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Here we attempt to solve the fully coupled Poisson-Nernst-Planck-Navier-Stokes
equations, to ascertain the influence of finite electric double layer (EDL) thickness on
coupled charge and fluid dynamics over patterned charged surfaces. We go beyond the
well-studied “weak-field” limit and obtain numerical solutions for a wide range of EDL
thicknesses, applied electric field strengths, and the surface potentials. Asymptotic solutions
to the coupled system are also derived using a combination of singular and regular
perturbation, for thin EDLs and low surface potential, and good agreement between the two
solutions is observed. Counterintuitively to common arguments, our analysis reveals that
finite EDL thickness may either increase or decrease the “free-stream velocity” (equivalent
to net throughput), depending on the strength of the applied electric field. We also unveil
a critical EDL thickness for which the effect of finite EDL thickness on the free-stream
velocity is the most prominent. Finally, we demonstrate that increasing the surface potential
and the applied field tends to influence the overall flow patterns in the contrasting manners.
These results may be of profound importance in developing a comprehensive theoretical
basis for designing electro-osmotically actuated microfluidic mixtures.
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I. INTRODUCTION

Electroosmotic flows (EOFs) are central to the understanding of micro-hydrodynamics under the
broad realm of electrokinetics [1—4], with applications in energy conversion [5,6] and subsurface
flows [7,8], as well as in lab-on-a-chip—based devices for medical diagnostics [9,10]. Although a
large number of studies [2,11-14] have been executed to address several aspects of electrokinetic
motion in narrow confinements, most of these offer a relatively simplified model of an otherwise
complicated and nonlinear phenomenon. Following the pioneering work of Ajdari [15], many
researchers [16-21] have demonstrated that the presence of axial modulations in the surface charge
can lead to various interesting flow patterns, which can be potentially used for mixing purposes
in an otherwise low Reynolds number paradigm [17,22,23]. Patterned surface potentials also play
important roles in applications like AC-electroosmosis [24-26], electrothermal flow actuation [27],
and induced-charge electroosmosis [28,29] as well as thin-film patterning [30,31]. Many of these
investigations make an a priori approximation that the ionic species concentrations within the
electrical double layer (EDL) follow the Boltzmann distribution [1,32,33], which again undermines
the intricate coupling between the ionic transport and fluid flow.

Recently, inspired by the seminal work of Saville [2], several studies, most notably those of
Yariv and co-workers [29,34-37] along with many others [38—41], have addressed the said coupling
between charge and momentum transport through the much celebrated Poisson-Nernst-Planck-
Navier-Stokes (PNPNS) equations, albeit in the context of electrophoretic motion of small particles
in the thin EDL limit. Recent studies on electrokinetic instabilities [42—44] have also accounted
for ionic advection, which leads to a coupled modeling of electroosmotic transport. Although these
studies were executed for large surface potentials, they did not consider presence of any background
flow, while the “zeta potential” was considered to be uniform in nature. Only a handful of previous
studies, most notably those of Zhao and co-workers [41,45] and Khair and Squires [39], have probed
into the PNPNS equations to address the electrokinetic transport in the presence of charge modulated
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FIG. 1. Schematic of the physical system under consideration: an infinite body of liquid containing
electrolytes resting on top of a solid surface bearing a modulated charge: go[n + cos(2zx’/L)]. The origin
is chosen to be on the wall; the x axis runs along the solid surface, while the y axis runs vertically upwards. An
external steady electric field of magnitude E is applied along the x axis to actuate the fluid motion.

surfaces. Zhao and co-workers addressed only the dynamics in the “weak field limit,” while their
studies mostly focused on numerical methods without giving much insight into the charge and
momentum transport through asymptotic analysis. On the other hand, Khair and Squires, while also
exploring the dynamics in the weak field regime, mainly focused on concentration polarization in the
bulk solution, without going into the details of the flow dynamics. Although the study of Khair and
Squires gave valuable insights into the nature of salt concentration distribution through analytical
(asymptotic) techniques, it nevertheless only evaluated the leading corrections as brought about by
the externally applied field. Therefore, a close review of these and other relevant studies suggests
that the general problem of electrokinetic flows over nonuniformly charged surfaces still has a lot
of scope for development. More specifically, a combined investigation which addresses the intricate
coupling between charge and momentum transport beyond the weak field limit, in the presence of
nonuniformly charged surfaces, is yet to be carried out, to the best of our knowledge. Moreover,
there also seems to be a relative dearth of studies which offer insight into the coupled charge and
fluid dynamics by using analytical techniques, appropriately complemented by numerical solutions,
highlighting the interesting physics in the process.

In light of the above, the present analysis focuses on the electroosmosis over charge-modulated
surfaces, beyond the weak field limit. Our analysis can be divided into two parts. First, we solve
the coupled PNPNS model numerically, accounting for a wide range of EDL thicknesses, applied
electric field strength, and surface potentials, where none of these are asymptotically large. The
second part consists of asymptotic solutions to PNPNS equations, in the thin EDL and low surface
potential limit, while the field strength (defined precisely in the next section) is assumed to remain
O(1) in the process. To this end, a combination of singular and regular perturbation is employed to
work out the corresponding asymptotic solutions. We subsequently compare the two solutions and
show that reasonably good agreement can be observed between the two.

II. MODEL DESCRIPTION
A. Physical description of the system

Figure 1 shows a schematic representation of the system under consideration. It consists of a 1:1
electrolyte solution resting on top of a solid surface. The origin and the axis system have been shown
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clearly in the schematic. The electrolyte concentration far away from the wall is ¢;. The fluid has a
viscosity of 1 and a dielectric constant e. The solid surface bears a periodically modulated charge
along the axial direction, given by ¢'(x") = go[n + cos(2mwx’/L)]. Consequently, the electrolytes
gather around the solid wall to form an EDL. An external electric field of magnitude E is applied
along x axis (i.e., parallel to the solid surface) to actuate electroosmotic flow. The flow here is
assumed to be steady and incompressible in nature.

Before moving towards the general formulation, at this stage it is important to discuss the
relevant assumptions undertaken for the present analysis. First, we assume that the Reynolds number
associated with the flow is low enough so that inertial effects can be neglected [46]. Second, in what
follows, we would attempt to solve the relevant governing equations for a wide range of EDL
thickness, applied field strength, and “surface charge.” However, we would strictly assume that the
characteristic “zeta potential” as well as the strength of the applied electric field is not asymptotically
large. Third, we would neglect all end effects in the axial direction. This would enable us to
assume that the relevant variables remain periodic along the x axis. We reiterate that a number of
previous studies [15,18] related to EOF have taken such an assumption. Fourth, in addition, the usual
assumptions of the Poisson-Nernst-Planck model, i.e., point charges, noninteracting ions, etc. [47],
are also invoked in this study.

