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Quasi-incompressible Multi-species Ionic Fluid Models

Xiaogang Yang* Yuezheng Gong/ Jun Li! Robert S. Eisenberg®and Qi Wang?

Abstract

In traditional hydrodynamic theories for ionic fluids, conservation of the mass and linear momentum
is not properly taken care of. In this paper, we develop hydrodynamic theories for a viscous, ionic fluid
of N ionic species enforcing mass and momentum conservation as well as considering the size effect of
the ionic particles. The theories developed are quasi-incompressible in that the mass-average velocity
is no longer divergence-free whenever there exists variability in densities of the fluid components, and
the models are dissipative. We present several ways to derive the transport equations for the ions, which
lead to different rates of energy dissipation. The theories can be formulated in either number densities,
volume fractions or mass densities of the ionic fluid components. We show that the theory with the
Cahn-Hilliard transport equation for ionic species reduces to the classical Poisson-Nernst-Planck (PNP)
model with the size effect for ionic fluids when the densities of the fluid components are equal and the
entropy of the solvent is neglected. It further reduces to the PNP model when the size effect is neglected.
A linear stability analysis of the model together with two of its limits, which is the extended PNP model
(EPNP defined in the text) and the classical PNP model (CPNP) with the finite size effect, on a constant
state and a comparison among the three models in 1D space are presented to highlight the similarity and
the departure of this model from the EPNP and the CPNP model.

Keywords: Ionic fluids, phase field, quasi-incompressibility, hydrodynamics.

1 Introduction

Phase field models have been used successfully to study a variety of multiphasic phenomena like equi-
librium shapes of vesicle membranes [[13} [14], blends of polymeric liquids [52} 153} 154} [17], multiphase
fluid flows [19, [25] 34} 138, 135} 158} 57, 159} 161 163]], dentritic growth in solidification, microstructure evo-
lution [21}, 40l 28], grain growth [9], crack propagation [10], morphological pattern formation in thin
films and on surfaces [36} 45], self-assembly dynamics of two-phase monolayers on an elastic substrate
[37]], a wide variety of diffusive and diffusion-less solid-state phase transitions [11}56], dislocation model-
ing in microstructure, electro-migration and multiscale modeling [49]. Multiple phase-field methods can
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be devised to study multiphase materials [57]. Recently, phase field models are applied to study lig-
uid crystal drop deformation in another fluid, liquid films, polymer nanocomposites, biofilms and cells
(19} 12501341138, [35) 1581, 157, 1591 161} 162, [18], 164, 132] 65| |66 |67]].

Comparing to other mathematical and computational technologies available for studying multi-phase
materials, the phase-field approach exhibits a clear advantage in its simplicity in model formulation, ease of
numerical implementation, and the ability to explore essential interfacial physics at the interfacial regions
etc. Computing the interface without explicitly tracking the interface is the most attractive numerical feature
of this modeling and computational technology. Since the pioneering work of Cahn and Hilliard in the 50°s
of the last century, the Cahn-Hilliard equation has been the foundation for various phase field models [7, 8]].
It arises naturally as a model for multiphase material mixtures should the entropic and mixing energy of the
mixture system be known.

While modeling immiscible binary fluid mixtures using phase field theories, one commonly uses a la-
beling or a phase variable (also known as a volume fraction or an order parameter) ¢ to distinguish between
distinct fluid phases. For instance ¢ = 1 indicates one fluid phase while ¢ = 0 denotes the other fluid phase in
an immiscible binary mixture. The interfacial region is tracked by 0 < ¢ < 1. For historical more than logical
reasons, most mixing energies are calculated in terms of the volume fraction instead of the mass fraction in
the literature [20} [12]. Consequently, the system free energy including the entropic and mixing contribution
has been formulated in terms of the volume fraction as well [20} [12], given in the form F[),V0,---]. A
transport equation for the volume fraction ¢ along with the conservation equation of momentum and the
continuity equation constitute the essential part of the governing system of hydrodynamic equations for the
binary fluid mixture, where the volume fraction serves as an internal variable for the fluid mixture.

In this formulation, the material incompressibility is often identified with the continuity equation

V.v=0. (1.1)

This assumption is plausible and indeed consistent with the fluid incompressibility only if the two fluid
components in the mixture are either completely separated by phase boundaries when their densities are not
equal or possibly mixed when the densities are identical. Otherwise, there is a potential inconsistency with
the conservation of mass as well as conservation of linear momentum. This inconsistency has been identi-
fied in [38]], but ignored by many practitioners using phase field modeling technologies for hydrodynamical
systems. We note that this inconsistency occurs only in the mixing region of the two incompressible fluids,
where the incompressibility condition is no longer valid, indicating the mixture is no longer incom-
pressible despite that each fluid component participating in mixing is. This type of fluids is referred to as
quasi-incompressible in [38]]. A systematic fix to this problem for mixtures of incompressible viscous fluids
was given by two of the authors in [31]], where the divergence free condition is modified to accommodate
the quasi-incompressibility.

In modeling of ionic fluids, one recognizes that the size of ions matters in most ionic solutions, in par-
ticular in the ionic solutions in which life occurs, in the ocean, and of course in the very crowded conditions
found in and near electrodes in batteries and electrochemical cells, in and around enzymes, ionic channels,
transporters, and nucleic acids, both DNA and RNA [68]]. Ionic solutions are hardly ever ideal: ionic size is
almost always important. In multispecies ionic fluids above a certain concentration or under certain length
scales, the size of the ions matters so that the same inconsistency issue in the models for ionic solutions
arises again. That is one can not simply use the solenoidal condition in the velocity field as a proxy for the
material incompressibility. A theory for multispecies ions of incompressible fluid flows that respects the
material’s mass conservation and momentum conservation needs to be developed.

This paper aims exactly at developing such a theory for a mixture of ionic fluid flows of multiple ionic
species, in which the ionic densities are unmatched and different from that of the solvent, and their size
effects are non-negligible. We require the theory to be dissipative while conserving mass and momentum.



One targeted application of this theory is in ion channel modeling [15} (16} 26]. Ion channels provide enough
data to distinguish between theories because measurements are available over a wide range of conditions
[5,16]. Hundreds of channel types are studied every day because of their biological and clinical significance
[68]]. Concentrations and electrical potentials are controlled in experiments and these provide sets of values
for boundary conditions of mathematical models. Fitting the entire set with one set of structural parameters
allows robust solutions of the inverse problem [} |6] and thus allows models to be distinguished. Other
applications of the model include electrolyte fluids, biological fluids with charged bio-species etc. This
theory will be consistent with the mass and momentum conservation and demonstrates energy dissipation.
In principle, a variety of transport equations can be developed for the ionic species should one knows the
system’s energy dissipation rate. In this paper, we propose two types of transport equations based on a
generalized Onsager principle [60]. These two choices yield two types of species transport equations and
corresponding energy dissipation rates. Their relations with respect to the existing electrolyte fluid models
will be discussed in the text in details.

The derivation follows the generalized Onsager principle approach [31) 160], leading to two types of
transport equations for each ionic species in the form of Cahn-Hilliad and Allen-Cahn type equations, re-
spectively. Apparently, these correspond to two distinct energy dissipation rates. Their applicability to real
material systems can only be confirmed if one could measure the systems’ energy dissipation rates. How-
ever, such measurements have not yet been made, as far as we know. So in most cases, people adopt one
particular formulation over the others simply based on the leap of faith.

