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A multiscale thermodynamic generalization of Maxwell-

Stefan diffusion equations and of the dusty gas model
Petr Vagner, Michal Pavelka, Jiirgen Fuhrmann, Vaclav Klika

Abstract

Despite the fact that the theory of mixtures has been part of non-equilibrium thermodynamics and engineering
for a long time, it is far from complete. While it is well formulated and tested in the case of mechanical
equilibrium (where only diffusion-like processes take place), the question how to properly describe homogeneous
mixtures that flow with multiple independent velocities that still possess some inertia (before mechanical
equilibrium is reached) is still open. Moreover, the mixtures can have several temperatures before they relax
to a common value. In this paper, we derive a theory of mixtures from Hamiltonian mechanics in interaction
with electromagnetic fields. The resulting evolution equations are then reduced to the case with only one
momentum (classical irreversible thermodynamics), providing a generalization of the Maxwell-Stefan diffusion
equations. In a next step, we reduce that description to the mechanical equilibrium (no momentum) and
derive a non-isothermal variant of the dusty gas model. These reduced equations are solved numerically, and
we illustrate the results on efficiency analysis, showing where in a concentration cell efficiency is lost. Finally,
the theory of mixtures identifies the temperature difference between constituents as a possible new source of
the Soret coefficient. For the sake of clarity, we restrict the presentation to the case of binary mixtures; the
generalization is straightforward.

1 Introduction

Transport models are a hallmark application of non-equilibrium thermodynamics (NET), backed up by a vast
experimental evidence for the applicability of linear closures between thermodynamic fluxes and forces [29].
But should one consider a single or multiple constituents for a plausible description of the transport? And how
many independent velocities should be present in the models? And what if temperatures of the constituents
are not the same [8]?

Let us pause on the famous Duncan-Toor experiment where a rather unexpected behaviour of diffusion was
observed if the mixture is seen as a single continuum. Various “regimes” of diffusion are reported which are not
found in the classical Fickian diffusion, where the diffusive flux occurs solely in the direction of the negative
chemical potential gradient, see [28, [24]. However, if one just considers the same problem as a mixture, linear
nonequilibrium thermodynamics offers a resolution of these new phenomena by very standard means, namely
by coupling among the well-known driving forces of transport. This model is known as Maxwell-Stefan model
of diffusion [22]. Hence, there are potentially key phenomena in transport that can be captured only on the
detailed mixture level. On one hand, Maxwell-Stefan models, as well as other transport models, can be viewed
as a special case of a more general NET framework, the mixture theory El On the other hand, there is a
recognised distinguished limit of the Maxwell-Stefan model, the dusty gas model of porous media transport.

We can order the various transport theories as follows:

L\We refer the interested reader to reviews [2 4, 48, 23] and to classical texts [6} O] [10| 11} 14} 17 [41] [44].
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B no coupling of thermodynamic forces (no friction, i.e. transfer of momentum, among the constituents),
isothermal case — Fick's law of transport

B coupling among thermodynamic driving forces for friction, isothermal case — Maxwell-Stefan model

B coupling among thermodynamic driving forces, nonisothermal case — this article.

Moreover, in this paper we go beyond by adding further state variables to the classical densities and temper-
ature, namely

B electromagnetic fields,
B one or two velocities P

B and possibly also two temperatures.

In order to derive such complex theories, however, we start with the most detailed level, which can be derived
from the Liouville equation [38], and then we reduce it by letting the additional state variables relax.

In particular, we derive a nonisothermal generalisation of the Maxwell-Stefan model that has the overall velocity
as an independent state variable, so that the evolution is not purely dissipative. Because we start from the
Liouville equation, we obtain also highly non-trivial terms in the evolution equation for momentum density,
which can not be found in previous works [5], 40} [42]. In other words, by starting from the Liouville equation,
we reveal mechanical terms that are not visible when one starts from the standard balance equations only.
Moreover, the framework leads to a nonisothermal dusty gas model, which we include as an application of the
presented theory, as well as to a new origin of the Soret coefficient [20].

The paper is organised as follows. Section [2| contains Hamiltonian and thermodynamic evolution of binary
homogeneous mixtures, derived from the microscopic dynamics (Liouville equation), and Hamiltonian vac-
uum electrodynamics. We rely on the General Equation for Non-Equilibrium Reversible-lIrreversible Coupling
(GENERIC) [16], [33] [34] 38], which combines Hamiltonian mechanics with gradient dynamics. Section cou—
ples the motion of mixtures with electromagnetic fields in a framework of Galilean invariant electrodynamics
of mixtures. Section [4] then contains a reduction of the description to a model with a single velocity, which
is thus in the realm of Classical Irreversible Thermodynamics [10]. Section [5| further reduces the model to
the mechanical equilibrium, where no inertia is present anymore. Section [f] contains a particular application
of the reduced model — a generalization of the dusty gas model. Section [7] shows an alternative and more
precise route towards the reduced models, where a detailed knowledge of the entropy (either in terms of partial
entropies or in terms of partial temperatures) is not necessary. Finally, Section shows the implication for the
modeling of the Soret coefficient.

2 GENERIC evolution of mixtures

Our goal in this section is to formulate models for a mixture at various levels, with various levels of details,
but in a systematic and thermodynamically consistent way. To this end, we shall formulate our approach
within GENERIC framework [16], [33] 34} [38], which combines Hamiltonian mechanics (generated by a Poisson
bracket and energy) and gradient dynamics (generated by a dissipation potential and entropy). Apart from
its convenience for multiscale problems, GENERIC clearly identifies and separates reversible and irreversible
processes in the evolution of state variables. We shall start by the former.

2.1 Hamiltonian mechanics of mixtures

The reversible Hamiltonian evolution of the mixture is generated by a Poisson bracket and energy (or free
energy due to the assumption of isothermality), as shown for example in [35]. The Poisson bracket is derived
from the Liouville equation [38] and reads

{A, B} =) {4, B} (2.1)

2we restrict ourselves to two component mixtures without loss of generality
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Thermodynamic generalization of Maxwell-Stefan diffusion 3

where A and B are two arbitrary sufficiently regular functionals of the state variables: partial density p,,, partial
momentum density u,;, and partial entropy density s,. The fluid mechanics Poisson bracket for species «,
that is the bracket corresponding to the fluid mechanics level for each individual species, is given by

{AaB}(FM)Q = /drpa (0iApy Buy, — 0iBp, Au, ;)

+/ druai (@AumBuw — 8iBuainuaj)

+/ dI‘Sa (ajAsaBua]. - 8Z-BSQAUQ_7.) . (22)
Note that for instance expression A, stands for functional derivative of functional A with respect to the field
pal(t,T), (;p‘siér), see for instance [34] [38], and O; stands for spatial derivative 8(21" Einstein summation of

spatial indexes is employed in the whole manuscript.

Given total energy of the system E, reversible evolution of an arbitrary functional A can be then expressed in
two ways, see [38],

dA
(&)m (A} (2:3a)
0pa Ou,, 054
/ dr;APQW + gAua . 8t + ;Asa . W (23b)

By rewriting expression ([2.3a)) in the form of Eq. (2.3b]), we can read the evolution equations of p,, u, and

Sa

0pa ;
(%) = -atudd, (242
Oug i t td T3
ot = _paaipa - u(xjaiua - aj (uaiua ) ) (24b)
(83?) = —8i(sau];i) (2.4¢)
(2.4d)

and conjugate entropies, s, are identified

ot

where the conjugate densities, p!,, and conjugate momenta, uf,
with the respective derivatives of energy,

ph=E, ,ul, = FEy,, and sl = E,_ . (2.4¢)

2.2 Hamiltonian evolution of electromagnetic field in vacuum

The reversible evolution of the displacement field D and magnetic field B in vacuum is generated by the
Poisson bracket

{A, BYEM) — /ADigijkajBBk — Bpie*0; A | (2.5)

where we denoted with €% the Levi-Civita symbol. For an arbitrary energy E, the evolution equation of D
and B read

D' =¢eIk9,;Ep, | (2.6a)
nB" = —ck9Ep, (2.6b)

where Ep = E is the electric field and Eg = H is the magnetic intensity, see [46], [38].
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2.3 Irreversible evolution

Within the used GENERIC framework, irreversible evolution of the mixture is generated by a dissipation
potential [36]. Namely

dpa 0=
hlado? — 2.
< 8t )irr 5PZ ’ ( 7a)
ou, =
= 2.7b
< 6t >z’rr 5“2 ’ ( )
054 B =
<at>iTT = 632 s (27C)

where the conjugates with respect to entropy appear
Pa = Sp.,ul =Sy, and 57, =S, . (2.7d)

We assume the simplest possible form of dissipation potential [38, Ch 6] being algebraic and quadratic in the
conjugate variables

_ 1/ 11 ¢ 11 ¢ o
E=— | dr—= E Cap(u T—uﬁ)2+77 E K ﬁ(sT — sp) (2.7¢)
-i- (e} (6% T [0 [e% B
2 % 0 S’Y 2 a,B=1 %Z'y 8"/ 2 a,B=1
B# B

where the prefactor 23" | sl corresponds to the average temperature of the mixture (s', the conjugate of
the total entropy s = > _ s,), as will be shown below.

