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Galilean bulk-surface electrothermodynamics and applications to
electrochemistry

Ridiger Muller, Manuel Landstorfer

Abstract

In this work, the balance equations of non-equilibrium thermodynamics are coupled to Galilean
limit systems of the Maxwell equations, i.e. either to (i) the quasi-electrostatic limit or (ii) the
quasi-magnetostatic limit. We explicitly consider a volume € which is divided into Q1 and 2~
by a possibly moving singular surface S, where a charged reacting mixture of a viscous medium
can be present on each geometrical entity (Q*, S, £27). By the restriction to Galilean limits of the
Maxwell equations, we achieve that only subsystems of equations for matter and electric field are
coupled that share identical transformation properties with respect to observer transformations.
Moreover, the application of an entropy principle becomes more straightforward and finally it helps
to estimate the limitations of the more general approach based the full set of Maxwell equations.
Constitutive relations are provided based on an entropy principle and particular care is taken for
the analysis of the stress tensor and the momentum balance in the general case of non-constant
scalar susceptibility. Finally, we summarize the application of the derived model framework to an
electrochemical system with surface reactions.

1 Introduction

Reliable simulation of electrochemical systems on the device level requires thermodynamic consistent
continuum models. Standard models like the Poisson—Nernst—Planck system suffer from well known
limitations, cf. e.g., [3, [16], of which the most obvious deficiency is the missing of volume exclusion
effects. Several similar remedies for this problem have been proposed, see e.g., [4}, 11} 8] and the
literature cited therein. More recent approaches that also take dielectric effects of the solvent into
account are e.g. [10] and [13]. The latter one builds on a bulk-surface electro-thermodynamic modeling
framework summarized in [9] which unifies classical non-equilibrium thermodynamics containing
electromagnetic fields as in [7,[15] and its extensions to surfaces [1}, 2]. As an alternative modelling
framework, [20] recently developed a multiscale electro-thermodynamics approach within the GENERIC
formalism. Although not less complex and technical compared to [9], this approach is so far limited to
closed bulk systems.

Applying the abstract framework of [9] to electrochemical problems, typically first requires strong simpli-
fications of the model, thereby favouring the impression that the framework appears too general and not
precisely tailored to the considered class of problems. Moreover, the readers of [9] might get confused
by some decisions taken there for mainly pragmatic reasons but leading to a discussion of stability
conditions that are related to the choice of independent variables and that are necessary in addition to
the employed entropy principle. Finally, the way how the electromagnetic sub-system and the classical
material mixture part are coupled in [9] might not appear fully satisfactory because of the different
transformation properties of these sub-systems. The problem of different transformation properties can
be remedied in two alternative ways. On the one hand, one can give up mass conservation in favour for
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R. Muller, M. Landstorfer 2

a fully relativistic description of matter. On the other hand, one may try to couple a low velocity Galilean
limit system of the Maxwell equations to the classical, i.e. non-relativistic, balance equations of mixtures
of matter.

In this work, we proceed with the second of the alternatives, since we aim at engineering applications
and in particular electrochemical applications. As shown by [14], cf. also [17], there is not one unique
Galilei limit of the Maxwell equations, but instead there are two distinct limits, i.e. the electric —or quasi-
electrostatic— limit and the magnetic —or quasi-magnetostatic— limit. While coupling the electric limit to
the balance equations of mass, momentum and energy seems most reasonable for electrochemical
applications, the magnetic Galileo limit is more naturally related to magneto-hydrodynamics. We re-
examine the derivation of Galilean limit systems of the Maxwell equations here, as we are not aware
this has been carried out before for the case of singular surfaces. This way we can make sure that we
do not miss relevant effects during coupling to the balances of matter later on or during the following
derivation of constitutive equations. For each of the two Galileo limit cases considered in this work,
there is one corresponding variant of the entropy principle in [9] such that coupling the general full
set of Maxwell equations to the classical balance equations of matter and taking the Galilean limit
after exploitation of the entropy principle yields the same results as obtained here. However, none of
the two alternative variants of the entropy principle in [9] is capable to cover both Galilean limit cases
equally well. It turns out that the application of the entropy principle here is much more straightforward
compared to [9], as a re-definition of a combined inner energy of field and matter becomes unnecessary
and a discussion of stability of the polarization relaxation does not arise.

The obtained constitutive equations differ between the two Galileo limit cases. As could be expected,
polarization relaxation is only covered in the quasi-electrostatic case, whereas relaxation of magne-
tization is only present in the quasi-magnetostatic case. Moreover, the generalized driving forces for
thermo-diffusion differ between the Galileo limits, as does the stress tensor.

We apply the geometrical setting and notation of [9] but neglected the elastic deformations, since these
effects do not contribute to the questions discussed here. The results obtained here can be generalized
in a save and straightforward manner to include elastic effects in the same way as in [9].

2 Notation

We consider a geometrical setup where locally an orientable surface S divides a domain 2 C R?
into two subdomains QF C R? with S := 90T N 9Q~. The domain (2, as well as the surface S
may evolve in time. In addition to quantities defined in the domains 2 or €27, there are in general
corresponding quantities on the surfaces .S which in general do not coincide with the corresponding
traces from the subdomains. As a convention, the same letters are used for these quantities, but the
surface variables are indicated by an underset s.

We apply the convention of implicit summation over coordinate indices appearing twice. We indicate
the Cartesian components of vectors and tensors by lowercase Latin indices, e.g., 7, j, whereas at the
surface S, we use uppercase Greek indices like e.g., I', A for the tangential components.

The tangential vectors are defined as the partial derivatives of the smooth bijective parametrization 6
mapping from some open parameter domain to the surface S. In addition, we define the (unit) normal
vector, and the metric tensor by

20(t, U, U?) T X Ty T
T1/2:W’ V:m and g:[Tl,TQ] [Tl,‘l'g]. (2.1)
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As a convention, we chose the mapping @ such that v is the inner normal of Q. For the matrix
components of the metric tensor g, we use lower indices gar and, we use upper indices ¢! for
the components of the inverse matrix of the metric. A vector V' defined on the surface can thus be
written as V' = V215 + V, v, with the normal component by V,, and the tangential components
VA =gl Vi, for A =1,2.

The curvature tensor bar of the surface S and the Christoffel symbols Fir are defined by a de-
composition of the derivatives of the tangential vectors into their tangential and normal components,

aTA

0T = % Ts + bar v for LA =1,2. (2.2)

Then, the mean curvature of S is kj; = %prgFA. Lleta: S — RbeascalarandV : S — R3a
vector field. Then, the covariant derivatives of the tangential components are defined as

9, oVA
aHp:a—[;,, forI' =1,2, VTﬁF:a—UTF—i—F?EVTE forI' A=1,2. (2.3)

Let v denote the velocity of the surface S. For a scalar a : [0, tend) x S — R, we define the time
S
derivative

O pa = Owa — aja UTA ) (2.4)
S

Let u be a generic function defined at least in one of the subdomains Q*. We denote the trace of u by

+ .
t = 1 t . 2.5
u*(t, @) meﬁigl%esu< ) (2.5)

whenever u is defined on this side of the surface, otherwise we set the corresponding trace to zero. We
define the jump and the mean value of u at the surface S by

[u] =ut —u, u=g(u* +u). (2.6)

3 Maxwell equations and their Galilei limits

The Maxwell equations for the electromagnetic field are most generally formulated such that time
and space and all involved equations are properly combined to four-dimensional objects. Then, the
equations satisfy the most fundamental symmetry principle, i.e. the principle of relativity, meaning that
balance equations as well as constitutive equations remain invariant with respect to arbitrary observer
transformations.

