L

Y
O
®
c
-
-
O
ﬁ
()
ol e
-

Chemical Physics

AIP
Publishing

Thermodynamics of stationary states of the
ideal gas in a heat flow

Cite as: J. Chem. Phys. 157, 194108 (2022); https://doi.org/10.1063/5.0128074

Submitted: 26 September 2022 - Accepted: 01 November 2022 » Accepted Manuscript Online: 02
November 2022 « Published Online: 16 November 2022

Robert Hotyst, Karol Makuch, "' Anna Maciotek, et al.

AN

) S @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Physics-informed graph neural networks enhance scalability of variational nonequilibrium
optimal control

The Journal of Chemical Physics 157, 074101 (2022); https://doi.org/10.1063/5.0095593

Transition rate theory, spectral analysis, and reactive paths
The Journal of Chemical Physics 156, 134111 (2022); https://doi.org/10.1063/5.0084209

The chemical Langevin equation for biochemical systems in dynamic environments
The Journal of Chemical Physics 157, 094105 (2022); https://doi.org/10.1063/5.0095840

? Trailblazer @

--------- j====-===--===»  Meet the Lock-in Amplifiers that

p e measure microwaves.
W\ g |

R R
: AR ERE R
el = X r;

I it | N/ Zurich .
— v Z N\ Instruments

£ nienens
W= B el

el el £l &1l 2

J. Chem. Phys. 157, 194108 (2022); https://doi.org/10.1063/5.0128074 157, 194108

© 2022 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1881977&setID=378408&channelID=0&CID=692124&banID=520764556&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=86d397fca7366e8290b08b980fe656c74718ae64&location=
https://doi.org/10.1063/5.0128074
https://doi.org/10.1063/5.0128074
https://orcid.org/0000-0002-3211-4286
https://aip.scitation.org/author/Ho%C5%82yst%2C+Robert
https://orcid.org/0000-0002-9769-7646
https://aip.scitation.org/author/Makuch%2C+Karol
https://orcid.org/0000-0002-2371-4183
https://aip.scitation.org/author/Macio%C5%82ek%2C+Anna
https://doi.org/10.1063/5.0128074
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0128074
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0128074&domain=aip.scitation.org&date_stamp=2022-11-16
https://aip.scitation.org/doi/10.1063/5.0095593
https://aip.scitation.org/doi/10.1063/5.0095593
https://doi.org/10.1063/5.0095593
https://aip.scitation.org/doi/10.1063/5.0084209
https://doi.org/10.1063/5.0084209
https://aip.scitation.org/doi/10.1063/5.0095840
https://doi.org/10.1063/5.0095840

The Journal
of Chemical Physics

ARTICLE scitation.org/journalljcp

Thermodynamics of stationary states
of the ideal gas in a heat flow

Cite as: J. Chem. Phys. 157, 194108 (2022); doi: 10.1063/5.0128074 @ Ii]
Submitted: 26 September 2022 « Accepted: 1 November 2022 -

Published Online: 16 November 2022

Robert Hotyst,” ' Karol Makuch,"

Anna Maciotek,'?

and Pawet J. Zuk'*

AFFILIATIONS

TInstitute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warszawa, Poland

2Max-Planck-Institut fur Intelligente Systeme Stuttgart, Heisenbergstr. 3, D-70569 Stuttgart, Germany

*Department of Physics, Lancaster University, Lancaster LA1 4YB, United Kingdom

2 Author to whom correspondence should be addressed: rholyst@ichf.edu.pl

Plkmakuch@ichf.edu.pl

ABSTRACT

There is a long-standing question as to whether and to what extent it is possible to describe nonequilibrium systems in stationary states
in terms of global thermodynamic functions. The positive answers have been obtained only for isothermal systems or systems with small
temperature differences. We formulate thermodynamics of the stationary states of the ideal gas subjected to heat flow in the form of the zeroth,
first, and second law. Surprisingly, the formal structure of steady state thermodynamics is the same as in equilibrium thermodynamics. We
rigorously show that U satisfies the following equation dU = T*dS* — pdV for a constant number of particles, irrespective of the shape of the
container, boundary conditions, the size of the system, or the mode of heat transfer into the system. We calculate S* and T* explicitly. The
theory selects stable nonequilibrium steady states in a multistable system of ideal gas subjected to volumetric heating. It reduces to equilibrium

thermodynamics when heat flux goes to zero.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128074

I. INTRODUCTION

Thermodynamics simplifies the description of equilibrium sys-
tems. It reduces the number of equations of state of materials by
expressing them with one formula in terms of a thermodynamic
potential." This simplification also significantly reduces the number
of measurements needed to determine any material’s equilibrium
properties.” It also determines the equilibrium state of the system
by optimization rules.

