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A sophisticated type of electrohydrodynamic instability, the thermoelectrokinetic
instability, in an electrolyte solution near ion-selective surfaces in an external electric field
was discovered and investigated theoretically. The investigation used parallel computing
on the SKIF MSU Lomonosov supercomputer and it was based on the direct numerical
simulation of the Nernst-Planck-Poisson-Navier-Stokes system, along with the energy
equation and corresponding boundary conditions. Although the physical mechanism of the
instability is connected with Joule heating, it dramatically differs from the well-known
Raleigh-Bénard convection: The instability is caused by nonuniformity of the electric
current and electric conductivity and, in contrast to the Raleigh-Bénard instability, it
occurs when the heating is from above. The thermoelectrokinetic instability prevails in
long microchannels and a good enough thermal insulation of the system and it can
be an additional factor for the overlimiting current mode. Initial unstable small random
disturbances of the unknowns evolve towards rather unusual coherent structures. For the
cation-exchange membranes, the salt concentration was eventually localized in long narrow
fingers that are similar to stalactites and that stretched from the anode in the direction of
the cathode. Outside the stalactites, the salt concentration was practically zero, while inside
the stalactites it could reach hundreds from the initial concentration. Consequently, it is
possible to talk about its superconcentration. The electric current propagates in a narrow
needle along the stalactite with maximal electric conductivity and this gives rise to Joule
heating in this region. The space charge forms crownlike micropatterns near the cathode.
Note that the regime of chaotic motion that is characteristic of the electrokinetic instability
was not observed for the thermoelectrokinetic instability.

DOL: 10.1103/PhysRevFluids.2.114201

I. INTRODUCTION

Ion-selective membranes are widely used in many engineering applications such as water
desalination, fuel cells, protein preconcentration, and electrodeposition [1-12]. The operational
efficiency of a conducting ion-selective membrane is characterized by its voltage-current (VC)
curve. As depicted in Fig. 1, a typical VC curve consists of three distinct regimes: a low-current
Ohmic regime, a plateau-limiting regime, and an overlimiting current regime. While the first regime
could be explained by the classical theory of concentration polarization [13,14] and the limiting
regime was theoretically described by Rubinstein and Shtilman [15], for a long time the mechanism
for the third regime was unclear. In fact, it is now known that several physical mechanisms may be
responsible for the overlimiting regime (see [3,16-21] and Fig. 2). For a long time, water splitting
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FIG. 1. Sketch of a typical VC curve of a permselective membrane. Labels I, II, and III correspond to the
underlimiting, limiting, and overlimiting regimes.

was considered to be the only reason for the overlimiting regimes, especially because it is enhanced
by the Kharkats effect [22]. The effect is determined by the fact that additional ions of dissociated
water attract ions of salt and the salt ions’ flux increases through the membrane. In this way, the sum
of the electric current through the system becomes larger than the sum of the current due to ions of
salt and water ions separately.

The second physical mechanism is connected with the fact that only a few real interfaces are
molecularly smooth and homogeneous. Typically, the surface is rough and patchy on the microscale
level due to the molecular structure, manufacturing technology, and so on. The membrane surface is
covered with nonconductive patches and microroughness, with a characteristic size of inhomogeneity
from microns to hundreds of microns [18,23-26]. These inhomogeneities create a nonuniform charge
distribution, tangential electric field, and Coulomb force along the membrane surface and hence give
rise to the Dukhin-Mischuk microvortex mechanism of overlimiting current. Note that inhomogeneity
can be also formed by hydrophobic patches on the surface [27,28].

Rubinstein and Zaltzman [29] discovered a type of electrohydrodynamic instability that is caused
by an electro-osmotic slip at the border of the extended space charge (ESC) region. In many
cases, this is the most promising mechanism for the overlimiting current and it has been studied in
[19,30-34]. This mechanism is termed electroconvective or electrokinetic instability. Historically, the
term electroconvective instability has been used in several different contexts [35—-38]. Therefore, in
order not to be confused, we prefer to use the term electrokinetic instability or Rubinstein-Zaltzman

Overlimiting current

mechanism
Water splitting Dukhin-Mishchuk Electrokinetic Rayleigh-Benard Thermoelectrokinetic
mechanism instability convection instability

FIG. 2. Scheme of overlimiting current regime mechanisms.
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FIG. 3. Schematics of the system. The acceleration vector g can be either codirected (Ra < 0) or
counterdirected (Ra > 0) to the y axis.

microvortex instability. Instability caused by the interplay of the fluid density variation and the
electrokinetic instability was studied in Refs. [39,40].

Usually, the thermal effects are neglected in theoretical and numerical analyses of instability
near ion-selective surfaces. On the other hand, one of the major technological concerns in
electrokinetically actuated microflows is Joule heating [41,42]. Rayleigh-Bénard convection caused
by Joule heating is the fourth possible mechanism of the overlimiting mode [3]. At the present time,
a comprehensive analysis of Rayleigh-Bénard instability applied to our problem is lacking.

Recently, a type of instability caused by Joule heating but different from the Rayleigh-Bénard
convection was found theoretically [43]. This kind of instability was called thermoelectrokinetic
instability. It is caused by nonuniformity of the electric current and electric conductivity and, in
contrast to the Rayleigh-Bénard instability, it occurs when the heating is from above.

The present paper is a continuation of the investigation in [43]. Different results are the
generalization of the numerical results of the linear stability of a quiescent equilibrium, the
clarification of the instability mechanisms, the comprehensive nonlinear analysis based on the
numerical simulation in two-dimensional (2D) and 3D cases, the study of 2D and 3D structures,
which arise in the thermoelectroconvection mode, and the study of the influence of these structures
on the voltage-current characteristic. The 3D calculations employ parallel computing.

The problem is described by a strongly nonlinearly coupled system of partial differential
equations, the Nernst-Planck-Poisson-Stokes (NPPS) equations, along with the energy transfer
equation. In addition to difficulties connected with strong nonlinearity, the solution of the system is
complicated by a small parameter, the Debye number, at the highest derivatives. This problem can
only be solved numerically. During the past few decades, direct numerical simulation (DNS) has
been recognized as a powerful and reliable tool for studying many classical hydrodynamic stability
problems. In particular, we have applied DNS for the electrokinetic instability [30-32].