Using Eq. (2.7€)), the irreversible evolution becomes explicitly

<8apta> oY (2.8a)
Ouy, : ;
) =2 Casluh—ul) (2.8b)
wrr 5
Dsa 1
<8t> = | DD G — a2+ 3 Kap(sh — sh)(sh + Y sh)
i 215y |57 BFa Yo
1 n
+3 2 Kinlsh—sb)? (280)
Bza

The zero-th component was separated as it will be considered as the dust in Sec. [f]

Coefficients (,p are to be interpreted as mutual friction coefficients as in [3], and they are assumed to be
symmetric, i.e. (o3 = (go. This symmetry can be regarded as the validity of Onsager reciprocal relations
[31), B2, B7] which has been recognised and accepted in particular in transport problems [25, [26]. Similarly, the
heat transfer coefficients K,z are also assumed to be symmetric, i.e. K,3 = Kgaq. In the following section,
we add coupling between mechanics of mixtures and electrodynamics.

3 Binary electromagnetohydrodynamics with friction

Since charged matter within electromagnetic fields is subject to the Lorentz force, we have to combine the
building blocks introduced in the previous section to formulate the evolution equations of the binary elec-
tromagnetohydrodynamic mixture with friction. First, we couple the fluid mechanics Poisson bracket
with the electromagnetic Poisson bracket using the semi-direct product technique, see [46]. Second, we
endow this coupled Poisson bracket with the irreversible terms generated by the dissipation potential .
We present the resulting evolution equations below.

DOI 10.20347/WIAS.PREPRINT.2947 Berlin 2022



Thermodynamic generalization of Maxwell-Stefan diffusion 5

3.1 Evolution equations

Evolution equations describing a binary charged mixture read

atpa = _ai (pavjz) ) (313)
Oe Oe ,
Ottigi = —Paaiaipa - Saaiaisa —0; (“az’UQ
+ pa:i—“ (Ei + eijkvgBk) + Capl(vl — vl (3.1b)
atsa == *az (Savi) T + Tb (Cab( 2)2 + 2KabTb(Tb - Ta)) ) (31C)
Orpy = —0; (pbv};) , (3.1d)
Oe Oe j
Opup,; = *Pbaiafpb - Sbaiafsb —0j (Ub,wb) ;
qb j i i
+ pbﬁb (El + qjkv{)Bk) + Cap(vh —vp) (3.1e)
. 1
_ _9 i )2 _
Bysy = —0; (spv}) + —— T (gab( ul)? 4+ 2K,y (T Tb)) : (3.1f)
D' = %9, i, — <QaPa iy Dby 117> ) (3-1g)
Mg mp
hB' = —€1%9, By, (3.1h)

where we denoted electric E and magnetic intensities H, and electric D and magnetic field B, internal energy
¢ and charge flux g, [38] for more details and relation to the kinetic theory. By integration of the equations
for D and B with respect to time, the static Maxwell equations are obtained,

divD = L2Pe L B Shd divB = 0. (3.2)
Mg, mp

Note that the total energy is conserved and the total entropy density,
S = Sq + Sb, (3.3)

grows. Volumetric total energy density can be prescribed, for example, as

1 9 1 9 1 5 1 o5  paVa+ ppve
== = + e(pas Pby SasSp) + —D*+ —B*+ ————— - (D x B) 3.4
€= SPaVa T 5PVh + (Pas oy S0 8p) + 5 D7 + . ( ) (34)
so that it consists of the total kinetic energy density, internal energy and we have E = 55, H = 55, see
[46]. In addition, we adopt the standard notation for pi,p = d/‘? —, Top = d?f.b’ and m = 8%2 + BQ\Z) for the

chemical potentials, partial temperatures, and mass momentum, respectively.

The mixture is equipped with two entropies s, and s,. That means that the mixture has also two temperatures
T, and Ty. This situation is usual in low-temperature plasma, where electrons have higher temperature than
ions because they absorb energy of rapidly varying electromagnetic field more efficiently [8].

3.2 Two-temperature local equilibrium thermodynamics

When summing the two equations for u, and u,, one can read the total pressure (noting that pressure follows
from the definition of the state variables and energy and hence is not subjected to any constitutive choices),

—p = —€+ palla + Pottv + Sala + spTb, (3.5)
and the Gibbs-Duhem relation
—dp = padpta + ppdpp + $,dT, + spdTy (3.6)
or
—Vp = poVia + pp Vi + 8o VT, + sy VTp. (3.7)
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Differential of the local equilibrium energy (standing for the internal energy per a small volume) can then be
written as

dE = T,dS, + TpdS, — pdV + pedM, + ppd My, (3.8)
the differential of the Gibbs free energy G = E — T, S, — T),S, + pV becomes
dG = —=85,dT, — SpdTy + Vdp + pedM, + ppdMy. (3.9)

Therefore, we obtain the Maxwell relations

aS, Optg,
Sa = Pa < > = —Pa ( ) . (3.10)
OM, To,Ty,p, My T, Ty,p,Ma, My

This definition of s, is indeed compatible with the foregoing definition, i.e. the local volumetric entropy density.
The Euler theorem for 1-homogeneous functions implies for the total entropy, which is extensive, that

M, M,
7szsbib. (311)
Pa Pb

S=5,+5 for S, = 84

Therefore, s, defined in ([3.10) represent volumetric densities of entropies of the species (when assuming no
entropy attributed to the microscopic interfaces between constituents).

Moreover, we can define the partial enthalpy by

a 0S4
hazuaJrTs:uaJrT( > : (3.12)
Pa M, T,p,Maa

which plays a role in the energy conservation below. In the next Section, we reduce the rather complicated
models from the current Section to less detailed descriptions.

4 Binary electrohydrodynamics within Classical Irreversible Thermo-
dynamics

Let us, in two steps, reduce model to a less detailed model on the level of the Classical Irreversible
Thermodynamics (CIT) [10], that is to a description with only one velocity. In the first step, the temperatures
of the constituents 7;, and Tj will be equalized to a single temperature T, = T = T} using the MaxEnt
principle. In the second step, the partial momenta u, and ug will be approximated to the total momentum
u = u, + ug and the diffusion velocity w using the Dynamic MaxEnt. However, before proceeding to the
reductions, we let for simplicity the magnetic field relax to B = 0.

4.1 MaxEnt reduction to one-temperature continuum

In the two-temperature treatment we were equipped with two entropies, s, and s;. After the two temperatures
have locally relaxed to their common value T', we are equipped with only one entropy s = s, + sp. What is the
least-biased estimate of the partial entropies s, and s, in that case? We shall use the MaxEnt principle [15]
38, 27].

Since we are working with entropies as state variables, it is more comfortable to minimize energy rather than
maximize entropy Consider a detailed energy "E(sq4, 55, pa, pp; Ua, Up). The reduction to the total entropy
$ = 84 + sp is carried out by the reducing Legendre transformation, see [15],

0
0s,

(-TE+ (T, sa+sp)) =0= a% (=TE + (T, s0a + sp)) (4.1)

3Both approaches are equivalent as far as we have entropy or energy as a state variable [7]. They are not equivalent for instance
in kinetic theory, where neither energy nor entropy are among the state variables and where only the distribution function plays
the role of state variable [38].

DOI 10.20347/WIAS.PREPRINT.2947 Berlin 2022



Thermodynamic generalization of Maxwell-Stefan diffusion 7

which is equivalent to the equations

NE
9s,

_O'E

T=_=
8817,

(4.2)

solution of which are the dependencies 3, (T, pa, pv) and 5,(T, pa, py), which we will further refer to as reduced
partial entropy densities. Note that these functions can be explicitly obtained only after an explicit formula for
TE has been provided.