B. Governing equations

We begin with a brief depiction of the dimensionless forms of the PNPNS equations relevant to
the present work. Towards this, the characteristic length scale is chosen as x, = y. = d, where
d = L/2m; the characteristic potential is the thermal scale, i.e., ¥, = kT /e; the ionic species
concentration scale is taken as ¢, ~ c{); and the characteristic velocity is chosen as u. ~ ¢k>T?/nde>.
Accordingly, the following nondimensional equations are obtained:

V=¢+ Qe = ¢ — Bx, (1)
2 dp
Pev-Vc=V c—i—Vo(pV(p)—ﬁa—, 2
X
) dc
Pev-Vp=V p-i—V‘(CV(D)—ﬂa—, 3)
X
82V2p = —p/2, C))
—Vp+Vv+Vp(Vy —Be) =0, andV -v=0. 6)

The above equations have been represented in terms of net charge density, p = ¢; — ¢, and total
salt concentration, ¢ = ¢; + ¢;. In Eq. (1), the total potential ¥ has been decomposed [18] into the
contribution from the external field (¢ = —Bx) and that from the diffuse charges (¢). A number of
very important nondimensional numbers appear in the above equations. These are as follows: (1) the
applied field strength, 8 = Eped/kT; (2) the Peclet number, signifying the ionic advection strength,
Pe = u.d/D = ¢k*T?/e*nD; and (3) the nondimensional EDL thickness, § = Ap/d, where Ap =

ekT

. The above equations are subject to the following boundary conditions:

2¢)e?
d 0 0 0 0 - + cos
Zipoo Lycfoo Fo (R u=v=0, ay=0, (©
dy ay dy ay ay 1)
0
o—>0, p—>0, ¢c—>2, v—>0, anda—u—>0, asy — oQ. (7
y

As already mentioned, along the axial direction, all the variables are assumed to be periodic in
nature. Note that another very important parameter appears in the boundary condition for potential at
the wall, namely, in Eq. (6), defined as {y = eqorp/ekT. This parameter indicates the magnitude of
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the characteristic EDL potential, with respect to the thermal potential. Usually, ¢y ~ O(1) for EOFs,
although the limit of low surface potential, defined by Zy << 1, has also been analyzed in the literature
[15,18,48]. On the other hand, Dukhin [49] and more recently others [29,50,51] have analyzed the
high surface potential case, which implies Zy >> 1. Note that the above nondimensionalization has
been carried out following the work of Saville [2].

In Eqgs. (1)—(7), externally controllable parameters are 8,5, and Zo, while Saville [2] has shown that
the ionic Peclet number (Pe) largely remains close to 0.5 for most ionic species in electric-field—driven
phenomena, taking water as the liquid medium. In addition to this, since Pe mostly depends on
fluid properties, it is rather difficult to alter Pe externally. In regard to the parameter §, the most
practically relevant scenario for EOF is the thin EDL limit [26,52], defined as § < 1, while a thick
EDL is usually characterized by § ~ O(1). In this regard, it should be noted that previous studies
[49,50] have quantified asymptotically large applied field strength and surface charge density as
B ,el®l/2 ~ 0(5~1) > 1, in the thin EDL limit. Additionally, the limitof 1 < 8 <« 5~ 1 also leads to
a separate distinguished strong field limit. As already noted, here we stick to the cases of 8 ~ O(1).
The thin EDL limit has been rigorously addressed later in this work.

Equations (1)—(5), subject to the conditions (6) and (7), complete the mathematical description
of the system under consideration. In the forthcoming sections, we proceed towards solving the said
system of equations to deduce numerical as well as asymptotic solutions.

III. NUMERICAL SOLUTIONS

A majority of the previous investigations on EOFs, which have taken into account the fully
coupled model [35], have mostly investigated the thin EDL limit only, which permits a singular
asymptotic method based solution, taking § as the gauge function. Other studies [41], which have
considered relatively thicker EDLs, have done so only in the weak field regime, characterized by
B < 1. Therefore, the aim of this section is to construct numerical solutions to Egs. (1)-(5), subject
to (6) and (7) for a wide range of foresaid parameters. To this end, we would assume all of 8, 8, and
Zo to be arbitrary in nature, without being too large (as already described earlier), while the Peclet
number Pe is taken to be strictly O(1).

The numerical simulations were executed in a finite element [53] based commercial software
package, COMSOL Multiphysics 4.4. The system of discretized algebraic equations have been
solved using a Damped Newton method [54]. An in-built Multifrontal Massively Parallel Sparse
direct linear solver [55,56] has been used to solve the discretized set of equations. In the present
study, we have set the relative tolerance at 0.001. The details of computational domain and grid
distribution are given in Appendix A.

One quantity of particular interest to us regarding the flow dynamics is the “free-stream velocity,”
given by Vlirgo U = U. We can evaluate the free-stream velocity in the following way (based on the

fact that the flow variables are periodic along the axial direction):
1 2

= — u(y = H,x)dx. ®)
2 0

Uo
While discussing the results, we would also focus on another quantity derived from u ., defined
as

Allog = Uoo — Uoo 5=0- 9

It can be easily inferred that the quantity Awu,, denotes the effect of finite EDL thickness
(accounting for the coupling between momentum and charge transport) on the free-stream velocity.
In other words, it is precisely the difference between the free-stream velocity, evaluated based on the
full PNPNS model, and the one evaluated based on a Smoluchowski Slip velocity [15] approach. Note
that the free-stream velocity here is analogous to the volume flow rate for equivalent flow through
a confined channel. It is also important to note that, from a numerical point of view, the situation
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8 = 0 is not solvable, since it refers to an actual singular scenario. However, from analytical point
of view, U, s—o is evaluated simply from the Smoluchowski slip velocity [57] condition. Therefore,
when evaluating (9) from numerical solutions, we would define u, s—o as follows [57]:

Uoo,s=0 = —BL(X). (10)

In Eq. (10), ¢(x) is the “zeta potential” of the surface. In the present problem, it can be defined
as follows [57]:

eq(xX)Ap

o AT
= —SIn
tW = 26kT

], where g(x) = Zy[n + cos (x)]. (11)

IV. ASYMPTOTIC SOLUTIONS FOR THIN EDL (§ < 1)
A. Outline of the solution

Asymptotic solutions to thin EDL limit (defined as § < 1) require the application of singular
perturbation [58,59]. Indeed, a number of previous studies [35,36,57,60] have applied matched
asymptotic expansion to resolve the dynamics within the EDL, in the thin EDL limit. Assuming that
the quantities Zy, B are not asymptotically large, a singular perturbation-based approach requires
dividing the flow domain into two subdomains, with two distinct characteristic length scales. The
first one is the EDL (the “inner layer”), which has a characteristic length scale (in the y direction)
of § and lies just adjacent to the wall. Therefore, we need to rescale all the variables in accordance
with the change in the length scale, while analyzing the dynamics within this layer. The second
layer is the bulk (the “outer layer”), which basically characterizes the zone outside the EDL. In
this zone the length scales are all O(1), which indicates that here all the variables scale as per the
nondimensionalization scheme outlined at the beginning of Sec. I B and therefore require no further
rescaling. At the edge of the EDL, we must asymptotically match all the outer variables with their
counterparts in the inner layer. Finally, we note that for thin EDL limit the outer and the inner layer
variables can be expanded in an asymptotic series of § as follows:

=0 +831+8F+ . (12)

In Eq. (12), 3 can represent variables like u, v, p, etc. It is well known [57] that in the leading
order of §, the coupled charge and momentum transport problem has exact solutions for any kind
of surface charge (or, equivalently zeta potential) distribution, even if £y ~ O(1). However, as we
move into higher order in § (as we intend to do here), the resulting governing equations do not
remain analytically tractable, for periodically patterned surface charge distribution. Therefore, in
order to derive analytical solutions it is essential to assume the surface charge to be low enough,
i.e., {o < 1. This allows us to further expand the relevant variables in an asymptotic series of .
Note that the said limit of low surface charge has been extensively used in Refs. [15,18,39,61] and
is the key element in the famous Debye-Huckel linearization. Fortunately, ¢, < 1 leads to a regular
asymptotic limit, wherein the variables in both the layers at every successive order of § need to be
expanded in a series of g as follows:

=55y (13)
i=0

In Eq. (13), the subscript k denotes the kth order term in the series (12). Therefore, in essence,
an analytical solution to the present problem necessitates application of a double asymptotic series,
which is a combination of singular (in §) and regular (in Zy) perturbation. In this regard, it is important
to note that double perturbation series in fluid dynamics has been employed by a number of previous
studies [46,60,62]. In the present analysis, we would determine only the first two terms having
nonzero contribution to the velocity in the regular perturbation series of £, at every successive order
of 8.
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B. Outer layer equations

The outer layer equations are given by (2)—(5), subject to (7), which are the original
nondimensional equations and the far field boundary conditions. These equations cannot satisfy
the conditions (6) at the wall because of the presence of the “inner layer.” We reiterate that all the
outer layer variables have to be expanded in an asymptotic series of §, as mentioned in (12). We
further note that in the limit of low surface potential ({y < 1), these variables have to be further
rescaled to account for the low magnitude of the surface charge. These rescaled variables can be
subsequently expanded in another regular asymptotic series of g, as shown in (13). The details of
the rescaling and the solutions have been given in the forthcoming sections.

C. Inner layer equations

The variables are rescaled as follows in the inner layer [57]:u — U; v — 6V p — 572p; 0 —
®; p — II; ¢ — C, while the length scales are rescaled as x — X; y — §Y. Enforcing the said
rescaled variables in (2)—(5), we can derive the full set of inner layer equations. We would only
explicitly mention these equations here for once and will refer to this section, when discussing the
solutions at various orders of 6. The inner layer equations are given by

2 2
£+ 0 (naﬁ> =82|:Pe(U£+VE>—i(Ha—CD>—£+ﬂa—n], (14)

Y2 = ay aY X aY X X X2 aX
0211 .2 a C8<I> _s|p U8H+V8H ad C8<I> 0211 +’38C (15)
ar2 oy \ avy /) X Y ax\ ax) axzTax
7 lno _pZ® (16)
ayr 2 ax?’
Pdad 9P L[ 9’V 099 3®  ,0°V
— = =0 - == - |, a7
Y2 oYy 9y Y2 09X 9Xx? X2
U n ?d (0D 5 P 52 02U  3*°® (0D 5 (18)
Y2 = Y2 \o9x X X2 9x2\oXx ’
aUu ov
— 4+ —==0. 19
X + aYy (19)
These are subject to the following boundary conditions:
tv=o0, 2C4nd®_o M P, 09 Go(n+cosX); U=V =0
al =V, —_— — = U] —_— — = VU] _— = = n CcOoS 5 = = U.
aY % 3y aY oy~
(20
The matching conditions at the edge of the EDL are given by [58]
lim IT = lim p; lim & = lim ¢; hm C =limc
Y—oo y—0 Y—oo y—0 Y—oo y—0
1
lim U = lim u; hm SV = hm v; hm —P = lim p. 201
Y—o0 y—0 Y —o00 —0 0 §2 y—0

These variables have to be further expanded in an asymptotic series of &, as shown in (12),
while the matching has to be carried out at every successive order of §. In the limit of low surface
potential, i.e., when Zo < 1, we would have to further rescale the inner layer variables (as mentioned
in Sec. IV B) and expand the subsequent rescaled variables in a regular series of Zy, as delineated in
(13). The details of rescaling and solutions have been demonstrated in the forthcoming sections.

Finally, we note that the matching criteria in (21) along with the boundary conditions are not
enough to determine the unique solution to the problem. To this end, an additional pair of matching
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conditions are required, namely, current and salt flux balance at the edge of the EDL [35,57]. These
two additional conditions are the subject of the next subsection.

D. Charge and salt flux balance

The charge and salt flux balance can be carried out by directly matching the fluxes of the said
quantities at the edge of the EDL. To this end, we first work out the proper scales for the charge and
salt fluxes in the two layers. In the outer layer, the charge (i) and salt (j) fluxes are given by

i=Pevp —Vp—c(Vp—Bes) andj=Pevc— Vc— p(Vp — Bey). (22)

In the inner layer, the fluxes have to be rescaled as follows: iy = I,; i, =& “Iy, while similar
scaling for the salt fluxes also holds true. Here, i; denotes flux along the kth direction. The charge
and salt transport in the inner layer can thus be expressed as (keeping in mind the other rescaled
variables in the inner layer, as already mentioned in Sec. IV C):

o1, ol 0, ,dl
I 45225 _gand 22 4 6220 . 23
oy T ax VMY Ty 23)

Note that, Eq. (23) is just the Nernst-Planck equations written in terms of the inner layer fluxes.
The matching condition at the edge of the EDL can be expressed as [35]

. -1 T . . -1 T .
Yll)ngos I, = }11_1)1})1), and Yangob‘ Jy = ;gl})]y. (24)

The quantities limy_, o 1, and limy_, «, J, can be evaluated from (23) in the following way:

31 d [~ (om AP
1imlv=—62/ —dY = —8— — —PeUNI+C| — — B4y,
Y—o0 o 90X X Jo |8x X

. , [ 03U d *®faC 1o
lim J, = —8 dYy = —5— & _pevc+nf= —g)lar. 5
Y—oo - 0 0X 0X 0 0X 0X

In Eq. (25), the rescaled inner layer variables from Sec. IV C have been used to express the fluxes
in integral form. Combining (22), (24), and (25), the salt and charge flux balance can be expressed

as
0 d a [ (ol Lo
lim(a—p—Pevp~|—c—(p)=—6— {——PeUH+C<——ﬂ>}dY
y y

) 2 ox J, |ox X
9 9 3 [™(aC 9D

lim ( 2€ —Peve + p 22 ) = —s-2 % _pvc+n(= —g)lar. (6

y—=>0 \ dy ay X Jo X X

The above flux matching equations are very similar to the overall balance equations derived by
Schnitzer and Yariv [35] in connection to electrophoresis. Additionally, Khair and Squires [39] have
also used a similar approach (which essentially uses a depth averaged current) to balance charge and
salt fluxes across the EDL. Several other studies [26,63,64] have also used similar flux-matching
conditions to capture the dynamics within and outside the EDL in connection to AC electrokinetics.
Equations (2)—(5) in the outer layer, (14)—(19) in the inner layer, subject to the boundary conditions
(7) (far field), (20) (wall), and the matching conditions (21) and (26) complete the singular description
of the full PNPNS system.