For similar reasons, there has been an enormous research effort
to introduce global thermodynamics with optimization rules and
potential-like formulation for steady states.” *” The progress in this
direction is limited either to the isothermal situations or to the
small temperature differences.”” >’ Here, we break this limitation
and show that the steady state thermodynamic description also exists
for a system that is far from equilibrium (with large temperature
gradients).

For a paradigmatic system such as an ideal gas, only three
parameters (entropy S, volume V, and the number of particles N)
are sufficient to determine its state at thermal equilibrium. At a

nonequilibrium state, one has to consider spatially dependent para-
meters, such as temperature T(r), pressure p(r), and density n(r).
A description of such fields appears in De Groot and Mazur’s
monograph on irreversible thermodynamics.”’ This description is
based on local conservation laws of mass, momentum, and energy.
With the assumption of local equilibrium and constitutive relations,
irreversible thermodynamics determines the state of the system.

In this paper, we show that within irreversible thermodynam-
ics, there exists a global description of a steady state of an ideal gas in
heat flow. Within this description, the total system’s energy is repre-
sented as a function of $¥, volume V, and the number of particles N.
We formulate thermodynamics of the steady state in the form of the
zeroth, first, and second law and determine S* explicitly. Our scheme
for thermodynamics of nonequilibrium steady states is rigorous and
valid for large heat flux.

We illustrate the scheme using a monoatomic ideal gas con-
fined between two parallel walls with different temperatures T
and T,. Furthermore, we introduce to this system a constraint
in the form of a thin wall separating the gas into two parts, as
shown in Fig. 1. We assume that this internal wall is diathermic
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FIG. 1. Schematic illustration of an ideal gas in a box with an internal wall.

and impenetrable. Considering the system with internal constraints
puts our problem in the perspective of equilibrium thermodynam-
ics as described by Callen, “The single, all-encompassing problem
of thermodynamics is the determination of the equilibrium state
that eventually results after the removal of internal constraints in a
closed, composite system.”’ We show the minimum principle that
determines the stable position of the internal wall.

This description also applies to different shapes of the system,
boundary conditions, and different modes of heat transfer (heat
flows through the system or heat is generated inside the system)
and is valid beyond the regime of linear irreversible thermody-
namics, thus taking into account the temperature-dependent heat
conductivity.

Il. IDEAL GAS IN HEAT FLOW

We consider a fluid described by irreversible thermo-
dynamics.”’ Therefore, the gas is described by five equations: two
local equations of state and three conservation laws (the continuity
equation, the Navier-Stokes equation, and the energy balance equa-
tion) supplemented by proper boundary conditions. We assume that
the equation of state corresponds to the monoatomic ideal gas. The
gas is confined between two parallel walls at positions 0 and L. We
assume that the system is translationally invariant in x, y directions.
Moreover, the gas satisfies the local equilibrium and is described by
the following equations of state:'

p(2) = n(2)ksT(2), (1)

with Boltzmann constant kg, pressure p(z), particle number density
n(z), and the temperature T(z) at position z. It is worth mentioning
that the local equilibrium is sometimes questioned. However, as we
discuss in the Conclusions section, for an ideal gas, the local equilib-
rium is valid up to extreme temperature gradients of the order of 10”
K/cm. The energy equation of state is given by

e(z) = %n(z)kBT(z). @)

Here, e(z) is the internal energy volumetric density. We also assume
that in the whole volume V = AL, where A is an area (along x, y)
direction, there are N particles. The boundary condition follows
from the assumption of a given temperature on the walls,

T(0) =T,

T(L) = T 3)

ARTICLE scitation.org/journalljcp

In the stationary state, the system is described by T, T2, A, L, N,
which we call the control parameters. We assume that there is no
mass flow for the confined gas in a stationary state. That simplifies
the thermohydrodynamic equations.’” The Navier-Stokes equation
is reduced to a condition of vanishing pressure gradient, Vp(z) = 0.
The two equations of state follow that the energy density is also con-
stant in space and € = 3p/2. The total energy U is, thus, given by
U=A fOLdze =3ALp/2. We rewrite this expression in terms of the
volume of the system, V, obtaining the relation between pressure
and volume,

2U
P=3v (4)