We can proceed in the Legendre transformation by defining the negative Helmholtz free energy

YE*(T, pas oy Ua, W) = —E(84(T, pay pb): 36(Ts pas Pb)s Pas Pos Uas W) + T+ (30 (T, pas o) + 30 (T pas p1))-

(4.3)
Finally, the Legendre transformation (this time not reducing, but invertible)
o (—E*+Ts) =0 (4.4)
oT ’
which leads to a dependency T'(s, pa, pb, Ua, Up) and the final formula for the reduced energy
‘LE(sv Pas Pbs Ua, ub) = _J,E* (T(S, Pas Pb), Pas Pb, Uas ub) + T(S, Pas Pb; Ua, ub)s' (45)
Differential of the free energy reads
dYE* = —sdT + padpa + pudpy, + vidul + vidui, (4.6)

which leads to the Maxwell relations

Js aﬂa.b)
_ : _ 47
(8pa’b>T,ua,ub ( 8T PasPb;Ua,Ub ( )

Recalling that s = s, + s, we can write, for instance, that

054 83b> (8,%)
+ = _ , 4.8
((9pa)T (8pa T or PasPb (+2)

for fixed partial momenta u,, uy. If the second term on the left hand side vanishes, as in the case of non-

interacting ideal gases [38], we obtain
one)r =~ (o7
_ , 4.9
(apa T aT PasPb ( )

which will become useful later on. Note however, that this formula ceases to hold in case of interacting gases
and one has to rely on (4.8).

4.2 DynMaxEnt reduction of the relative momentum w

In order to reduce the dynamical equations (3.I]), we first rewrite the two partial momenta into the total
momentum u and relative momentum w, as follows,

u=u, +up (4.10a)
w= %(ua —w) , (4.10b)

and conversely,
u, = g +w, (4.10¢)
u, = g —w. (4.10d)

DOI 10.20347/WIAS.PREPRINT.2947 Berlin 2022
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The corresponding conjugate variables with respect to energy

1
ul = i(u]; + uZ) , (4.11a)
wi =ul — uZ , (4.11b)
and conversely,

1
u =ul + ng ) (4.11c)

1
uZ =uf - in (4.11d)

Note that the conjugate to the total momentum can be interpreted as the barycentric velocity, uf = v.

In order to identify the reduced version of dynamics, we have to specify the state variables on the lower (less-
detailed) level together with its link to the upper (more-detailed) level state variables. Consequently, entropy
and MaxEnt principle [27] provides the least biased estimate of the reduced dynamics.

Our aim is to identify the dynamics of the system with a single macroscopic velocity/momentum and temper-
ature. Hence, the lower state variables are (pq, pp, u, s). The MaxEnt estimate of the relative momentum w
(while keeping the total momentum unchanged) reads

U, = Pa u, Uy = P u, (4123)
Pa + Po Pa + Po

u=u, W:Mu, (4.12b)
2(pa + pb)

see e.g. [38], which we shall substitute into the equations. The conjugate variable w' is to be determined as
the solution to the stationary evolution equation for w [27]. Finally after the reduction, Egs. (3.1]) become

gt
3tpa = —32 (Pa <’UZ + 2)) 5 (4138)
fi
Owpp = —0; (pb (Ui - w2 )) ; (4.13b)
Oy = —paOipa — 3401 — ppOipp — 5,0, T (4.13c)

13 13
Pa W Pb pw da v
— 0 u v+ — ) + ui (v — — ) )+ | pa— + pp— | Ei
J (pa—i—pb 7( 2 > Pa + Po l< 2 >) (pama pbmb) !

- . ; — Pb i q. ab
= —paOipa — 3.0/T — ppOipy — 5,0;T — 0; <uﬂ/] + pap)uiw“> + (Pama + Pa> E;,
a

2(pa + po e
) . . ) 1

Ors = —0; (§a (v’ + w“/2) + 5 (UZ — w“/Q)) + ﬁgb(va —vy)?, (4.13d)

1 u 1 ,
Carw'' = = ( —padifta — 30T + L2 qu B; + pydipin + 50,7 — L2 B ) + ~0; (ugw') (4.13e)

2 Ma my 4
i daPa ; | P

atD = — < e Ua + Tnbvb> , (413f)

where the total entropy s = 3, + §, and the reduced partial entropies 3, (1) are defined as functions of
temperature T'; see Egs. . We refer the reader to the section where we work out an example of the
reduced entropies 5,; . Neither the term in the equation for u that depends on wT, nor the terms in the
equation for w' that depend on u could be seen without starting from the Liouville equation, which shows
the advantages of our approach to the standard approach based on balance equations [5].

4.2.1 Approximate diffusion velocity w'

The velocity w! appears with alternating signs in the continuity equations (4.13a)) and (4.13b]) besides the
barycentric velocity v = uf. It is thus tempting to interpret w as a diffusion velocity. How can one see that?

DOI 10.20347/WIAS.PREPRINT.2947 Berlin 2022



Thermodynamic generalization of Maxwell-Stefan diffusion 9

To this end, let us neglect the divergence term 9;(u;w?) in equation (4.13€). We use the remaining terms to
define the approximate velocity,

B 2Cab

Clearly, the velocity W' is proportional to the difference of the thermodynamic force acting upon the mixture
species. Hence, together with its role in the continuity equations, (4.13a)) and (4.13b]), W' is the diffusion
velocity. This results is consistent with the canonical CIT formulation [10].

ey 1 _ a -
wTi = (—paaiua — 5,0;,T + %ani + pbaiub + 5,0;T — TI(T)Lbbqui) . (4.14)

This observation that w' corresponds to diffusion velocity is in line with the definition of the direct variable w
itself. In particular, uj, is the partial velocity as can be seen from the standard choice of energy above, ([3.4)),
and the conjugate variables are related via uf, = uf + %WT and hence, as u' is the barycentric velocity, we
expect the w' variable to represent the diffusion velocity.

However, in contrast to the usual formulations of CIT, such as [10], the diffusive velocity appears in the
evolution equation of the total momentum (4.13d). What is its role therein? Let us integrate the momentum

equation (4.13d) over a volume V. We get

at\/ Uy = / - (_5 + Palta + Pulib + (ga +§b)T) Vi +/ (paqa + pa%) Ez
\%4 ov \% m my

j Pa — Pb ~1
— ui v+ —————w 3> v, 4.15
/SV ( 2(pa + Pb) ! ( )

where v; denote components of the outer normal. The first integral on the right hand side represents the
material pressure; the second expresses the force acting upon V' due to the electric field E; and the last integral
is the transport of the total momentum u across the boundary V. In other words, the total momentum u is

on top of the (barycentric)-velocity field v also advected by the density-weighted diffusion velocity 2(;; 1’;:) wi.

In the case that p, > pp, for example a dilute aqueous solution of a salt, the w' could become in certain flow
regimes comparable to v.

5 Reduction to mechanical equilibrium

In this Section, we further reduce the description to the level of mechanical equilibrium, where no velocity
plays the role of state variable and thus no inertial effects are present. We start again with system and
use the MaxEnt single-temperature reduction from Section [4.1] The partial momenta are put equal to their
MaxEnt values, u, = 0 = uy; and as it follows from the Dynamic MaxEnt, the partial velocities v, and vy
are governed by the reduced momentum balances. As in the previous section, we assume that magnetic field
is weak enough, putting B =0 = H. The above-described reduction of the model reads

Orpa = —0; (Pavciz) ) (5.1a)
Aoy = —0i (pyv}) (5.1b)
0= _paai/f"a - gaaiT + pa%Ei + Cab(vli - U(iz) (51C)
0= —ppO;py, — 50,1 + Pb%Ei + Can (vl — v}) (5.1d)
oD — (qp ; W) (5.1¢)
a myp
) . 1
Ors = —0; (5,1112 + §b’l}z) + ﬁ(ab(va —vy)?, (5.1f)

where D = ¢E and E = —V . Again, 5,,(T) are given by Egs. and s = 3, + 5. Note that the two
flux-force relations (following from the linear momentum balance) do yield a single equation for the unknown
flux pov, while the second relation follows from the condition for mixture mechanical equilibrium. Hence
paVa = —ppvs and the sum of (5.I)c,d yields Gibbs-Duhem relation. In addition, Galilean invariance has
been sacrificed as momentum is no longer among the state variables. The equations are thus valid only in the
chosen lab frame, where the total momentum vanishes, that is, po vy + pgvg = 0.