E. The leading order solutions in §

We will derive the leading order solutions for low surface potentials (o < 1), although, as already
discussed such an assumption is not necessary at this order. However, as we move towards the higher
orders in &, the said approximation will be crucial for deriving analytical solutions. Here we would
emphasize on the basic rescaling rules, before the regular asymptotic expansions in terms of &g
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has been applied. Note that a host of previous studies [18,65] on electroosmotic flows over charge

modulated surfaces have assumed low surface charge so as to linearize the governing equations.
We have noted that assumption of low surface charge necessitates further rescaling. To this

end, we observe that the inner layer variables (at any order of §) have to be further rescaled as

follows for C() L 1. U, — §0Uk, Vi —> C()Vk, P — §0 Pk, b — §0d>k, I, — §0Hka Co —

C, where Uy, Vi, ... are kth order terms in the asymptotic series represented in (12). The value of the
constant m for pressure depends on the order of approximation in §, while all other variables rescale
in the same way at every order of 8. For the leading order solutions, m = 2 [based on Eq. (17)].
Likewise, the outer layer variables also have to be rescaled in the following way: v; — é_'o{’k; Pk —>
S0Pk 9k — LoPrs €k — Ck; Pr — LoPy, Where a similar notation has been used. Note that all
the rescaled variables are represented with a “breve” overhead. In the rest of this section, we will
use only these rescaled variables. These can be further expanded in a regular asymptotic series

of Zo, as represented in (13). For instance, in the inner layer, the U velocity can be expanded
- (0) — (1) )
as U y=U, +&U, +ZlU, +---, while the velocity in the outer layer can be expanded as

-(0) —(D -2 ) . . .
Vi =V, +&vV; +3v; +---. The above rescaling essentially indicates that for low values of

surface potential, velocities, and EDL potential as well as the charge density are linearly proportional
to Zo, as a first approximation. This is quite obvious, since if the surface charge is zero (i.e., if 2o =0),
we would expect the charge density, EDL potential and the velocities to vanish. However, because of
the presence of electrolytes, the concentration would still be nonzero (actually it will just be ¢ = 2
everywhere), which is why the concentration has not been rescaled. Another interesting aspect of
the rescaling process is that the pressure behaves differently in the outer and the inner layers. This
is simply because in the EDL, the pressure is governed by the electrostatic body forces, while in the
outer layer it is governed by the viscous forces.

We now have to enforce the above rescaled variables into the governing equations discussed
in Secs. [IVB-IV D to deduce the dynamics for low surface potential. We can further enforce the
associated expansion in terms of £, into these equations to derive the successive approximations at
various orders of y. Note that this procedure has to be repeated at every order of § to make progress
along the matched asymptotic series.

1. The O(1,1) solutions

Equations and the boundary conditions along with the matching conditions for the leading order
variables can be easily deduced from Secs. IVB and IV C. It can be easily shown [57] that the
leading order charge density, potential, and concentration in the outer layer are given by

V=P =0 and & =2. 27)

The expressions in (27) indicates that in the leading order, the outer layer is free of charge, and it
essentially behaves like an electro-neutral solution. In the inner layer, the corresponding solutions
are as follows (based on the PNP equations in the inner layer and the matching conditions):

(0) 0) —~(0)

=@m+cosX)e; N =-20, and C, =2. (28)

It can be easily inferred that (28) represents the linearized limit (Debye-Huckel limit) of the
Boltzmann distribution of charge and concentration [66]. The X velocity can now be evaluated from
the x-momentum equation in the inner layer [Eq. (18)] in the following way:

Uy = —Bn + cos X)(1 — ™), (29)

Note that while determining U (()0), we have used the fact that this quantity must remain finite at
the edge of the EDL, i.e., as Y — oo. The leading order Y velocity can be evaluated by integrating
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the continuity equation as follows:

VY = —BsinX(Y — 1 +e ). (30)
Applying the matching conditions (21) for the velocities, we can deduce the boundary conditions
for the outer layer velocities. These conditions are given by

0) _

lim u( hm Uo = —pB[n + cos(x)] and hm v(o) 0. 3D

y—0
Recalling that ¢ V(O) = 0, at the leading order the outer flow is governed by simple Stokes equations
with the followmg solutions:

VO = idQ e+ V x (S)e,); Sy = —Bye ¥ cos (x)  and toc,5-0- (32)
In Eq. (32), S is the stream function. From (31), we can easily infer that the said boundary
condition merely represents the Smoluchowski slip velocity at leading order [i.e. at O(1,1)]. In (32),

g;) o 18 the “free-stream” velocity at leading order and only has a linear contribution from the axially

invariant part of the surface charge.

2. The 0(1,%?) solutions

It can be very easily verified that the O(1,Z,) solutions, i.e., O(Z,) contributions in the leading
order of § is identically zero for all the related (rescaled) variables. We can deduce the solutions at
0(1,502) in much the same way, as done at the previous order. The solutions for the charge density,
potential, and concentration in the outer layer are

P =gl = =o. (33)

The solutions to charge density, potential, and concentration in the inner layer are given by

(2) = (0 — (2 =~ (2 — (0
CI>(2) = £(n 4 cos X)* (e — %e‘”)

. . ~©
The pressure (leading order) can be evaluated from the Y-momentum equation and reads P(() ) —

(CID(O))2 The velocities in the inner layer at O(1, ;0) have the following expression:

- 1
Uéz) = —2'%(11 + cos X)3(1 —e T - 56_3Y>

vy = 1%2 {(4n2 + 1)sin X + 4nsin2X +sin3X)[e™> — 9¢~Y —6Y + 8]. (35)
The boundary conditions for the outer layer velocities can be derived from the matching conditions
and read

_ 1 1 1
1:m0 wy = Eﬂn(an +3n) + 3—2/3(4n2 + 1) cos (x) + Bn cos (2x) + 9’% cos (3x)

lim 05 = 0. (36)
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At O(g}) the outer layer is again force-free and hence the fluid motion is governed by the Stokes
equations. The velocities have the following solutions:

‘762) = gjoex +V x (Séz)ez); ﬁ(;)ﬁ = %(2}13 +3n);
_ 1 1
s = g(;ﬁ + Z)yey cos (x) + 7 Bnye™ cos (2x) + 9’% ye ™ cos (3x). (37)

Note that the solutions at this order are just the first correction to the Smoluchowski-Slip velocity-
based solutions, subject to Debye-Huckel linearization. One interesting point to note is that the
O(I,EOZ) outer flow field also contributes to the net transport of fluid, far from the solid surface.
This contribution is however, not linear in n, which signifies the axially invariant part of the surface
charge. However, all the velocities in the leading order of § are always linearly proportional to §.
A look at the far field velocities indicate that the O(I,Z()z) contribution leads to a decrease in the
free-stream velocity.