The energy balance equation with the Fourier law for the heat
flux,

Jg = -xVT(z), (5)

gives 0 = K;—; T(z). With the boundary conditions (3), it yields a
linear temperature profile, T(z) = Ty + (T> — T1)z/L. With the con-
stant pressure and the equation of state, it determines the density
profile, n(z) = p/kgT(z), and with a given number of particles,
N=A fOLdz n(z), they determine the pressure,

N T,-Ti
= —kg —.
V" log 7

p (6)

Suppose that the system is in the stationary state described by
parameters T1, T2, A, L, and N. Then, we start changing the tem-
perature T, to T, + dT,. After a while, the system reaches another
stationary state, this time described by parameters Ty, T» + dT2, A, L,
and N. We could similarly move one of the system’s walls and
change its length L — L + dL. The disturbance of the system induces
time-dependent thermo-hydrodynamic flows. They may be complex
(with sound waves, turbulent motion or heat front’") if the change in
the temperature or position of the wall is sudden. Nevertheless, the
possibility of solving thermohydrodynamic equations would allow
one to monitor the change in the internal energy dU, the net heat
d Q entering the system during the transition, and the work done
d W. Independent of the rate of change in the control parameters,
the energy balance within irreversible thermodynamics must have
the following consequences in the context of passing from one to
another stationary state:

dU=aW+dQ (7)

The energy change is determined by the control parameters through
Egs. (4) and (6). As in similar considerations within equilibrium
thermodynamics, the work and heat of the transitions between
steady states depend on the transition rate. However, there is an
essential simplification for the case of slow processes.” We expect
that the slow change in the boundary condition does not disturb
the homogeneity of the pressure in the system. In the limit of slow
changes, the work done in the transition is given by

adw = -pdV, (8)
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where dV denotes the differential of the volume of the system.
Therefore, the net heat differential is determined from (7) and (8) by

dQ=duU +pdv. ©)

We prove it below using thermo-hydrodynamic equations. The
above equation represents the energy balance in the system. It may
be called the first law because it has a form of and it reduces to the
first law of equilibrium thermodynamics when the heat does not flow
through the gas.

Ill. THE FIRST LAW FOR STATIONARY STATES
IN THE CASE OF THERMOHYDRODYNAMICS

The total internal energy of the gas at given time instant, U;(t),
in volume V(¢) is given by the following integration of its density:

ue) = [ dro(eu(ro), (10)

where p(r, t) is the density and u(r, t) is the internal energy density
per unit mass at position r and time t. To facilitate our consider-
ations, but without loss of generality, we assume the translational
invariance of the system in x, y directions. Before time t;, the system
is in a stationary state. Then, due to a change in volume V, tem-
peratures T and T, or other external factors, the system is taken
to another nearby stationary state, which is achieved after t;. For
example, between times #; and ¢, we slowly change the position of
the right wall by manipulating its position, L(t), such that initially
L(t) = L changes to L(t) = L + dL. That gives the time dependent
volume, V(t) = AL(t), with the total change dV = AdL when pass-
ing from the stationary state at #; to the stationary state at t;. The
differential of the energy (i.e., small change in the energy when
passing to a neighboring stationary state) is given by

du = Ui(tf) - Ui(t),

which we equivalently express as

AU = /tfdt d[;”t(t). (11)
t;

With the use of Eq. (10), we get dU;/dt = %fv(t)d3rp(r,t)u(r, f).
In this expression, the integral is simplified with the use of x,y
translational symmetry and keeping in mind that V(t) = AL(t) as
follows:

L(t)
drp(x, t)u(r,t) = A/ dzp(z, t)u(z,t),
V(t) 0

so the time derivative of internal energy reduces to

ddf" . A%fow)dzp(z, Du(zt) = Ap(L(t), u(L(1), t)dLT(tt)
vaf 4 %[p(z, Du(z 1] (12)

In the latter integral, there appears the left-hand side of the balance
energy equation (cf. p. 18 in Ref. 30),

ARTICLE scitation.org/journalljcp

%[p(z, Hu(zt)] = —div(p(z t)u(z,t)v(z t) + ]q),

- P:gradv(zt), (13)
with velocity field v(zt), heat flow J,, and pressure tensor
P = p(z,t)I + IL, where I is the unit three-dimensional matrix and
II is proportional to velocity gradients. Due to the fact that there
is no velocity field in the system in the stationary state, and
the change in the parameters is slow, we keep only the lead-
ing terms in the velocity field in the above expression, neglecting

the quadratic term, II: gradv(z,t) ~ 0. Therefore P : gradv(z,t)
~ p(z,t) divv(z,t) and the energy balance equation simplifies to

%[p(z,t)u(z, t)] = —div(p(z, t)u(z, t)v(z,t) + ]q)
- p(z,t) divv(z,t).
Using the above in expression (12), we obtain