4gradients of the chemical potential and temperature, and electric field

DOI 10.20347/WIAS.PREPRINT.2947 Berlin 2022
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In the case of non-interacting gases, we use formula (4.9) to rewrite the gradient of chemical potential of
species a at constant temperature:

5y as
V(pa)r = <wa + VTa) = Vg + ( ) VT
Pa To=Ty=T M, T,p, My

Oltg
— Vi ( ) T (5.2)
8T paMa7Mb

to further simplify the Egs. (5.1c) and (5.1d]),.

Equations (5.1c]) and (5.1d]) can be interpreted as the constitutive relations for the unknown velocities v, and
vp. Sum of the two equations expresses the momentum balance, using the Gibbs-Duhem relation ((3.7)),

0=-Vp+ (paq“ + qub) E. (5.3)
m my

a

The approximation of momentum balance in the mechanical equilibrium is thus implied. The total energy
density is of the following form e(p,,D,s) = [D?/(2¢) + €(T, pa, py). Entropy is clearly produced in Egs.
(5.1) and energy is conserved. Indeed, one obtains by chain rule for the total energy density e(p,, D, s) that

Oe=-V-Jo, for  Jo= Y pahava. (5.4)

a=a,b

The equations are thus compatible with the standard conservation laws of mass and energy and with the
balance of entropy.

The evolution equation for D can be integrated in time to obtain the Poisson equation ([3.2)), or

—div (eVyp) = q;;pa + q;;l—pbb, (5.5)

which can be solved instead of Eq. (5.1€]). The advantage of having D among the state variables is the explicit
conservation of energy. On the other hand, the Poisson equation is more suitable for actual calculation because
boundary conditions are typically given by setting the electrostatic potential.

The friction coefficient ¢,; should disappear when p, — 0 or p, — 0, since then one of the components is
missing. Therefore, it is often expressed as

Pa_ Pb_
C o kBT Mg Mp
ab — « )
gab La + ::Tbb

Ma

(5.6)

where D, is the Maxwell-Stefan interdiffusion coefficient as defined in [28]. The advantage is that the
interdiffusion coefficients are typically more or less independent of composition [28]. Equations (5.1c) and
(5.1d|) can be also rewritten as

V(fia)T 1 Pa pp 1
" — L — Vg 5.7
S DY TE A (57)

for a, 8 = a,b. These equations are also valid for mixtures with more than two components. Notice the
presence of the electrochemical potentials
~ Za €0
fia = po + ——p, (5.8)
m

a

where z, = q,/eo is the charge number and ey the elementary charge. Equations (5.7 are referred to as

the Maxwell-Stefan relations. Equations (5.1al), (5.1b)), (5.7), (5.5]) are referred to as the generalized Poisson-

Nernst-Planck equations, and they serve as the basic equations governing electrochemical processes. Note
that, in addition, the total momentum vanishes, 0 = Y p,u,, in mechanical equilibrium, which accompanies
the above velocity relations.
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5.1 Heat conduction

We have seen that energy can be transported by a motion of matter and by the electromagnetic field. Another
means of energy transport is the heat conduction. One can again formulate a detailed evolution equation
for heat including the inertia of the heat flux [27], but we shall restrict ourselves to the simplest possible
description of heat flux, the Fourier law. The heat flux, which represents a part of energy flux, is proportional
to the negative of the gradient of temperature so that heat flows to the lower temperatures, in accordance
with the second law of thermodynamics,

J, = —AVT, (5.9)

where )\ is the coefficient of thermal conductivity. The balance of energy then becomes
Oe=—V - (Je+ Jy). (5.10)

The corresponding balance of entropy is

Ops = —V - (Z SaVa + ) +J,- VT + 7Cab( - )%, (5.11)

so that Eq. (5.10) is satisfied. Note that the part of entropy balance that is not under the divergence is called

entropy production,

A | ,
Og = ﬁVT -VT + Eg‘ab(va - Vb) R (512)

a clearly non-negative quantity.

The overall heat flux into the system is denoted by @,

Q=-[ J,-ds. (5.13)
o

5.2 Example: free energy model of a regular binary solution

Let us consider a free energy model of a regular solution: a binary mixture of ideal gasses with two temperatures

and a heat-of-solution term. The free energy, expressed in the number densities n, = f:% reads

fng,np, Ty, Tp) = g anaTa (1 —1In ( Vin 1 RE ‘Pa)) + (Toka + Tors) nfb , (5.14)
Ng np
a€{a,b}

ideal gas generalized regular solution
where ¢ is the isochoric heat capacity; 7, is the adiabatic factor; ®,, is a constant that follows from statistical
physics underplnnlng, and finally x, and k; are generalized heats of solution.

To illustrate the above theory, we identify the generalised Maxwell-Stefan governing equations. To this end,
we identify the §, as we assume a detailed knowledge on the macroscale (5.14 - Although the partlal entropies
So have not been identified, the role of individual temperatures T, is equivalent as s, =

BT
The condition ([4.2]) defining the unknown functions $, can be simplified in the current case when the total
free energy is a known function of the partial temperatures as 3, = so|7,—7. Hence, we have

NagNp

s V \% 1-
Sa =cngIn (e Tn. T=® —
@ o ( « @ a) Ng + Np

K- (5.15)

Further, the chemical potential (per kilogram, as defined above) reads

_9f

fo = =L =
“ Opa

Ty=Ty=T Ipa
\ Ka t+ Kb 9

=—|c —n

Ma, |: a’)/a + (na + nb)2 ﬁ

where «, 8 € {a,b} and a # .

—¢cYln (cXTné_% D)
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The governing equations read

Opa = —0; (pavl) |
atpb = al (pavé) )

, 1
vy, = a% (—paOitia — 8.0:T)
L po T Y 3 Y% 2 % 2,V 3
“ e p \(atm)? [ea (1= a)ng + 3¢5 (1= ya)ngnp + (3¢, (1 = 7a) + 2(ka + Kp))nany + cq (1 —va)n3] 9ina
2(kq + nb)Tn(QLm,a
i

(na + np)3 !
ng

m [c(\{(l — va)ni + (20}{(1 — Ya) + Ka)nanp + (c};(l — Ya) — nb)ni] &-T)

2
m, . 1 m

Os = —0; || 5, — —35 v —Cw [1——2 2.

S [(s - sb) va} + 4T< b( mb) v

To this end, we calculate the thermodynamic force of the component «, which contributes to the momentum

equations (4.13c)) and ([4.13€]), it reads

~ 2nen
—NaOifta — 50T = — (’704 - 1)CXT (81770 + nq0; In T) - T(Faa + Kb)ﬁ (naainﬁ - nﬁaina)
2
g Ny TaMNp
+ (kg + kp) ———=0;T — kqg———0;T , 5.16
( b) (na + nb)2 (na + nb) ( )

where a, 8 € {a,b} and a # (3. The coefficients before the temperature gradient ;7 in this case read

NaMp

m (nbﬁb — Tlal‘fa) (517)

_na(7<x - 1)0}1/ +

non-isothermal interaction

In the following Section, we show another application, namely the dusty gas model.

6 Dusty gas limit of the Maxwell-Stefan equations

Dusty gas is a widely applied model of porous medium, obtained as the limit of Maxwell-Stefan transport
equations [30], [28], [21]. To derive the dusty gas model, let us consider the system with an additional
species, denoted with subscript D. This additional species, representing the dust, is assumed to be static and
uniformly-distributed. In other words, we assume that np = const and vp = 0. Note that the last assumption
is the main difference from the mechanical equilibrium case developed in Section |5l We adjust the diffusion
coefficients, similarly as in as in [30], we define £nDag = Dop(n+np), EDap = %QQD, where ¢

is the dust’s volume fraction and 7 stands for the tortuosity. The force-flux relation yields

1 . , 1 .
naOifia + 00T + zaconadip —kpT | > —p—(nali —npJs) = z5—Ja | =0, fora#D,

B#£D T ap T aD
(6.1)
where n.= 3" nq and Ji, = n4v},. The dusty gas limit of the Maxwell-Stefan system reads
Ong +0J, =0, fora#D, (6.2a)
0; (e0er0ip) — € Z ZaMa =0, (6.2b)
8, (e(na,T) n %aﬁaaﬁo) +o, | 2ar+ Y (ua + Tza) Jil=o0. (6.2¢)

a#D
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6.1 Ideal gas and dust — Fick’s law

In particular for a mixture of neutral ideal gas and dust at constant temperature, the dusty gas limit of the
Maxwell-Stefan equations (6.1)) can be rewritten as

—EDupVng = Ja, (6.3)
.

which is the Fick's law, telling that flux of component a is proportional to negative of the gradient of concen-
tration of the component.