II. FORMULATION OF THE PROBLEM

A symmetric binary electrolyte with a diffusivity of cations and anions D, dynamic viscosity /i,
and electric permittivity &, and bounded by ideal, permselective ion-exchange membrane surfaces at
$ = 0and § = & with a potential difference AV between these surfaces is treated (see Fig. 3). In this
paper we consider the case of equal diffusivity of cations and anions. A solution of KCI can be used as
such an electrolyte. In practice, diffusivities are not equal in most cases and an additional parameter
D = D*/D~ appears in the system. The parameter varies from 0.5 to 5 for different solutions. It
has been noted that for cation exchange membranes the increase of D leads to an increase of critical
values of voltage as for nonequilibrium [19], equilibrium [44], and electrokinetic instabilities. At the
same time, the behavior is qualitatively independent of D, so the research will be restricted to the
case D = 1. Joule heating generated by the passage of a current through the electrolyte is taken into
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account. Terms with a tilde are used for the dimensional variables, as opposed to their dimensionless
counterparts without a tilde. Here {¥,7,Z} are the coordinates, where X and 7 are directed along the
membrane surface and ¥ is normal to it.

The problem is described by the following NPPS equations, along with the energy equation: ion

transport for the concentration of cations and anions &+,
et . F .
G-V =D|4V . [ ==tV ) + V2 | (1)
ot RT

the Poisson equation for the electric potential ®,
V.- (VD)= F(@e —¢&"); (2)
the Stokes equations for a creeping flow,
VI = gVii+ FVO@E — &b + g7of(T — To)ey, V-i=0, (3)

and the energy equation

it
B

aT . . .V
— 4+i- VT =av*T —

ot 5[,7()

) “4)

where F is Faraday’s constant, R is the universal gas constant, T and T} are the temperatures of the
electrolyte and the environment, respectively, & is the electric permittivity, g is the acceleration due
to gravity, 7 is the density, B is the thermal expansion coefficient, ¢ is the specific heat capacity,
and a is the thermal diffusivity. In these equations, the 2D and 3D cases are treated; ot = (U , \7, W)
is the fluid velocity vector and IT is the pressure.

Physically, an additional transport mechanism appears in the electrolyte with temperature
differences: thermal diffusion (Soret effect). The effect was discovered in the 19th century [45], but it
was not widely used, because it is secondary to others and suppressed by convection in macroscales.
Recently, studies of thermal diffusion have begun in microscales, where this effect may be significant
[46-48]. In most of the available work, the system was affected by the temperature difference and
papers on the study of the Soret effect with Joule heating are lacking in the literature. This topic
deserves special investigation and is beyond the scope of this paper, so we will neglect thermal
diffusion further in the present article.

Equation (3) contains the term of buoyancy force in the Boussinesq approximation, where the
unit vector ey is directed along the y axis. The energy equation contains the source term that is
associated with Joule heating of the electrolyte. The full electric current

i F2D~+ VW _ FHV(A _ A Focat

In = — i (" 4+¢)VO—-—FDV(E™ —¢ )+ Fa(c™ —¢7)
is made up of contributions from the electrical conductivity, the diffusion of charge, and the
convection of charge (see [14]). The first term is readily recognized as an expression of Ohm’s
law with the electrical conductivity (¢+ 4+ ¢")F2>D/RT . The convective term does not contribute to
Joule heating and

. FPD
I=——%(E +¢&)VO - FDV(E" —¢7) )
RT
has to be taken for the source term in (4).
This system of dimensional equations is complemented by the following boundary conditions

(BCs): For y = 0,

ct=p Fe 0% + 2 0 d=0 a=0 oT + 2 (T -Tp)=0, (6
¢ =p, — === = =Y =0, =0, - = a - =0,
P RT 0¥ ay ay  Ar 0
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and for j = h,

grop, LEOP 00 o AV a=0, L %G _fy=0. @
RT 0y ay A

where @ is the heat transfer coefficient and A7 is the thermal conductivity of the fluid. The first
BC, prescribing an interface concentration equal to that of the fixed charges inside the membrane,
is asymptotically valid for large p and was introduced by Rubinstein (see, for example, Ref. [19]).
This condition prevents the calculation of the complete solution within the porous membrane. The
second BC indicates that there is no total flux for negative ions. The third condition is a fixed
potential drop. In the fourth condition, the velocity vanishes at the rigid surface. The last condition
corresponds to the mixed thermal BCs. The spatial domain is assumed to be infinitely large in the
X and 7 directions and the boundedness of the solution as ¥,7 — F00 is imposed as a boundary
condition. This statement, but without thermal effects, was presented in [32].

To make the system dimensionless, the characteristic quantities are as follows: & is the
characteristic length, the distance between the membranes; A2 / D is the characteristic time; i is the
dynamic viscosity; Co is the electrolyte concentration at f = 0 when there is no potential difference
between the membranes and the ions distribution is uniform and electroneutral; and the thermic
potential ®, = RT, / F is taken as the characteristic potential with 7o = 300 K. The characteristic
temperature difference can be obtained from the balance between Joule heating and the energy loss
to the environment. To do this, the energy equation (4) for the 1D case

AT 1 do
G = — 2"
dy*  &pip dy
is integrated with respect to ¥ from O to 7 and upon substituting the BCs (6) and (7) for the
temperature, it turns into

4 2 ((F = To)lyoi + (F — To)lso] I 9 5
a— — S—Fh — 5=0] = — -— .
ir 0lly=h 07ly=0 o G0 d
The characteristic temperature difference T = % 2—2 is found from the last relation.
»

Small deviations of the electrolyte temperature 7' from the environmental temperature T, are
considered. There is a dependence of the system parameters on the temperature.

First, the ion transport equations (1), the relation for the electric current (5), and BCs of no
flux for negative ions, (6) and (7), contain terms F/RT. Our previous work [43] showed that for
realistic values of the parameters this dependence does not affect the problem and can be neglected,
F/RT ~ F/RT,.

Second, the permittivity & is a function of the temperature. In [43] it was assumed to be a linear
function of 7'; for aqueous solutions ég—; =—46x103K"! (see [49]). This dependence has to
be taken into account in the Poisson equation (3) and it provides an additional term, namely,

AVT -V,

The characteristic temperature, based on Joule heating, is 7y, = 0.1-1 K and |A| = (5 x
10~)—~(5 x 1073). Keeping this term with nonzero A in the Poisson equation provides a weakly
stabilizing effect (see Fig. 5 in [43]). In the present investigation, this term, and hence the dependence
of & on T, is neglected. Note that the dependence &(T') is important for some electrohydrodynamical
problems (see, for example, [50,51]).