W ap(w (o, 0ue(n,n 0

—AAL(t)dzdiv(p(z, Hu(z,t)v(z,t))

L(t) L(t)
- Af dzdiv], - A/ dzp(z,t) divv(z, t).
0 0

The first two terms on the right-hand side give zero, because

L(t)
f dz div(p(z t)u(z )v(z.1))
0
= p(L(O. Du(L(E), )= (L(E), ) - p(0, Yu(0, )v=(0,1)
and because the z-component of the velocity above vanishes for z = 0
and is equal to dL(t)/dt for z = L. The third term, AfOL(t)dz div],
= fv ( t)d3 rdiv], is the total heat rate that flows to the system, which
is evident after application of the Gauss theorem, f, v( t)d3r div],

= fav(r)d2”‘ -J,- Here, n is the normal vector pointing outside the
surface. We denote the heat rate flowing into the system by

_ 2
q(t) = 7f6V(t)d rn-J,. (14)

To simplify the fourth term, we use the fact that the pressure in
the system during slow change in parameters is still homogeneous,

p(z,t) =p(t), and therefore, fOL(t)dzp(z,t) divv(z,t) = Ap(t)
fOL(t)dz divv(z,t). This integral is the volume change rate,
dV(t)/dt:fV(t)cPr divv(z,t), and finally for the fourth term,

we get, AfOL(t)dzp(z, 1) divv(z, t) = p(t)dV(t)/dt. Therefore, the
change in the energy (12) simplifies to

W _ gty - p(ny ™10,

Utilizing the above in expression (11), we obtain

du - ft.tfdtq(t)—ft.tfdtp(t)d‘;?)‘ (15)
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We use the dominant term for small changes in parameters (neigh-

boring stationary state) in ft:fdt p(t) % ~p f;f dt dVT(tt) =pdV.
The above energy differential may be written in the form of (7),

where
t
dQ-= f dtq(t)
L

is the total heat transfer to the system and & W = —pdV is the work
performed on the system during the transition between stationary
states.

It is worth noting that in the above derivation, we did not spec-
ify temperature changes. Therefore, the energy balance (7) is valid
for transitions in the space of V, T, T>. Equation (7) derived above
is valid under the assumption of slow changes in external parameters
(including the homogeneous pressure condition). In this limit, it
is a rigorous expression. Therefore, if g(t) = 0 in a stationary state
(before t; and after t;) and both dU and & W are finite and well
defined (which is exactly the case considered here), then, the net
heat, d Q, transferred to the system during the transition is finite and
well defined as well.

IV. NONEQUILIBRIUM ENTROPY AS A POTENTIAL
OF THE NET HEAT DIFFERENTIAL

It is worth noting that the net heat introduced above would be
the excess heat considered by Oono and Paniconi.” In what follows,
we are going to find the integrating factor and the related potential.
As we will see, they define the nonequilibrium temperature and S*,
which may be called a nonequilibrium thermodynamic entropy.

Before proceeding further, it is worth giving several comments.
First, for constant N, four parameters determine the state of the
system: T1,T>, A, and L. So, the Pfaff form for the heat (9) may
be written in the space of these parameters in terms of dTi, dT>,
dA, and dL. Second, because the pressure in the system is homo-
geneous, we can write the expression for elementary work, & W
= —pAdL — pLdA, which we shortly write in terms of the volume
of the system, & W = —pdV. Third, once the integrating factor and
the corresponding potential are found, it is straightforward to rep-
resent them in another set of variables of states. It is easy to check
that the integrating factor in variables X, denoted by A.(X), after
changing the variables of states to Y given by Y(X), transforms to
A(Y) = A(X(Y)). Similar holds for the potential corresponding to
the integrating factor. We work in variables U, V, and T,/T;. In
these variables, the heat differential (9) is given by

2U T,

where we explicitly wrote the vanishing third term to remind that
the form is in three-dimensional space, U,V,T,/T, and used
expression (4) for pressure.