F. The O(§) problem

We would describe the procedure to derive the O(§) solutions in detail, since this same method
can be followed to deduce the higher order solutions in §. In the low potential limit, we would require
rescaling the variables in both the layers, as mentioned at the beginning of Sec. IV E. Note that at
0(9), the scaling parameter m for pressure in the inner layer is again m = 2. The governing equations
in both the layers at this order can be easily evaluated from the full-scale equations discussed in
Secs. IV B-IV D and hence have not been explicitly mentioned here for brevity.

1. The O(8,1) solutions
We would begin with the charge and salt flux balance equations, i.e., Eqs. (26), expressed at O(6).
Application of the said balance equatlons yields [80(10)/8y]v —0 = [agol )/By]yzo = 0. The Poisson
equation in the outer layer gives us, ,0 = 0. These conditions, in conjunction with the outer layer

equation for concentration, simply indicate ¢ c = 0. However, to deduce the O(4,1) outer layer
potential, we would need to derive the O(3, g“o) correction to the concentration [based on the charge
transport equation, i.e., Eq. (3) in the outer layer]. The salt flux balance at this order can be simplified
to the following form: [35(11) /0yly=0 = aix fo B Hf)o)d Y = 2B ssin(x). Noting that the outer layer
equation for salt transport at O(8,Z,) has the form [from Eq. (2)], Vzc(ll) Pev(o) Vc(lo) = 0 (since
5(10) = 0), we can easily deduce that the solution for concentration at this order reads

¢ = —28¢™ sin (x). (38)

The expression in (38) can be plugged into the charge transport equation in the bulk at O(8,1) to

write V2@ (0) = (B/ 2)8E / dx. This equation can be easily solved subject to the far field condition

for potent1a1 and the previously derived condition at the edge of the EDL to deduce

0
@ = 1821 + y)e™ cos (x). (39)
We now move towards the inner layer solutions for potential and concentration. To this end, we

note that the concentration at O(§,1) is simply 6(10_) = 0. We can, however, solve the inner layer
equation for salt concentration [Eq. (14)] at O(§,¢) subject to the matching condition for salt
concentration in (21) and the no-salt flux condition at the wall [Eq. (20)] to deduce

C = —2Bsin X. (40)
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This can be plugged into Eq. (15) at O(§,1) to determine the charge density, subject to no-flux
condition at the wall and matching condition for charge density at ¥ — oo. The resulting solution is

simply 1:1(10) = B2 cos(X) — 2<f>(10), The potential can be determined from the Poisson’s equation at

0(6,1) [i.e., Eq. (16)], subject to 8&3(10)/8Y = 0 at Y = 0 and the matching condition for potential
in (21). The solution reads

SO0

@, =1p*cosX. (41)

The solution (38) indicates that the first concentration polarization in the outer layer occurs at
O(8%p). This polarization is proportional to the external field strength, which indicates that the
primary driving force behind this is the externally applied electric field. We further note from (39)
that this concentration polarization also induces an excess outer layer potential at O(§). However,

the EDL is actually charge free at this order (note that I:I(lo) = 0), which naturally indicates that the
potential does not vary across the EDL. Application of external electric field disturbs the equilibrium
distribution of ions inside the EDL, which on the aggregate (i.e., when integrated across the entire
EDL) violates the charge and salt conservation in the inner layer. Consequently the induced potential
in the bulk drives a net current into (or, out of the) EDL so as to ensure overall conservation of
charge and salt.

We can now solve the X-momentum equation in the inner layer at O(§) to deduce the corresponding
velocity. It turns out that this velocity is a simple shear flow of the form

77O

U,” =2BY cos X. 42)

In fact the shear rate inside the EDL [i.e., the factor 28 cos(X)] can be determined by matching
the inner layer velocity with its counterpart in the outer layer. The Y velocity in the inner layer can
be determined by integrating the continuity equation as follows:

v\ = ByZsin X. (43)

The boundary conditions for the outer layer velocities can be obtained using the matching
conditions in (21), following the method outlined in Sec. IV E. However, at O(6) the outer layer
is acted upon by a force, originating from induced potential in the bulk, although the bulk remains
charge free at this order. In fact, this particular force originates from concentration polarization and
hence drives a chemio-osmotic flow in the bulk. The outer layer equation of motion is then given by

—Vp¥ + v e sV2e” = 0; V.v” =0, the solution to which reads

_ <0 < : '
V(]O) —V x (S(l( )ez); S(] ) — {,3(1 + y)e_)’ _ %ﬂ3yze_}}COS (X) (44)

From solution (44), we note the presence of the B3 term, which stems from chemio-osmotic flows
in the bulk. Therefore, the bulk velocity at this order is not merely proportional to 8, as witnessed in
the previous order and is actually associated with concentration polarization and induced potential.
Note that in the weak-field limit (8 < 1), the said chemio-osmotic effect vanishes, since it is
nonlinear in . Nevertheless, one can still capture this effect in weak field limit by carrying out
perturbations till O(B%). Finally, we note that there are no contributions to the net free-stream
velocity from the velocity field at O(8,Z).

2. The 0(8,%,) solutions

The procedure to derive the O(8,) solutions are the same as delineated in Sec. IV F. Thus we
would only briefly outline the solutions and touch upon the methodology. Once again, we would start
with the salt flux balance condition in (26) for O((S,g‘oz), which furnishes the condition for outer layer

salt concentration and reads [85(,2) /9y]ly—0 = 0. However, the concentration at this order satisfies the
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VZ (2)

equation = PeV - (V(O) (1)) and has the following solution:

&? = —Pep?{12y + De ™1 + L cos (2x)] +n(l + y)e™ cos (x)}. (45)

The current flux matching at O(8,Zy) would furnish 22— | y=0 = 3 ﬂ(ZPe + 1)(nsinx + > sin 2x).

Noting that the potential satisfies the equation V?¢ (1) (ﬂ / Z)BV(Z) /9x, we can deduce the potential
at this order, which reads

o1 = n(y)sin (x) + y2(y) sin (2x),
vi= ge_‘{Peﬂ Bye™ +7e™” —11) + 18Pe 4 9},
v = 1?8 “2'{PeB%(4y? + 6y + 3) — 32Pe — 16}. (46)

Note that the concentration polarization at O(8,Z3) occurs due to advective transport in the outer
layer. This polarization in turn induces its own outer layer potential, while the disturbances in the ion
distribution created by the externally applied electric field inside the EDL also contribute to this poten-
tial. The physical significance of this potential has already been discussed in the previous subsection.
The corresponding inner layer solutions can now be easily deduced, following the same procedure
as mentioned in the previous section. We would only mention the solutions here, which read

2
_ 1
CD(II) = Zq&i(Y)sin(iX); C(lz) = —Pef < +ncos X + gCOSZX)
i=1
< (1 2 < (0
My = 20" +2 [, sin(iX) + 26, sin X, (47)
i=1

1 1
¢ = znﬁe‘y(l +Y)+ly; ¢ = Zﬂe‘y(l + )+l W, =v(=0), i=1.2.