Third, the density dependence on the temperature gives rise to the buoyancy force in the Stokes
equation (3). This dependence is crucial for our analysis.
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Eventually, in the dimensionless formulation, the system (1)—(4) is

dct

-t Vet = £V - (¢FVO) + Vet (8)
Vo =-2, ©)
V

VIl = Vu— > Vop +RaTe,, V-u=0, (10)

V

aT 5 .
Le( - +u VT )= VT —Bil. Vo, (11)
where

I=—KV®—-Vp, K=ct+c", p=c"—c". (12)

Here the factor K physically means the dimensional salt concentration and electrical conductivity.
The BCs are as follows: For y = 0,

_0d  dc”

ct=p, —c—4+-—=0, =0, (13)
dy 9y
oT .
u=0 — — +BiT =0, (14)
dy
and for y = 1,
b dc
t=p, 2% _o d=Av, (15)
dy  dy
aT .
u=0, — +BiT =0, (16)
dy

where T = (T — Tp) / Top. Adding initial conditions for the cations, anions, and temperature
completes the system (8)—(15). These initial conditions arise from the following viewpoint: When
there is no potential difference between the membranes, the distribution of ions is homogeneous and
electroneutral and the initial temperature is equal to the environmental temperature. This corresponds
to the conditions ¢c™ = ¢~ = 1 and T = 0. Some kind of small perturbations should be superimposed
on this distribution: For ¢t = 0,

cF=14¢"(x2), ¢ =146 (xz), T=Tkz, F<Il. (17)

The initial perturbations that are natural from the viewpoint of the experiment are considered.
The so-called room perturbations, which determine the external low-amplitude and broadband white
noise, are superimposed as

+00 400 +00
&t = / plye*dx, ¢ = / ak)e " dx, T = / Gkye **dx,  (18)
where p(—k) = pik), A(—k) = Af(k), and G(—k) = GT(k), with a dagger denoting a complex-
conjugate value.

In our case, the channel surface is permeable only by the cations and hence the electric current
Jj 1is determined only by the flux of the positive ions. The characteristic electric current j at the
membrane surface is referred to as the limiting current jji,, = 4,

j=c+—+—y for y = 0. (19)
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It is also convenient to introduce the electric current averaged over the membrane surface [, x [,
and over time S:

1 1, I, 1 N
(j@)) = —/ / jx,z,0)dxdz, J = lim —/ (jrdz. (20)
L Jo Jo 0

S—o00 S

The infinite spatial domain is changed to a large enough finite domain that has lengths [, =1, =1
in both spatial dimensions, with the corresponding wave number k = 27 /[. The condition that the
solution be bounded as x,z — o0 is changed to the periodic BCs. The length of the domain / has to
be large enough to make the solution independent of the domain size.

The problem is described by seven dimensionless parameters: v is the dimensionless Debye length
or Debye number, x is a coupling coefficient between the hydrodynamics and the electrostatics (it is
essential that the coupling coefficient depends only upon the physical properties of the electrolyte),
AV is the potential drop between the membranes, Ra is the electrostatic Rayleigh number, Bi is the
Biot number (characterizing the system’s thermal insulation with respect to the environment), Le is
the Lewis number, and p is the membrane interface concentration in the BCs (13) and (15):

) g2 AV
v=TD, }f=—~0, AV = —,
h aD Dy
GBro Tl F g docahi? i
Ra = SPI0_ P8P Dot 1 @
D acp I &
~7 D ~
Bi=o, Le=—, p=-L,
AT a Coo
where Ap = % is the Debye length. To give an idea of the values of these dimensionless

numbers, typical dimensional values for an aquatic solution of KCI for normal conditions are
taken to be &y =0.025V, D =2 x 107 m?/s, & =7 x 10710 C?s?/(kgm?), 7y = 10’ kg/m>,
B=207x10*K ' ¢, =4182J/(kgK),d = 1.53 x 107" m?/s,and A7 = 0.602 W/(mK). The
channel width varies in the range of micro- to macrosizes, h=0.1 pum to 1 mm, and the bulk
concentration of the electrolyte is about &, = 1-10° mol/m?. The heat transfer coefficient
between the electrolyte and the environment & depends on many factors and for each particular
case it should be determined experimentally. We assume that it changes within a window as
a@a=10"1-10° W/ (m? K). The characteristic temperature difference, based on Joule heating, is
Ty = 0.1-1 K.
Note that the classical Rayleigh number R is defined as

587 T 73
g = 8PToTak 22)
fa
and hence is related to our Rayleigh number Ra as
R =LeRa. (23)

From the analysis of the previously mentioned dimensional values, it follows that the dimensionless
parameters vary within the ranges v = 1076~1072 [the Debye number is a small parameter, which
makes the problem singular and forms a thin electric double layer (EDL) near the boundaries of the
investigated domain, y = 0 and y = 1], % = 0.05-0.5, and Ra = 107°-10°. It is assumed that the
other dimensionless parameters can be fixed as p = 5 (see [19,52]) and Le = 0.013 (for water). We
assume that Bi, », and v are fixed: Bi = 1072, % = 0.2, and v = 0.01. Now the problem is described
by the two most important parameters: Ra and AV.
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FIG. 4. One-dimensional steady solution for different AV, curves 1 for AV =5, curves 2 for AV = 10, and
curves 3 for AV = 20. (a) charge density p = ¢t — ¢~ near the membrane, (b) salt concentration K = ¢* + ¢~
and (c) temperature 7 — T'(1), in I, the ESC region, and II, the electroneutral region; y,, stands for the boundary
between I and II. The dot-dashed straight line stands for y = y,, at the limiting regime 3.

III. RESULTS AND DISCUSSION

A. Underlimiting and limiting regimes and their stability

The system (8)—(17) always has a 1D steady-state solution d/0t = d/dx = d/dz = 0, which
corresponds to a quiescent equilibrium of the system. For this solution, the system (8)—(17) can be
transformed into

dd>+dK__ d<1>+d,o__ 24)
de dy =/ dy dy =/
,d*® d*T n 'B'dq) 0 (25)
Vi——— = —p0, _— 1— = U,
dy? P dy? J dy
with the following BCs: For y = 0,
+ ar )
cr=p, =0, ——+BiT =0, (26)
dy
and for y = 1,
dT )
K+p=2p, ®=AV, d—+B1T=O. 27
y

Here j is the electric current density [see Eq. (19)], which for the 1D case is a constant of integration.
Instead of the ion concentrations, it is convenient to introduce new variables, a salt concentration
(which is the conductivity of the electrolyte) K and a charge density p. The liquid velocity is
identically equal to zero, U = V = W = (, and the buoyancy forces on the right-hand side of (10)
are balanced by the pressure gradient and the electrostatic forces. In the absence of liquid motion,
the ion transport is implemented by the following two mechanisms: diffusion and electromigration.

