flux entering the system
Jsin, and the entropy flux exiting the systday, and the production of entrofy
in a stationary non-equilibrium system using (15).

In [7-15] it is shown that non-equilibrium processa fluid dynamics, heat
exchange, aerodynamics, magnetism, heterogenedalyticaand homogeneous
periodic chemical reactions, in biological systefimsthe cell membrane, protein
and algae cell), as well as in the Earth's atmasple®nform to the same general
laws of changes in the states of non-equilibriumrtodynamic systems in the
process of their evolution. These regularities laased on the general principle
formulated in [14] in the form of an axiom aboué gorocesses in nature striving for
perfection:of all possible stationary states of the system allowed by natural forces,
thermodynamics of irreversible processes, boundary and other physically justified
conditions, the most probable is the state with the lowest possible entropy
production.

This axiom was formulated based on experimentabissu of mixing
processes of single-phase and two-phase flowauid diynamic systems [15] and
has now been confirmed for a number of other psEs®sccurring both in physical,
chemical and biological systems.

In the axiom, the possible stationary states dfeanhodynamic system mean
all stationary (quasi-stationary) states that cenréalized in the course of its
evolution. The states of the system allowed bythieemodynamics of irreversible
processes are those stationary states for whictothkeproduction of entropy, and
for some systems, also its constituent parts (chuser example, by the
equalization of the velocities of the mixing floasd the friction of the flow against
the wall) have positive values [15]. With this iningh, for some systems, the
minimum permissible entropy production correspogdio a stationary state can
also be determined. Parameters at the boundarpeos¢lected thermodynamic
system are assumed as boundary conditions. Othgsically substantiated
conditions are regarded as those conditions, wahlichv stationary states with the
minimum possible production of entropy to appead axist. For different
thermodynamic systems, these conditions are difterbut they have several
features in common.

Prigogine's theorem can be viewed as a special afaee axiom proposed.
This theorem is applicable to a thermodynamic systath only one stationary
state, close to equilibrium, when the Onsager imFlatare observed. Only in this
case, the extremal principle of minimum entropydoiciion proposed by Prigogine
can be applied to determine the stationary statkeo$ystem.

The axiom is applicable to any non-equilibrium thedynamic systems with
one or several stationary states that differ inuvhkies of entropy production. In
this case, the axiom does not use the principlexbtfemality to determine the
realizable stationary state, in contrast to Prige@i theorem. It should be noted that
there does not exist a thermodynamic potential, sehextremality determine the
behavior of the system far from equilibrium. In im@dynamic systems with
several stationary non-equilibrium states, eadem corresponds to its own, quite

11
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definite value of entropy production. Moreover, tlagther the stationary state is
from the equilibrium state, the greater the valdetle entropy production

corresponding to it. According to the axiom, undertain conditions, out of all

possible stationary states of the system, thezagadn of a state with the minimum
possible production of entropy is most probable.

Let us consider some problems solved using thenaxio [7] (problem 2), it
is shown that when seawave captures a fixed maais with a volume of indefinite
shape, and the shape of this volume surrounded llorsides by water is
subsequently transformed, the stationary state thighminimum possible value of
entropy production is a spherical shape. It iskhbbble shape that a stationary air
volume in water assumes in nature.

It is shown in [9] that in an isolated thermodynarsystem comprised of iron
and the environment, the production of entropynmiagnetized iron is less than for
non-magnetized iron. Therefore, according to therax the probability of iron
being in nature in a magnetized state is highan thaa non-magnetized state. The
presence of large masses of magnetic iron ore uhdesurface of the Earth is the
cause of magnetic anomalies (for example, the Kitagnetic Anomaly).

Let us present the experimentally and theoretigaibven general regularities
of changes in the states of a thermodynamic sysietin at least two non-
equilibrium stationary states, which confirm thédidi#y of the axiom.