We observe that the heat differential (16) in variables U, V, and
T, /T, is identical to the heat differential for an ideal gas in equilib-
rium thermodynamics.! This is a consequence of the fact that both
in equilibrium thermodynamics and in the nonequilibrium station-
ary state considered here, the energy is exchanged in two same ways
(heat and mechanical work) and that the relationship between the
pressure and internal energy for equilibrium ideal gas, p = 2U/3V,
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is identical to formula (4). Therefore, the heat differential has an
integrating factor T* (U, V, T>/T:) and the corresponding potential,
S*(U,V, T2/ Th),

dFQ=T"ds". (17)

The integrating factor and the potential are not unique. To find
the integrating factor, we observe that formula (16) is the ther-
modynamics first law for a monoatomic ideal gas in equilibrium
thermodynamics. In this case, the integrating factor is the temper-
ature of the system, which for an ideal gas is given by formula
T = 2U/3Nkg. For the nonequilibrium case considered here, we
introduce a similar expression, so the integrating factor is given by

" 2U

= . 18

3Nkg (18)
The potential corresponding to the above integrating factor is S*.
From (16)-(18), the differential of S* is given by

_ 3Nkg Nkpg

as* dUu + —=4dV.
2U Vv

S* is thus given by the following formula: S$*(U,A,L,T>/Ti)
= Nkp log < U/ 2V) + So, where Sp is a numeric constant. However,
it may depend on parameters of the system, which are not treated
as the variables of state, including the number of particles N, which
we set to be constant in the above reasoning. We determine Sy con-
stant by the condition that S* for T, = T} gives the equilibrium
expression.! Therefore, we get

‘ I N zM(z)“
S(U,V,Tz/Tl)Nk3{2+210g[3N N , o (19)

where ¢, is a constant that does not depend on any control
parameter. The above fundamental relation has proper partial

derivatives,
() -4
ou VN T’
().
oV )y T*

As a potential of the heat differential, the above S* deter-
mines stationary-state adiabats.” They are different from the adi-
abats defined in equilibrium. Because S* does not depend on the
temperature ratio, we see that the change in T, /T1 (keeping U, A, L,
and N constant) changes the temperature profile in the system. It
also changes the heat flowing through the system. However, it does
not trigger the exchange of the net heat. As we show below, T /T is
a parameter that controls the entropy production in the system.

There is a natural question about the relation between $* and
the total entropy of the system, Siot = A [ dzs(z), where s(z) is the
volumetric entropy density,

(20

() =n(@ ka7 + > log[ookaT@ (@1 "]}. v
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as given by local equilibrium assumption within irreversible
thermodynamics."”’ With the use of the linear temperature profile
and density determined above, we obtain

Tz * TZ
| UV, | = , AS(U,V, =),
Stt(UV T1) S*(U, V) + S(UV T1)
5/4( log L2 52 (22)
AS(U,V,Ty/Ty) = Nkg log (%) (ngﬂl) .
1 T]—

The above expression is symmetric with respect to the inter-
change of T; and T5. Only S* contains information about heat
absorbed/released in the system [see Egs. (9) and (17)] on top
of the dissipative background (temperature profile). AS, on the
other hand, controls the dissipative background since it depends
on the entropy production given by’’ ¢ = —-A _[OLdz xkVT(z)- V%Z)

= 4% ( % + % - 2). The difference between the total entropy and S*

vanishes, AS(U, A, L, T>/T) — 0, when the system approaches the
equilibrium state, T>/T; — 1. Therefore, S* becomes in this limit
the equilibrium entropy.

The relation between the equilibrium entropy and S* also sheds
light on the role of the T,/T, parameter. For an “adiabatically”
insulated system determined by condition S* = const, the parameter
T,/T: changes the total entropy of the system. The change in the
total entropy of the system is associated with the local heat transfer
and work between different subparts of the nonequilibrium system,
even if no work is performed on the system and no net heat enters it.

V. ZEROTH AND SECOND LAW
FOR NONEQUILIBRIUM STATIONARY STATES

In Sec. IV, we showed that a net heat potential, nonequilibrium
entropy S, exists for the system without a separating wall. Here, we
consider the existence of the potential in the context of the system
from Fig. 1 with an internal wall. It is a diathermic wall that sep-
arates the gas. We assume that the wall is at position [,, and there
are N particles to the left and N> = N — N particles to the right of
the wall. An external force, F.,, can move the wall, and some work
is related when the wall moves. As before, the system is described by
thermohydrodynamic equations, this time with additional boundary
conditions on the surface of the separating wall. At the stationary
state, the pressure is homogeneous in each subsystem, but they may
be different due to the action of the force on the wall. In the station-
ary state, Fy, = —A(p2 — p1). We assume that the wall is diathermic,
so the temperature profile is the same as for the system without the
wall. The temperature profile does not depend on the action of the
force on the wall. We notice that each subsystem looks like the sys-
tem without the wall, although with different parameters, so we can
use formulas for the system without the wall to describe the system
with the wall.