The electrostatic part of the system is decoupled from the thermal part and can be solved
independently of the temperature field 7'; consequently, the analysis of equilibrium is equal to
that conducted in [31]. The typical results of calculations are shown in Fig. 4. For the underlimiting
currents, there is a thin EDL in a small vicinity, O(v), of the charge-selective surface. For the limiting
currents, the ESC region 0 < y < y,, is formed, while the region y,, < y < 1 is electroneutral. The
ESC region is much thicker than the EDL, O3 |*3) < Ym < O(1) (see [19]), but is much
thinner than the distance between the membranes, y,, < 1. For the 1D case, y,, is uniform along
the membrane surface. For the 2D and 3D cases, the boundary of the ESC region gives a convenient
value for describing the evolution. This boundary is a conventional value that we define by taking
5% of the maximal value of the space charge density in the ESC region. Temperature 7' (y) reaches a
maximum value in the ESC region, and in the electroneutral region it decreases almost linearly [see
Fig. 4(c)].
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A 1D equilibrium steady-state solution can lose its stability and be replaced by more complex
2D and 3D structures. Hence, the investigation is complemented by numerical calculation of the
linear stability of the 1D quiescent solution with respect to the sinusoidal perturbations with a wave
number k and a growth rate A, f = fo(y) + f(y)exp(At + ikx), with f — O for f = {c¢*,®,V,T}).
Without loss of generality, the perturbations are assumed to be two dimensional, 9/dz = 0.

These perturbations trigger a hydrodynamic flow, so V s 0. The subscript 0 indicates the mean
1D solution and a caret indicates the perturbations. Upon linearization of Egs. (8)—(15) with respect
to perturbations and omitting the subscript O in the mean solution, we get the system

. dK. d{ dd . d*K N
MR+ —V=—|p—+Ep|—kKpd+— — kK, 28
+ & & (p & + p) pD + & (28)
do. d [ _dd . . d*p
w4+ Ly = L (k%2 L ER) —Pkd + L2 2, (29)
y dy\ dy dy?
d*d . p
— 2= 30
o7 o (30)
a*v dxv . dp . .
2 k= 2 (%Ps — Ep ) + k2RaT, G1)
dy* dy? v2 \dy
L dT )\ 4T . . dd
Le(AT +—V )= — —kKT+BilEj+j— |, (32)
dy dy? dy

where K = ¢+ + ¢~ and p = &+ — &~ are, respectively, the perturbations of the salt concentration
and the charge density and

. ,do L dct dd

=Cc — _,

’ dy — dy dy

with the following BCs: For y = 0,

A+=0’ _"*E_ Jp— —:O, 33
¢ ¢ c & + & (33)
. dat a . dV
=0, — —BiT =0, V=—=0, (34)
dy dy
and fory = 1,
At — dd  deém
=0, —-¢CE—-c—+—=0, 35)
dy dy
. daTt A . dV
=0, —+BiT=0, V=—=0, (36)
dy dy

which is an eigenvalue problem for complex A. If Re(A) < O for all the wave numbers k, then the
1D solution (24)—(27) is stable. If Re(1) > O for at least one k, then the 1D solution is unstable and
it gives a bifurcation point of the system plus a transition point to the overlimiting currents.

Before the numerical investigation of the eigenvalue problem (28)—(36), it is instructive to clarify
some important features of the thermoelectrokinetic instability. In our previous work [43] we derived
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a thermo-osmotic slip correction to the galvano-osmotic slip velocity (see [19])

19/ 3 3 (T,
U, = —2Av2=2L L 2 2Ay2Ra-Z (22, (37)
8 jox 16 ox \ j

where the velocity U, and temperature 7, are taken at the boundary y = y,, of the ESC region. The
flow is driven by the surface electric force (the first term) and the surface thermic force (the second
term). At Ra = 0, this relation coincides with the famous Rubinstein-Zaltzman formula [29]. The
contribution of the second term is significant only for very large Rayleigh numbers Ra = O(1/v?)and
for realistic conditions the influence of the thermo-osmotic effects to the slip velocity is negligible.

The thermic influence in the bulk flow is more important. By taking into account this effect, a
simple analytic relation for the neutral stability curves k(AV) was derived for k = O(1), v — 0,
Bi — 0,and AV = O(Inv),

x _, kPcoshk —sinh®k AV _ k*(sinhk — k coshk)?> — (k* — sinh® k)?
1=—-AV Ra——Bi

8 4sinhk(k2 — sinh®k) 8 k* sinh? k(k2 — sinh? k)

. (38)

which qualitatively describes the influence of the thermal effects on the stability.

At Ra = 0 this formula turns into the Rubinstein-Zaltzman relation (94) that is given in [29]. The
second term on the right-hand side of (38), which is proportional to Ra, is responsible for the bulk
thermal effects. The main conclusion from the formula described by Eq. (38) is that the system is
destabilized by thermic effects for Ra < 0 (heating from the top) and stabilized for Ra > 0 (heating
from the bottom). Note that the Rayleigh-Bénard convection only occurs in the opposite case when
the liquid is heated from the bottom, Ra > 0. [Changing the sign of Ra is equivalent to rotating the
system at 180° relative to the direction of gravity (see Fig. 3).]

The eigenvalue stability problem is solved numerically using the method in [31]. The Galerkin
pseudospectral T method with Chebyshev polynomials taken as the basic functions is employed to
discretize the eigenvalue problem (28)—(36). The generalized matrix eigenvalue problem is solved
by the QR algorithm. There are up to 512 Chebyshev functions in the expansion.

The eigenvalues A ; were real numbers in all of our calculations, which means that the instability
is monotonic. These eigenvalues are arranged so that A > A, > Az > - - .. Marginal stability curves
are determined by the most dangerous eigenvalue A = A;. Furthermore, we will only consider the
most dangerous eigenvalue and hence we will skip subscript 1 in A;. Our numerical calculations
confirm the main conclusion following from Eq. (38) of the destabilization of the 1D equilibria for
negative Ra (heating from the top) and stabilization at positive Ra (heating from the bottom).

Figure 5 pictures the marginal stability curves, k versus AV at several values of Ra. The case of the
pure electrokinetic instability Ra = 0, which is a short-wave instability, separates the destabilizing
and stabilizing effects of Joule heating. At Ra > 0, the system is stabilized by thermic effects. For the
case Ra < 0, the system is destabilized with respect to long-wave perturbations. Further increasing
the potential drop leads to instability intensification and an extension of the unstable wave-number
range: Joule heating significantly changes the behavior of the instability. The Rayleigh-Bénard
instability Ra > 0 is connected with another eigenvalue of the spectrum and is not considered in the
present work. Note only that this instability occurs at very large Rayleigh numbers Ra =~ 50 000,
which is not realistic for membrane systems.