Here, 1+3 dimensional the Maxwell equations are formulated in a way following the classical work of
Truesdell and Toupin [18], with the postulation of universally valid Maxwell-Lorentz aether relations. The
underlying physical principle is the conservation of charge and magnetic flux. In this 1+3-dimensional
setting, Maxwell-Lorentz aether relations are only invariant with respect to Lorentz transformations. The
Galilean transformation is a good approximation of the Lorentz transformation in the limit of vanishing
barycentric velocity, i.e., v/co — 0. However, the derivation of a Galilean limit system of the Maxwell
equations is complicated by the fact that there are two different limit systems, cf. [14} [17].

DOI 10.20347/WIAS.PREPRINT.2984 Berlin 2022



R. Muller, M. Landstorfer 4

3.1 General Maxwell equations

The (total) electric charge density n® in each volume domain 2*, a well as n° on the surface, satisfy
S

local conservation equations, viz.

on® +div(nv + J¢) =0, (3.1a)

O’ + (nevA + Je’A) —2kpyv,n® = —[n(v, —v,) + J] . (3.1b)
s s s s’ A s s s v

Here we split the electric current as 3¢ = n‘v + J°¢. We introduce the charge potential D and the
current potential H by means of a formal solution of the charge balances (3.1), see [9, Appendix A].
Therefore, we have

n® =div(D), J*=—-0,D —vdiv(D) + curl(H) , (3.2a)
n®=[D-v], J=vx[H-vxD]. (3.2b)
S S S

The conservation of magnetic flux in the bulk and on the surface reads

0 =div(B), 0=0,B + curl(E), (3.2c)
0=[B-v], 0O=vx[E+vxB], (3.2d)

where E is the electric field. We postulate universal valid Maxwell-Lorentz aether relations, i.e.
independent of the considered material there holds

D =¢F and H=1B, (3.3)
0

o
where the dielectric constant £y and the magnetic constant iy are related to the speed of light by
Eolo = 052. The remaining constitutive quantity is the electric flux density J°.

As an immediate consequence of the universal valid Maxwell-Lorentz aether relations (3.3) and charge
conservation (3.1al), we conclude that the sum of the electric current and the displacement current is at
any time ¢ and location & source free. This motivates the definition of a total current as

J =734+ c0 E = div(g) =0. (3.4)

Implied balances. From Maxwell’s equations (3.2), the following two more balance equations can be
derived, cf. [15]. The balance of electromagnetic momentum reads in each subdomain 2* as well as
on the surface S

(D x B) —div (6™) = —n°E — (n'v + J°) x B = —k, (3.5a)
—[D x B)v,] + [6™Mv] = —n°E — (n°v + J°) x B = —k, (3.5b)

where the right hand sides are the negative Lorentz force in the volume and on the surface, respectively.
The Maxwell stress tensor in (3.5) is

cM=E®D-E-D1 +H®B-3H Bl1, (3.6)

where 1 denotes the identity matrix. The balance of electromagnetic energy reads
10(E-D+B-H)+div(ExH)=—-(nv+J°)-E = -7, (3.7a)
—1(E-D+B-H)y,+[(ExH) v]=—(nv+J)-E = -7, (3.7b)

where the right hand sides are the negative Joule heat in the volume and on the surface, respectively.
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Galilean bulk-surface electrothermodynamics and applications to electrochemistry 5

3.2 Polarization and magnetization

When considering a macroscopic non-relativistic continuum description of mixtures of charged matter,
there is the free charge density nt defined as a Galilean conserved quantity. In general, this free
charge does not coincide with the previously introduced electric charge n°. For example, nf may
solely represent the net charge of molecules in a mixture without taking into account the internal
electronic structure. However, also this internal electronic structure in general has relevance for the
overall electromagnetic field. To bridge this gap and represent these microscopic effects on the more
macroscopic level, we introduce the polarization charge density n* and the polarization current density
JY as

n® =nf+nk, Jo=J +J°, (3.8)

Conservation of the electric charge n° and of the free charge n' then also imply conservation of the
polarization charge n* = n® — n. We introduce the vector of polarization P and Lorentz magnetization
M by the same approach of formal solution to the conservation equations, viz.

n® = —div(P), J¥ = 0,P + vdiv(P) + curl(M) , (3.9a)
n®=—[P] v, J'=vx[M+uvxP]. (3.9b)

Not all of the introduced quantities so far are Galilean scalars, vectors or tensors, respectively. The
transformation properties of these quantities are summarized in the supplementary material. Due to its
importance in electrodynamics and for the upcoming constitutive modelling, we introduce the Galilean
vectors of the electromotive intensity and the magnetization

E=FE+vxB, M=M+vxP. (8.10)
The electric current then can be expressed as
j =nfv+J"+ 0P +curl(M —v x P) . (3.11)

For later use in the balance of inner energy, we verify that

T—k-v=(J +J"-E (3.12a)
T—k-v=(J"+J" (E+vxB). (3.12b)

3.3 Non-dimensional system and quasi-static Galilei limits

Non-dimensional form of the system. To write the model equations in non-dimensional form,
we introduce characteristic reference values ™, ™ for the time and space coordinates. Velocity,
is then scaled by the derived reference value v = 2™ /™. However, we remark that a different
scaling of velocity might be more appropriate in a system coupled to diffusion of matter. We introduce
reference values E™', B™ for the electric and magnetic field strength, respectively. Moreover, we use
the elementary charge e as reference value for charge and introduce 77" and n™' as reference values

[0}

for the temperature and for number densities of particles in the volume domains, respectively.

Upon definition of the dimensionless constants
6 B COBref )\ B goEref B € COBref xrcf 313
- Ejref ’ - eonrefxref ) k= k BTref ) ( ' )
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Table 1: Scaling of variables and constitutive functions in the bulk regions.

o v ref v
x =2z, t =t .t v =% .0,
t
E —E“.E E =E.E, P =cE P,
B =B*.B, M =1pT M, M =Lp*. M,
F_ f . ZF F fzf  §F — £zl
n. =en® -n", J' o =en G o J JO = eon™ SJe
O'EM — k.BTref nref . oEM , kE = k Tref ref $}ef -k , o k Tref ref trlef i ,
F _ ref  ~F F _ ref zrf F e __ ref zt e
73/ - 60? *n ’ { - 605 tref J { - 60 s tref J
foref 1 L — foref 1 &
Y I R el
s s ¥ s

we obtain in the volume domains 2* the following dimensionless system

A div(E + P) = aF (3.14a)

N0, (E+ P) + 22282 curl(B — M) = "o + J*¥ (3.14b)
div(B) =0, (3.14¢)

FLE0B + curl(E) = 0. (3.14d)

For the surface, we introduce an additional reference number density 72" and relate it to the volume by
S
the dimensionless constant

nref

6= —nrej St (3.15)

Then the surface balances are in dimensionless form

AM(E + P) - v] = 6i° (3.16a)
v x [2 (B~ M) - ¥ x (E+ P)] = 551 (3.16Db)
[B-v]=0, (3.16c)
v x [E + 32”“* x B]=0. (3.16d)

The balance of electromagnetic momentum reads in the volume domains and on the surface
Fo(R*NEE x B) +div (- g26™) = —p%k (3.17a)
—F[°NE - (E x B)b,] + [*6™ v] = —A65%k . (3.17b)

Here, the Maxwell stress tensor multiplied by 32, viz.

B = k22 (E ®E—-E-E1+3'(BoB-1B- Bl)) (3.18)
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Galilean bulk-surface electrothermodynamics and applications to electrochemistry 7

contains terms independent of 32, as well as the Lorentz force and the Joule heat do, i.e.