For the new model, together with its limits in the extended Poisson-Nernst-Planck (EPNP) and the
classical PNP with the size effect (CPNP), we will study their linearized stability on constant steady states.
Instability of the PNP class of models is of direct biological interest. Actual biological channels invariably
produce unstable currents [41] that switch ’instantaneously’ between open and closed levels in a random
telegraph process called single channel gating [24]]. Instability in the models of this paper may turn into
gating when the models are extended to include noise sources and are focused on the behavior of just one
channel protein. However, we will not pursue the complicated issue in this paper; instead, we will focus
on introducing the modeling framework and presenting a set of thermodynamically and hydrodynamically
consistent theories, and discuss their predictions in a simple 1-D case to highlight the departure of several
previously used PNP type models from the new model.

The paper is organized as follows. First we present the mathematical formulation of hydrodynamic phase
field theories for multispecies ionic fluid flows and various plausible formulations of the transport equations
giving rise to the total energy dissipation. Then, we examine the theory in 1D geometry to compare the
theory with some existing PNP models with and without the size effect [[15, (16, 26]]. Finally, we provide a
concluding remark.

2 Quasi-incompressible hydrodynamic models for ionic fluids

We develop hydrodynamic models for a viscous, multispecies ionic fluid in an isothermal condition, in
which mass, momentum conservation and the total free energy dissipation are preserved. The governing
system of equations in the model includes the transport equations for all the ions, the Poisson equation for
the electric potential, and the conservation equation for mass and linear momentum of the fluid, respectively.

2.1 Mass and momentum conservation equations

We first present the mass and momentum conservation equation. We consider the transport of viscous,
ionic fluids made up of N different ionic species, each of which consists of a type of ionic particles of the
identical size. Here, we tacitly assume the viscous solvent particle is a type of ions with a zero charge



[30L 1505, 29] 4]. We denote the number density for each type of ions by n;,i = 1,--- , N. The electric potential
generated by these ionic particles is denoted by ®. We denote the volume of each individual ionic particle
by v; and the mass by m; fori =1,--- , N, respectively. Then, there is a constraint Zﬁvzl n;v; = 1, which states
that the excluded volume of the ions is a constant before and after the mixing. We identify i = o as the
solvent component which is neutral. The total density of the mixture is defined by

p=YN, mn;. 2.1)

We denote the intrinsic density of the ith species by p; = m;/v;, which is a constant. Then, it follows that

N N
p=Y pnvi=)Y 0ip;, (2.2)
i=1 i=1

where ¢; = n;v; is the volume fraction of the ith ion in the mixture. We introduce the mass averaged velocity
v. Then, the total mass and the linear momentum conservation yield

)
(2.3)
P(X+v-Vv) =V -T+FC),

where T = —pgl + 7, is the total stress tensor, pg is the hydrostatic pressure, T, is the extra stress tensor and
F(© is the interfacial force that yields the Ericksen stress for the mixture fluid system.We next turn to the
derivation of the transport equations for the ions.

2.2 Transport equations for the ions

The free energy of the system is prescribed as F' = [, f[ni,--- ,ny]dx, where Q is the material volume,
and the density of the free energy functional is defined by [43] 144]

flrns---ony] = ksT L 3 (Inmg — 1) +p¢ (3@, + @) + [ K(x—y)G({m}L, (x), {mi}L, (v))dy,  (2.4)

where kg is the Boltzmann constant, T is the absolute temperature, N; is a generalized polymerization index
for the ith ionic particle (Ny = 1), p® = €9 + Zf-\; 1 zien; is the total charge density, z; is the valence for type
i ion and also denotes its sign (for solvent, we note that z, = 0), e is the unit charge, ¢j is the permanent
charge density in the system, ®,, is the electric potential generated by the total charge, ®, is a given external
electric potential which is independent of the total charge and the total electric potential is & = &, + D,.
The first group in the sum represents the entropic contribution of the ionic particles to the free energy, the
second part gives the electrical energy density of the system, and the third part gives the interaction of the
excluded volume effect and the long-range interaction among the ions of finite sizes.

The electrical energy density in the given external electric field is p°®, and in the electric field generated
by the charges is %peCI)n. The equations for the electric potentials ®, and P, are

{ V- (eV®D,) = —(eg + ¥, zien;), and { V. (eVd,) =0,

2.5
D, |50 =0, D, |30 = Pp(0R), 2:5)

where € is the dielectric constant, @ is a given boundary function. Here the boundary condition is Dirichlet
BC, it can be changed to other type boundary conditions. The external electric potential @, is determined
by the boundary condition with zero charge source. If @y = 0, there is no external electric potential. ®,, is
determined by the charge source with homogenous boundary condition and it can be expressed by using the
Green’s function G(x,X’) as

Py (x) = = Jo(G(x,X')(eo(X') + E;zieni(x')))dx'. (2.6)
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Then the variation of the electrical energy F¢ = [, pf(%cbn + P, )dx with the ion density »; is

%Ln: = zied, + z;ed, = z;ed. 2.7

The equation for the total electric potential is

{ V- (eVD) = —(eg + ¥, zien;),

3 = Bo(20). (28)

The third part of the free energy density can be approximated via expansions in a differential form

JEx=y)G({n} L, (%), {mi}iL, (y))dy = glni, -+~ ,ny] = g({ni 1}l {Vmi} L)) (2.9)
One specific form of the function g accounting for the size effect of the ions is given by

8 = kyT (Lo Frin; + L1 511V, (2.10)
where the coefficient matrix &;; is symmetry. The first part in the energy density represents a repulsive
interaction due to the finite size effect while the second part is the conformation entropy associated with
the heterogeneous distribution of the ions in space. This approximate function represents the lowest order
approximation to the interaction potential with the long-range interaction, for which we will adopt in the
rest of the paper. The chemical potential for the ith ionic particle is then given by

u= g—i = kBT[Nll(lnn,) —I-Zj &,-jnj — 'Y,'Vzn,'] + ez;®P. (211)

Assuming there is no annihilation of charges between positive and negative ionic particles, each species’
charge and the total charge in the system is supposed to be conserved under the flux free boundary condition,

Jomidx=Cii=1,--- N, [o(YN,zin;)dx =C = const, (2.12)

where C;,i = 1,--- N and C are constants and C = 0 is called charge neutral. Indeed, annihilation can
occur in biological systems and ordinary bulk ionic solutions when weak acids and bases (like acetic acid,
i.e., vinegar, or sodium bicarbonate, i.e., baking soda) are involved as components of the solution or as
side chains of the protein that forms the ion channel. Such effects are significant in some cases, but they
form a separate field of investigation, in theory, experiment, and indeed in medical practice, where they are
particularly important. In this paper, we ignore those effects.
We propose the transport equation for the ith ion as follows

%‘FV'(VH,’):B,',Z':I,“',N, (213)
where B; is going to be determined from the total free energy dissipation in the following. We note that there
are two constraints of B; as follows, due to the constraint of n; and the total mass conservation, respectively.
Using YN, nyv; =YY 0; = 1, we have

N N N
EMZ n,-vi) +V. (Z Vniv,-) = ZB,‘V,‘. (2.14)
i=1 i=1 i=1
It implies that
Vov=YY Bvi =YY, By 2.15)

This gives us the first constraint on the Bis.