6.2 Nonisothermal binary mixture of neutral ideal gasses in a porous medium

Let us illustrate the system (6.2)) on an example of a mixture of two neutral ideal gasses and dust: a, b and
D. The free energy of the mixture reads

€ (na,np, T) = C(‘I/TLQT (1 —1In (cgn};%T@a)) + cgan (1 —1In (C,‘,/nif'”’T@b)) + CY)RDT , (6.4)

where cY is the isochoric heat capacity, v, is the adiabatic factor, and ®, = e”a% is a constant that
follows from statistical physics underpinning, cf. Sackur-Tetrode entropy. The reduced momentum equations

read

Y 1 1 1 _
€@y — 1) (Oittg + i T) = —e Lo (oL L N (6.53)
kp nag +np ZDap ng+ny SDap  ZDap
v
cy ny 1 P 1 Ng 1 p
(o Ty = i i 6.5b
fp (e T 1) Gt mebiInT) = Smm =Day Yo (iDbD R fDab> % (6:5b)

A stationary numerical solution of the system ([6.2]) with Dirichlet boundary condition is illustrated in [6.2.1}
The model formulation and the finite volume discretization are summarized in the

6.2.1 Analysis of irreversibility of the nonisothermal binary mixture of neutral ideal gasses in a
porous medium

The particular form of the entropy production density follows from the general formula and it reads

T \>
OFourier = A < T ) (663)
; i\ 2
NgMp kB JZ Jg
= - 6.6b
M EDay (na np (6.6b)
i\ 2 i\ 2

k J! k J?
Odust = na% (TLZ) + ny éDBbD (nZ) (66C)
0 = OFourier T OMS + Odust (66d)

We can now plot a quantity assessing the locations of lost power. Once we know what is a useful power in
a given problem, typically determined by what can be controlled in a given system, we can define the map
of losses MOL(z)-the density of lost powerE] Let us consider that we can control the mass fluxes across the
boundary but not temperature and temperature gradients. Then, the map of losses can be retrieved from the

stationary energy balance (6.2d) as follows

0 :/ ) (—AaiT yriegiy T‘%Jg) + 05 (nadl + 1 J)
9] Na ny

oT 3, , 8 _ i ;

_Aal (T |:_)\ T +naJa+anb:|> +az (MaJa+ﬂbe)
) . T S, . Sy

:/ (ta Tl + poJi) - v +/ {&-T (Aa NRLLYy Sng) + TJ] : (6.7)

9 Q T b

a

AG =:MOL(z)

Senergy dissipation rate
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I \—,

)
A
=
To
0.0r Jow VT
— MOL
—0.2
0.00 0.25 0.50 0.75 1.00

Figure 1: Map of losses (MOL), see (6.7 shows the density of energy losses due to the binary diffusion and
heat conduction in a porous medium (B.1)).

The spatial profile of MOL(z) is shown in Fig. the entropy production density overestimates the power
losses which supports the findings in [39] and [47].

7 Full reduction to CIT

The reductions described in the preceding two sections are only approximate, as the reduction is not complete,
the reduced equations are not closed with respect to the lower state variables (e.g. s, still persist). One requires
to provide some information from the detailed level, detailed entropy in our case, to be able to calculate 5, §p.

Here, we take a different route where the reduction is complete and the reduced equations are closed with
respect to the less detailed state variables. The price we pay is the complexity of the obtained equations. To
this end, we consider a reduction in direct and conjugate state variables. As we shall see, the reduction in
conjugate variables is more natural and general because it does not require the particular knowledge of the
detailed entropy. In this sense, the approach presented above and the projection to CIT in direct variables is
similar as they both require the specification of the detailed entropy to proceed.

7.1 Projection to CIT in direct variables

Starting point is the binary mixture description without charge [38], i.e. Eqns where E = B = 0. With
an explicit choice of entropy (entropy of ideal gases) we may use the dynamic MaxEnt [38] 15] to identify the
evolution equations on the CIT level in the mechanical equilibrium, i.e. state variables p,, pp, u = u,+uy, e =
eq + e, where momentum u is constant.

The dynamics on the microscale corresponding to binary fluid mechanics p,, pp, Uq, Up, Sq, Sp iS given by

%o div(paul), (7.12)
Buai
at, = —padipl — uoﬁj@iulﬁj — 8a0;8], — 8j(ua,iu;j) — (0ga — 5ba)Cab(u;i - ull) (7.1b)
95a _ —div(squl) + Zgw - %Kab(sl — 50)(Opast — daas)),  (7.1c)
ot ' (Sa + Sb Sq + Sy,
with a typical energy
B far (4 B ). (72)

The effect of temperature equilibration and mutual frlctlon is described via a dissipation potential as above,
eq. (2.7€) while, to complete the description, we consider the entropy potential for a binary mixture of ideal
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gases

2\ 3/2
mea [ 47mg €a —

5 20
S(pa7pb7ua7ub7ea7€b) S +Sb G{Zb}/drkB 5"—11’1 p: WW . (73)

Finally, the classical irreversible thermodynamics (CIT) level is characterised by the following choice of state
variables p,, pp, U, s = s, +Sp. It is again advantageous to change the state variables in binary hydrodynamics
prior to this projection to CIT level so that one can easily track the effects of different temperatures or
dissipation related to the relative motion. To this end we again introduce

u=u,+u, w=1/2(u, —uy)

and define
S =84+ Sp, 0=1/2(sq — Sp).

Similarly as for uf, w' discussed above, one can show [38] that the conjugate variables are related via

ul =1/2(uf + u}:), wi=ul — u}:, st =1/2(s! + SZ), of =sf — s};

With the above explicit choice of entropy, the MaxEnt (MaxEnt values of state variables are denoted with ME

in the upper index) gives
WME
(3

=—, PT = Pat Pb,
Pa (%

hence the most probable way of distributing the total momentum among partial momenta is via mass fractions.
Similarly MaxEnt values of partial energies satisfy

ea'” — (uy'")?/(2pa) _ e —u?/(2p7)

Pa Pr

where p,, = po/Mq.

The explicit knowledge of entropy can be used to identify u = 0 in the mechanical equilibrium and similarly

wME =1y, —u) = ‘2’2“+’p’z = 0 while
ME 1 5. PP PuPt ma 2 2\ | a1y
as b, §) = =(8q — 8p) = —kp———+2kp—=—In | | — = | +=—5, 7.4
(Pas Py, 8) = 5 b) = —5ke = B, (mb> o - (7.4)

where we introduced p = p, + .

Dynamic MaxEnt provides a relation for direct state variables of the relaxed state variables from the higher,
more detailed, level of description (in our case w, o). The values of their conjugate variables have to be
identified so that the dynamics of the relaxed evolution on the lower level stays exactly on the MaxEnt values
in the direct variables.

Hence w! and o have to be identified from their evolution equations following from their Max Ent values.
In particular,

OuME =10 = —p,Vpl — Cap(uf —ul) | = (s/2+ cME)V (s + 67 /2), (7.5a)

Sa

sk

Ory"® =10 = —pyVp — Cap(u) — ) | = (/2= a™F) V (s" — 0T /2), (7.5b)

Sp SI

where the boxed terms correspond to the classical Maxwell-Stefan model. The MaxEnt value of o, oME  can
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be used to get

3/2
1 5 - o
0eME = —_div | (uf +u)) [ —2kple_Tb 4 ofPalb (m) i3 (7.62)
2 2 Pr my Pa
1 s
— —di — T _ - 35, — _ Ka T
4 v |:79T (ua(gﬁa ﬁb) ub( ﬁb ﬁa)>:| bOo
5 ma " p, p
=0p, | — kB + 2]{13 % In <a> L2 —2kp o 4 ole (7.6b)
Pr my Pa ﬁT ﬁT
5 P, ma " » Pa — P
+ O0py | Sk + 2kp "% 1n () Pol yoppPa 9P| 4 g sPa"Pb
4 Pr mp Pa Pr ﬁT Pr

where the first equality follows from the general evolution equations for o, i.e. d;0 = %(&sa — Orsp), with
Sa = 5+ 0ME s, = £ — oME while the second equality comes from the time derivative of the MaxEnt
estimate of o, o™ in Eq. (7.4).