The solutions for the potential can now be plugged into the momentum equations to deduce the
pressure and the X velocity. The X velocity can be subsequently plugged into the continuity equation
to estimate the Y velocity. The solutions for the velocities are as follows:

2
vl = —'B—(Zn sin X + sin2X)(2 + Ye ' —2¢77)

_ 2
o _ 'B—(n cos X + cos2X)[2Y — 3+ ¢ Y (¥ +3)]. (48)

Note that the inner layer velocities remain independent of Pe at this order, although the
potential and the concentrations strongly depend on the same. The outer velocities satisfy
the equation —Vp!” + V" —e,gv25\" =0; V.v{" =0. This can be solved subject to
appropriate boundary cond1t10ns [which can be determmed by matching outer and inner layer

velocities at the edge of the EDL, at 0(8,Zy); not mentioned here for brevity]. The solutions to the
outer layer velocities can be deduced to be of the form

(1) —V x (Sl ez) (l) Zf,(y)sm(lx)
i=1
4
fi= {——nﬂ Pe +npg ( Pef? — ) }e‘y + @e‘”(y—i— %9),
2 iy Y y?
= _Eﬂ ye ' +Pepe (@ + ES) (49)

064203-12



ELECTROOSMOSIS OVER CHARGE-MODULATED SURFACES ...

The most interesting point to note from the solutions for velocities is that the outer layer velocities
depend on the ionic advection strength (i.e., Pe), although the inner layer velocities are completely
independent of them. We further note that there is no contribution to the free-stream velocity at this
order as well. However, the next corrections to the velocities do contribute to the far field transport,
as we show in the next subsection.

3. Free-stream velocity contribution at O(8,%})

Here we would only determine the component of the velocity, which contributes to the net flow
at far field location, i.e., the component of X velocity independent of X (or, x). To this end, we would
require determining the component of inner layer potential at O(8,Z3), which is independent of X.
Fortunately, we have already determined the solution to the concentration in the inner layer at this
order. This concentration can be used in the charge conservation equation to determine the charge
density, which can be subsequently plugged into the Poisson’s equation to deduce the potential. Our
purpose is only to determine that part of the charge density and potential, which is independent of
X. The said component reads (for potential)

,3P 2
= {o eﬁ —— (14 Y)e ¥ + Periodic terms in X. (50)

The corresponding X velocity is given by

v = —%{(36 + 72Pe — 43Pef2 — 27Pef2Y)e ™" + 43Pef? — T2Pe — 54 + 1802}
+ periodic terms in X. (1))

Combining the matching condition for velocity and the outer layer momentum equation, it can
be easily determined that the “free-stream” velocity at this order is given by
pn

=(2)
= —(54 4+ 72Pe — 43P 2
Uso | 144(5 + e 3PefS?). (52)

The most interesting point to note from (52) is that the first contribution to the free—stream velocity

at O(6) varies nonmonotonically with the applied field strength S. In fact, for 8 < /=35 73Pe + Zé the
contribution has a net positive sign, which indicates that the free-stream velocity gets reduced as a

result [recall Eq. (32)]. However, for larger values of applied field strength, u? 1 changes sign and
actually increases the far field velocity. Moreover, this transition occurs for apphed field strength
B ~ O(1), since Pe ~ O(1), for field-driven flows. Therefore, we can conclude that the first and
hence the dominant effect of finite EDL thickness decreases the net free-stream velocity for low
applied field strength, whereas the same is augmented for stronger applied fields. To the best of our
knowledge, this is first study to explicitly point out such nonmonotonic effect of finite EDL thickness
on fluid velocities, in the context of electroosmotic flows over charge-modulated surfaces. We later
verify this result by comparing it with numerical simulations.

Finally, we note that, since in the outer layer V?¢, # 0 in general, we can infer that the bulk
is actually not charge -free. In fact, the Poisson’s equation in the outer layer suggests that p =
83[ {= ozl + 5% L ) ---}] 4+ O(8*) and hence the electro-neutrality in the bulk is broken at O (83).
ObV10usly this bulk charge density is much larger for larger values of surface charge. In fact, a

large number of previous studies on electrokinetic instabilities [42,44], and others [63] have also
concluded that net charges in the EDL protrude into the bulk to create “space-charge” layers.

4. Comparison with previous studies

The present work is closely related to the previous study of Khair and Squires [39], who explored
concentration polarization brought about by electrokinetic flows around a charge-modulated surface.
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Therefore, it would be insightful to directly compare our results for concentration and potential with
those of Khair and Squires to establish a link between the two studies.

There are notable similarities between the analysis done here and that of Ref. [39], albeit with
several subtle differences in the definition of the nondimensional numbers (such as Peclet number,
field strength, etc.). Further, those authors did not execute a formal matched asymptotic expansion
based analysis as outlined here, and hence some of their formulations were directly coming from
physical arguments. Notwithstanding such subtle differences, we would denote their quantities for
steady dc field with a superscript “*” (such as Pe*), when directly comparing with our results. To
this end, we note the following relations between their nondimensional parameters and the present
study: ¢ = ¢* = Zo; B* = B8 and m = 2Pe with Pe, = Pe* = Pelyf [there is a factor of “1/2”
missing from the definition of Pe, in Eq. (55) of Ref. [39]]. Note that the parameter m defined there
is actually twice the Peclet number defined herein. Those authors carried out a regular perturbation
for B* <« 1 and defined the following asymptotic sequences for bulk concentration and potential:

ot =cot+ Brept - ¢F = pBPg* + .-, while the concentrations in the two studies are
related as follows: ¢* = %c’. If we recast the above expansions in terms of the nondimensional
parameters of the present analysis, they read ¢,* = 1468 + -+ ; o* = 5,8(13,3* + ---, where

overhead caps have been used to denote the nondimensional variables, nondimensionalized with
same quantities as that of Ref. [39] (the same as the present study). By inspecting Eqgs. (12) and (13)
as well as the analysis in the previous subsection, we can note that the terms ¢g* and q@,g* respectively
correspond to the variables {o@, /8 and ¢;/28 of the present work.

For a dc potential of the form, { = cos(x) (as mentioned in Ref. [39] in Sec. VI), we have to put
n = 0 in the present analysis. By inspecting Egs. (39) and (46), we note that in the limit 8 — 0, the

term Zo@, takes the form (with n = 0):

991 _ 5 (1 4 2pese sin 2 53
7—§( + 2Pe)e™ 7V sin(2x) + - - - . (53)
This is exactly the same as Eq. (62) in Ref. [39], where the excess bulk potential has been reported
(ignoring the x/ € part, since this comes from the externally applied potential). However, we note
from the asymptotic solutions that several other terms appear at O(8), which are nonlinear in 8 [such

as <Z)(10) in Eq. (39)]. Of course, these terms were not reported in the work of those authors, since they

only took into account the first corrections from O(8) terms.