In addition, from the total mass conservation and p = Y'Y | m;n;, we obtain
N
Y miB:=o0. (2.16)

This yields the second constraint on the B}s. The constraints warrants that the transport equations for each
species are not completely independent. We next discuss two distinct ways to derive the transport equations
for the ions and solvent following the generalized onsager principle [60].

2.3 Formulation 1

We denote the aith component (the solvent component) as the non-vanishing component in the mixture
and then it follows from eq, (2.16)

Bo = — 5 LizaMiBi. 2.17)

The total free energy E = [o(5||V|[*)dx+ F of the system consists of two parts: the kinetic energy and the
Helmholtz free energy F. Now, we compute the total free energy dissipation rate as follows:

dE — 4 [L[S11V] + fldx

J i af d i
=— Jo[Vvit—v-FO—¥¥ 1 %)dx + [yom- ( ?’:19?%7’”‘15
(2.18)
== foVV:t—v-FO+YY 1(V vni+v-Vn) — XN | 1B|dx

= oV T B [ — L)+ 2 B},

where 0Q is the surface of the material volume Q, n is the unit external normal, the elastic force is identified
as follows

N
FO =Y 1:Vn, (2.19)
i=1

and the total pressure is given by

N
P =po— ) Mini. (2.20)
i=1
In the last step, constraint eq. is used. We also set the boundary condition

of

=—=—=0 221
NS =Y (2.21)

so that the surface integration is zero, i.e., Y | [;on" aavf;“ %ds =0.
Next, we identify two forms of B; following the generalized Onsager principle to warrant energy dissi-
pation of the system [60]. They are associated with two famous transport equations: the Cahn-Hilliard and

the Allen-Cahn equation, respectively.



2.3.1 Cahn-Hilliard dynamics

In the first case, we choose B; as follows

Bi =0, V-2V [(=p)mi(or — 50) — i+ jipal,  for i, (2.22)

where the mobility coefficient matrix (A;j,7,j # ) is symmetric and nonnegative definite. Then, using
integration by parts, the energy dissipation rate is given by

O = — Jo{VV i1+ X0t VI(=p)mi(s: — 52) — g+ mima) - hig
(2.23)
V[(—p)mk(& - p%) — Mk + 5k po] tdx + surface term < 0

provided Vv : 1, > 0 and the surface term is zero. For viscous fluids, the viscous stress tensor is given by
T, =20[D — 1r(D)I] + ver(D)I, (2.24)

where D = %(VV + Vv!) is the strain rate tensor, I is the identity tensor, 1 is the shear viscosity and v is the
bulk viscosity. Then Vv: 1, =2nD: D+ (v—3n)(tr(D))? > 0 is satisfied so long as 1 > 0 and v — 31 > 0.
The zero surface term is warranted by the following no-flux boundary condition:

n- {50 AV [(=p)mi(Gr — o) — i+ mkpa]} = 0. (2.25)

We summarize the governing system of equations in this model in the following:

WtV (vm) = = L3, VM V[(=p)mi( — o) — i+ Bepiq], for i # 0,
Vov= YN imi(y = 5oV MaVI(=p)mi(Gr — 50) — ket ik pal (2.26)

PR =V [—(p+ L um) I+ + YN iV = V- (—pl+71,) — YN Vi,
and the equation for the electric potential is
V. (EVCI)) = —(e() + Zi z,-en,-). (2.27)

where € is the dielectric constant. This model is not incompressible since V - v # 0 when densities are not
identical. It is known as the quasi-incompressible model [[70]. This model is different from the previous
models for ionic fluids.

We remark that the previous models for ionic fluids assume the incompressible condition V- v = 0. This
is valid only when p; = p;,i, j=1,--- ,N. In this case, we end up with a self-consistent model as follows:

%‘FV'(V’%‘):Zlk\;lv'kikVLllk—/.la], for i#a,

V.v=0,
(2.28)
PR =V (—pI+1,) — YN nVu;,
V. (eVD) = —(eg + Y, zien;).
In this model, the energy dissipation rate is given by
dE
= Vi T Vi) AV pol} <0 (2.29)

i,kF#o



For the above two model equation systems, the following boundary conditions are used:

(2.30)
n-{Y AV[(—p )mk(& - —) i+ epg] } = 0.

(X

Together, they warrant that there is no boundary contribution to the energy dissipation and the constraints
on the charge conservation in the system imposed by (2.12)) are satisfied. The boundary condition for the
electric potential is the Dirichlet boundary condition which is equal to a specified surface potential, and the
boundary condition for the velocity field is the no slip boundary condition.

2.3.2 Allen-Cahn dynamics

Alternatively, we choose B; as follows

Bi =Y M[(—p)mu(: — o) =+ jikuo], for i a, (2.31)
where A is the mobility coefficient, we obtain an Allen-Cahn type transport equation for the ith ion
a"’ +V-(vn) =YV, kik[(—p)mk(& — —) M+ pipa),  for i o (2.32)
The other equations are given by
Vv ==Y mi(o = sl (=p)me(5- = o5) — i+ pol,
P =V [ (p+ X i) I+ 1] + X 4V = V- (—pl+7,) = XV nVi;, (2.33)

V. (eV®P) = —(eg+ X zien;).

The boundary condition for this equation system is eq. (2.21). The energy dissipation rate is given by the
following

dE — _ [ {Vv:it+

Y1 [(=p)mi(G: = 50) = pi+ memalha[(=p)mi(5; — 50) — b+ ko] }ax <0,
provided (A;;) > 0.

In the Allen-Cahn model, the charge conservation imposed by ([2.12) may not be upheld. In order to

impose the constraint approximately, we have to augment the free energy by adding a penalizing term

(2.34)

N

LY ([ m=Cp+ia( [ Zz,n dx (235)

i=1
where L; » are large positive numbers. An alternative approach is to enforce the constraints directly by using
Lagrange multipliers in the free energy,

N N
Lli;(/gni—Ci)—I-Lz(/Qi;z,-n,-dx—C), (2.36)

where L ; are two Lagrange multipliers. These are common practices when one uses Allen-Cahn model to
study multiphase fluid dynamics. We note that their physical validity is not widely accepted in the research
community though.

Note that Allen-Cahn and Cahn-Hilliard equations represent two different types of transport for scalar
phase variables in a dissipative system [39]. Higher order transport equations are also possible, but are rarely
used. Thus, we will not pursue them in this study.