These three relations, Eqs (7.5)), (7.6)), for the conjugate values of the relaxed state variables, u}, uZ, of,
provide closures for the evolution of the lower state variables

Otpa = _diV(PauL)» (7.7)

. 3/2
o= i frud ) (G o (220

+ 2 | g6l = u)? + Ko ()7 (78)

The standard Maxwell-Stefan model is obtained (the difference in the conjugate momenta provide a relation
for the chemical potentials p,) when the entropy is allowed to equilibrate (when the temperature, s, is such
that 0;5 = 0). In the extended version with the temperature effect, one has to solve for o which decouples
from the u}, uZ dependency once the two relations ([7.5]) are added.

7.1.1 Fast dissipation

In the case of a fast dissipation (the time scale required for the entropy and momentum dissipation is signif-
icantly shorter than the time scale of reversible evolution), we may assume that the terms K,;, and (. are
significantly larger than the remaining ones (as in Chapman-Enskog solution of Boltzmann equation). Then
the leading order equation for o' reads from as

0= Kaba' i Kab( )2 ﬂaﬂ Po
T

with two leading order solutions

ol =0, (7.9)

of = —st LT (7.10)
Pa — Pb

The second solution, however, is not a physically admissible as one of the corresponding partial temperatures
would have to be negative

2 2
_ P sl:sT_Ur/stT¢

sl =sT+07/2=—s' , .
Pa — Po Pa — Po

a
However, the first leading order solution is always plausible and natural as it corresponds to the same partial

temperatures in CIT mixture where one measures just a single temperature without the possibility to distinguish
momenta of each constituent.
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In this setting the extended version of Maxwell-Stefan model simplifies to

Otpa = —div(pauL) , (7.11)
0= —paVpl = Cap(ul —u}) | = (s/2+ ™" (pa, p1, 5)) VT, (7.12)
0= —prpZ - Cab(uj7 —ul) |- (s/2 = ME(pg, py,5))Vs', (7.13)
5 _ o\ 3/2
Ops = — div { (ul —ulT)) —fkgu+2k5mln (a) L
2 2 Pr mp Pa
. |1 s 1 ,
— div {279T (UZ(?»ﬁa —py) + ) (3, — m))} + ECab(ul —u})>. (7.14)

Note again that, in addition, the total momentum vanishes, 0 = >_ p,u,, in mechanical equilibrium, which
closes the problem.

Finally note that s = 7" and using the assumption of the explicit form of entropy one can rewrite both s and
st in terms temperature (e = 2kpp,T in MaxEnt):

m3/2 m3/2
paln | ) 4 pyIn | o
Pa Pb

It is a straightforward calculation to show that total energy is conserved via

5
5= §ﬁTk'B +kp

3 27

Ore = s'0s + pldvpa + p}Orps,

as energy change occurs only via fluxes.

7.2 Projection to CIT in conjugate variables

An alternative method of extension is via a projection from the following binary mixture state variables
Pa> Pby Ug, Up, S5, sz to the lower level p,, py, s where the projection is such that temperature differ-
ences disappear, o' = 0, while reaching again mechanical equilibrium.

This approach has the advantage of generality (it is not necessary to specify entropy relation or look for the
leading order solutions) however, as we shall see, the resulting equations are somewhat more complex.

First, we need to rewrite the description of binary mixture to the new choice of state variables. For this we use

E*=—-F+ slsa + sZsb,

a free-energy. If we denote p} = (gi) then
Pa ) py,ua,up,sh 50
ph = —p;
ui = _ujw
1
(sh)" = sa
The evolution equations for conjugate variables are
1 o%e* H%e* 0%ej 0%ej 0%ej
Dysh = (8,55 — ———Opa — ——0ipp — ———0Ouy — 8tub) -
“  det Hess(e*) 8(32)2 O Bstps sk op Osiu, Oshuy
32 * 82 32 82 . 32
Te T 8t3b T 6tpa 1-6] 6tpb Tej 8tua -l.ej atub ;
05405, ) Pa 0sy Py S Uq Os,uy,

1 0%e* 0%e*
Oyt = 2] - 1] .
% et Hess(e*) l f QD i 2]

A(sy)
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Instead of using MaxEnt we prescribe the projection as equal partial temperatures on the lower lever, i.e.
ol =T, — T, = 0 while st = 1(s] + 5};)

With the assumption of mechanical equilibrium, the lower level is given by of = 0,u, = u, = 0 (i.e. no
dissipation due to the mutual friction or temperature equilibration) while the conjugate (o7)* = o variable is
given by

0= 00! =div ((% —1—0) ui) —div ((g — o) ug)

2 % 2 % 2 % 2 %
+ div(paul) 8Te - 8Te + div(pbui) 6Te - 8Te . (7.15a)
05,0pqs  0540pq 0s;0py  0sa0py

This constitutive relation can then be used to close the extended Maxwell-Stefan model

Otpo = div(paui) , (7.15b)
0= paVpi + Cap(ul —uj) | = (5/2 + o) Vs, (7.15¢)
0=ppVpi + Cap(uf —ul)| = (s/2 — 0)VsT, (7.15d)
1 D?e* ?e* s ?e* ?e*
T = — d' — ) _ d' o i _ d' s -
o det Hess(e*) <8(8;)2 0(32)2> [ v ((2 * J) ua) vl ua)aslapa IV(pbub)aslapb ’
(7.15€)

where s = T is temperature and s is related to it via the free energy e* as s = (sT)%.

8 Soret coefficient as appearing from the multiscale analysis

An important outcome of our multiscale Maxwell-Stefan models is the ability to assess the Soret coefficient
based on a detailed description. The Soret coefficient is a coefficient between the density or composition
gradient and the temperature gradient in a steady state characterised by a zero mass flux

Vpo = —L,,rVT, (8.1)

where L, 7 is the Soret coefficient describing the thermal diffusion of component « (positive Soret coefficient
have such components which concentrate in colder regions).

Although the Soret coefficient has been studied for a long time in non-equilibrium thermodynamics (being
an off-diagonal entry of the Onsager matrix relating thermodynamic fluxes and forces [10]), it is much less
explored than for instance the diffusion coefficient. A comprehensive review can be found in [22]. The Soret
coefficient can be approximated by means of kinetic theory [18] [43], where it comes from the collision integral or
activation energies, or by using non-equilibrium statistical mechanics [19]. Finally, a comprehensive comparison
between the theoretical results and experiments can be found in [20], where two origins of Soret coefficient
are identified: the kinetic origin (different properties of collisions of the constituents), and the thermodynamic
origin (different attraction/repulsion between the constituents). In this work, we show another possible origin
— different behavior in the two-temperature state (before relaxation of temperatures of the constituents to
their common value).

In our study, the flux-force relations provide (noting that the flux vanish as long as one of the components

disappears)

_papb
Cabp

where the expression for s, depends on the chosen reduction. In the first approximate reduction where we

assume detailed knowledge of entropy, s, is given by 5, while in the full reductions they follow from MaxEnt

estimate either in the direct or conjugate state variables.

Pavj’l = (paOipia + 8,0;T) = 0,

By splitting the chemical potential gradient into the temperature gradient contribution and chemical potential
potential of species a at a constant temperature, we have

_ | Oka | Sa
Qo) =~ | e 422

|ar
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It is instructive to compare the various reductions. First, let us consider the approximative reduction in the

first part of this paper, i.e. s, = §, = S“’T _p- Hence, Soret coefficient L, 7 satisfies

Oup | 3p
POl O LT b Ly sl | = o |G O (8.2)
Pal — 7 — Ou = B ad ’ .

Hence, a nontrivial Soret coefficient is appearing only as an effect of a nonzero difference between partial
temperatures. If we consider the particular example described above in Section [5.2] we obtain

3 3
I my . (ng + np) ke 2Kqm5
T = b -
Pa Ng (g + np)2T Kq + Kb (A=w)e)  2n2(katrs)
ny (nq+np)?