In regard to the concentration, we note that while balancing the depth averaged fluxes [refer to
Egs. (44)—(50) in Ref. [39]], the authors ignore the contributions from the advective fluxes from the
bulk in Eq. (50) of that work. In other words, the flux component v'¢’, from the outer layer (where v’
is the Y velocity) is neglected in the referred work. This eventually leads to the presence of an extra
linear term in m, in Egs. (58), (66), and (67) of Ref. [39]. However, in the present study we have
taken into account the contribution of the advective fluxes, as evident from Eqs. (26) herein. Thus,
in essence, our results should be equivalent to enforcing m = 0 in the solutions of ég* in Ref. [39].
As such, the solutions of that paper become [refer to Egs. (67)—(72) in Ref. [39], with m = 0)]

¢g* = —foe ¥ sin (x) — PeBLi(2y + De [ + L cos2x)] + -+ (54)

By inspecting Eqgs. (38) and (45) of the present work, we note that Eq. (54) matches exactly with
¢1/2B (recall that n = 0 here). Therefore, we have demonstrated that our analysis can successfully
reproduce at least the first corrections to the concentration and potential profile derived previously
in Ref. [39]. Furthermore, our analytical solutions also compare well with independent numerical
simulations (presented in the forthcoming section), which also supports the accuracy of the current
asymptotic analysis. We have also compared the contours of concentration perturbation of our
solutions to those of Ref. [39]. The plots have been included in Appendix B.
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G. The O(§%) problem

Tonic advection (Pe) directly influences the quantities in the inner layer at O(82). Therefore, for
completeness, we would also attempt to solve for the O(8?) variables. Since the solution procedure
is exactly the same as described in the previous order of §, we would not describe the same for
brevity. The details of the solutions are mentioned in Appendix C. In this section, we would only
mention the correction to the free-stream velocity at O(82). The detailed solutions indicate that the
said contribution in fact comes at 0(82,502), just like the solutions at O(8), and is given by

u(z) _ é,2 (2) . ﬁg;),z — —,Bn(% + %Pe) —nﬂ3(15—6P ) 1152Pe:3 n. (55)

Detailed calculations show that chemio-osmotic forces due to concentration polarization in the

outer layer contribute to the free-stream velocity at O(87). Note that the component ul )2 is linearly

dependent on the advection strength. However, the dependence on 8, i.e., the applied field strength,

is nonlinear and nonmonotonic as in the previous order. For relatively smaller values of g, the u(z)

component leads to an increase in the free-stream velocity. Finally, we note that the total free- stream
velocity is given by

oo = U)o+ Lt o + 88300 | + 825 5 + - (56)

The expressions for the various components in (56) have been given in Egs. (32), (37), (52), and
(55). Note that, if one ignores the contribution from higher order terms involving &y (for low surface
potential), the free-stream velocity is not affected by finite EDL thickness, even if § ~ O(1). In fact,
it can be concluded that the far field velocity, to the leading order of Zy, remains unchanged so far as
B < O(EO_ 1). We further note that, in the weak field limit, i.e., for 8 < 1, neglecting any nonlinear
contribution from g8, we find

- ﬂéo - 233 11
lioclpect = —nf + -2 4 3m) 4 633 2 (54 + T2Pe) — 820 pn (17 + g Pe ). (5T)
We recall that the quantity Au, as defined in Sec. III, has the following definition based on
analytical solutions:
Aitog = 8551 | + 820315, + - (58)

Finally, we recall that the actual nondimensional free-stream velocity is given by
Uso = Eobvtoo and AMOO = E()Aﬁoo. (59)

We reiterate that the quantity Au., embodies the effect of finite EDL thickness on the free-
stream velocity, highlighting the difference between a full PNPNS based approach and the “naive”
Smoluchowski slip velocity approach.

V. RESULTS AND DISCUSSION

This section primarily focuses on three aspects of the flow dynamics, (1) the potential and
concentration distribution in the domain, (2) the free-stream velocity, and (3) the overall flow
dynamics, as visualized through streamlines. For this entire section we would stick to Pe = 0.5,
following the assertion of Saville [2] with regard to field-driven phenomena. We would emphasize
the effect of the following parameters on the foresaid variables: (a) the applied field strength (8), (b)
the EDL thickness, and (c) the magnitude of the potential, Zo.

A. Potential and concentration distribution

We start our discussions with Fig. 2, where variations in the potential [in Fig. 2(a)] and the
concentration [in Fig. 2(b)] have been depicted as a function of y, at x = 2.3833, for three choices of
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FIG. 2. Comparison between numerical (symbols) and analytical (solid lines) solutions for (a) ¢ vs y and
(b) ¢ vs y for three different values of ¢y = 0.1, 0.2, and 0.3. The concentration and potential profiles have
been plotted at an axial location of x = 2.3833. Values of other relevant parameters are as follows: Pe = 0.5,
B=2.1,6=0.025andn = 1.

Zo = 0.1, 0.2 and 0.3 in the thin EDL limit (§ = 0.025), while values of all other relevant parameters
are mentioned in the caption. We have plotted both analytical (solid lines) and numerical (markers) so-
lutions for comparison, where a combined uniformly valid expansion has been plotted to represent the
analytical solutions. First, we note that the two solutions show reasonably good agreement throughout
the domain, the agreement being better for lower values of Zy. Both figures confirm our earlier asser-
tion that (see the analysis in Sec. [V) the application of external field and the associated flow results in
concentration polarization in the outer layer [see Fig. 2(b)], which in turn, leads to an excess induced
potential in the bulk. The change in the salt concentration and the resulting excess potential in the
bulk is naturally larger for larger values of Z,. We reiterate that the first concentration polarization in
the bulk occurs at O(8, o), which basically results in a “salt-depleted” zone just outside the EDL [see
Fig. 2(b)] as indicated by concentrations lower than 2 (neutral, far field concentration) in that region.
A number of previous studies, including those of Dukhin and Shilov [67,68], and more recently those
of Chu and Bazant [69] and Khair and Squires [39] have explored similar concentration polarization
phenomena around the EDL in great detail. Therefore, a highly insightful account of this phenomenon
can be found in the foresaid studies. Nevertheless, for the sake of completeness, here we briefly
discuss about the concentration polarization in the bulk. The primary source of such variation in the
concentration stems from nonuniform current and salt fluxes in the EDL, which is primarily driven by
the externally applied electric field [39]. These fluxes can be viewed as a result of the broken symme-
try due to the application of the external electric field. Since the concentration distribution inside the
EDL is not uniform (but the external field is, at least to the leading order), the resulting fluxes are also
not uniform in nature. Therefore, these fluxes are not divergence free. As a result, the EDL essentially
“spills out” ions into the bulk in certain places and extracts ions from others. This phenomenon of
“spilling out” and extraction is effectively manifested through the Eqgs. (26). The final result of such
nonuniform flow of ions between the EDL and the bulk is the polarization of concentration in the bulk.
The fact that the said polarization is driven by the external field can be easily inferred from Eqgs. (38)
and (40), where we note that the corrections to the concentration (i.e., the polarization terms) are pro-
portional to 8, i.e., the external field strength. The periodic nature of these correction terms also sup-
port the assertion that ions are indeed spilled out in some places and extracted at others, from the bulk.