2.4 Formulation 2
By using constraint eq. (2.17), we rewrite the energy dissipation rate as follows
9 = — Jo{VV: T+ T [(—p) 2 — i)Bi}dx
(2.37)
=~ Jo{Vv:u,+ XL [(-p) % — pi — Lmi]B; }dx,

where L is a Lagrange multiplier, which is a function of the space and time. If we adopt the Cahn-Hilliard
equation for the ionic species, the right hand term B; is chosen as

Bi =Y\ V- MVI(=p)gt —mj—Lmjl,i=1,--- N, (2.38)
where \; ; 1s the mobility coefficient matrix. The constraint Zﬁvzl m;B; = 0 implies
N m
Y VN VI(=p) =L —pj— Lmj)m; =0. (2.39)
ij=1 Pj
It yields an elliptic equation for the Lagrange multiplier L:
Y1 mimV A VL =Y V- hijV[(=p) 5 — ujlm. (2.40)

The Lagrange multiplier L is a solution of the elliptic equation. If the coefficient is a positive definite matrix,
L is solvable in principle. In a special case where A;; are constants, the Poisson equation can be rewritten
into
2 - R~ mj
VIL=[Y hijmimj]™" Y VA V[(=p) =L — pjlm;. (2.41)
iji=1 ij=1 Pj
Here, we don’t need to know the specific solution form for L. Then we have

N mp  m
Y1 Ayjmim;V[(—p) p—f - #Hj]

N P
Zz}j:l Aijmim;

Bi= =Y V- M VI(=p) 5 — ] —

}

(2.42)
=Y V- LGy
The flux terms Gy are given by
YN wim/p; YN wimVu; /m;
_(_ ny _ &=j 17 Iy j=1"J J J —
Gr=(—Vp)( T T ) — Vi + R Jhk=1,2,...,N. (2.43)

The terms w; = Zﬁvzl Aijmim;, j=1,2,...,N act as weighting factors. The difference between this model and
the model derived in formulation 1 is that the correction factors are the weighted average terms.

In a dilute solution, the solvent density is much larger than the other components, that is ny > n; for
J # o If we assume the mobility parameters A;; ~ A;n;;;, where A; is a constant, then w; = Zﬁvzl Aijmim j ~
Ain ]mi Thus we > w;j for j # o when m; and mg, are not far apart, and this formulation reduces to the
Cahn-Hilliard model derived in the previous subsection because

N N
Lioawime/Pj  omy Ly wimkVuj/m;
v Ry, v
ijle' Pa’ Zj:le

A %V,Lla, Go=0. (2.44)
For the solvent component, the governing equation of the density ng is

Y 1V (Vi) = —V - Ao Go ~ 0. (2.45)



Then we can drop the equation of the solvent component in our system and instead only consider the ionic
components in this formulation.
If we adopt the Allen-Cahn equation, the B; is chosen as follows

B; =¥ hij[(=p) 5t —mj— Lmj), (2.46)

where A;; is the mobility coefficients. The constraint Y~ ;m;B; = 0 implies Zﬁ’ iz A j[(—p)rg—]’_' —uj—

Lmj]m; = 0. Thus, the Lagrange multiplier L can be solved as follows
L= [ Aijmim) = X Mg (=) 5 — . (2.47)
The transport equation for the ith ion is given by

N N o T
WV (vg) = T Mgl (—p) (e — EELITRLy g B gt (2.48)
J=1"1 j=1"j
Using the same argument, if we assume the mobility parameters A;; ~ A;n;9;;, then w; = Zﬁil Aijmim; ~
Ajn Jmf Thus, we > w; for j # o, which implies

N N
Loawime/Pi omyg Lt WitHi/mi oy
EowimulPy o omg T W/ o (2.49)
Yioiwj Pa Yiiwj Mo

and the governing equation of the solvent density ng is

%+ V- (Vi) = Aol (52 — 5) — o+ o] = 0. (2.50)
This formulation reduces to the Allen-Cahn model derived in formulation 1.
If (Aj) is a dense matrix, the two formulations are apparently different. However, if A;; = AJ;;, the

Cahn-Hilliard equation derived in formulation 2 reduces to

on; 2
GV (vn) = —AV2[-ph b P VI T = et g T ] (2.51)
Ifmj=m,i=1,--- N, it further reduces to
WL V- (vn) = AV [ — & X ], (2.52)
Likewise, the Allen-Cahn equation reduces to
G V- (vmg) = M — 3 T . (2.53)

Both of these have been used by some researchers in the past to describe multiphase materials [38]].
Apparently, formulation 2 is different from formulation 1 and it seems to be a more general way of
deriving the transport equations for the ionic species. However, if we choose L such that

L (2.54)

o

and redefine

N
By = L Y Bim;, (2.55)
Ma, i£o
we recover the model derived using formulation 1. This means that the transport equation for n, defined in
reformulation 2 must be modified in order to recover the transport equation in formulation 1. However, this
modification has no impact whatsoever on the energy dissipation rate.
Another remark that we would like to make on these models is that each model yields an energy dissi-
pation of its own. The choice of the model should therefore be made based on which energy dissipation rate
best fits the real system to be modeled.
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2.5 Model reformulation and reduction to existing models for multispecies ionic fluids

The above models are formulated using number densities of the components in the fluid mixture. We
can reformulate the model using the volume fraction ¢; or the mass fraction c¢; since they are functions of

the number density functions, ¢; = n;v;, ¢; = m"')"", i=1,--- ,N,where v; and m; are constants, denoting the
volume and the mass of each individual ionic particle, respectively.
If pj=po,i=1,---,N, V-v=0 and, in addition, we remove the entropic contribution of the solvent

to the fluid mixture, i.e., we drop ng(Inng — ny), where o corresponds to the solvent component, from the
free energy, the model reduces to the existing PNP model with the finite size effect [26} 27, 133]]. So, all the
previous ionic fluid models can be regarded as the model applied to the case where all ions are of the same
mass density and the solvent effect to the free energy is neglected.

Next, we compare the new model with some of its limits and some existing models.

3 Binary ionic fluid model

We consider a mixture of two distinctive ionic components (N = 3), where o0 = 3 corresponds to the
solvent component, known as the binary ionic fluid model. The other two components in the fluid mixture
are cations (positive ions) and anions (negative ions). We adopt the Cahn-Hilliard dynamics for the transport
of ions. The governing system of equations is given by

Wi LV () = —V'kiniv[(_P)mi(é - p—lz) —pi+ ), i=1.2,

Vev= Y2 imi(y — 5V M V[(=p)mi(s; — 55) = mi+ eus),
@3.1)

P = V. (—pl+1,)— ¥ mVu,
V- (eVD) = —(eo + X; zien;),

Here, we assume the mobility matrix is A;; = A;n;9;;, the mobility of each ion is only dependent on its own
number density. The spatial gradients of the chemical potentials are given by

Vi = Ilf,‘f,i Vni + ez VO + kgT [§12Vny + &1V — 1 VV2ny],

Vi = 1]\{552 Vi +ezaV® + kpT €12V +ExnVny — V'V, (3.2)

_ —viVn—v»Vny
V‘u3 - kBT 1—vonp—ving °

Where we assume that &3; = § ;3 =y3 = 0, i.e., the interaction between the ions is dominant. The entropic
contribution only shows up in the chemical potential of solvent (u3).