Bk =r"- (1€ + 3 J° x B) , i =k (WE-0+JE), (3.19)
B = 2. (veE + (i + J°) B), =k (E-v+J-E).  (3.19b)
The electromotive intensity and magnetization are
E=E+ 3 (0xB), M =M + 240 x P), (3.20)
The balance of electromagnetic energy reads
102429, (5—12|E|2 + 52\1§|2) + A2 div ( ) 'y (3.21a)
— N[ EP + 3 BP)u ] + M?[(E x B) -v] = =67, (3.21b)

and the introduction of polarization and Lorentz magnetization imply for the electric current and the
surface electric charge flux

O+ I+ N0 P + N curl (252 M — 6 x P), (3.22a)
X

it
v x [28°B -0 x E]. (3.22b)

%)
= NS
I

Depending on the chosen characteristic reference values ™, x™, F B* T p* and n', the
size of the dimensionless quantities may differ by several orders of magnitude, allowing consiijerable
simplifications of the model equations. We consider in the following two alternative limiting cases for
the parameter (3, whereas we only assume for the remaining parameters A, k, w, ¢ that they remain
moderate in size. At this point, we only remark that later on, it is possible to analyze additional limit
processes, like e.g. A — 0 what corresponds to the thin interface limit in electrochemical applications.

3.4 Quasi-electrostatic limit 52 < 1

We assume that (3 is a small parameter, whereas “— “ and the time derivative of B remain bounded. In
consequence, we obtain the equations of electrostatlcs for the electric field that read in dimensional
form

diV(EQE + P)
curl(E)

[(eoE + P)-v] =n", (3.23a)

n
0, vx[E]=0. (3.23b)

A constitutive equation for P, which is independent of B and M, then allows for given free charge to
obtain E and P from (3.23). The balance of electromagnetic momentum reduces to

—div (O'EM) =—k, +oe™Mv] = —k, (3.24)
S
with the Maxwell stress tensor depending only on E, viz.

oM=c(E®E - 3|E[’1). (3.25)
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In this limit, the electromotive intensity is identical to the electric field. The magnetic field is not vanishing,
only it does not have any effect on the Lorentz force, viz.

E=F, k=n'FE, T=n'E-v+JE, (3.26a)
k=n°E, r=nE-v+JE. (3.26b)

S

The Joule heat can not be evaluated from E and P alone, but also requires knowledge of B. The
remaining Maxwell’s equations, in general together with a constitutive equation for M, determine the
magnetic flux density B, i.e.,

div(B) =0, Oi(e0E + P) +n'v +J" = cwl(;-B -~ M +v x P), (3.27a)
[B-v]=0, vx[uvx(eE+P)]+J =vx [[NLOB—M—l—'UXP]]. (3.27b)

The electric current and the surface current flux are then

S =nv+J +OP+culM—-vxP), J=vx[:B-vx(oE)]. (3.28)

3.5 Quasi-magentostatic limit 7, < 1

Under the assumption that the derivatives of E + P remain bounded, Maxwell’s equations simplify in
this limit to

curl(#iOB—M):anJrJF, % [[iB—M]]:,sTF, (3.29a)
div(B) = 0, [B-v]=0. (3.290)

A constitutive equation for M, which is independent of £ and P, then allows for given free current to
obtain B and M from (3.29). The balance of electromagnetic momentum reduces to

—div (O'EM) = -k, +[oe™Mv] = -k, (3.30)

with the Maxwell stress tensor depending only on B, viz.

EM

o (BB —3|BI*1). (3.31)

- 1

Ho
In the quasi-magnetostatic limit, the magnetization is identical to the Lorentz magnetization. The electric
field does not vanish, only it does not have any effect on the Lorentz force and the Joule heat is

negligible, viz.

M =DM, k=nv+J°) x B, T—k-v=J(vxB), (3.32a)
k= (nv+J)x B, T—k-v=J"(vxB). (3.32b)

The Lorentz force can not be evaluated from B and M alone, but also requires knowledge of E. The
remaining Maxwell’s equations, together with a constitutive equation for P determine the electric field,
ie.

0B+ curl(E) =0, vx[E+ U X B]=0, (3.33a)
div(eoE + P) =n", [(eoE + P) -v] = CLF : (3.33b)

The electric current and the surface current flux are
S =nfv+J 4+ 9P+ curl(M), I =vx [ Bl (3.34)
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Galilean bulk-surface electrothermodynamics and applications to electrochemistry 9

4 Balance equations of Galilean electro-thermodynamics

The Galilean limit systems of electromagetics can now be consistently coupled to classical, i.e., non-
relativistic balance equations for charged mixtures of matter. We consider partial mass balances for
each of the constituents of the mixture, a single momentum balance of the mixture and an energy
balance of matter.

4.1 Description of Reacting Mixtures

We use different index sets Z= to refer to the constituents of a mixture in * and the index set Zg for
the constituents on the surface .S. We apply the non-restrictive assumption that the sets Z= are disjoint,
i.e., Zt NZ~ = (). All constituents of the subdomains Q* are assumed to be also constituents on the
surface S, but there may be some additional constituents that are exclusively present on S. Thus, we
have Z+ C Zg.

There may be several chemical reactions among the bulk constituents, as well as chemical reactions
on the surface. Picking some indices k, ¢, then these reactions in the bulk or surface may be written in
the general form

D abAl = ) VA, > a;ﬁAa = ) z;ﬁAa. (4.1a)

a€TE a€T* a€lg a€lg

where A, is used as a notation to refer to the different constituents. The constants a*, b* are positive
integers and v* := b* — a* denote the stoichiometric coefficients of the reactions. The net reaction

rate is R*, where reactions in the direction from left to right are counted positive.

Each constituent has the (atomic) mass m,,, for « € ZF or a € Zg, and the net charge z,¢e,, where
Z, is the charge number of the constituent. Since charge and mass have to be conserved by each
single reaction in the bulk and on the surface, we have

Z zoﬁg =0 and Z moﬁi =0 (4.2a)
a€l* acTt

Z ZaVh =0 and Z mayh, =0 (4.2b)
acls s a€ls s

To describe the thermodynamic state of the mixture, we use in the volume domains the inner energy
density pu, the particle number densities 1., and partial velocities v, for « € Z*. On the surface,
the surface inner energy density pu, and the number densities and partial velocities of the surface
s S
constituents are n,, and v,, for « € Zg. Multiplication of the number densities by m,, gives the partial
S S

mass densities

Pa = MaNq Pa = ma?a . (4.3)

The mass density and the barycentric velocity of the mixture are defined by

p= Zpav ’U:lzpavaa (4.4a)

acT* P acT*
1
p= Z Pa v=- Z PaVUa - (4.4b)
8 a€lsg s Ig a€lsg 8
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The free charge density and free current are are defined as

nt =eq g ZaNa JF=¢q E Zada (4.5a)
acl+ acT*

7;LF =€y E Zalla - {F = ey E za{a . (4.5b)
acls a€ls

4.2 Balance Equations

Partial mass balances. In each of the subdomains Q2* as well as on the surface S, the partial mass
balances are

Opa + div(pav + J,) = Z mayf‘;R’“ fora € 7%,
' (4.6a)

8,571,,(8)06 + (,g)azs)f + ‘SJOA“T)IIA — QkMQSJV ,ga = Z mazﬁff — [palvy, — gy) +J,-v] fora€Zs.
E (4.6D)

The (non-convective) bulk and surface diffusion flux J, and J ,, with respect to the barycentric velocity
S
are defined as

Jo = pa(vy — V), implying Z J, =0, (4.7a)
a€l*
Jo = pa(vy —v), implying Z J,=0. (4.7b)
s s s aeTs s

The partial mass balances can be combined to derive bulk and surface conservation laws for the total
mass density of the mixture and for the free charge.