On the other hand, if we use the results of the full reduction, we obtain direct expressions for s, in terms of
the less detailed state variables without a clear link to the necessity of having distinct partial temperatures.
Hence, our study suggests that a temperature difference on a microscale manifests on a macroscale as a Soret
effect of thermodiffusion, which provides an alternative origin of the Soret coefficient.

9 Discussion and Conclusion

Transport models are ubiquitous, attract a lot of attention, and are widely applicable, see for example the
recent monograph [48]. Here we focused on the extension of the successful diffusion Maxwell-Stefan model to
the nonisothermal case to obtain a minimalistic and yet plausible description of thermodiffusion. To this end,
we consider momentum exchange among the mixture components and keep track of the total entropy. To do
so, we adapt a thermodynamic multiscale framework and employ reduction techniques to reach the desired
level of detail.

In order to derive the hierarchy of theories of mixtures with two momenta and two temperatures, one mo-
mentum and one temperature, and finally without any momenta (mechanical equilibrium), we start from the
Liouville equation and reduce this complex behavior by Hamiltonian reductions. This way, we obtain a hier-
archy of models for multiscale binary homogeneous mixtures interacting with electrodynamics. In particular
we obtain new terms in the equations for binary mixtures that can not be obtained by the standard approach
based on balance equations.

The first approach, Sections [26] is the most intuitive one and easiest to use. It extends the classical Maxwell-
Stefan to the non-isothermal case and, in addition, includes the effect of electric field via electro-chemical
potential. Moreover it is straightforwardly extendable to a multicomponent mixture. However, the drawback is
that in this intuitive approach we circumvented the problem of reducing the number of state variables entailing
the presence of partial entropies in the final set of equations. Hence the problem is not closed and some form
of further approximation have to take place.

The second approach, Section|[7] invoking MaxEnt to properly carry out the reduction to the lower level is more
precise and yields a closed system of evolution equations. However, in order to explicitly carry out the reduction
we needed to employ a particular choice of the upper entropy. If the ideal gas mixture is not appropriate, one has
to repeat the reduction. Additionally, the temperatures of the two constituents are subdued to the lower state
variables and are, in general, not equal. Note that when dissipation is dominant in the lower level evolution,
one can show that the difference in temperatures vanishes.

Finally, the last approach used again MaxEnt dynamic reduction to yield the lower level evolution being the
extension of Maxwell-Stefan equations. This time, the MaxEnt is carried out in the conjugate rather than
direct state variables as to control the temperature difference of the two constituents being zero. Additionally,
the yielded evolution equations are general — one can chose free energy as the last step and thus specify the
evolution equations.

Note that in principle all these approaches are extendable to a mixtures with a higher number of constituents
but in the latter two approaches we do not include such extensions explicitly here. In addition, our approach
reminds, at least in principle, the model of Lorentz diffusive gas [I], where the need to include momentum
exchange among constituents resulted in evolution equations for new state variables in the spirit of Extended
irreversible thermodynamics. The obtained governing equations are also Maxwell-Stefan-like equations.
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We apply the obtained Maxwell-Stefan theory to a dusty gas model, which we numerically solve to illustrate
the novelty of the nonisothermal extension of the theory. One can see such effects directly from the equations
themselves as, for example from one can expect nonfickian behaviour even in binary mixtures due to
the presence of temperature gradients. Another application of our models is a non-isothermal generalization
of the dusty gas model, its generalized thermodynamic efficiency analysis, and finally the identification of a
new origin of the Soret coefficient.

In future, we would like test the obtained equation in fast processes where the inertial effects and new terms
might play a significant role.

References

[1] X Alvarez and D Jou. Extended entropy and irreversible thermodynamics of a lorentz diffusive gas.
Physica A: Statistical Mechanics and its Applications, 377(1):79-83, 2007.

[2] RJ Atkin and RE Craine. Continuum theories of mixtures: basic theory and historical development. The
Quarterly Journal of Mechanics and Applied Mathematics, 29(2):209-244, 1976.

[3] RJ Bearman. On Molecular Basis of Some Current Theories of Diffusion. Journal of Physical Chemistry,
65(11):1961-1968, 1961.

[4] A Bedford and Do S Drumheller. Theories of immiscible and structured mixtures. International Journal
of Engineering Science, 21(8):863-960, 1983.

[5] D. Bothe and W. Dreyer. Continuum thermodynamics of chemically reacting fluid mixtures. ArXiv
e-prints, 2014.

[6] Ray M Bowen. Theory of mixtures. In AC Eringen, editor, Continuum Physics, volume 3. Academic
Press, New York, 1976.

[7] H.B. Callen. Thermodynamics: an introduction to the physical theories of equilibrium thermostatics and
irreversible thermodynamics. Wiley, 1960.

[8] F.F. Chen. Introduction to plasma physics. Plenum Press, 1974.

[9] Reint de Boer. Trends in continuum mechanics of porous media. Springer, Dordrecht, The Netherlands,
2005.

[10] S. R. de Groot and P. Mazur. Non-equilibrium Thermodynamics. Dover Publications, New York, 1984.

[11] Donald A Drew and Stephen L Passman. Theory of multicomponent fluids, volume 135. Springer Science
& Business Media, 2006.

[12] J. Fuhrmann and contributors. VoronoiFVM.jl: Finite volume solver for coupled nonlinear partial differ-
ential equations. https://github.com/j-fu/VoronoiFVM.jl, 2019-2021.

[13] J. W. Gibbs. Collected Works. Longmans; Green and Comp. New York, 1984.

[14] William G Gray and Cass T Miller. Introduction to the thermodynamically constrained averaging theory
for porous medium systems. Springer, 2014.

[15] M. Grmela, V. Klika, and M. Pavelka. Reductions and extensions in mesoscopic dynamics. Phys. Rev.
E, 92(032111), 2015.

[16] Miroslav Grmela and Hans Christian Ottinger. Dynamics and thermodynamics of complex fluids. I.
Development of a general formalism. Phys. Rev. E, 56:6620-6632, Dec 1997.

[17] Morton E Gurtin, Eliot Fried, and Lallit Anand. The mechanics and thermodynamics of continua. Cam-
bridge University Press, 2010.

[18] J.O. Hirschfelder, C.F. Curtiss, R.B. Bird, and University of Wisconsin. Theoretical Chemistry Laboratory.
Molecular theory of gases and liquids. Structure of matter series. Wiley, 1954.

DOI 10.20347/WIAS.PREPRINT.2947 Berlin 2022



Thermodynamic generalization of Maxwell-Stefan diffusion 21

[19] L. J. T. M. Kempers. A thermodynamic theory of the soret effect in a multicomponent liquid. J. Chem.
Phys., 90:6541, 1989.

[20] L. J. T. M. Kempers. A comprehensive thermodynamic theory of the soret effect in a multicomponent
gas, liquid, or solid. Journal of chemical physics, 115(14), 2001.

[21] Piet JAM Kerkhof and Marcel AM Geboers. Analysis and extension of the theory of multicomponent
fluid diffusion. Chemical Engineering Science, 60(12):3129-3167, 2005.

[22] S. Kjelstrup and D. Bedeaux. Non-Equilibrium Thermodynamics of Heterogeneous Systems. Series on
Advances in Statistical Mechanics. World Scientific, 2008.

[23] V. Klika. A guide through available mixture theories for applications. Critical Reviews in Solid State and
Material Science, 2013. Accepted Manuscript.

[24] Vaclav Klika. Modelling of Biomaterials as an Application of the Theory of Mixtures, pages 105-139.
Springer International Publishing, Cham, 2021.

[25] Vaclav Klika and Andrew L Krause. Beyond onsager—casimir relations: shared dependence of phenomeno-
logical coefficients on state variables. The journal of physical chemistry letters, 9(24):7021-7025, 2018.

[26] Vaclav Klika, Michal Pavelka, and Jay B Benziger. Functional constraints on phenomenological coeffi-
cients. Physical Review E, 95(2):022125, 2017.

[27] Vaclav Klika, Michal Pavelka, Petr Vagner, and Miroslav Grmela. Dynamic maximum entropy reduction.
Entropy, 21(715), 2019,

[28] R Krishna and JA Wesselingh. Review article number 50 - The Maxwell-Stefan approach to mass transfer.
Chemical Engineering Science, 52(6):861-911, MAR 1997.