3.1 Nondimensionalization

We use a characteristic time scale fy, length scale /y, and mass density scale pop = p3, and the charac-
teristic number density ng to non-dimensionalize the physical variables. The mass density scale is chosen
as the mass density of water here. Then, we denote the corresponding volume scale as vy = 1(3), mass scale
mo = p3vo. The dimensionless variables are defined as follows:

12 12

. h .t _ x _ ty _ 0 ~ 0
n':—7[:—7_x:—’V:—V’ = —=p, Ui = —Uj. 33
. o o LV P polép i (33)
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Then, the dimensionless parameters are given by

_ Vi _mi r_ P ~_P . m 5 I Y
rll'}_gv rlm_m_371_071727 P—%a P __ }\’_ 07\’17 n_ﬁnv V= plz\’a

3.4)
Tt
mgl2

7 g B 5. NOa ~_t0e ~ _ e T x_  mp
kg = —% kg, glj_noglj’ 'YI_E'YH D= molzq) €0 = ongr S T L E—eztgnog'

We set kg = 1 to obtain 7y = A/ kOIT" and also set ngvg = 1 to obtain ny = —0. It’s easy to find that " = p;r} for
i=1,2 and ry = ry. For simphclty, we drop the ~ on the dimensionless variables and the parameters. The
system of governing equations for the binary ionic fluid model in these dimensionless variables are given by

Wt V- (v) = =V AV [~Rip — i+ r's), i=1,2,

V'V:_Z RV - hin;V[—Rip — Hl+rm/'l3] Zl 1R [8n,+v (vny)],
(3.5)

pE =V (=pl+7) =Tl mVui,
V- (eV®D) = —(eg + Y7, zini),

where the parameters R; = (:#:)(pi —1) for i = 1,2, the total mass density p = 1 — Ryjn; — Rpny, the solvent’s
0 i
number density n3 = ry — ryn; — ryny. The spatial gradients of the chemical potentials are

V,UI = ﬁvnl +Z1V<I)+€12Vn2+§11Vn1 —'Y1VV2111,

Vir = - 1V Vin;, (3.6)

_ —r{Vn—riVmp
V/,l3 —_ %.
In the following, we refer to the model as the full model, where the word full” means that the model
respects all conservation laws and accounts for the finite size effect and the solvent entropy.

3.2 Models at regimes of two distinct length scales

We examine the dimensionless full model at two distinct length scales. If we choose the length scale
lo = 10~2m = 1nm, we have the time scale 1y = 1.55 x 10~ s, If we choose the length scale [y = 107"m=
100nm, we have the time scale ) = 1.55 x 1065

We set the first type ion is the positive ion with valence z; = +1 and polymerization index Ny = 1; the
second type ion is the negative ion with valence z; = —1 and polymerization index N, = 1. The values of
the ratios of the ions’ volume, mass and density are tabulated in Table 1. The density ratio of the solvent
and two ions is p3 : Py : P2 =1:0.5: 2, the volume ratio is v3 : v; : vp =1 : 2 : 1. The size differences of the
three components are distinct. The parameters Ry, R, are O(10~2) in the smaller length scale Iy = 1nm. The
compressibility of the flow (V - v # 0) in the full model can not be neglected.

If the densities of the three components are the same, i.e. p3:p;:pr=1:1:1, we have Ry =R, =0,
the flow becomes incompressible. Furthermore, when the density differences are distinct, but the larger
characteristic length scale [y = 100nm is used in the dimensionless system, the values of parameters R, R,
are very small, as in Table 1. If the corresponding terms of R; are dropped from the full model, the model

12



Table 1: The ratios of volume, mass and density

Ratios At r ' ry
Values 051212 1 1 2
Ratios ro="g R, R,
Values (ly = 1nm) 40 0.025 —0.025
Values (Ip = 100nm) | 4x 107 | 2.5x 1078 | —2.5x 1078

reduces to a model that we call the extended PNP model (EPNP), in which the flow is incompressible:

i 4V (vny) = =V MV [~ + '], i=1,2,

V.-v=0,

pL =V (—pl+1,)— i nVu,

V. (eV®D) = —(eg+ X2, zim;).

3.7

Here the mass density, the stress tensor and the chemical potentials are the same to those in the Full model.

Furthermore, if we neglect the entropic contribution of the solvent to the fluid mixture, i.e., we drop
ne,(Inng — 1),00 = 3, from the free energy, we get the classical PNP model with the finite size effect (CPNP)
[15) 116k 22} 23] [51]]. This is equivalent to removing the u3 terms from the equations of the above EPNP
model. To be clear, we note that the commonly used classical PNP model does not include the finite size

effect.

When the characteristic length scale used is [y = 1nm, the parameters R, R, are not small. So, the full
model must be used. The model is indeed different from the limiting PNP models even with the finite size
effect. Note that this is the length scale regime that is applicable to the ion channel problem. The other
model parameters are list in Table 2.

Table 2: Model Parameters

Symbol | Parameter Value (Unit) lo =1nm | Iy = 100nm
mn Shear viscosity 1x 1073 kgmTs~! 15.54 155.4
\Y Bulk viscosity 2.75x 1073 kgm™'s7! 42.74 427.4
£ Dielectric constant 7.08 x 107 10Fm~! 0.1145 11.45
P Electric potential v 38.65 38.65
Y1 High order diffusion of 1thion | 1.6606 x 102" m’mol~" | 10~% 1014
T High order diffusion of 2th ion | 1.6606 x 10~%” m>mol~' | 1074 10714
M Mobility of 1th ion 3.1083 x 10! kg~ 1s 0.02 0.2
A2 Mobility of 2th ion 3.1083 x 10" kg~'s 0.02 0.2
& Self-interaction of 1th ion 1.6606 x 1075 m3mol~! | 1 10-°
€2 Self-interaction of 2th ion 1.6606 x 107 m*mol~! | 1 106
Ein Interaction of the two ions 1.6606 x 1075 m3mol~! | 1 10-°

3.3 Comparison of the full model with the limiting PNP models in 1D space

We compare the full model with the EPNP and CPNP models in 1D space, assuming the system is
homogeneous in the (y,z) directions and depends only on x and time # (i.e., the variables are functions of
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(t,x).) The domain for x is assumed finite given by Q = [0,L,]. The governing equations of full model in
1D are given explicitly by

It (vim) = —{Mni[~Ri (p) — () + 7 (w3 )]V,
W 4 (vimg)' = —{hama[~Ra(p) — (2) + 5 (u3)']},
(Vl)/ =R [aaﬂ + (Vll’ll)/] —I-Rz[% + (Vlnz)/],

P& +vi(v1)) = —(p) + 3N+ V)(v1)" = [m () +na () + n3(u3)], (3.8)

(D) = —[eo+ X7 zini] /€,

where ()" = %, () = %, and the gradients of the chemical potentials are

() = 5 () + 21 (@) +Ena(m2) + & (m) = (m)"”,

(1) = 5 (m2) +22(®) +&12(m1) + &2 (m2) —12(m2)"”, (3.9)

() = i)

n3

The unknowns are ny,n;, p,vi,Vva,v3, P, which are fully coupled.

The 1D EPNP model is much simpler now. First, from the incompressible condition (v;)’ = 0, we find
that v; = 0 due to the fixed boundary condition of v. Then, the pressure p and v,,v3 are determined from
the momentum equation. The independent unknowns in the EPNP model are then ny,n;,® and the 1D
governing equations are given by

W= —am [~ () + 7 (us)]}
W — —Mama[—(a) + P ()]}, (3.10)

(@) = —[eo+ X7 zimil /e,

where the gradients of the chemical potentials are given by (3.9).