For Ra < 0 in a small vicinity of the critical point AV = AV™*, the growth rate obeys the relation

1A K\> (k)
= ==) =(=), A ~VAV =AV*, (39
4 I ko ko

which is a Taylor expansion of A(k) near k = 0. Here kj is a neutral wave number and k,, =
is a wave number of the most dangerous mode with the maximum growth rate A,,. The dispersion

Sho
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FIG. 5. Marginal stability curves of wave number k versus the potential drop AV for Ra = —50, curve 1;
Ra = —10, curve 2; Ra = 0, curve 3; and Ra = 10, curve 4. The dashed line stands for the wave number of

the most dangerous perturbations. The top inset shows A/4A,, vs k/ky and the bottom inset shows kq versus
(AV — AV*)/AV* for Ra = —50. Circles denote AV = 10, squares AV = 15, and triangles AV = 25, taken
from the numerical experiments.

relation (39) corresponds to the linear Kuramoto-Sivashinsky equation [53]

o o’ H + oH E=k At (40)
—t ot =0, E=kx, T=h
T L 0

for the 2D case and the linear Kuramoto-Sivashinsky equation

8H+V2H+V4H—0 =k V, = 9 9 41)
o =0 =k V=505
for the 3D case, which is in contrast to the complex Ginzburg-Landau equation for the short-wave
electrokinetic instability [31] (see, for example, [53,54]).

The dependence of the normalized voltage AV*/AVy (AV, is a critical voltage at Ra = 0) on
Ra is shown in Fig. 6(a). Here one can see the destabilizing thermal effect; that is, increasing |Ra|

@ o8 (b) 5
5
£ 3 4
N - 2
5
<
]
0.2 ]
0
102 10" 10° 0 10 20
Ra AV

FIG. 6. (a) Dependence of the critical potential drop A V* normalized to its value at Ra = 0 on the Rayleigh
number. (b) The VC curve. Circles stand for the critical AV* at different Rayleigh numbers: 1, Ra = —500; 2,
Ra = —150;3,Ra = —50;4,Ra = —10;and 5, Ra = —5.
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FIG. 7. Regions of domination of each mechanisms for (a) negative values of Ra and (b) positive values
of Ra: I, electrokinetic instability region, and II, thermoelectrokinetic instability region. The color field on the
background represents the critical voltage.

from O to 500 leads to a ten-times reduction of the threshold of instability. Because of this dramatic
reduction, it is instructive to place the critical voltage on the VC characteristic [see Fig. 6(b)]. Recall
that the critical point corresponds to the transition point to overlimiting regimes. Usually, transition
to the overlimiting currents occurs at the limiting regimes (see [19,30-32,55]); see points 2-5 for
relatively small |Ral. It is interesting that for sufficiently large |Ral, this transition takes place at
the underlimiting currents, point 1. Such an unusual transition for the electrokinetic instability was
recently found in [43,55]; for experimental evidence, see [27].

Regions of the domination of each mechanism (electrokinetic and thermoelectrokinetic instabili-
ties) are shown in Fig. 7. The instability is long wave in the region thermoelectrokinetic domination
and by crossing a boundary with electrokinetic region the instability changes to the short-wave
electrokinetic instability. Implementation of a regime in the transition regions significantly depends
on the wavelengths of the perturbations in the real physical systems.

B. Key mechanism of thermoelectrokinetic instability

The result that the quiescent 1D equilibrium is unstable for the negative Ra appears to be
unexpected if we take into account the point that the upper arrangement of the maximum of
temperature in the equilibrium state corresponds to the upper arrangement of the cathode (Fig. 3)
and such a stratification is usually steady from the viewpoint of the Rayleigh-Bénard convection.
When neglecting the electric forces (» = 0), the short-wave electrokinetic instability in the system
disappears completely and only the long-wave thermal instability is retained [see Eq. (38)]. At
% = 0, the buoyancy force proportional to the disturbance in the temperature 7" is the sole force in
Eq. (3) of motion that is able to remove the system from the state of mechanical equilibrium. We
recall the mechanism of occurrence of the Rayleigh-Bénard instability upon heating from below.
We assume that a weak motion in the form of a circulating cell appears in the layer. Let the fluid
velocity be directed upward in the left half of the cell and downward in the right half [Fig. 8(a)].
On the left, the fluid, which comes from the lower layers, is warmer and, correspondingly, lighter.
On the right, coming from above, the fluid is colder and heavier. Consequently, the buoyancy force
moment arises, which strengthens the motion. If the arising forces exceed the forces of viscous
resistance, then the Rayleigh-Bénard convection begins. During heating from above, a convective
motion is impossible in the classical case. The difference in the system under consideration from the
classical case is the fact that the change in temperature at this point also occurs due to the change in
the internal heat release, which is caused by the change in the electric current intensity determined
by the total ion concentration K instead of only through the mechanism of convective heat transfer.
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FIG. 8. (a) Schematic of the Rayleigh-Bénard convection at Ra > 0, (b) thermoelectrokinetic destabilizing
at Ra < 0, and (c) thermoelectric stabilizing at Ra > 0.

At the upper arrangement of the cathode (Ra < 0), the total ion concentration K in the equilibrium
state on most of the layer thickness increases from above down [see Fig. 8(b), where the point y = 0
corresponds to the upper boundary]. With the occurrence of motion, the convective ion transport
leads to an increase in K for the fluid rise zone and to a decrease in K for the fluid descent zone
in the right half of the cell [Fig. 8(b)]. As a result, in the left half of the cell, the current density
Jj increases (and in the right half, it decreases), as does the Joule heat release, and with them, the
temperature. By virtue of this situation, the disturbance of the temperature in the considered range of
parameters of the problem proves to exceed by 2—3 orders of magnitude the disturbance opposite in
sign associated with the convective heat transport; therefore, the instability arises. Following similar
reasoning for the case of Ra > 0 [Fig. 8(c)], we arrive at the conclusion that the arising moment of
buoyancy forces operates against the disturbance of motion, which stabilizes the system.

C. Direct numerical simulation of the overlimiting regime

Let us consider the DNS of the full nonlinear NPPS system (8)—(15) with the natural white-noise
initial conditions (17) and (18). The DNS of the system is implemented by applying the Galerkin
pseudospectral T method. A periodic domain along the membrane surface allows the utilization of
the Fourier series exp(inkx) and exp(imkz) in the x and z directions, respectively. The Chebyshev
polynomials are applied in the transverse direction y. The accumulation of the zeros of these
polynomials near the walls allows us to properly resolve the thin ESC regions, O (v).

Substituting the finite Fourier-Chebyshev series into the system (8)—(11) and using the Lanczos
7 method (see [56]) to satisfy the BCs (13)—(15) leads to the system of coupled ordinary differential
equations for the unknown Galerkin coefficients cnf’n(t) and T}, ,(¢) and systems of linear algebraic
equations with respect to ®,, ,,, Uyy.ns Vioms Whon, and I1,, ;. To obtain these systems, all nonlinear
algebraic operations are executed in the physical space in the collocation points, while the derivatives
with respect to both spatial variables x and z are calculated in the space of the Fourier coefficients.
The derivatives of the Chebyshev polynomials are calculated by means of the collocation matrix
method (see [56]). The connection between the collocation points and the Galerkin coefficients is
performed by means of the fast Fourier transform.