1. The transition of a non-equilibrium thermodynamic system from a lower to
a higher entropy production state occurs only if a physically substantiated
condition is violated in the course of its evolution, if this condition is not fulfilled,
the initial state cannot exist. In this case, from all possible states with a high
production of entropy, the transition proceeds to the state with the minimum
possible production of entropy, provided such a transition is allowed by physical
conditions.

2. The transition of a non-equilibrium thermodynamic system from a higher to
a lower entropy production stationary state occurs when, during the evolution of
the system, the difference in the entropy production of these two states reaches a
certain positive value.

3. Direct and reverse transitions between two stationary states of a non-
equilibrium thermodynamic system are characterized by hysteresis. During these
transitions, the structures corresponding to the states and the thermodynamic
parameters change abruptly, intermittently.

4. The process of transition of a non-equilibrium thermodynamic system
between stationary states occurs through non-stationary states, which can smooth
out the abruptness of the transition.

5. The lower the production of entropy in the stationary state of a non-
equilibrium thermodynamic system, the more there are physical conditions essential
for itsimplementation.

Using some non-equilibrium thermodynamic systemarasxample, we will
demonstrate the general laws of their evolutiont us start by considering
hydrodynamic processes in non-equilibrium systdmg$7], a cylindrical pipe of a

12
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certain length with a gas flowing at a specifiederds considered as a
thermodynamic system. The laws of nature allow stationary states of such a
system, corresponding to laminar and turbulent flegimes. Each of the modes
has its own profile of the flow velocity over thge section and law of friction of
the flow against the wall. Fig. 2 shows calculaspecific entropy production for
laminar 77S_ and turbulent’S; flow regimes as functions of the Reynolds number
Re. The specific production of entrogss is the amount of entropy that occurs
within the system per unit time, taken relative @ounit flow rate. When
constructing these dependencies, the integral emsabf conservation of mass,
momentum and energy for the considered sectioheopipe were solved, presented
in a form that takes into account the non-unifoiistribution of parameters (in this
case, velocity) over the section [7, 15].

Fig. 2 demonstrates that the production of entrgoya laminar flow is less
than for a turbulent flow. In accordance with thdoa, of the two possible
stationary states of a thermodynamic system, th& probable is the state with the
minimum possible entropy production, which in tldase corresponds to the
laminar regime realized at small values of Re. Aditw to the general laws, a
thermodynamic system can pass from a state withminénum possible entropy
production to a state with a higher entropy produnconly if a physically justified
condition is not fulfilled. Such a physical conditifor this system is the resistance
of the laminar flow to internal or external distarizes. In the absence of
disturbances, the laminar flow structure formedhat beginning of the flow must
exist, according to the axiom, for any values of Rewever, the higher the value
of Re, the weaker disturbances lead to the lostatdility of the laminar motion,
and once they arise, they no longer subside bahgifly with time. In Fig. 2, the
arrow marks the transition from laminar to turbwl#ow at the upper critical value
of the Reynolds number RBg~= 9000. It is indicated in [16] that the upper catl
value of Re has not been finally determined. In s@mperiments, it reached the
value Reg = 5-10.

According to the general laws given above, the sitam of a non-
equilibrium thermodynamic system from a lower tdigher entropy production
state should be accompanied by rather sharp, alshgiges in both the flow
structure and other parameters. This is confirmgdexperiments, according to
which the transition of a laminar flow regime tcsi@ble turbulent regime occurs
through unsteady states in a certain narrow rahdgleeoReynolds number close to
the critical value. In this case, in the system arndonsideration, a continuous,
chaotic change is observed both in time and infltve regions with a turbulized
and laminar moving gas. This phenomenon is knowimésrmittency" [16].

According to the axiom, of the two states of a mhedynamic system, the
state with a minimum entropy production is mostyafale, but for it to be realized,
certain physical conditions must be fulfilled. heetcase under consideration, with a
decrease in the Re number, the transition of artbdynamic system from a state
with a higher entropy production (turbulent flow)a state with a lower production
(laminar flow) occurs when a certain positive diffiece between the entropy

13
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production of these states in their evolution iacted. In experiments, such a
difference in the production of entropy for the lgem under consideration is
achieved at the lower critical valu®e., =1700- 250Fig. 2). There exists

prominent hysteresis between the direct transitiom the laminar regime to the
turbulent regime (Rg~ 9000) and the reverse transition from the turbulerthe
laminar regime. At Reynolds numbers less than et value Re.,, the motion

in the pipe remains laminar at any disturbancesdhiced into the flow.