If we further remove the 3 terms from the 1D governing equations of the EPNP model, we get the 1D
equations of the classical PNP model with the finite size effect (CPNP). In the following, we will compare
these three models explicitly in 1D. First, we examine their linear stability properties.

3.4 Linear stability of the constant state

If we assume ¢y = 0 (namely, the system does not have a permanent charge present), there exists a
constant solution of the full model, which is a solution of all limiting models, n; = ny = no7 v=0, p=
0, ® = 0, where n° is constant such that

ng = rg—rfno—rgno > 0. (3.11)
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This inequality is necessary to ensure that the solvent density is greater than zero. We perturb this constant
solution as follows:

; ; ; 3.12
Vi = e kD p = gtk 0 = go ki), (3.12)

Here € < 1 is a small parameter, o is the growth rate and k is the wave number. First, we point out that the
velocity components v,, v3 are decoupled from the rest of the system in the linearized equations and they do
not contribute instability in this problem; so, we only consider the coupled system involving the remaining
variables: p°,®°, v(l), n(l), ng. The linearized eigenvalue problem for the Full model is given in the Appendix.
The asymptotical analysis in the small wave number regime shows that the instability can incur only when
€12 is negative enough. But, &;; > 0 in the model. So this mode of instability is absent from the full model
and its limits. The system is stable for long wave (small wave number) perturbation. It is easy to find that
the system is also stable for short wave (large wave number) perturbation. From the numerical studies, we
find that the intermediate wave instability appears when &5 is sufficiently large. The analytical result of the
intermediate wave instability is hard to obtain from the full model, but easy from the EPNP model. We thus
focus on the linear stability of the limiting EPNP model in the following.
The linearized eigenvalue problem is given in the Appendix. The instability condition is A < 0, where

A= Mo (n0)? {ak2 bk -+ [+ &1+ ) 411 (g + G+ 2N +m2k8} <0.  (3.13)

Here, the parameters a, b are defined by

a =[50 + o + 611+ 602+ 281 + é(rf +) (7 + e,
Vr"l Vo
b= n JSFYZ + NN, Nzl(n())z + (&11 + _rlngl ) N_21n0 + (&22 + _ri:(;)z ) Nllno +
Afemmfaf sl ézz:,;rzrzén +&11&n — &, — 12t rz:l%rz 1.

Because A1,A2,71,72,E11,820 are all positive, so the coefficients of k8, k® are all positive. It implies that
A > 0 for large wave numbers. This means that the system is stable for short waves. For long waves (small
wave numbers), since the parameter a > 0, then A > 0 for small |k|. So, the solution is stable. Analogously,
the mode of instability is absent from the CPNP model, which is a limit of the EPNP model, at both long
and short waves.

For intermediate waves, we notice a possible instability if b is negative, i.e.,

a>0, b<O0. (3.14)

In certain parameter regimes, the growth rate o; (given in the Appendix) can be negative for a very small ||,

becomes positive for some intermediate values of |k|, and then turns to negative again at large |k|. Assuming

Y1 =2 = 0 < 1, we obtain the roots of A = 0 asymptotical. Then, we obtain the cutoff wave numbers. We
i

_ 1 r 1 nry
denote ¢ = oo T €11+ 0 + 3 T En+ i then we have

A/ (MA(n°)%k?) = a+ bk* + c8k* + §2KS.

There are two positive roots of k2, corresponding to two cutoff wave numbers kf”éof !, asymptotically:
(kTN = —8 S5 L O(), (K5 =2 4+ x4 0(3), (3.15)
where xy) = —¢HVE=® V26274b,x1 = m. We only retain the first two terms in the asymptotic roots. The

parameter A is negative when the wave number is between the two cutoff wave numbers 0 < kf"mf k<
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kg”wf . The growth rate o is positive in this intermediate wave number regime. This instability depends
strongly on the interaction parameter &;,, the instability condition is satisfied for a sufficiently large &;5.
We fix the parameter Ny =N, = 1,A; = A = 0.02,7; =7, = 1074,&1; = &y = 1,1n° = 1 in the length scale
lp = 1nm regime, and vary the parameter §;o. When &1, > 2.06, b < 0, the intermediate wave instability
incurs. In Figure [Ila), we show the curves of the two cutoff wave numbers as a function of &;,. The smaller
cutoff wave number kf"mf I s decreasing and the larger cutoff wave number k;"mf s increasing as &,
increases from 2.046. The unstable wave number regime (kfmof f ,kgmof f ) widens as &, increases.

100 ‘ 100=
_ kcl;utoff .- _ kcl:utoff ______________
80l cutoff .- 801 ___cutoff PPt
K el
60} oo T
X el X S
40 7 1 40/
0 ‘ ‘ ‘ ‘ 0— ‘ : ‘
2.2 2.4 2.6 2.8 3 1 15 2 2.5 3
3 n°

(a) Fixed n® =1 (b) Fixed &1, =2.2

Figure 1: Cutoff wave numbers as functions of &, with n® = 1 and as functions of n° with E1p =2.2.

When 8 — 0, we have kf"tof F v/~ ¥ and kg”mf /' _5 Joo. The unstable wave regime is k > kimof !
The system is unstable for large wave numbers (short waves), which is known as the Hadamard instability.
Hence, the high order diffusion coefficients y;, Y, have the effect to suppress the short wave instability.

This intermediate wave instability is also dependent of the constant state n°. When the interaction
parameter & = 2.2 is fixed, but n® is varying, we find that b is positive for small n° and negative for large
n°. That means the system is stable for dilute solution but unstable for rich solution. We also plot the cutoff
wave numbers as functions of n® with fixed &;, = 2.2 in Figure[T(b). The instability appears when n° > 0.87,
and the unstable wave number regime (kf”mf f ,kgmof f ) widens as n” increases.

This intermediate wave instability is a feature of these three models. Through a numerical investigation,
we confirm that this instability property can occur in all three models. In the following example (Figure
2)), we use parameter values Ny = N> = [,LA; =X =0.02,7; =1 = 10741 =Epn =1, =220 =1
in the length scale /[y = 1nm regime. The instability condition (3.14) is satisfied. The two asymptotical
cutoff wave numbers of EPNP model are ki"mf f=9.24 and k;"mf f = 4523, respectively, when length scale

lo = 1nm. For the three models, the relation between the length scale and the growth rate follows a simple

scaling law: we denote the two length scales as l(gl), (()2), the corresponding growth rates as ocil),ocgm, and
(2)
the cutoff wave numbers as k(1) k(?), respectively. If i?—l) = K, then the cutoff wave number ratio follows
o) : : ol? (k) 02 5 : .. :
i« = K while the growth rate ratio follows OIL(T(IC) = K*”. This can be inferred from the definition of time
1

scale 1o = 4/ 'ZBLIT‘% ~ 13‘5, (mg ~ 1(3)). The numerical results in Figure 2] also confirm this analysis.