A special method is developed to integrate the system in time. To continue the solution an;,n(t)
and T, ,(t) from some time layer ¢ to a new time layer ¢ + Az, a linear algebraic system with
respect to the potential ®,, ,, corresponding to the Poisson equation should first be solved. Second,
the velocity components U, ,,, V., and W, , and pressure I1, ,, from a linear algebraic system
corresponding to the Stokes system are found. Third, the transport equations for the concentrations
and the energy equation for the temperature are integrated and ci‘”(t + At) and T, ,(t + At) are
found. The second-order Adams-Bashforth scheme for nonlinear terms and the Crank-Nicolson
scheme for linear terms are used.

A critical voltage AV* (or critical Rayleigh number Ra*) acts as a threshold between the limiting
(or underlimiting) 1D steady-state regimes and the 2D overlimiting regimes. For AV < AV*, all
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FIG. 9. Typical evolution of the average electric current (j(¢)) from the initial room disturbances for the 2D
regime. The parameters are Ra = —50 and AV = 20. Points on the curve correspond to a, t = 10; b, t = 120;
c,t =150;d,t = 180; e, t = 500, and f, r = 530.

of the imposed perturbations decay and eventually at t — oo a previously found 1D equilibrium is
realized. The case of the supercritical voltage AV > AV* is more interesting because the natural
room disturbances will grow and eventually destroy the 1D equilibrium. For a small supercriticality,
the 2D regimes are always realized, even for the 3D white-noise initial conditions and hence let us
first consider the evolution of perturbations and the corresponding coherent structures for the 2D
case.

A typical evolution of the averaged electric current (j(¢)) is shown in Fig. 9. In contrast to the
short-wave electrokinetic instability, the long-wave thermoelectrokinetic instability not only requires
a much longer channel but also evolves much more slowly; the dimensional characteristic time to
reach an attractor is about several hours. For the electrokinetic instability, this time is several tens of
minutes (see [31]). Corresponding to the points a—e, the charge density distribution p is presented
in Fig. 10. The darker regions in Fig. 10(f) correspond to the larger charge densities. Point a in the
ESC region, which is characteristic of the limiting regimes, is already formed and one can see the
charge maximum far from the wall. The time is small for the disturbances to manifest themselves
and the solution is one dimensional. At the next stage of the evolution, the ESC region is clearly
seen at point b. At this stage, the linear instability filters broadband initial noise into a sharp band
near the wave number of the maximum growth rate. The boundary y,, between the ESC and the
electroneutral region is nearly sinusoidal, with a wave number in good agreement with that found
by the linear stability analysis. The amplitude of (j) between a and b is practically constant with
respect to time. An unusual behavior can be seen between points b and d. The ESC region rapidly
and dramatically changes in two different ways. First, a fraction of the space charge in the vicinity
of the minimum of y,,(x) transforms into a pattern that reminds us of antlers or a crown (we prefer
to use the latter term). Second, rapid atomization of the rest fraction of the ESC region happens. The
wavy arrows at point ¢ show the process tendency and direction, while the charge fog in the bulk at
point d manifests the result of this explosion. Note that there is a fast increase of the electric current
(/) during this process. The initial distance between the crowns is determined by the linear maximum
growth rate wave number but further on this distance changes and the final distance is subject to the
nonlinearity of the system. The crowns are rather robust coherent structures and starting from point
d they do not change their shape, but the fog eventually disappears and condenses and eventually
its charge is accumulated in the EDLs on the wall (see point e). At this point, the localized coherent
structures are surrounded by the EDLs. The charge in the neighboring EDLs is always different.
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FIG. 10. Snapshots of the charge density p(x,y,t) at different times. Darker regions correspond to larger
charge densities. The parameters are Ra = —50, AV = 20, and (a)t = 10, (b)r = 120, (c)t = 150, (d)r = 180,
(e) t =500, and (f) t = 530.

The charges of the same sign repel and the charge difference makes the crowns move towards each
other with a final coalescence. The original number of crowns can be different and this depends
on the length of the channel, but the final result is the same: Only one coherent structure survives.
It takes a long time to reach this attractor and as the channel length increases it becomes longer.
The process of fusion of the crowns is accompanied by a jump in the current, which increases after
coalescence.

The steady 2D coherent structures of the charge distribution p(x,y) for the electrokinetic (see
[30-32]) and thermoelectrokinetic instabilities are compared in Fig. 11. In both cases, there is a rather
sharp boundary y,,(x) between the space charge and the electroneutral regions. Immediately, one can
see a dramatic difference in the p distribution for these two types of instability. The electrokinetic
structure has a spikelike shape where the regions of small charge in the spikes are joined by thin
flat regions of large charge; the spikes inside are nearly empty (the charge density is small). A

0.2 0.3
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0 X 0 f : X
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(@) (b)

FIG. 11. Space charge distribution p(x,y) for (a) the electrokinetic coherent structures having a spiked
shape (AV =30 and Ra = 0) and (b) the thermoelectrokinetic structures forming crowns (AV = 30 and
Ra = —50). Liquid flow is shown schematically by the arrows. The bar stands for the characteristic width of
the structures.
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self-similar behavior was found in the vicinity of the spike apex. In particular, the apex angle is
universal, about 118°, and it does not depend on the system parameters (see [57]). The space charge
distribution on y at any fixed x has a maximum far from the wall and hence corresponds to the
limiting currents. The characteristic size of the spike in the y direction is a small value O(y,,) and
dimensionally this size is up 1 um. The spikes form either periodic structures or chaotic structures
along the membrane. In both cases, the characteristic separation distance between the spikes and the
spike width are about the distance between the upper and lower membranes. This follows from the
short-wave type of electrokinetic instability (see [31]).

The coherent structure of the thermoelectrokinetic instability always has a crown shape with a
large charge inside this crown and a relatively small charge in the neighboring flat regions. The
characteristic size of the crown in the y direction is much larger than that of the spike and is
varied from one-third to one-half of the distance between the membranes. At t — oo, after all the
coalescences, only one crown survives and hence the characteristic length in the x direction depends
on the channel length and is proportional to this length. The behavior of these coherent structures,
particularly their coalescences, reminds us of solitary pulses in active media (see [54]). Note that,
for short enough channels the thermoelectrokinetic structures do not exist because of a long-wave
type of instability.