We describe the system’s energy with the wall using the
state variables for each subsystem, U(SI’, Vi,N1, S5, Va, Nz)
= Ui (S, Vi,N1) + Uz(S5, V2, N2 ). The additivity of the energy
is inscribed in the used thermohydrodynamic equations. How-
ever, the additivity of entropy is a postulate of equilibrium
thermodynamics. The nonequilibrium entropy S* is not
additive for a nonequilibrium system with heat flow. If the

ARTICLE scitation.org/journalljcp

entropy was additive, then expression (Ui, Us, V1, V2, N1, N2)
= S*(Ul + Up, Vi + Vo, Ny +N2) - S*(Ul, V1,N1) - S*(Uz, Vz,Nz)
would identically be zero. Here,

. I I zM(Z)”
S(U,V,N)_Nk3{2+210g[3 N ¥ (23)

in agreement with Eq. (19). It is cumbersome to show by explicit cal-
culations that ' does not vanish. Instead, we calculate the following
expression:

9
oU,

or

(s vy (25)] -2k

which proves that T' cannot vanish identically. Therefore, $* # Sf
+ 85 for most states, and the nonequilibrium entropy is not additive.

One can wonder why the nonequilibrium entropy is not addi-
tive. Yet, the nonequilibrium entropy of each subsystem is given
by the same formula for the equilibrium situation, i.e., Eq. (23). In
equilibrium, the zeroth law of thermodynamics would allow us to
introduce the additive entropy of the whole system when the entropy
of two subsystems is known. The total heat differential is given
by dQ=adQi +dQ = T1dS: + T>dS;. This heat differential in the
space of parameters Uy, V1, Ny, Uz, V3, and N; has no integrating
factor. However, the zeroth law imposes the condition of equal
temperatures, T1 = T> = T, simplifying the heat differential to & Q
= T(dS1 +dS,). We see that the function S defined by S = §; + S, is
a potential of heat with temperature T as the integrating factor. This
is how the equilibrium zeroth law leads to the additivity of entropy.

For a nonequilibrium system, there is no equality of
subsystems’ temperatures. The equilibrium zeroth law of thermody-
namics is broken. However, let us introduce the following condition
called the “zeroth law of global stationary thermodynamics” for the
ideal gas with a heat flow in the following form:

Ty =Ty, (24)

with a constant parameter r. With the above zeroth law condi-
tion, the net heat differential is given by &' Q = Ty dS} + rT7 dS; . It
appears that it has an integrating factor that is easy to guess. Defining
a function

S =S8 +18) (25)
allows us to represent the above heat differential by
FQ=T}dSh,

For every given nonequilibrium temperature ratio r, which
appears in the zeroth law condition (24), the above nonequilib-
rium entropy S}, splits the space of thermodynamic parameters
Ui, V1,N1, U2, V,, and N> on adiabatically insulated subspaces
parameterized by S7>.

We are now in a position to verify whether the nonequilibrium
entropy S7, can be used to generalize the equilibrium minimum
energy principle to the case with the heat flow. We check whether
the minimization of the energy for constant nonequilibrium entropy
S}, leads to the proper position of a movable wall. The verification
requires assuming a constant number of particles, N1 and N, total
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volume, V = V| + V3, and nonequilibrium entropy S}, given by (25)
and calculate the minimum of the total energy,

Utot(ST, V1) = Un (S, Vi, Ni ) + Uz(%(STz -S7), V- Vl,Nz),

(26)
where

. 3 Vl)’.% s& 5
UL (S VLN = N[ 2 _S »y
(S5, M) 200 1(N1 eXp[leB 35| @

and is obtained from Eq. (23). U, is given by a similar formula. The
total energy in Eq. (26) has two independent parameters, S; and
V1. The minimum of the above energy requires the vanishing of the
derivatives over the two independent parameters, which gives

1
Ty - =T, =0,
r (28)

pir=p2=0.

The above two equations determine the two independent para-
meters. From thermohydrodynamics, we know that the equality of
pressures is the proper condition for the position of the movable
wall. Equivalently, the vanishing of the derivatives of Utot(SIr R V1)
leads to

Vv
Vis ——— v
Nz(ﬁl+ﬁz) (29)
* N « 5 rN1N>
P N S A WL (5 ST Y
PN N, T 2N N, BT

Consequently, for positive r, arbitrary entropy Sj,, and fixed N1, N>
and V, there is at most one point in space S, Vi with vanishing
derivatives. Because of the simple form of Uy, it is easy to show that
S{ and V7, given by Eq. (29), are at the global minimum. It proves
that the equilibrium minimum energy principle generalizes to the
case with heat flow.