Balance of momentum. In the absence of electromagnetic fields, the momentum density of the
mixture with respect to the barycentric velocity is pv. We postulate that in the absence of gravitation the
total momentum of matter and electromagnetic field is a conserved quantity. In the Galilean limits of the
Maxwell equations, the Maxwell stress o™ equals the negative Lorentz force, while the electromagnetic
momentum density is negligible small. We introduce the total stress tensor 3 containing ™. Then in
either of the Galilean limit cases, the total momentum balances of matter and electromagnetic field
read in QO and on S

O(pv) + div (p'U QU — Z) =pof, (4.8a)

S+ (g = e = Bhaege g = of = o'l — ) = B0, (aat)

where f and f are due to gravitation. The surface momentum flux o is decomposed into its normal
and tangentialscomponents A A _

o't = St 4+ 82 (4.9)

s

The tensor with the components ST is denoted as surface stress tensor and the vector with the
components S2 is the normal stress vector. We neglect internal spin. Given the symmetry of the
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Galilean bulk-surface electrothermodynamics and applications to electrochemistry 11

Maxwell stress tensor due to the Maxwell-Lorentz aether relations, this implies symmetry of the
total stress tensors and vanishing of the normal surface stress [15], i.e., the assumption implies for
i,j=1,2,3and ;A =1,2

Y = it Sra — gAr and S2=0. (4.10)

From this balances, several different balances for the momentum pwv can be derived, depending on
which forces should be accounted for on the right hand side. Subtracting from the momentum
balance in the quasi-electrostatic limit, or in the quasi-magnetostatic limit, then yields the
momentum balance equations of matter with the Lorentz force k, respective I;: on the right hand side.

In addition to the Lorentz force, one might also want to track Kelvin polarization force, electrostrictive
force, or Korteweg-Helmholiz force explicitly in the balances, cf. [13| Sect. 3.2], such that the stress
tensor then needs to be modified accordingly.

Balance of inner energy. The energy of matter consists of the inner energy density pu and the
kinetic energy density p|v|2. The balance equations of mass and momentum of matter imply the
balances of kinetic energy in Q* and on .S. Moreover, we postulate that in the absence of gravitation
the total energy of matter and electromagnetic field is a conserved quantity. This implies the inner
energy balances in Q)* and on S as shown in Appendix|A.1] viz.

Opu+divipuv+Q)=m—k-v+div(Ex M) +(Z - ™) : Vu.
(4.11a)
Orwpu+ (pu) v7 +q%) ) — 2kavy pu=7 —k-v+[(Ex M) -v] +0%vjy  (411b)
— [[pu(vl,—gl,)—FQﬂ/ﬂ

—13plv —vP(v, —v,) = (= ™) (v—-v) v|.
[aot - vPw - |

S

We can write Q = g + £ x M, such that g coincides with the heat flux in the balance of inner and
kinetic energy when the heat production is given by the Joule heat. Using the particular form of the
Lorentz force and the Joule heat in quasi-electrostatic limit, we obtain for the inner energy balance

dpu+div (puv+Q) =J" - E+ (T~ 0™~ E@ P+ (E-P)1): Vv
+ <8tP+(v-V)P> E, (4.12a)
O (pe) + (puv? +¢%) y = 2karvy pu=J" - E - + 0" vjs (4.12b)
- [[(Pu+%ﬂ|v—g|2> (vu—gy)JrQ-V]]
—|—[[(v—v)-(E—UEM—E®P+(E-P)1)-V]].

On the other hand, we get in the quasi-magnetostatic limit from the explicit Lorentz force and Joule
heat

8tpu+div(puv+Q):JF-(va)+(E—JEM+M®B—(M-B)1) Vv

— (atB + (v - V)B) - M , (4.13a)
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O (pu) + (puv? + %)y — 2kavy pu=J"- (v x B)  + 0" v, (4.13b)

— | (puttolo—vP?) 0 —v)+Q-v]

—|—[[(U—v)~(E—UEM+M®B—(M-B)1)-

s

5 Constitutive Equations for the quasi-electrostatic limit

In the quasi-electrostatic limit, the coupled electro-thermodynamic system consists of (3.23), (4.6),
and (4.12). To close the coupled system, additional constitutive relations are needed. These
can be obtained from the application of an entropy principle like described in [9]. Because it allows
a straightforward derivation of the entropy production in the desired form, we assume constitutive
functions of the entropy densities of the form

pn = pi(pw, (pa)aczs, P) pn = pi(pu, (pa)aezs) - (5.1a)

s s ss 85 s

In principle, it would also be possible to include a dependence of p7 on M, such that by application
of the entropy principle one more constitutive equation could be obtained which then would allow to
solve and to evaluate the electric current 7°. In the quasi-electrostatic limit however, all explicit
dependence of the system (3.23), (4.6), and on B and M was removed due to the
asymptotic smallness of those terms. The application of the entropy principle builds on this system of
equations and therefore it should not reintroduce asymptotically non-negligibly dependencies on B
and M. Moreover, terms in the entropy production depending on B and M would be in the same
asymptotic order as the terms that have been neglected in the system (3.23), (4.6), and (4.12).
Therefore, the value of constitutive equations based on such small terms in the entropy production must
be questionable. Instead, it seems more advisable to use a constitutive equation relating B and M,
which were derived from another source, which might well be the complementary quasi-magnetostatic
limit in Sect. Bl

The (absolute) temperature 7', T" and the chemical potentials /i, (o are defined as
s s

1 9Jpn o opn
—_oam I (5.2a)
T Opu T 0pa
L 9 [ dpn
— —_55 S __55 5.2b
T Opu’ T pa (5.20)

For the construction of constitutive equations, it is often beneficial to use the temperature 7" resp. T’
S

as an independent variable, instead of the inner energy density. We thus introduce the free energy
densities py and p by means of Legendre transformation of the entropy density pn, viz.

pY = pu—"Tpn, p=pu—"Tpn. (5.3)

For the free energy density and the entropy density, we thus have representations as functions of the
temperature as

pb = pU(T, (pa)aczt, P) | p = pU(T, (Pa)acts) (5.4)
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and in analogous way for inner energy and entropy. From the construction (5.3) and the definition of
temperature according to (5.2), we get the well known thermodynamic relations

opd 0 (pdy _ pi
o = P (7)) =" (5:52)
opi P pu
or =0 o) =7 (5:50)

5.1 Constitutive Relations for the Bulk

To determine the entropy production in a straightforward manner, chain rule is applied to the time
derivative of p1 and the partial mass balances and the inner energy balance are applied.
Then, the choice of the entropy flux fixes the entropy production. Nevertheless, the entropy production
can still be rewritten in such a way that is most suitable for the derivation of constitutive relations. We
choose the entropy flux as ¢ = % — ZQGZ "i_p—“Ja. Moreover, we define the viscous stress tensor and
the symmetric velocity gradient as

T=%X—-0"™M_— (pu—Tpﬁ—E~P— Z paua>1—%(E®P+P®E), (5.6a)
acl+
D=1(Vu+Vo'). (5.6b)

To account in the derivation of the entropy production for the constraint on the mass fluxes, we
choose in each subdomain one designated constituent as a reference and denote these constituents by
Ag-, A+, respectively. Moreover, we use a symmetry condition which originates from the transforma-
tion properties of the thermodynamic fields, cf. [9, Appendix B]. Then, we obtain the entropy production
as the sum of binary products, viz.

! 11
0<¢= %(7’ — 1 trace(T)1) : (D — 3 trace(D)1) + 3T trace(7T) - trace(D) (5.7)
=ggv ﬁ:/rv
1 Mo Hox 1 (24€0  zox€o
+Q-v(f>_ Z Ja (V(T_ T>_T(ma_mgi)E)
. aEIi\{AOi} |
—¢rp
1 k k Opn 1 1 T
+T;(—;%mwa> R +(8P+TE 0P + (v V)P Q(VU Vo )P .
. -~ 4 E’P

éR

We can identify five dissipation mechanisms related to their specific entropy production: shear viscosity
&gy, volume viscosity &y, (bulk-)reactions &g, thermodiffusion 7 and polarization &p. For each
dissipation mechanism, we apply closure relations to obtain the constitutive equations.