From the above, it follows that the behavior of thasidered thermodynamic
system fully corresponds to the general laws ofdhwelution of non-equilibrium
thermodynamic systems. The axiom formulated aboakes it possible to explain
the laminar to turbulent transition and the revayse from the standpoint of non-
equilibrium thermodynamics. It can also answer goestion why the laminar to
turbulent transition can occur at a critical Reglsohumber much greater than the
reverse turbulent to laminar transition.

Another example of a non-equilibrium thermodynamsystem is a mass of
water in a large volume at atmospheric pressuréigainder natural convection on
a flat heat-emitting bottom of a vessel boundedheymally insulated sidewalls [8].
Experiments have established several possiblengoregimes in such a system.
There are two main regimes: nucleate boiling am Eoiling. The transition from
one boiling regime to another is determined bydémesity of the heat flug, which
represents the amount of heat passing through taawmea of the heat-transfer
surface per unit of time. Based on the experimentaish presented in [17, 18], the
specific production of entrop§/S for the nucleate and film boiling regimes were
determined as functions gf These dependences are shown in Fig. 3. In the cas
under consideration, the specific production ofregmy is the amount of entropy
produced per unit time per unit area of the heatdfer surface. The developed
nucleate boiling regime corresponds to a lower evabd the specific entropy
production, and the film boiling corresponds taghler value. These boiling modes
are distinguished by the vaporization pattern —tydrodynamic structure near the
heat-transfer surface. With developed nucleateifmpila large number of
vaporization centers are formed on the heat-trarssfigace. However, in this case,
the liquid continues to flow around the heatingf@ate among these centers, and its
boundary layer is intensively mixed by the vapobldes in it. During film boiling,
the liquid is separated from the heat-transfersngace by the resulting layer of
water vapor with a lower thermal conductivity, sedpsently, the intensity of heat
transfer becomes many times lower than during @abelboiling.

The transition from the nucleate regime to the flbmiling regime occurs
when the heat flux density reaches the first @iti@lueqc; (Fig. 3). This transition
from a state with a lower specific production otrepy to a state with a higher
production is discontinuous, accompanied by an mbmrhange in both the
hydrodynamic pattern near the heat-transfer surface thermodynamic and
thermophysical parameters. It is similar to thensiion from a laminar to a
turbulent flow regime (Fig. 2), accompanied by abrupt change in the
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hydrodynamic pattern of the flow and the resistatacé¢he flow. The considered
transition from a stationary state with a lowerrepy production to a higher
production state, as for other non-equilibrium eys, is characterized by a
nonstationary boiling pattern. All sorts of comhinas of film and nucleate boiling
regimes are formed in different, randomly changpigces of the heat-transfer
surface. This resembles the regime of a laminautibulent transition in a pipe,
where chaotic temporal and spatial changes areadlserved in the flow regions
with turbulent and laminar moving gas. The transitirom nucleate boiling to film
boiling is associated with the loss of the hydraawic stability of the two-phase
near-wall layer due to the growth of vaporizati@nters with increasing [17].
This is analogous to a laminar flow losing resistario internal or external
disturbances in the flow. It was also shown in [1¥t by slowly increasing the
heat flux through a specially selected heat-trarsfieface depleted of vaporization
centers, it was possible to exceed in some expatgrtbe normal critical value of
gc1 by almost two times. This resembles an increasthénvalue of the upper
critical Reynolds number (Rg), at which the laminar flow becomes turbulent, by
reducing the disturbances introduced into the flow.