The analysis and numerical results show that the growth rates can be positive in some intermediate wave
number regime depicted in Figure [2] instead of near the zero wave number range. In this case, the growth
rate of the Full model is the smallest while the EPNP model’s is the highest. From the linear stability

16



analysis, we notice that this instability is associated with a large interaction parameter &5, a consequence
of the finite size effect. A positive &;, means that the interaction between different species due to their
steric effects is repulsive. The analysis and numerical results tell us that the intermediate wave instability
appears when the repulsive effect is sufficiently strong in the three models. This also can be obtained from
the interaction free energy density g. The repulsive interaction due to the finite size effect is represented by

kBT (E11n3 +2&12n1ny + Expn3), which can be rewritten as kT Epny + élz n2 + (En— %ﬁ) 2). When

€12 is sufficiently large, &1&2» — &3, < 0, this quadratic form is hyperbohc type without lower bound. In
the next nonlinear simulations, we only consider the cases &;1&y — @%2 > 0, with out the intermediate wave
instability.

25 . . . x 10*
—Full —Full 20 —Full
2|""EPNP 1 600]|~~~EPNP s, 1 ---EPNP LT
-- CPNP s -- CPNP e N -- CPNP RSN
S 15 /:'_" "-.‘ \“ o] ’l:." > "\ o] . R N
g ’ R Q e [}
@ - | 4@ 400 ’ 4§
< * = <
E
o % 200 %
G 6 G

0 10 20 30 40 50 0 100 200 300 400 . 500 0 1000 2000 3000 4000 V 5000

Wave number k Wave number k Wave number k
(@) lo = lnm. () Ip = 10nm. (c) lp = 100nm.

Figure 2: The growth rates of the full model and the two PNP models with length scale /[y = 1,10, 100nm,
respectively, in the parameter regime of intermediate wave number instability. The values of growth rates
increase as the length scale [y increases. The two cutoff wave numbers of the EPNP model in the length
scale lp = 1nm regime are 9.24 and 45.23, respectively. The full model is more stable than the other two
models in this regime.

3.4.1 Discussion on the finite size effect

The hard sphere repulsion characterizes the finite-size effect of ions, witch keeps ions apart. The free
energy density due to the finite-size effect is

K& =3)G({nihy (x), {m ) (9)dy = [ X2, £, 5 4 (xom; (y)dy, (3.16)

where g; and a; are the radii of ion i and j, and €;; is the energy coupling constant between ion i and j. Thus,
in the free energy function, we have the convolution integral with the following form

J [ ymni(x)n;(y)dydsx. (3.17)

We can approximate the above convolution integral by truncating the kernel r= ‘12 with the cutoff length
d. As discussed in the paper [69], when the cutoff length § goes to zero, this convolution integral can be
approximated by the integral

Ss [ ni(x)n;(y)dx, (3.18)

with S5 ~ 8~ 12+¢, where d is the dimension. The free energy density due to the finite-size effect can be
written as

N G ai+aj)Ssni(x)n;(x) = kgT XN, 2nn,, (3.19)
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with &;; = ,{BLTE,- i(ai+a j)12S5. We add the conformational entropy in terms of the derivative form to com-
pensate for the approximation error, then the energy density for the finite-size effect is approximated by

g = ksT[EN,, Sninj+ £X, 5|V, (320)
where 7V; is a small parameter, witch can be zero. In the paper [69], the following €;; values for the cross
hard-sphere potential terms for some familiar ions (Na*,CI~,Ca*") are used:

ENa,Na : €cicl * €ca,Ca * ENa,Cl * ENa,Ca * €CI,Ca = 1:1:1:0.955:1:0.961. (3.21)

Also in the paper [69], the ratios of the interaction coefficients &;; are given for some familiar ions (N at,Cl=,Ca*")
as follows

&N,LNQ . &CLCI . &CmCa . &NmCl . E:;Naﬂa . E:;CLCa =1:2280:1.64:42.2:0.642:50.4. (3.22)

It is easy to verify that &1Ex — &%2 > 0 for two of the three ions. For the familiar ions, the interaction
coefficients &;; are in the stable regime. That is the reason we only consider the stable cases in the nonlinear
simulations next.

3.5 Nonlinear dynamics

We next explore nonlinear dynamics of the models in the linearly stable regime. We use the characteristic
length scale Iy = 1nm and set the domain as x € [0, 10]. The values of the interaction parameters are chosen
as &1 = & = 1,&1 = 0.8, satisfying &;1&x» — &2, > 0. We also set diffusion coefficients y; =y, = 0.
The boundary conditions for the number densities ny,n; are no-flux boundary conditions (2.23)); for the
velocity vy, the boundary conditions are set at v;|,—o,10 = 0, and for the electric potential &, they are set at
D[, =0,D|,—10 = Doy, where D is the electric potential at the right boundary x = 10. We set ®y = 1 in the
following simulations. The initial conditions are given by nj =ny =n’ =1, v =0, p =0, & = dyx/10.
The given external electric potential is ®, = ®yx/10. The dimensionless mobilities are given as A} = A, =
0.02. We compute the ionic number densities using the Full model, the EPNP model and the CPNP model,
respectively.

Figures [3] depicts the final steady states of the Full model and the EPNP model, and the difference
between them, where &1 = £ = 1,&1, = 0.8 in the stable regime. The states of the number densities are
almost identical in the middle of the domain, while the visible differences appear near the two boundaries.
Because the electric potential is positive at the right boundary and zero at the left boundary, some negative
ions gather at the right side while positive ions gather at the left side due to the Coulomb force, forming two
visible boundary layers.

As shown in Figure [3] the density differences between the two models are about O(1) x 1072 near the
boundaries. As a conclusion, the compressibility of the flow in the full model plays relatively important
role, it impacts the aggregation effect of the ions near the boundaries.

In the above example, the density ratio is chosen as p3 : p; : p2 = 1: 0.5 : 2. By halving density p; and
doubling density p, to increase the density differences, we reset the density ratioas p3: p;:p2=1:0.25:4
and p3 : p1: p2 = 1:0.125 : 8, while maintaining the volume ratio unchanged at v3 : vi : v =1:2: 1, then
the dimensionless parameters are Ry = 0.0375,R, = —0.075 and R; = 0.04375,R, = —0.175, respectively.
In these cases, the size differences of the three components become larger. As shown in Figure 4] the
differences between the Full model and the EPNP model become larger as the size differences become
larger. When we halve the density p; and double the density p,, the absolute maximum difference between
the Full model and the EPNP model is almost doubled. As a result, when the size differences between the
components are enlarged, the parameters R;, R, are no longer small so that the compressibility of the flow
can no longer be neglected.
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Figure 3: Steady states of the ionic densities and the electric potential of the Full and the EPNP models with
€11 =& = 1,&12 = 0.8 in the stable regime, respectively. The differences appear near the boundary with
absolute maximum difference 0.011. The curve of energy difference F(r) — F(0) is plotted with respect to
time. The total free energy F'(¢) decays to a constant when the final steady state is obtained.
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Figure 4: Differences between the Full and the EPNP model with &;; = &, = 1,&1, = 0.8 in the stable
regime. (a) The density ratiois p3: p1:p2=1:0.5:2and R; = 0.025,R, = —0.025, the absolute maximum
difference is about 0.011; (b) the density ratio is p3 : p; : p2 = 1:0.25: 4 and R; = 0.0375,R, = —0.075,
the absolute maximum difference is about 0.022; (c) the density ratio is p3 : p; : p2 =1:0.125: 8 and
R =0.04375,R, = —0.175, the absolute maximum difference is about 0.044.