Thermodiffusion: For the heat flux and the mass fluxes, we choose a linear relation with cross
effects. We choose coefficients «, Lg, M,z such that the coefficient matrix is symmetric and positive
definite. In particular, the heat conductivity x and the mobility matrix M/ are symmetric and positive
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definite. We set for « € ZF \ {Ag+}

__ K _ ps _ pox) _ 1 (zgeo  zoxco
Q=-75VT 3 Lﬁv( T) T( )E) (5.8a)

BETH\{Aos} T e ok
L, Hp Mot 1 (zpe0  zoxeo
_ _Zeygr — ; Ho _ Hox) _ — (Z8% _ E). .
Jo=—Z3VT = 3" M V(T T) T(mﬂ o (5.8b)
BEIi\{Aoi}

Reactions: For simplicity, we neglected cross effects between the different chemical reactions. We
choose positive coefficients A*, R’g and and apply a nonlinear closure relation to obtain for any of the
reactions in the volume domains

k
RF = Rk (1 — exp <£_T Z 'y(]imapa>> : (5.9)

a€T+

Polarization: We choose a linear closure relation with the relaxation time 7 > 0 of polarization to
obtain

(P + (V-v)P—1(Vv—-Vv')P) . (5.10)
Viscosity: Linear relations for the volume viscosity and for the shear viscosity with phenomenological
coefficients 7, 1) that satisfy (1, + %778) > 0 and 7, > 0 yield

T = nppdiv(v)l + s (Vo + (Vo)) . (5.11)

This implies the constitutive equation for the symmetric stress tensor

S—oM=T+ <pu—Tp57“—E-P— Z pa,ua) 1+3(EQP+P®E). (512
aeT*
5.2 Constitutive Relations for the Surface

We proceed in analogous manner as in the volume and choose the surface entropy flux as ¢ =

S

q Ko
7 = 2 aezs 7 J o We define the tensors 7~ and D with the components
S S S
TAN =5 — (pu —Tpi— Y mm)g“ : (5.13a)
§ 59 Sss s s
€Zls
Dar = 5 (gra 18/7\||A + gaa gfur) —bravy . (5.13b)
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Moreover, we choose one designated constituent Ay € Zg on the surface. Then we obtain the surface
entropy production as a sum of binary products, viz.

ok R (o) 5 (5 o)

S
. 7 (.

:g/ ER
Ha Mo
1 s s 1 a0 20€0 — N
() X ﬁf«———>——e———»m&)
s MVIa e LT s Thma mg
=
+[[<Q + (Tpii+ D pabta) (vs — vu)> : (l — l)ﬂ
Y s T T
. aET+ s
:SI;LI
1 ) Lo+ Mo+
1 1 s
+f[[(v—1;)- (T—§(E®P—P®E)— (5/)\ — v+ Tp ( = —T))1>u]]
Ha — Ho+
Mo — Mo+ s s
—[[ > <Ja,y + palvy — w)) : ( — )ﬂ : (5.14)
a€TH\{Aos } ’ r T ’
g]\[T

We identify six dissipation mechanisms: tangential surface viscosity {7, tangential surface thermo-
S
diffusion {7, surface reactions £ r, heat transport normal to the surface £%;, mass transport normal to

s

S S
the surface £'y;,, and viscosity normal to the surface &7,
S

s

Thermodiffusion: We choose phenomenological coefficients «,Lg, M .3, such that the coefficient
s S S

matrix is symmetric and positive definite. We set for & € Zg \ { Ao}

K [ g Ho 1
A s AT AT [ s s Zgey  20€0\ SA
ar= =739 T = > Ls|g (___> =7y~ JBR|
s T BeTs\{Ao} L T Ty Thmg  mg l
(5.15a)
Lo [ Hp Ho 1 /zze 20€0\ = ]
Jar= =508 Tie = > Mg g“(s— — S—) - —(—B 00 O)EA .
SCV,’T 2 T
T BET\{ Ao} I r T/ Thmg  mo ]
(5.15b)

Surface reactions: We neglect cross effects between the different reactions and apply the nonlinear
closure relations with positive phenomenological coefficients A, R(‘;
S S

At
ng — ]jé ( — exp <k T Z 'yama,ua)> . (5.16)

s a€lg
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Surface viscosity: Linear closure for the trace and for the deviatoric part of the surface stress tensor
T with phenomenological coefficients satisfying 1, + 17, > 0 and s > 0, yields the constitutive
s s s s

equation
T =mn trace(Dg g +2n,9g "Dg. (5.17)
s s s s s

This implies for the symmetric surface stress tensor the constitutive equation

Se = (pu —Tpij— Y um) g+ T (5.18)

Heat flux normal to the surface: We choose coefficients /{i, and obtain from linear closure
S

+
- + 1 1
(Qv+ (Toii+ 3 patta) (v = 1)) = H* (f - f> - (5.19)
a€T* s
Stress from the volume: We choose coefficients A ¥, ni > 0, for A = 1, 2, and obtain from linear
closure ’
+
(v (T-4BoP-PoB)ny™) —t (2 -02
(5.20a)
Ho+ Hox :
(1/- (T-YE®P-PRE)v- (%,0|’U — o +Tp | 5= - T)) e (p(UV
(5.20b)

Mass transport normal to the surface: The mass transport normal to the surface can be related with
adsorption, which in the context of electrothermodynamics is formally different from mass production
due to chemical reactions. However, in experiments it might not always be clear how to distinguish
between adsorption and surface reactions and we therefor here also apply non-linear closure similar to
the chemical reactions. We neglect cross effects and choose for @ € 7+ \ { Ay} coefficients Bff and
]\843E > () to obtain for « € 7+ \ {Ap+}

+
T
Dy = (Ma ~Hox — (Ma - NOﬂ:)) ) (5.21a)
+ + + —1
<J&J/*'pa(vy'_'gy)) :::F4¥§ (eXp (Aiifle) — eXpP <E%;;f—lzf):) . (521b)

5.3 Discussion of a general free energy model

The obtained constitutive equations are general, in the sense that they have been derived without
making use of any particular specific material properties. They only rely on the universal balance
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equations and the entropy principle. All material properties of a specific electrochemical system thus
have to be incorporated into the constitutive functions of the entropy and the phenomenological
coefficients. We now restrict the constitutive function for the free energy to the structure

pt = p(T, (pa)acz) + PP (T, (pa)acz, | P)) , (5.22)

where the first part is independent of the electromagnetic field and the second part depends only on the
absolute value of P. Different free energy models can be used for the field-independent free energy
contribution pzﬁ, depending on the considered material. For liquid electrolytes, the model of simple
mixtures of solvated ions, cf. |8, [12], appears to be appropriate. The general construction of suitable
free energies and their incompressible limit is analyzed in [5]. The analysis emphasizes the importance
of linear approaches with respect to the partial molar volume and illustrates the possibility to recover
non-linear behaviour of the mixtures based on the non-linear reaction behaviour. As an example of a
different material model, we refer to [19] modeling yttria-stabilized zirconia.

Dielectric susceptibility and Debye relaxation. Since it might appear more familiar to formulate
constitutional equations in terms of FE instead of P, we introduce a conjugate variable to P that
coincides with E in the case of polarization equilibrium. We define

8 vpol,P 8 ~
gea = 00T O (5.23)
oP oP
Then, we consider a change of variables by means of the Legendre transformation
pYP = pyPtP — EE. P (5.24)
such that we have the following representation and the relations
. ap,&pol
pP = pP (T, (pa)aez, [ E™]) , g~ (5.25)
We introduce the scalar dielectric susceptibility as
N 0 PO (T, (pa)acz, | E™) , (5.26)
go| E™4| 0| B
such that by (5.25) implies for the vector of polarization that
P = (T, (pa)acz, | E™|) - co E™ . (5.27)

Considering the case of vanishing velocity, i.e., v = 0, the constitutive equations (5.10) reduces to
Po,P =+ <5OE — iP) , (5.28)

where the relaxation constants 77 > ( is positive. From div(eq E + P) = nF, we conclude that for
the divergence of the constitutive equation (5.28) it holds