115 -10%, J/(kg-K) 115107, W/(m?-K)
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Fig. 2. I1S as a function of Re Fig. 3. I1S as a function of ¢
number for laminar /7S;, and for two boiling regimes in
turbulent /757 (flow rate a large volume of water
profile 1/7) flow regimes (P=0.1 MPa)

The curves in Fig. 3 demonstrate that the revemsmsition of a
thermodynamic system from a higher to a lower gmtrproduction state occurs
when the difference between the entropy produdtiothese two states reaches a
certain positive value. This corresponds to a demen the heat flux density up to

15



Physics and mathematics sciences

the second critical valugc,, which is much lower thaac;. Thus, hysteresis is
clearly pronounced in the thermal and hydrodynapfienomena associated with
the transition from one boiling regime to anotherom the above, it follows that
the non-equilibrium system with heat exchange @sege conforms with the same
general laws of evolution from the standpoint ofi+eguilibrium thermodynamics.

Let us analyze the applicability of these geneaals to the Rayleigh-Benard
convection process considered in detail in [7]. ¥&mtion occurs in a horizontal
liquid layer with a vertical temperature gradienéated by heating the layer from
below. Depending on the heating temperature, trerathe Rayleigh number Ra,
the following forms of various stationary (stabtgates of fluid movement appear
in the layer: Benard cells; two-dimensional cellsembling the rotation of shafts in
opposite directions; three-dimensional cells anteotrganized structures. Each
stationary state has its own value of entropy pectidn, and transitions from lower
to higher entropy production states occur wheragexritical values Ra Ra, Ra;,
etc. are reached. Fig. 4 shows the nature of thagehof entropy production as a
function of Ra for four stationary states. With wdweeating of the fixed layer from
below, when the temperature difference acrossaperlis small, the supplied heat
is completely removed by means of thermal conditgtivand there convective
flows are absent. This state corresponds to COrwe Fig. 4. With the heating
temperature increasing, convective flows appear \&whdn the value of Rais
reached, a new stationary state of a non-equilibraystem is formed with a
honeycomb-like structure of fluid movement (Beneaetls). This case corresponds
to Curvel in Fig. 4. With a further increase in the heatxflthe formed flow
structure is first preserved, and then the Benails degin to collapse with non-
stationary states forming. At the Rayleigh numbes Re thermodynamic system
passes to a new stationary state, for example,awithl structure of fluid flow. This
flow corresponds to Curv@ in Fig. 4. At the Rayleigh number Raa new
stationary flow structure is formed, and so on.

Fig. 4 demonstrates that with an increase in thgevef the Rayleigh number,
the thermodynamic system transits from a state aikbwer entropy production to
a state with a higher entropy production. In tlase; the transition, according to the
above axiom, is carried out due to the failurearhs physically justified condition.
So the transition from the stationary state toBle@ard convection state occurs at
the number Racaused by the thermocapillary instability of thquid layer.
Experiments [19] showed that with a decrease inrtivard heat flux, and hence a
decrease in the Rayleigh number, the thermodynagstem under consideration
will undergo a reverse transition from a higheradower entropy production
stationary state at lower Rayleigh numbers thardiact transition. In Fig. 4, the
reverse transitions correspond to the Rayleigh rmusbmarked with a prime
symbol: Ra;, Ra,, Ra,. Thus, transitions between two stationary stafes on-
equilibrium thermodynamic system exhibit hysteresis in other systems we
considered. In this case, the transition of a tleelynamic system from a higher to
a lower entropy production state occurs when atepositive difference between
the production of entropy in these states is reéchidollows that the above axiom
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and the conclusions drawn from it fully apply tee tBystem under consideration.
Even during the transition from a state with a lowetropy production to a higher
production state, if several such stationary statest, the thermodynamic system
will first pass to the state with the lowest poksintropy production value of all, if
physically justified conditions allow this. If theonditions do not allow this, then
the system will pass into the next state, which thes minimum production of

entropy of all remaining states. For example, éf fllow of a liquid corresponding to

Benard convection cannot be formed because at de@sof the many conditions
for the implementation of such a flow cannot bdilfetl, then when the liquid is

heated, the stationary state will transform intolaflow, which is a more common

form of stationary convection.

ds
d

0 R]a,' Rlal Ra, Ra, Ra; Ra, Ra
Fig. 4. Change in entropy production as a functibthe Rayleigh number

When considering the process of the originatiorBehard convection, the
authors of [20] noted that when such a stationdatesis established, "the
production of entropy in the system increases, Wwhiontradicts Prigogine's
theorem of minimum entropy production”. However,fabows from the above,
this does not contradict the proposed axiom of ggees in nature striving for
perfection.