[29] G. Lebon, D. Jou, and J.C. Vazquez. Understanding Non-Equilibrium Thermodynamics: Foundations,
Applications, Frontiers. SpringerLink: Springer e-Books. Springer London, Limited, 2008.

[30] E.A. Mason and A.P. Malinauskas. Gas transport in porous media: the dusty-gas model. Number v. 17
in Chemical engineering monographs. Elsevier, 1983.

[31] Lars Onsager. Reciprocal relations in irreversible processes. |I. Phys. Rev., 37:405-426, Feb 1931.
[32] Lars Onsager. Reciprocal relations in irreversible processes. ii. Phys. Rev., 38:2265-2279, Dec 1931.

[33] Hans Christian Ottinger and Miroslav Grmela. Dynamics and thermodynamics of complex fluids. II.
Illustrations of a general formalism. Phys. Rev. E, 56:6633-6655, Dec 1997.

[34] H.C. Ottinger. Beyond Equilibrium Thermodynamics. Wiley, 2005.

[35] M. Pavelka, V. Klika, O. Esen, and M. Grmela. A hierarchy of Poisson brackets in non-equilibrium
thermodynamics. Physica D: Nonlinear phenomena, 335:54-69, 2016.

[36] M. Pavelka, V. Klika, and M. Grmela. Time reversal in nonequilibrium thermodynamics. Phys. Rev. E,
90(062131), 2014.

[37] Michal Pavelka, Vaclav Klika, and Miroslav Grmela. Time reversal in nonequilibrium thermodynamics.
Phys. Rev. E, 90:062131, Dec 2014.

[38] Michal Pavelka, Vaclav Klika, and Miroslav Grmela. Multiscale Thermo-Dynamics. de Gruyter (Berlin),
2018.

[39] Michal Pavelka, Vaclav Klika, Petr Vagner, and Frantisek Marsik. Generalization of exergy analysis.
Applied Energy, 137(0):158 — 172, 2015.

[40] Michal Pavelka, Frantisek Marsik, and Vaclav Klika. Consistent theory of mixtures on different levels of
description. International Journal of Engineering Science, 78(0):192 — 217, 2014.

[41] Kumbakonam R Rajagopal and Luoyi Tao. Mechanics of mixtures, volume 35. World scientific, 1995.

DOI 10.20347/WIAS.PREPRINT.2947 Berlin 2022



P. Vagner, M. Pavelka, J. Fuhrmann, V. Klika 22

[42] O.Souclek, V. Prisa, J. Malek, and K. R. Rajagopal. On the natural structure of thermodynamic potentials
and fluxes in the theory of chemically non-reacting binary mixtures. Acta Mechanica, 2013. Accepted
manuscript.

[43] L. J. Tichacek, W. S. Kmak, and H. G. Drickamer. Thermal diffusion in liquids: the effect of non-ideality
and association. J. Phys. Chem., 60:660, 1956.

[44] C Truesdell. Rational Thermodynamics. Springer-Verlag, New York, 1984.

[45] P. Vagner and J. Fuhrmann. Finite-volume implementation of non isothermal dusty gas model.
https://github.com /fafroo/Nonisothermal-dusty-gas-model/, 2022.

[46] Petr Vagner, Michal Pavelka, and Ogul Esen. Multiscale thermodynamics of charged mixtures. Continuum
Mechanics and Thermodynamics, Jul 2020.

[47] Petr Vagner, Michal Pavelka, and FrantiSek Marsik. Pitfalls of exergy analysis. Journal of Non-Equilibrium
Thermodynamics, 42(2):201-216, 2017.

[48] David C Venerus and Hans Christian Ottinger. A modern course in transport phenomena. Cambridge
University Press, 2018.

A MaxEnt is equivalent to MinEne

Let us now recall that maximization of concave entropy S(FE, x) with respect to z is equivalent to minimization
of energy E(S,x), as shown for instance in [7] [13].

(%),

<8E) _ (5) & -0 (A.2)

)5 (58,

(%),

Energy thus also has a stationary point at z.

Assume a stationary MaxEnt point

z,E

By the implicit function theorem one gets

and thus

%,5(E,7)

Positivity of temperature means that entropy grows as energy grows (keeping x constant).

Imagine now a the surface o described by S(z, E) = const within the three-dimensional space (F, x, S). Plane
og is a plane satisfying ' = const. The point with Z is the point with the highest value S from the curve
vg = o Nog. Plane og is the plane characterized by S = const containing the point Z. Because entropy
grows with energy, the curve vg = o5 N o has its point with lowest energy located at & while other points of
that curve have higher energy. Curves v and g have only one common point, namely z. Maximization of
entropy along the curve g is equivalent to miminization of energy along the curve g. Therefore, MaxEnt is
equivalent with MinEne for convex entropies.

B Finite volume discretization of binary DGM

We summarize the binary, neutral, non-isothermal dusty gas model for ideal gasses described by Equations (6.2)),

(6.4), and (6.5)). It is given by

O +0;J. =0, fora € {a,b}, (B.1a)
O (T (cyna + gy + cynp)) + 0; (AT + T (yacy JE + ey Ji)) =0 . (B.1b)
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where the force-flux relation are given as follows,

_ ( 1 ng 4 1 ) Na 1
atny £Dq <D, atny £Dg ;
|:aina + naai In T:| ey = ’ T v et T ’ |:J‘§’:| (B].C)

O;inp +np0; InT - Jlf

ny 1 _ 1 1 Na
Ng+np =Dap <Dyp Ng+np = Dap

-

M

Let us assume a Voronoi tessellation {wy, }1_, of the domain €. For a control volume wy, the discrete values
of the densities and temperature in the collocation point xyx € wy, are defined as

1
Nak ' =7— | nodx, «€{a,b}, (B.2)
|UJk| We
1
Tp= — [ Tdx. (B.3)
|wil Jo

Integration over a control volume wy, and application of the divergence theorem gives the discrete mass balance
which reads

|wk\8tna,k + Z |Jkl|J§uﬁl =0, ae€ {a,b} (84)
or1#D

|wk|0; (Ti () ak + c mok + chnp)) + Y lowlJE5 =0, (B.5)
ori#D

where J3JY7 is the numerical flux of density n, across the edge o3 = 0wy, N Owy; J3T is the numerical flux

The discrete heat flux is defined as

Jrgl = hikl [T1B(Qr.k1) — Tk B(—Qr.11)] (B.6)

where  Qr 1 = KIM agbyacx 3“,5’ .
Here B(z) = —— is the Bernoulli function and hy; = |xx —x;| denotes the distance of the collocation points.
mm L BQu) — nekB(-Qu) o€ {ab} ) (B.7)

aLkl hkl

1
where Qr = —h—(long —logTy), fork=1,...,N, .
kl
We assume the following discrete version of the mobility matrix M

_ [ Pbet 1 + 1 akl 1
. ikl Dab Dup gl Dab
M,glum = g (B.8)

bkl 1 _ ( Pakl 1 + 1
gt Dab gl Dap Dyp

where N 1 = % (Mo k + Nayi) and gy := Mg g1 + Ty 1. The linear system,

Fim = MEF™ g (8.9)

gives the discrete mass fluxes.

B.1 Numerical solution in 1D

We wrote a Pluto.jl notebook which shows a solution of the discrete system endowed with Dirichlet
boundary conditions on an interval. The solution of the discrete system itself is solved by the finite volume
package Voronoi.jl [12]. Additionally, we coded a parallel solution with analytically inverted M, that is J}}'™ =
(M;;‘l“m)_l Fp'™, to check the implicitly calculated fluxes in equation . The two approaches agree, the
notebook can be downloaded here [45].
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;’E [428.15,298.15] x5 €(0.50,0.50) p/prer€ (1.00,1.42)

428.1 — 0.504573  1.4165
415.1 - 0.504002 || 1.3645
402.1
3891 - 0.503430 1.3124

3761 = - 0.502858 | 1.2603 _

X 363.1 g8 - 0.502286 »§ - 1.2083 3
350.1 L 0.501715 |} 1.1562 =
337.1
3241 0.501143 1.1041
3111 0.500571 1.0521
298.1 0.499999 1.0000

0.0 0.5 1.00.0 0.5 1.00.0 0.5 1.0
X X X

Figure 2: Relaxation of system (B.1)) after temperature step of the boundary condition (AT = 130K). The
Dirichlet boundary conditions for the pressure p and the molar fraction z, are constant and equal for the both
boundaries.
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