70, div(P) = nf — (1 + %) div(P) . (5.29)
We conclude that if n™ = 0 in equation (5.29), then div(P) vanishes for t — oo, what is compatible

with stable polarization relaxation. We remark, that the stability of relaxation does not depend on the
applied change of variables.
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Pressure, surface tension and stress tensor. In the context of electro-thermodynamics, proper
definition of pressure is not obvious. We define here pressure based on only these contributions that
are also present in the absence of electromagnetic fields. By the Gibbs—Duhem relation known fron
classical thermodynamics and its counterpart on the surface, cf. [7, [15], we define pressure and surface
tension as

ﬁ = _IO'Lﬁ + Z ;Ooz/la ) Y= P¢ - Z Palla (530)

aEIi S s CVGIS s S8

»

where the splitting of the free energy in (5.22) implies a similar splitting of the chemical potentials. The
Legendre transformation (5.3) implies

Opt  Dpyr! Opij
= = 7= 31
= B + o Dpn (5.31a)
dp dpn
o= 7 =-T=2 5.31b
/j e . 9pe ( )

With the above definitions of pressure and surface tension, we can rewrite the stress tensor in the

volume in (5.12) and on the surface in (5.18) as

o vpol
Y-o™M=T - (ﬁ—m/ﬁ"”+ Zpaagw ) 1+ (E@P+PQE) —P-(E—E¥)1,
o€t «

(5.32a)
STA _ A | rA (5.32b)

Using the scalar susceptibility y according to (5.26) and assuming polarization relaxation equilibrium,
i.e. E¥ = E, such that P = Y&, E according to (5.27), we infer with the Maxwell stress tensor

according to (3.25) that

o O pyo!
X=-p1+T +aEM+XsoE®E+<p¢P‘”—Zpa gw > 1. (533

acl* @

Due to the structural similarity to (5.30), one might refer to the last bracket in as polarization
pressure. Nevertheless, we prefer to keep this term separate from the pressure contribution p to the
stress tensor and relate the the last terms in to forces in the momentum balance. In the particular
case of constant y, we check pQZPOI = —%XEO\EP such that the stress tensor further simplifies to
X=-p1+T+({1+x)o™.

Application to momentum balance. We again assume E® = FE and P = yeoE. The divergence
of the Maxwell stress tensor oM equals in the quasi-electrostatic limit the Lorenz force n°E and it
seems appropriate to treat also the divergence of the last two terms in as forces in the momentum
balance. Whenever Y is independent of the concentrations, i.e. independent of all p,, for « € Z, we
apply V piro! = —(VE®™) P = —x(VE) ey E, to conclude for the divergence of the stress tensor
in the momentum balance

if y independentofall p, :  div(X) = =Vp+div(T) +div((1 + x)eoE) E.  (5.34)

VvV
—nF
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Due to its similarity, the term nF E is also referred to as Lorentz force. On the other hand, if pzﬁp"l is
a homogeneous function of degree one with respect to all p,, for « € Z, then x is a homogeneous
function as well and the terms in the bracket in (5.33) cancel. We conclude

if pU* homogeneous function of p, :  div(2) = —=Vp + div(T) +n"E + y(VE)sE .
(5.35)

In addition to the Lorenz force, the last term in (5.35) is referred to as Kelvin polarization force. In the
momentum balance on the surface, we have

((Sfm) a = 7la GATE F 2y kv (5.36)

6 Constitutive Equations for the quasi-magnetostatic limit

The construction of constitutive relations for the quasi-magnetostatic limit follows largely along the same
lines as described in the previous section. The entropy principle is now based on constitutive functions
of the entropy density in the form

pn = pi(pu, (pa)acz*, B) , pn = prpu, (pa)aezs) : (6.1a)

S Ss S s S
The (absolute) temperature 1, T and the chemical potentials i, ,ua are defined in analogous way as

in (5.2) and we introduce the free energy in analogous way as in - More specific, we restrict the
constitutive function for the free energy to the structure

pb = p(T, (na)acz) + ™ (T, (o) acz, | B) . (6.2)

such that the splitting of the free energy implies similar splitting of the chemical potentials. As in (5.30),
we define

- _lmvb + Z Paflo s v =pY— Z Pala - (6.3)

a€TE s a€lg

6.1 Constitutive Relations for the Bulk

Taking the same entropy flux as above, the entropy production mostly looks the same as in and
we identify again five dissipative mechanism, where only polarization is now replaced by magnetization.
We proceed in the same way as in Sect. [5]and apply closure relations to each dissipative mechanism.
For the reactions, there is no change to (5.9).

Thermodiffusion: Compared to (5.8a), there is only a difference in the driving force of the migration
term. We choose coefficients «, Lg, Mg such that the coefficient matrix is symmetric and positive
definite. and set

_ K g Hox 1 rzpep  zore
e ALY Lﬁ(v(?—%)—?(m—;— S@o:)(UXB))’ (6.42)

BeTT\{Ao+}
L Mg ot 1 r2zge0  zoxeo
J,= — 2avT - Mg (9 (52 - B2) - (22 - 2=2) (ux B) ).
BETH\{Aos}
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Magnetization: The entropy production due to magnetization is

opn 1
gM:_i_(%—T ) : <8tB+('U-V)B—%(V'U—V'UT)B> : (6.9)
We choose a linear closure relation with the relaxation time 7/ > 0 of polarization to obtain
apn
TMMLO (0,B+ (VB)v — 3% (Vv —Vov") B) = B M . (6.6)

We introduce the conjugate variable M9 and the scalar magnetic susceptibility x 1, as

py Op XM po O .
MM .= _T = — 0 = p™(T, (n4)aer, | B)) 7

where xar = X (T, (na)acz, | B]|) and we have

MEq: XM i
L+xnm o

(6.8)

In magnetization equilibrium (6.5) implies M4 = M. When we consider the case of vanishing velocity,
i.e., v = 0 the constitutive equation simplifies to

TMM_lOatB:_(_MLB_FM) : (6.9)

1+xn Ho

From curl(uioB — M) = J*, we conclude for the curl of that

780, carl(B) = J* — (— AM_ 4 1) curl(B) . (6.10)

1+xnm

We conclude stable magnetization relaxation for J* = 0 and y); > —1, i.e. curl(B) vanishes
fort — oo. While x)s > 0 represents paramagnetic material behaviour, x5, < 0 characterizes
diamagnetic materials. The limit y; = —1 represents superconducting materials.

Viscosity: Taking for the viscous stress tensor the same approach as in (5.17),i.e. T = n, div(v)1+
Ns (Vv + (V'U)T), yields for the symmetric total stress tensor X in the quasi-magnetostatic limit the
constitutive equation

Y -—o™M=T+ (pu—Tpﬁ+M-B— > pa,ua> 1-i(M®B+B®M). (6.11)
a€T*

With the definition of pressure according to (6.3), the free energy as in (6.2) with the scalar magnetic

susceptibility according to (6.7), and assuming magnetization relaxation equilibrium, i.e. M5 = — M,

we obtain

a mag
S=—p1+T +0™ - N LB B + (mb““‘g— > o ’;f” T L|B|2> 1,
P

1+xn Ho 1+xnm po
acT* @
(6.12)
where in the case of constant x s, we have py™* = —%ﬁ\BF and the stress tensor further
simplifiesto X = —p1 + T + 1+;M o™,

The divergence of the Maxwell stress tensor o equals in the quasi-magnetostatic limit the Lorenz
force (n°v + J°) x B and it seems appropriate to treat also the divergence of the last two terms in
(6.12) as forces in the momentum balance.
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6.2 Constitutive Relations for the Surface

We use the definitions of T and ’D as in (5.13) to derive the surface entropy production in analogously

way as before. For the surface reactlons there is no change to (5.16) and for the viscous stress tensor
on the surface there is no change to (5.17).