The work [10] analyzes the processes occurring wdierflows around a
cylinder and an aircraft wing. It is shown that rthedynamic systems where
aerodynamic processes take place conform to the gameral laws of evolution of
macroscopic non-equilibrium systems as above. &sositions from a stationary
state with a lower entropy production to a statthwai higher production and back
are realized through hysteresis. The transitioncgs® occurs quite abruptly,
intermittently, through the formation of non-staiéwy states.

For example, when the air flows around a small wing stationary states of
the thermodynamic system are realized, each of thesrits own flow pattern near
its surface, its own drag and lift coefficientstbé& wing, and, accordingly, its own
values of entropy production. Fig. 5 shows spee@fitropy production as a function
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of the incoming airflow speed, or rather the Regnolmber, calculated from the
chord airfoil length. The greater value of the epyr production/S; corresponds to
the flow pattern around the wing with the separatbthe boundary layer from its
upper surface. The separation of the boundary l@gels to an increase in drag and
a decrease in lift. The lower value of the entrgmpduction 77S; (Fig. 5)
corresponds to the nonseparated flow around therugpyrface of the wing. This
leads to a decrease in drag and an increase im I[domparison with a separated
flow. Therefore, by organizing the turbulizationtbe boundary layer at the tip of
the wing in various ways, it is possible to delag transition of the thermodynamic
system from the state with to a lower entropy potidm to a state with a higher
production. This has been confirmed by numerousxents, for example, with
the use of a tripping wire at the beginning of wiag or appropriate changes in the
shape of the wing tip.
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Fig. 5.7ISas a function of Re number for the wing flow patte

Life forms also strive for perfection when creatiogrtain conditions. For
example, in order to fly with a turbulized bound#ayer corresponding to a state
with lower entropy production, a bird's wing hassuitable profile and greater
relative roughness, just like the wings of someats. The wing of a dragonfly has
transverse folds for turbulization of the boundéayer, and its leading edge is
equipped with sharp teeth. All this confirms thdidity of the axiom about the
processes in nature striving for perfection.

It was shown in [10] that both "left" and "rightYys$teresis can be realized in
aerodynamics depending on the variable parametgurent) in the experiment
and the corresponding selected function. With &"'leysteresis, with an increase
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in the argument and its subsequent decrease, thetidn values change
counterclockwise, and with a "right" hysteresideckwise.

In [11] the results of experimental studies of atcation hysteresis in the
reaction of low-temperature methane oxidation afispersed P£Al, O3 catalyst
are analyzed from the standpoint of non-equilibrilngérmodynamics. Fig. 6 shows
the specific production of entropf{S, and IIS; as functions of different O
concentrations in the initial reaction mixture (IlRMespectively, for the lower and
upper branches of the hysteresis loop. On the Idwanch of the loop, with the
catalyst in an inactive state, only the productaiplete oxidation of methane
CO, and HO are formed, which corresponds to the reaction

CH; + 20, — CO, + 2H,0.

In this case, the degree of conversion of methaHg i€mains practically
constant and equals 28%. On the upper branch ohysteresis loop, with the
transition of the catalyst to the active statenglovith the products of complete
oxidation, the products of partial oxidation of mee H and CO also appear,
which corresponds to the reaction

2CH,; + 2.5Q —» CO; + 2H,0 + 2H, + CO.