The above application of the “second law” requires constant
Ni1,N3, and V = V| + V,, the nonequilibrium temperature ratio r,
and the nonequilibrium entropy Sj,. To realize it experimentally,
one has to know the boundary temperatures T and T> as a func-
tion of S},, 7, V1, V,N; and N,. Utilizing Egs. (4), (6), and (18) leads
to the following nonequilibrium temperatures for both subsystems:

- H(To—Tr)
! (T1+V71(T2—T1)))
log —
- YY1, - T
TS = ( v)( 2-Th)

T, '
IOg [Tl'*'%l(Tz—Tl):I

Using the above expressions in zeroth law condition (24), we obtain

Vi Vi Vi T
1- g1+ L(r-1)|=rLlog| — |,
( V)Og[ i )] v 0g[1+“/}(1—1)]

with the boundary temperatures ratio T = T>/T. The above relation
implicitly determines the boundary temperature ratio as a func-
tion of V1/V, i.e, 7= 7(V1/V). Because this relation is implicit, it
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is impossible to determine Tl(Sl*Z, r,Vi,V, Nl,Nz) explicitly. How-
ever, having 7(V/V'), we may use expressions (23)-(25) and (20) to
determine Tl(sz, rnViy,V, Nl,Nz).

It is straightforward to generalize the above conclusions for any
system shape and temperature profile. The reason for that is the fact
that a particular form of the temperature profile does not play a role
in the above calculations—the existence of the global steady state
thermodynamics follows in the considered case from the fact that
the pressure is constant and it is a function of energy and volume,
here p = 2U/3V. The ideal gas in the box volumetrically heated and
separated by a movable wall considered by Zhang et al.'” also has
these properties. Therefore, the steady state global thermodynamics
formulated here also holds for the Zhang et al.'” system, describ-
ing the continuous phase transition they consider. We describe the
Zhang et al. case in Sec. V1.

VI. IDEAL GAS UNDER VOLUMETRIC HEAT SUPPLY

For the volumetrically heated gas, the heat rate in Eq. (14) does
not vanish in the stationary state, g(¢) # 0. Zhang et al.'” consider
ideal gas with uniform volumetric heating A. In this case, in the
energy balance (13) there appears to be the source term A on the
right-hand side. As a consequence, Eq. (15) is modified in the follow-

ing way: dU = [tffdtq(t) - ftffdtp(t)% + Af,:fdt V(t), where, as
before, we take the dominant term in, f;fdt p(t)dvd—(tt) ~ pdV, and
obtain

t, tr
U = ffdtq(t)—pdV+/1fjdtV(t).
t; t;

Using the above and defining

FQ- [tfdtq(t) +A[”dtV(r), (30)

we obtain Eq. (7). It is worth commenting on the fact that for A # 0,

both the net heat ftltfdtq(t) and the second term in the right-hand
side of the above expression are infinite in the limit of long transi-
tion between two neighboring stationary states. However, their sum
is finite. In this system, the heat constantly flows out of the system,
q(t) # 0. The outflow is balanced by the generation of heat within
the system as given by the heat generation rate, AV(t). In Oono
and Paniconi* terminology, d Q is the excess heat and AV (¢) is the
house-keeping heat rate. The above equation is interpreted as the
“renormalization” of the heat rate to obtain the excess heat.’

Zhang et al.'” considered an ideal gas between two parallel walls
of area A located at z = —L and z = L. The system is translationally
invariant in the x and y directions. The walls are kept at a fixed
temperature Ty and the energy is supplied into the system’s volume
in the form of heat with flux J; the supplied energy per unit time
and unit volume V = 2AL is A = J/V. The steady state temperature
profile can be obtained from the local continuity equation of energy,

82
—KQT(Z) =1 (31
with the boundary conditions T(0) = T(L) = T, giving
A A
T(z) = —ﬂz2 + ﬂLZ +To. (32)
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At the steady state, the pressure p and, hence, also the energy density
€ are constant. With the use of the equation of state, this determines
the density profile,

__p _2 ¢
11(2) N kBT(Z) - 3 kBT(Z). (33)

Using

N = A/LLdz n(z), (34)

for a given number of particles N, the energy U = €V is obtained as
3 5
U==-NkgToflr-— |, 35
SNksTo f ( T ) (35)

where a dimensionless function f is given by

f(x) = /x(x +2)/(2tanh™'\/x/(x + 2)). (36)

Using the volumetric entropy density of an ideal gas given by
Eq. (21), we obtain

Stot(U,A, LN, 1) = 8* (U, V,N) + AS (U, A, L, N, A),

where S*(U, V, N) has a form given by the RHS of Eq. (19) and

AS(U,A,L,N,1) = —(5/2)Nkg log [f@' KL;O)]

1 (5/3)eA fo "z %. (37)

In the above formula, Ty (U, A, L, N, 1) is implicitly given by Eq. (35).
The temperature profile is a quadratic function of distance z; there-
fore, the integral in the above equation cannot be expressed in terms
of elementary functions. Nevertheless, as for the case discussed in
Sec. IV, the nonequilibrium entropy differs from the total entropy in
the system.