We also compare the EPNP and the CPNP model in the stable regime with &1 = &x» = 1,51, = 0.8
in Figure 3l The density ratio p3 : p; : p2 = 1:0.5:2 is used. The values of the parameters are set at
" = 1,73 = 2. The number density differences between the two models are about O(1) x 102 near the
boundaries. The differences near the boundaries in n, are bigger than that in n; . The reason is that in
the CPNP model, the term r{"u3 is dropped in the n; transport equation. In this example, 5’ > r{', so
the differences near the boundaries of n, are bigger. Consequently, the solvent’s chemical potential u3 in
the EPNP model plays a relatively important role, it impacts the aggregation effect of the ions near the
boundaries.

Next, we consider ionic concentrations without the finite size effect and compare them with ionic con-
centrations with the finite size effect using the classical PNP model. In the following, the OPNP means the
classical PNP model without finite size effects (i.e., &1 = &2 = &2 = 0 and y; =y, = 0.) The differences
also appear in the areas near the two boundaries. As shown in Figures[6] the differences of the ionic density
can reach up to O(1) x 10~!. The finite size effect plays an important role in the system, it impacts the
aggregation effect of the ions near the boundaries, as studied in the papers [26. 27,33} 169].

Based on our numerical investigations and the linear analysis, we conclude that the 1D steady states
of the number densities are nearly identical in the middle of the domain in all three models in the stable
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Figure 5: Steady states of the ionic densities and electric potential of the EPNP and the CPNP model with
€11 =& = 1,&12 = 0.8 in the stable regime. The difference appears at the boundary layers near both ends

of the domain.
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Figure 6: Steady states of ionic densities and the electric potential of the CPNP and the OPNP model. In the
CPNP model &;; = & = 1,&;, = 0.8 in the stable regime. The difference appears at the boundary layers

near both ends of the domain.

regime. The differences lie in the areas near the boundaries. The compressibility of the flow, the chemical
potential of the solvent and the finite size effect are three main reasons that lead to the differences. So, our
quasi-incompressible model (the full model) seems to be more reasonable because the mass and momentum
conservation laws are preserved in the model while the other models don’t respect the two fundamental

physical conservation laws.
Further investigations in higher dimensions is necessary to evaluate the difference among the models,

which will be conducted in a sequel.

4 Conclusion

We have developed systematically a set of quasi-incompressible theories for ionic fluids of multiple
species that respect not only momentum conservation but also mass conservation at the presence of the
ionic species. The previous PNP type models are approximations of the more fundamental theories when
densities of different ionic species are distinct. In these theories, we consider the entropic contribution from
each ionic species together with the ion-ion interaction due to the finite size effect. The limiting cases include
the extended PNP, the classical PNP with the finite size effect, and the classical PNP model without the finite
size effect. At the length scale larger than hundreds of nanometers, all models agree with the classical PNP
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model very well. At the length scale in a few nanometers, the models can predict quite different stability
behavior for homogeneous equilibrium states. In nonlinear dynamics, the ionic number densities are nearly
identical in the middle of the domain, but the differences lie in the areas near the boundaries. Apparently,
three main factors in the compressibility of the flow, the chemical potential of the solvent and the finite size
effect of the ions can lead to the discrepancy in model predictions. We tend to believe that the new model is
more accurate since it obeys the two fundamental physical conservation laws in mass and linear momentum
while the others don’t.
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S Appendix

The linearized eigenvalue problem for the Full model is formulated as follows,

0 0 0 Ra Ro 0 0 —ikpy 0 0 p°
00 0 0 O 0 —k? 0 -1 @0
00 pp 0 0 |+ ik 0 (AN+V)K*> By B v | =0,
0 0 0 o 0 R1k1n0k2 7\,1110/{2 ikl’lo Ci G n(l)
00 0 0 o Rohon®k?  —hon®k? ikn® Dy D nJ

6.D
where the parameter values are given by n3 =ry— rYnO — r2n and py = 1 — R1n° — Ron®. The other compo-
nents in the matrix are defined as follows

= —ikr| + ikn® (N s +E11+E12) +ikPnOyy,

= —ikr} + ikn® (N 5+ & +&12) +ik°n’y,

= klnorerko +An° (N 5 +E11)k +An Oyi k4,
llnormrz 0+7\.1n ( 12)](2 (5'2)
Mnorerko +7\2n (&12)
lgnormrg ko —|—7\.2n (Nzlno —|—§22)k2+7\«2n 'Y2k4

Although the coefficient matrix is 5 x 5, the characteristic polynomial of the coefficient matrix is a third order
polynomial of growth rate a, which yields three independent eigen-modes. Using an asymptotic analysis at
small wave numbers |k| < 1, the three asymptotic growth rates are obtained asymptotically:

o = T1k2 + 0(k4),

(5.3)
On3 = L VLT +0(k),
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where

T = —(;ﬁfif) [PnS (7 + w811 822+ 2812) + pi(ry + 1) (7 +15) + (R + Ro)nf),

Ty = MAopi(n°)*(R1 +Ry)* + &,

5.4
I; = —4(110)2[3](8(7\1 + 7&2) (}ulR% + sz%),
T, = 2n0pk8(7u1R% + sz%).
Notice that oz 3 < 0 for small k due to 73 < 0. The eigenvalue o; > 0 when 77 > 0,
Nt o ((r’" +75) 4 (R + Ra)nj). (5.5)

This is the instability condition for long waves for the Full model. It follows from eqn (3.11) that (r}* +
)+ (R +R2)n(3) > 0. So, the instability can incur only when & + &y, + 2> is negative enough. But,
€i; > 0in the model. So this mode of instability is absent from the full model.

For the EPNP model, only n;,n;,® are coupled, the eigenvalue problem is given by

000 -k L -l o
0a 0 |+ Mm% ¢ G n? | =0, (5.6)
0 0 o —}\Ql’lok2 D, D ng

where

2 2
= klnorﬁ"ﬁﬁ—g + }\’lno(Nlan + 3::,11)/{2 + Mnoylk“, G, = klnor{"rgﬁ—g + 7\,11103::,12/{2,
‘ ‘ (5.7)
2 2
D) = lznorgerﬁ—g + M€ k%, Dy = lznorglrﬁs—g + Wzno(ﬁ + &0 )k + Aon'yak*.

Eliminating ®°, the system reduces to

<< a 0 >+< C1—|—7\.1noé Cz—)ulnoé >> < n(l)
0 o Dl—hznoé D, —1—7\42”0% ng

The characteristic polynomial is quadratic and given by

> =0, (5.8)

0%+ [C1 4+ Da+ (M +A2)n’ Ha+A =0,

(5.9)
A =C1Dy — CoD; + M (Cy +Co) + Ay (Dy + D) |n°L
The two growth rates are given by
~1
o =—2A |:(C1+D2+(7\,1+7u2 +\/C1+D2+(7\,1+7\Q)l’l0 ) —4A] ,
(5.10)

0 = —4 [(C1+ D2+ (M +22)n0d) +1/(Cr 4+ D2+ (1 +A0)n01)2 — 44]

Notice that C; > 0,D, > 0. So, Re(0,2) < 0 and Re(0\;) can be positive only if A < 0.
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