Our simulations [30-32] showed that for the electrokinetic coherent structures the liquid always
flows upward from the cusp points of the p distribution and returns to the membrane surface, moving
towards the flat regions of the p distribution (see the arrows in Fig. 11). Meanwhile, the direction
is reversed for the thermoelectrokinetic coherent structures: The liquid always flows from the flat
regions of the p distribution inward towards the crowns. These directions determine the shape of the
microvortices in both cases.

To elucidate the properties of the thermoelectrokinetic coherent structures and to give a complete
picture of their behavior, the fields of the charge density p(x,y), the salt concentration K (x,y), the
temperature 7 (x,y), and the stream function W(x,y), along with their representative dependences
on y for fixed x, are presented in Fig. 12 for typical parameter values. Inside the crown, point 1, the
p dependence on y has a typical limiting regime profile, with a maximum far from the wall. Outside
the crown, neighboring the crown’s flat regions, point 2, p(y) has a monotonically decaying profile
that is typical for the underlimiting currents [see Fig. 12(a)]. Hence, these neighboring regions are
stable with respect to the secondary instability. The secondary instability of the flat neighboring
spike regions is a peculiar feature of the electrokinetic mode; for the interpretation of the physical
mechanism of the secondary instability see Fig. 9(b) in [30] and the discussion of this figure therein.
The secondary instability is the main factor in bifurcations and the transition to chaotic behavior in
the electrokinetic instability [see Fig. 10(b) herein and Fig. 14 in [31] and the corresponding text in
the cited paper]. The absence of this secondary instability leads to a rather regular behavior for the
thermoelectrokinetic mode, which is formation of a sole crown structure for the whole channel.

While the charge density p(x,y) is located in the vicinity of the cathode y =0, the salt
concentration K (x,y) descends from the anode y = 1 towards the cathode and it has a needle-type
profile [see Fig. 12(b)]. Outside this narrow needle, the salt concentration is very small, practically
zero, when compared to the salt distribution at points 1 and 2. The largest concentration within the
needle region in some of our calculations reached a value as high as 500 of the initial concentration
at + = 0 and we can talk about salt superconcentration similar to that found experimentally in other
electrokinetic flows (see [1,58]). The electric conductivity is proportional to K and hence we can
only expect a large electric current j(x) in the vicinity of point 1. The electric current distribution
along the membrane surface is shown in Fig. 13(a).

The temperature field 7'(x,y) is shown in Fig. 12(c). This is caused by Joule heating and hence
has maximum values in the same region as the salt concentration K and the electric current j. The
largest temperature variation is seen in the x direction. On the background of this variation, change
in the y direction is indistinguishable for the 2D field T'(x,y) but it is readily seen for fixed x at
points 1 and 2.
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FIG. 12. Shown on the left are characteristic fields of typical steady-state 2D structures: (a) charge density
p(x,y), (b) salt concentration K (x,y), (c) temperature 7'(x,y), and (d) streamlines W(x,y). On the right are
the cross sections of p, K, T — T(1), and normal to the membrane surface velocity V at fixed x = 20 (in the
middle of the coherent structure) and x = 38. The parameters are Ra = —50 and AV = 30.

The development of the instability in the system leads to the formation of the microvortex motion.
The streamlines of the flow are shown in Fig. 12(d). Liquid gushes up from the flat regions of the p
distribution towards the upper membrane y = 1 and returns to the lower membrane y = 0 moving
towards the crown and hence forms a pair of thermoelectroconvective vortices with their centers
close to the center of the channel y = 1/2. The vertical component of the velocity V(y) is maximal
in the center of the crown, point 1, symmetric with respect to the point y = 1/2, and decays to
practically zero far from the crown.

For a large enough supercriticality AV > AVsp > AV*, the 2D coherent structures become
unstable to 3D perturbations. The typical evolution of the electric current (j(¢)) from the white-noise
initial conditions at t = 0, for this region of AV, is shown in Fig. 14.

To visualize the 3D fields of the unknowns during their evolution, it is convenient to use the
ym(x,z) profiles. These profiles are presented in Fig. 15 for time points a—i of Fig. 14. The 3D
circular coherent structures are formed after a short transition time, from point a to point b. For the
first point, which is presented in Fig. 15(a), one can see a uniform charge distribution that corresponds
to the 1D solution. The imposed small disturbances after a linear stage of their evolution, as described
by the linear Kuramoto-Sivashinsky equation (41) (not shown in Fig. 15), evolve into the circular
coherent structures of a small amplitude [Fig. 15(b)]. Their amplitude increases with time and at the
same time new circular coherent structures are generated, points ¢ and d. At the last point, point d, a
well-developed system of the coherent structures’ regular distribution is formed. Note that they are
distributed in space and not in the usual checkerboard order but in a rectangular order.
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FIG. 13. (a) Salt concentration K(x,y) and (b) electric current j. The parameters are Ra = —50 and
AV = 30.

The small asymmetry of the pattern location and hence small asymmetry of charge in the
neighboring regions is the reason for a net Coulomb force that moves the crowns towards each
other. The mechanism here is rather similar to that of the 2D structures [see Fig. 10(h)]. The arrows
in Fig. 15 show the direction of this movement, which results in the structures’ coalescence and
the following coarsening of their distribution (reducing the number of patterns). Either a paired
coalescence [see Figs. 15(d)-15(f)] or a quadruple coalescence [see Fig. 15(g)] takes place. The
final result is the same as for the 2D regime: Only one coherent structure survives; a longer and
wider channel will make it longer to reach this attractor. Another feature that is similar to the 2D
evolution is that upon each coalescence, there is a jump of (j(¢)). The first jump, from point a to d,
is as much as three times larger than that for the 2D regime, while all of the other jumps are weaker.
Note that between points d and e there is a rapid movement of the charge from the ESC region into

30 v

25 1

FIG. 14. Typical evolution of the average electric current (jj(¢)) from the initial room disturbances for the
3D regime. The parameters are Ra = —50 and AV = 35. Points on the curve correspond to a, t = 6.63; b,
t=72;c,t=74;d,t=8;e,t =8.9; f,t =11;g,t =153;h,t =21;and i, t = 27.
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FIG. 15. Snapshots of y, (x,y,) at different times. The parameters are Ra = —50, AV = 35, and (a) r =
6.63,b)t=72,c)t=74,(d)t=38,(e)t =89,(H)t=11,(g)t =153, (h) t =21, and (i) t = 27.

the electroneutral bulk, following charge atomization and its final condensation to the ESC region.
This phenomenon is qualitatively similar to its 2D analog.