In this case, the degree of methane conversionaanh 99%, depending on
the Q concentration in IRM. The transitions from the &wbranch of the
hysteresis loop to the upper branch and in reversmir abruptly, practically
intermittently. In the process of transition of lletmodynamic system from one
stationary state to another, non-stationary strestiare formed, which can be
various combinations of stationary structures o theginning and end of the
process, chaotically changing in time and space.

It is also shown that the justified condition aliogy a state with a minimum
entropy productiod7S, is a certain ratio of the £LLH, concentration in the IRM,
which enables the corresponding reaction in thentbdynamic system under
consideration. Experiments also showed that witdearease in the oxidation
temperature of methane, the ratio of @H, concentrations in IRM that allows
complete methane oxidation decreases, and the dldgmamic system transits into
a state with a higher entropy productii®,. During this transition, the catalyst is
activated.

The processes in such biological systems as theneehbrane, single-domain
and multi-domain globular proteins, and the cellttod Chara corallina alga are
analyzed from the standpoint of non-equilibriumrthedynamics in [13]. It is
shown that all these processes conform to the gkefers of evolution of non-
equilibrium thermodynamic systems presented abbwe.example, Fig. 7 shows
the change in the specific production of entropy &snction of the temperature of
the membrane from dipalmitoylphosphatidylcholine P@C) for gel- {IS),
intermediate /S), and liquid crystal [{S c) states. In the thermodynamic system
under consideration, three stationary states ofrtmbrane are realized depending
on the temperature. These states differ not onlystructure, but also in
thermodynamic and other parameters and propettieaccordance with Fig. 7,
lower to higher entropy production transitionshie system at temperaturés; and
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Tc2 and reverse transitions are realized through hgse The transitions are
carried out quite abruptly with the formation ofmastationary structures. From the
standpoint of non-equilibrium thermodynamics, th&s@sitions are analogous to
the transitions described above for Rayleigh-Bercardsection.

1S, W/(kmol - K) I1S-10°, W/(mol - K)
- Sk——_
60 118, - 1\ -~ == _
\’/7 \ I1IS,
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Fig. 6. I1S as a function of O, Fig. 7. Change in the specific
in IRM (CHy4 concentration in production of entropy as a
the IRM 1.1 vol. %; reaction function of temperature for gel-
temperature 703 K) ({ISg), intermediate (/1Sy), and

liquid crystal (/1S c) states
of the membrane from DPPC

Other thermodynamic systems conforming to the gdnaws of evolution of
non-equilibrium systems, with different physicaiemical and biological processes
from above are analyzed in [7-15]. In particuldre tprocesses of interaction of
single-phase and multi-phase jets in the mixingrdters of gas ejectors and two-
phase jet apparatus are considered; the procegasdfiow in a supersonic Laval
nozzle; processes during a drag crisis of bluffiemdin various periodic chemical
reactions, including the Belousov-Zhabotinsky regtand other processes.

Based on the above, the evolution process of a egaoiltorium
thermodynamic system with several possible statiorstates is schematically
shown in Fig. 8. HerélS is the specific entropy production correspondmgjiei-
th stationary state of the system. In this ca&®,,> /1S, wherei = 1..n, andn is
the number of the possible stationary states. Said dotted arrows show the
transitions from one stationary state to anothethi& process of increasing or
decreasing the independent parameter, respectiMedge transitions occur through
transient system states and exhibit hysteresis.ifdependent parameter affecting
the evolution of a non-equilibrium system can ber &xample, temperature,
specific heat flux, concentration of a chemical poment, Reynolds or Rayleigh
criteria, and many other parameters, dependinghenchosen thermodynamic
system. The diagram in Fig. 8 is for left hysteseBor the right hysteresis, it can be
constructed in a similar way. It can be seen frtwn diagram that, for example,
with an increase in the independent parametersitrans are made from one
stationary state with a lower entropy productiotugato another stationary state
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with the minimum possible entropy production of r@inaining (higher) stationary
states with a higher value of entropy productiona@cordance with the axiom).
A IS A 1IS

/lﬁ HS”
&, 718

Ad I L]