Thermodiffusion: With the same choice of the symmetric and positive definite coefficient matrix, we

setas in fora € Zg \ {Ao}

s Ho 1 A
A AT AT [ s s ZB€0  Z0€o S
I I C S ST DI
A >, [3[9 (T T> 7y~ ) (0% B)
BELs\{Ao} s s v s
(6.13a)
Hg  Ho 1 A
A AT s 2560 20€0 —
N TS R I R DI
T T2g 1T Z ﬁ[ (T T) T mg my s % T
BELs\{Ao} s s 20
(6.13b)

Stress coming from the volume: We choose coefficients A%, ni > 0, for A = 1,2, and obtain
$ s

from linear closure
= +
< (T+iMeB- B®M))TngA) = +nx (vf —vf) ; (6.14a)

( (T+iMeB- B@M))u—<2pyv—v\2+T (“;,i—/%i)))i

S

= £\5p* (p (v, — gﬁ)i : (6.14b)

7 Summary and discussion

By asymptotic considerations, we have motivated the formulation of two distinct Galilean limit systems
of the Maxwell equations. Both Galileo limits are well known for volume domains and have here been
transferred to surfaces. Due to its transformation properties, each one of these limit systems can easily
be coupled in a consistent manner to standard non-relativistic balance equations of matter that are well
suited for most engineering applications. Then, constitutive equations to close the coupled system can
be obtained from an entropy principle.

Comparison to results of [9]. Considering first the quasi-electrostatic limit, the same results as here
in Sect. 5 in principle can also be been obtained by [9], where full the Maxwell equations are employed
and the quasi-electrostatic limit then can be taken after the application of the entropy principle. However,
this procedure is less straightforward, because in [9] the inner energy density of the coupled system
is redefined in order to obtain the entropy production related to magnetization as a binary product
satisfying a Galilei symmetry principle. Such a modification of the inner energy as pu + M - B seems
admissible because in coupled electro-thermodynamics it is not a-priori evident what is the correct
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definition of inner energy. The non-dimensionalization of Sect. [3.3|reveals that this modification made to
the inner energy is asymptotically small in the quasi-electrostatic limit and can therefore be neglected.

An alternative application of the entropy principle based on £ as independent variable is discussed in
[9]. It relies on a different definition of the inner energy as pu — € - P and therefore it is fundamentally
different from the change of variables employed here in Sect. The term £ - P is not asymptotically
small compared to pu in the quasi-electrostatic limit, and thus implies a non-negligible difference in the
definition of temperature. Moreover, the application of a linear closure relation then yields an unstable
relaxation of polarization. In contrast, the change of variables applied here in Sect. and in the
same way also in [13], changing the variables from P to E4, does not alter the stability of polarization
relaxation and in equilibrium we have E¥ = E.

In addition, the entropy principle in [9] also covers magnetization. We omitted magnetization here
in Sect. 5] because in the quasi-electrostatic limit the corresponding contributions to the entropy
production are in the asymptotic order of the terms that we neglected in the balance equations. Without
a constitutive equation relating B and /M, we are in general not able to evaluate the electric current
7€, although in many experiments this is the observable quantity of pivotal importance. So either an
additional constitutive law has to be obtained from a different source, or we have to apply an additional
asymptotic limit such as the thin double layer limit where the contribution to 3¢ due to M vanishes.
Relaxation of magnetization is not discussed in [9]. We note, that an analogous approach as performed
here in Sect. |§], but applied to the main approach of [9] based on the variables (P, M), would imply
blow up of curl(,M) for diamagnetic material.

In the quasi-magnetostatic limit, we assumed in Sect. [6| the entropy density to depend on the inde-
pendent variable £. This is different than the main approach of [9], but compatible with the alternative
approach discussed there and with [15]. Within the quasi-magnetostatic limit, the definition of the
inner energy as pu — £ - P is a negligible modification, whereas M - B is not asymptotically small.
Accordingly, we observed in Sect. [6] stable relaxation of magnetization, whereas the approach based
on the variable M would lead to unstable relaxation for diamagnetic material.

Each of the modifications of the inner energy in [9] implies according changes to the stress tensor when
it is expressed in terms of free energy. Non-constant susceptibility requires careful treatment of the
momentum balance, cf. [13].

Conclusions for coupling with general Maxwell equations. Coupling the full Maxwell equations to
the non-relativistic balance equations of matter, appears to be a more general approach than the one
presented here. For this general case, two alternative formulations of the entropy principle have been
analyzed in [9], one based on the variables (P, M), the other one based on the variables (£, B).
While the (P, M)-variant allows to reach the quasi-electrostatic Galileo limit where only P remains
as a variable, the (€, B)-variant allows to reach the quasi-magnetostatic Galileo limit with only B as
remaining variable. Neither of the two variants is capable to cover both limit cases equally well, as for
the (P, M)-variant magnetization relaxation is unstable for diamagnetic material, whereas for the
(€, B)-variant polarization relaxation is unstable. However, this should not be considered a source of
inconsistency for the limit cases, as the two Galilei limits do not have any relevant overlap. We remark
that building the entropy principle on (P, B) as independent variables does not provide a remedy for
the general case, since P and B do not form an antisymmetric four-tensor in the four-dimensional
formulation of the Maxwell equations. Therefore, we conclude that if electric and magnetic effects both
are relevant in the application, then one is well advised to consider in addition to the general Maxwell
equations also a relativistic description of the mixture of matter. This leaves it as an open question,
how to find appropriate models for e.g. liquid metal batteries or magneto-hydrodynamic forces in the
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electrolyte transport of the Hall-Heroult process.

Electrochemical model in polarization equilibrium. We summarize here the complete system of
model equations for electrochemical applications under the simplifying assumption of fast polarization
relaxation. An important feature of electrochemical systems is the formation of double layers at the
contact of different materials. The double layer is characterized by a typical width in the range of
nanometers wherein the electric potential may vary in the order of one Volt. The magnetic field strength
is assumed to be below a guideline value for electromagnetic fields in electrical household appliances.
These reference values

B =10""Ys E* =102 o~ 3-10%0 (7.1)
imply for the dimensionless quantity
F2r3-10r <« 1. (7.2)

The smallness of 32 suggests the use of the quasi-electrostatic limit, where (3.23b) implies the existence
of an electrostatic potential @, such that

E=-Voyp, [] = const. on S, (7.3)

where the constant is frequently chosen as zero.

For each volume domain )*, we use index sets Z* for the constituents of the mixture. The constitutive
equations in the volume are build on a free energy density of the structure

P@b = p%D(T, (pa)ael) + pwpl)l(T’ (pa)aela |V§0|) ) (7-4)

The chemical potentials for a € ZF, pressure and the inner energy are given in terms of the free
energy as

0
=

R R 9
Ha Py, p=—=pb+ Y pafia, pu = (Tz—%) : (7.5)

g or r

The dielectric susceptibility is defined as

1 0

— pol T, (pa)act, |V ) 7.6

X:

Since polarization relaxation in liquid electrolytes is typically fast with a time constant in the range of
1078, cf. [6], we can assume that polarization relaxation is in quasi-equilibrium, i.e., P = —y&o V.
In the following we distinguish two cases

, independent of p,, , indicated as (%) ,
is
X homogeneous of degree 1in p,, , indicated as () .
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In each volume domain, we chose a constituent Ao,i € Z*. Then, the balance equations are

—div((1+ x)eoVe) =n", (7.8a)

Oupo + div(pow + Jo) =ma Y _AERF fora € T\ {Ags}, (7.80)
k

Op + div(pv) =0, (7.8c)

d(pv) +div(pv@v —T) +Vp=pf —n"Vp+ {0 (7.8d)

(D*¢) xeoVep, (%),
Oi(pu) +div(puv+ Q) = —J" -V +T : Vv —p div(v)
+ (Bi(xeoVe) + (v - V) (xe0Ve)) - Vo (7.8e)
. xeo|Vel* — ppt, (%),
d
Haie) {xaﬂw? | (ee).