Steady 3D coherent structures of y = y,,(x,z) for the electrokinetic (see [32]) and thermoelec-
trokinetic instabilities are compared in Fig. 16. The electrokinetic structure looks like a hexagon.
The y,,(x,z) profile consists of six wedgelike lateral faces and six pyramids are located at their
intersection. In the remaining area, y,,(x,z) is flat and situated in lowlands. The angle of the faces

(b)

FIG. 16. Comparison of the typical 3D coherent structures for (a) the electrokinetic instability and (b) the
thermoelectrokinetic instability. The arrows schematically show the direction of the liquid flow. The parameters
are AV =50 for the electrokinetic instability and Ra = —50 and AV = 35 for the thermoelectrokinetic
instability.
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FIG. 17. Shown on the left are fields of the 3D coherent structures for (a) the charge density p(x,y,z),
(b) the salt concentration K (x,y,z), and (c) the temperature 7'(x,y,z). On the right are their 2D cross sections
at AV = 35 and Ra = —50.

is close to that for the 2D spikes, 118°. A rough evaluation of the pyramidal angle gives its value
as about 80°-90°. This angle is nearly independent of the parameters of the system. As for the
2D case, a self-similar behavior was found in the vicinity of the pyramid apex. In particular, the
apex angle is universal, 77° (see [57]). The flat lowlands of y,, contain a large charge and in the
maximums of y,, the charge density is minimal. The liquid always flows upward from the cusp
points of the y,, distribution and returns to the membrane surface, moving towards the flat regions
of the y,, distribution. An array of vortex pairs is formed, which is schematically shown in Fig. 16
by the arrows. Is is worthwhile mentioning that as the voltage AV increases, the regular steady-state
hexagonal patterns break down into complex and highly disordered states of spatiotemporal chaos.

The coherent structure of the thermoelectrokinetic instability is much simpler. We have not
observed a chaotic behavior in any of our calculations, either for the 2D regime or for the 3D regime:
The final stage was always one steady-state circular coherent structure [see Fig. 16(b)]. Outside the
structure, the y,,(x,z) distribution is flat and situated in the lowlands. The characteristic size of this
pattern along the membrane, in the x and z directions, as well as normally to the membrane in the y
direction, is much larger than for the electrokinetic hexagon. As for the 2D case, the characteristic
size along the membrane is proportional to the channel length and width. There is a large charge
inside the localized thermoelectrokinetic pattern and a small charge in the flat neighboring region. For
the thermoelectrokinetic patterns, the liquid always flows from the flat regions of the y,, distribution
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FIG. 18. Typical VC characteristic for Ra = —50. Here I, II, and III stand for underlimiting, limiting,
and overlimiting currents, respectively. The solid line corresponds to our 3D simulations and the dashed line
corresponds to the 1D solution. The inset shows two typical thermoelectrokinetic patterns for y,,: the 2D
thermoelectroconvective roll and the regular 3D circle structure.

inward to the coherent structure [see the arrows in Fig. 16(b)]. Eventually, a circular microvortex
flow is formed.

The typical field distribution of the charge density p(x,y,z), the salt concentration K(x,y,z),
and the temperature 7' (x,y,z) is presented in Fig. 17 together with their cross sections. The charge
density forms an axisymmetric circular structure in the vicinity of the membrane surface y = 0. The
maximum charge density is located inside the crown. The charge density is small outside the crown
and it is uniformly disturbed over x and z coordinates.

The salt concentration K descends from the anode at y = 1 towards the cathode and it forms
a narrow stalactite-type profile. In some of our calculations, the salt concentration inside the
stalactite reached a value of hundreds of the initial concentration at + = 0 and we can talk about
superconcentration. Outside this narrow stalactite, the concentration is practically zero. This causes
a large electric current j and a large Joule heating in the narrow salt “cord” The temperature field is
shown in Fig. 17(c). In summary, we can say that 3D coherent structures and their fields qualitatively
coincide with their 2D analogs.

The current distribution along the membrane has a maximum at the same location of x and z
as the salt concentration. As we mentioned previously, in the 3D case the salt concentration has a
stalactite form and it is more narrow than for the 2D case.

The dependence of the potential drop AV of the average electric current J over the membrane
surface and the elapsed time [see Eq. (20)] complements our understanding of the system behavior.
Such a VC dependence is shown in Fig. 18 for typical values of Ra, x, v, and Bi. Portions of the VC
dependence I, II, and III stand for the underlimiting, limiting, and overlimiting currents, respectively.
The dashed line in Fig. 18 stands for the unstable underlimiting regimes. The bifurcation points of
the 1D-2D and 2D-3D transitions, AV* & 11 and A V;3p & 28, are designated by squares. For a small
supercriticality the instability is two dimensional and for a sufficiently large supercriticality it is three
dimensional. Our simulations show that only two basic coherent structures can be found during the
evolution: the 2D and the 3D steady thermoelectrokinetic crowns of the charge density, stalactites
of the salt concentration, and the corresponding microvortices. To complete the VC dependence,
the y,, distribution is shown in the insets above the VC curve. The arrows show the place of these
structures along the VC curve and there is a typical potential drop for their realization.

The results of the nonlinear investigation are generalized for several values of Ra in the VC
characteristic curve presented in Fig. 19. The overlimiting current regimes start at the points predicted
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FIG. 19. Volt-current characteristics at different Rayleigh numbers: 1, Ra = —500; 2, Ra = —150; 3,Ra =
—50;4,Ra = —10; and 5, Ra = —5.

by the linear stability analysis. In the window Ra = —500 to Ra = —150, there is a transition from
the underlimiting regime to the overlimiting one, bypassing the limiting regime.

IV. MAIN RESULTS AND CONCLUSIONS

An instability in an electrolyte solution near ion-selective surfaces in an external electric
field was discovered and investigated numerically using parallel computing on the SKIF MSU
Lomonosov supercomputer. While the mechanism of the instability is connected with Joule
heating, it dramatically differs from the Raleigh-Bénard convection: The instability is caused by
the nonuniformity of the electric current and the electric conductivity. The thermoelectrokinetic
instability prevails in long microchannels and a good enough thermal insulation of the system and
is an additional factor for the overlimiting current mode.

While noise initial conditions were taken to mimic room disturbances, they evolve towards rather
unusual coherent structures. For the cation-exchange membranes, the salt concentration was eventu-
ally localized in narrow long fingers, which remind us of stalactites, and stretched from the anode in
the direction of the cathode. Outside the stalactites, the salt concentration was practically zero, while
inside the stalactites it could reach hundreds from the initial concentration. Thus, it is possible to talk
about its superconcentration. The electric current propagates in a narrow needle along the stalactite
with maximal electric conductivity and it gives rise to Joule heating in this region. The space charge
forms crownlike micropatterns near the cathode. Note that the regime of chaotic motion that is
characteristic of electrokinetic instability was not observed for the thermoelectrokinetic instability.
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