Direction of independent Direction of independent
parameter change parameter change
(a) (b)
Fig. 8. Schematics of the hysteresis evolution gfysiem with several stationary
states for non-overlapping (a) and overlappingsth)ionary states

Thus, both with an increase and a decrease innthependent parameter,
transitions from one non-equilibrium stationarytst&/S) to another stationary
state (IS+1 or I1S_4, respectively) are carried out with a minimallyfelient value
of entropy production from the initial state. Acdorgly, the modulus of the
difference between the entropy productions of thgal state//S and the state
I1S+;into which the system transits should be the mimmmaf all possible realized
stationary states

ATIS= |IIS —11S+1 | = min.

Fig. 8a shows a diagram of the evolution of a systeith several non-
overlapping stationary states. Non-overlapping estaare those in which the
transitions to the next stationary state occur oafer the completion of the
transitions to all the previous stationary states. example, when the temperature
of the cell membrane reachég; (Fig. 7), the system transits from a stationary ge
state to an intermediate state, and then, withitaduincrease in temperatureTig,,
the intermediate state transforms into a liquidstaly state. Each of these three
stationary states has its own specific structugg, [And until the transition from one
state to another is completed, the transition éoniéxt state does not begin.

Overlapping states are such stationary stateseofystem where transitions
to the next state begin before the completion efttansitions to the previous states.
Fig. 8b shows a diagram for overlapping stationsigtes. It corresponds, for
example, to the transitions in a multi-domain prot®rmed, assumably, in the
process of Darwinian evolution by alternately connfig different single-domain
proteins with the same initial values of speciiitrepy production over time [13].

Nature also knows cyclic methods of evolution [2B&sed on the above, it
can be assumed that the cyclic evolution of a thdymamic system differs from
the hysteresis evolution in that on both brancheshe evolutionary process,
corresponding to both a sequential increase anctase in the entropy production,
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all newly formed stationary states differ in sturels and other properties, with the
exception of the one with the lowest value of goyr@roduction. It is from this
stationary state that the evolutionary cycle begind ends. This can be traced
using the example of the life cycle of the slimelanbDictyostelium discoideum [3,
21].

In conclusion, transferring the obtained regulesitof the hysteresis process
of evolution of non-equilibrium thermodynamic systeto the Earth's atmosphere
with all kinds of organisms living in it, we canradude that glacial and interglacial
periods of life on Earth are two branches of iteletron. On the lower branch of
the hysteresis loop, with a lower value of entrgpgduction, the evolution of the
system proceeds according to the thermodynamiccipten of Clausius by the
formation of more and more complex structures wittreasing values of their
entropy and the approach of the system to globabshThe work [8] shows the
influence of some factors, both natural and antbgepic, that increase the entropy
production in the atmosphere and bring the Ice @&gé&arth closer.

When the critical value of entropy production iagkeed, the thermodynamic
system abruptly, through non-stationary, chaotycalianging structures, moves to
the upper branch of the hysteresis loop, and therse process of the formation of
organized structures from chaos begins with sedplgntiecreasing values of their
entropy production. In this case, the entropy o tntire Earth’s atmosphere
decreases due to the excess of the heat loss pate,sin comparison with its
inflow. This can occur, among other things, due the destruction of the
atmospheric layer creating the greenhouse effectdriex and other circulation
flows. When the second (lower) critical value ofrepy production is reached, the
system abruptly, through non-stationary, chaotracstires, transits to the lower
branch of the hysteresis loop and a new stageeitblution of the system begins,
characterized by an increase in the entropy promluchus, organized, ordered
structures are formed out of chaos, and in thega®of their development, turn
back into chaos.

During the transition from chaos to ordered strregwon the lower branch of
the hysteresis loop, the development of the animaald proceeds in accordance
with the Darwinian theory of evolution. The proceésmproving all living things
occurs through transitions from simpler structugesnore complex ones under the
influence of natural selection. This indicates ihgeparability of the existence of
the two principles of Clausius and Darwin in theogess of evolution of the
considered thermodynamic system.
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