The constitutive equations in the volume are

K Mg Mo+ e [ 23 204
- _Fyr - L Ho Hoey  Co (25 ok 7.
Q=-pV 2 5(V<T T >+T (mﬁ m0i>vw)’ (7.92)
BETF\{Ao+}
_ La Hg  Hot eo [ 2 20+
Jo=—75VT > Mg (V(T - ) + = (mﬁ - Vo), (7.90)
BeTF\{Ao+}
T =mn div(v)l + 7 - (VU + (Vo)") , (7.9c¢)
k_ pk
R* = R, (1 exp <k T ;:i%xma:“a)) . (7.9d)

On the surface with the index set Zg for the constituents, the free energy density does not depend on
the electric field. The chemical potentials for v € Zg, surface tension and the inner energy are given in
terms of the free energy as

R 5 PV

_ _ _ 2 s s
e ) =gl s S e P
< aEIs s s

(7.10)

We chose a constituent Ay € Zg and let o« € Zg \ {AO}. Then, the surface balance equations are

—&o[(1+x)Vp - V] :QF, (7.11a)
Orvpa + (pav + JQAT)”A
_2k5Mnga = _[[pa< Uy )+J il +maZ’YER€ ) (7.11b)

O+ (pU7) 5 — 2karvy p = —[p(v, = v,)] . (7.11c)

s

DOI 10.20347/WIAS.PREPRINT.2984 Berlin 2022



Galilean bulk-surface electrothermodynamics and applications to electrochemistry 25

Oew(pv') + (pr'vr = T'o17)

L5 s 1A
—2kyv, pv* = =[pv* (v, —v,) +p = (T + (14 x)o™) -]
+ 2kp v + s g AT+ pf! (7.110)
: [ovP],  (x),
+ [Exe0| Veo|*v'] +
[[2X 0| gOl ]] {07 <**> 7
Br.(pu) + (/m up o+ qA)
s$ s S s A
—2kpv, pu = —J" Vo + (T2 + 74" ) rivja (7.11e)

— [ (pu+ 3ol = o) (0 = v) + Q-

[(w )y 0] ().

v—v) - (—=pl+T)-v].
Flw—v) (p1+T) u+{0’ o

The constitutive equations are with v € Z+ \ {4+ }

K Hg Mo
A s AT AT s s €o [ 28 20 \w A
=—759" T)r — L T —(———)V , (712
pepr e ©wle(75) SR m)ee) e
s BeTs\ {40} s s 20
La 2] Mo
JA s AT Mg | oo 2 — = @(ﬁ_ﬁ>v_A ‘
Jor="150"Tir — Y Mas|g™ (5 -5 )+ s~ o) VP
s BeTs\{Ao} s s 70
(7.12b)
T2 =0y Das g™ g + 20, 6" Das g™, (7.12c)
with Dar = 3 (gra U7ja + 9aa Uajr) = bra vy . (7.12)
¢ ¢ Lo 1-p
R'=R.. (= Z7D") —exp (5D | 7.12
with DY = A’ Z v Mt - (7.12f)
s s aeTs s s
Moreover, there are the boundary conditions
+ Ba fa —1
(st o4 (o () o () v
+
. £ T
with Dy = | Ha — ot — o | Ha — Hox , (7.13b)
+ (A NG rA + 8
+nx (UT — UT> = (g TT - 7'1/) , (7.13c)
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n Pot \ *
2t (p(oy—) = (v T = dplo — v = Tp (5 - T)) L (7139)
o1\ S
:tlsii (T — T) = (Q, + (pu+p) (v, — gy))i (7.13e)
e, =)t ()
0, (%) .

Finally, we remark that evaluation of the electric current in general also requies knowledge of the
magnetic field although the magnetic field does not have any influence on the solution of the above
system. In order to compute B for a given solution of the above model equations, we assume
that magnetization relaxation is fast and hence apply the equilibrium relation obtained in the quasi-
magnetostatic case, viz. M = X . I%OB. Then, we have to solve

I+x M
div(B) =0, —(1 4+ x)e00:(Vp) + nfo + J" = i Curl(H;MB) : (7.14a)
[B-v]=0, —vx[vx((l+x)aVe)]+J" = v x [5- Bl (7.14b)

and can evaluate the electric current as

3¢ =n"v+J" = 0i(xeoVep) + - curl(32-B) . (7.15)

For paramagnetic and diamagnetic material, typically |x /| << 1 and thus the Lorentz magnetization is
small, such that it often might be appropriate to neglect the magnetic term, making evaluation of the
electric current 3¢ available already without the solution of (7.14).

A Appendix

A.1 Balance of inner energy

Multiplication of the total mass balance by —%\v 2 scalar multiplication of the momentum balance by
v and subsequent addition yields the balance of kinetic energy

a(Lp|v)?) + div (§p|v|2u (= UEM)U> = (S —o™):Voitpfvik-v,

(A.1a)
Ou (3010F) + (golvl)ur — ) 5
—2karvy (50°) = = 0"Pvja + pfvtk-v (A.1b)
[Golv*(vy —v) = (= a™)v - 1]

Adding the kinetic energy density and inner energy density, we obtain the energy density of matter as
pe = pu + %p|v’2. Then, the postulation of the total energy of field and matter being a conserved
quantity in the absence of gravitation implies the forcing terms in the balance of pe as the Joule heat
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according to (3.7). We split the heat flux as Q — g™ where the second term vanishes in the absence
of electromagnetic field.

O (pe) + div (pev + (Q — ™) — (X — e™)v) =7+ pf - v (A.2a)
e (pe) + ((pe)ur + g% = 0™ vi)ja = 2krvy (pe) =7+ pf - v (A.2b)

lpev, ) + (@~ g™) — (2~ ™)v) 1]

Subtracting from and setting ¢°™ = € x M then yields the inner energy balance (4.17).
The choice of g™ is motivated by the fact that it makes the production terms in the inner energy
balance directly computable within either of the Galilei limits of the Maxwell equations as demonstrated
below, without having to rely on the additional remaining Maxwell equations.

Quasi-electrostatic limit. In the quasi-electrostatic limit, we have £ = FE and it holds

r—k-v=J"E+J-E, r—k-v=J"E+J" . E. (A.3)

S S

In the volume, we use that in this limit curl(E) = 0 and apply

J' E = (0;P + vdiv(P) + curl(M) + curl(P x v)) - E , (A.4a)
div(€E x M) = —curl(M) - E | (A.4b)
curl(P x v) = div(v)P + (v - V)P — div(P)v — (P - V)v, (A.4c)

to obtain from
T—k-v+div(Ex M) =J E+ P+ (v-V)P)-E+divw)P -E—(P-V)v-E.
(A.5)

On the surface, we use that v x [E] = 0 and that (3:28) implies

J"E=vx[M-E]-vx][(v-v)xP)-EJ, (A.6)
to obtain (4.12b) from
T—k-vt[ExM]v=J E-[P-v(v-v)-E—(v—v) vP- E]. (A7)

Quasi-magnetostatic limit. In the quasi-magnetostatic limit, we have M = M and it holds

r—k-v=J"+J) - (vxB), n-k-v=(J"+J% (vxB). (A.8)
In the volume, we use that curl(E) = —9, B is not small and apply
J¥ (v x B)=curl(M) - (v x B), (A.9a)
div(E x M) = — (0,B + curl(B xv))- M — curl(M) - (v X B) , (A.9b)
curl(B x v) =div(v)B+ (v-V)B — (B -V)v, (A.9c)
to obtain from
T—k-v+div(ExM)=J" - (vxB)—(0B+ (v-V)B)-M —div(v)B-M + (B-V)v-M .
(A.10)
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On the surface, we use v X [v X B] = 0 and

._SIP-(’ISJXB):I/X[[M]]-(’IS)XB):VX[[M-(’(SJXB)H
:1/><[[M-(va)]]—ux[[M-((v—'lsj)xB)]]

=vX[M-E&]—-vx[((v—v)xB)-M] (A11)
to obtain (4.13b) from
T—k-vt[ExM]-v=J" - (vxB)-[B-v(v-v)-M—(v—v)-vB-M].
(A.12)
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