Now, we introduce a movable adiabatic wall parallel to the
bounding walls at z = z,,. At equilibrium, the wall is located pre-
cisely in the middle of the system z,, = 0. As shown in Ref. 17, for
small heat fluxes, the position of the wall at z,, = 0 is stable. Above
a critical flux, the wall moves toward one of the bounding surfaces.
Let us consider the second law of nonequilibrium thermodynamics
discussed above for this system. Integration of the equation of state
for the ideal gas [Eq. (33)] in each subsystem 1 and 2 leads to

pi2=-—, (38)

and for each subsystem, Eq. (16) is satisfied (with the replacement
T>/T\ — A). This implies the existence of nonequilibrium entropy
and nonequilibrium temperature given by formulas (18) and (19).
Consequently, the reasoning leading to the minimum principle
is the same. The only difference is that instead of two temperatures
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T1 and T,, we have here a single temperature T of the confin-
ing walls and the volumetric heating rate A. The nonequilibrium
temperatures in this case are given by

. ALY
i)

(39)
2
T; = Tof(&).

KTO

where L = L + 2, and Ly = L — z,, and function f given by (36). In
this case, the minimization of energy (26) also leads to the equality
of pressures. It proves that ideal gas with volumetric heating can also
be described with three laws of global stationary thermodynamics
introduced in Sec. V.

The minimization principle introduced in Sec. V also leads to a
single global minimum with the zero law condition and equality of
pressures given by (28). Interestingly, as discussed by Zhang et al,
this system exhibits a continuous phase transition from a one stable
steady state with the wall in the middle of the system to the two sta-
ble stationary states with the mirror symmetry. On the other hand,
the minimization procedure leads to only one stable state. However,
the zeroth law condition, r = T; /T, breaks the symmetry. Applica-
tion of formulas (39) in the zeroth law condition, r = T; / T}, leads
to the conclusion that for V| < V,, parameter r takes only values
r > 1. Whereas for V| > V), the temperature ratio satisfies 0 < r < 1.
Therefore, setting r limits the motion of the wall to half of the system.
The second stable minimum is obtained by replacing r with 1/r.

VIl. CONCLUSIONS

It is straightforward to generalize the above conclusions for the
situation with the temperature-dependent heat conductivity, x(T),
which is beyond the scope of linear irreversible thermodynamics.
The temperature-dependent heat conductivity modifies the Fourier
law (5) and the temperature profile. However, it does not affect the
relation, p = 2U/3V. Therefore, the relation (16) holds and it is pos-
sible to repeat the reasoning presented above without any changes
and obtain S* given by Eq. (19) and the nonequilibrium tempera-
ture (18). It is worth noting that the assumption of local equilibrium
for the ideal gas is valid as long as the temperature gradient is suffi-
ciently small, I |V T|/T <« 1, for the mean free path of the molecules,
I.7> At the pressure of 1 bar at room temperature, the mean free
path is of the order of /5, ~ 100 nm. The local equilibrium is satisfied
as long as the temperature gradient is lower than ten million Kelvins
per centimeter.

We draw several conclusions from the rigorous calculations
performed above within irreversible thermodynamics. Even for the
system with heat flow, which is far from equilibrium (significant
temperature difference), global steady state thermodynamics exist.
This is for ideal gas closed in a vessel of any shape and does not
depend on the mode of the heat transfer (heat flows through the
system or the system is heated volumetrically). The considered
examples also show that S* that governs the net heat is independent
of the entropy production, in agreement with Eq. (22).

At least since the works of Prigogine, scientists have tried to
formulate a thermodynamic-like description of nonequilibrium sys-
tems. Here, we show that it exists for a stationary ideal gas with
heat flow. The question remains open for interacting systems and
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systems with kinetic energy. From the perspective of future efforts,
the case of ideal gas considered here shows that the local entropy
integrated over volume is not a quantity that determines the heat
in the system—a possibility discussed recently.”” Moreover, the con-
sidered case shows that the nonequilibrium entropy, defined as heat
potential, is not additive.
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