We next focus on Fig. 3, where variations in the potential [in Fig. 3(a)] and the concentration [in
Fig. 3(b)] have been depicted as a function of y, at x = 2.3833, for four choices of g = 0.1 (weak
field limit), 1.7, 3.3, and 4.5 in the thin EDL limit (with § = 0.025), while values of all other relevant
parameters are mentioned in the caption. We have plotted both analytical (solid lines, uniformly
valid combined expansion) and numerical (markers) solutions for comparison. Reasonably good
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FIG. 3. Comparison between numerical (symbols) and analytical (solid lines) solutions for (a) ¢ vs y and
(b) ¢ vs y for four different values of 8 = 0.1, 1.7, 3.3, and 4.5. The concentration and potential profiles have
been plotted at an axial location of x = 2.3833. Values of other relevant parameters are as follows: Pe = 0.5,
L =02,8=0.025andn = 1.

agreement can be noted between the two solutions, the agreement being better for lower values
of B. The overall trend of the variation remains the same as shown in the previous figure(s) (see
Fig. 2). As expected, the extent of concentration polarization and the associated induced excess
potential in the bulk intensify as the applied field strength is augmented. We recall that in the leading
order of §, i.e., when the Helmholtz-Smoluchowski formulation is applied, there is no concentration
polarization in the bulk. Hence the variations shown in the previous two figures (Figs. 2 and 3) stem
from finite EDL thickness combined with the effects of applied external field and heterogeneous
fluid motion. In Fig. 3(b) it is interesting to note the relatively larger discrepancies between the
analytical and numerical solutions of ¢, as compared to those for the potential. However, we would
like to point out that in the context of overall variations, the discrepancies are still small. In general it
is hard to pinpoint to one exact reason for such relative differences. This is because the accuracy of
perturbation solutions strongly depends on the convergence of the asymptotic series [58]. However,
as a rule of thumb it can be noted that singular perturbation generally produces divergent series and
hence is valid only in the limit § — 0 [58]. More importantly, we should note that while evaluating
¢, we have only deduced the leading corrections of O(Eg) at this order of § (refer to Appendix C).
On the other hand, for potential, the first two corrections in terms of o at 0(8%) were determined.
Since the discrepancies between the numerical and analytical solutions for ¢ are very small, it seems
entirely plausible that this lack of enough correction terms might cause the apparent mismatch.

Figure 4 showcases the variations in the same quantities [potential in Fig. 4(a) and concentration
in Fig. 4(b)], at the same location, as functions of y, for four different values of § = 0.5, 1, 3, and 5,
while values of all other parameters are mentioned in the caption. Here we have only plotted the results
from the numerical simulations, as attributable to the larger choice of Zy (= 3). We can very easily
infer that the quantities in Figs. 4(a) and 4(b) demonstrate augmented versions of the same variations
as noted in Figs. 3(a) and 3(b). Because of larger strength of surface charge (or, equivalently, &)
and relatively thicker EDL (§ = 0.1), the concentration in the bulk shows larger polarization. The
resulting excess potential in the bulk also has a larger magnitude, as compared to the previous figures.
Itis interesting to note that the polarity of the salt concentration in the bulk reverses, as f§ is increased.
We observe that for lower values of  a “salt-depletion” zone exists just outside the EDL [refer to
Fig. 3(b)], while for larger B, excess amount of salt is present in the bulk at the same location.

B. Free-stream velocity

The main quantity of interest in this section would be Au,, which signifies the change in the
free-stream velocity brought about by finite EDL thickness. We first concentrate on the variation in
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FIG. 4. Plot (numerical only) of (a) potential (¢) vs y and (b) concentration (c) vs y, for four different
values of 8 = 0.5, 1, 3, and 5. Values of other parameters are given by § = 0.1,n = 1, §; = 3, and Pe = 0.5.

Aus as a function of B in the thin EDL limit (§ = 0.025) for three different values of Zy = 0.1,
0.2, and 0.3 in Fig. 5, while values of all other relevant parameters are mentioned in the caption.
In the inset, the normalized free-stream velocity, i.e., U /Uoo s=0 has been plotted as a function
of B (for same choices of parameters), for a complete representation. We have plotted numerical
(markers) as well as analytical (solid lines) solutions for comparison. First, we note that reasonably
good agreement between the two can be observed, especially considering the fact that Au, captures
the effects of only the perturbation terms from an analytical point of view. Since we are comparing

the numerical solutions to the analytical ones, we have subtracted Eoﬁfg’o from both the solutions

Line — Analytical
Symbols — Numerical

B0 1 2

38 3 4

FIG. 5. Comparison between analytical and numerical solutions of Aus = oo — U s=0 VS B for three
different values of Zy = 0.1, 0.2, and 0.3. In the inset we have demonstrated the normalized total free-stream
velocity, i.e., Uo /Uso s=0 VS B for the same values of ;. The symbols represent the numerical solutions, whereas
the lines show the analytical solutions. Values of other relevant parameters are § = 0.025,n = 1, and Pe = 0.5.
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FIG. 6. Comparison between numerical (markers) and asymptotic (solid lines) solutions for Au, vs §, for
three different values of &y = 0.1, 0.2, 0.3. Values of other relevant parameters are given by n = 1, Pe = 0.5,
and g = 2.8.

to evaluate the quantity Au.,. The second most interesting point to note is that the assertion made
in Sec. IVE, that the net change in the free-stream velocity (i.e., Aus,) varies nonmonotonically
with B, is verified here, since the numerical solutions also show similar variations. We note that
the free-stream velocity magnitude decreases first, for low values of B. After the field strength
crosses a threshold value, the magnitude of the free-stream velocity keeps on increasing with the
applied field strength. While it is relatively difficult to visualize these nonmonotonic variations in
the numerical solutions from the main figure, the said variation becomes apparent in the inset. Note
that a nonmonotonic variation in Au, would indicate that the quantity #, /u~ s—o should vary from
a value less than 1 to values larger than 1. This is exactly what we observe from the inset of Fig. 5,
where both numerical and analytical solutions exhibit the said variation, thus validating the assertion
made based on the analytical solutions. We further note that the numerical and analytical solutions
also show reasonably good agreement in the inset of Fig. 5. The said nonmonotonic variation of
course stems from the changes incurred by the application of the external field on the ionic species
concentrations as well as the potential in both inner and outer layers. However, the magnitude of the
changes to the free-stream velocity as demonstrated in Fig. 5 is quite small, roughly O(1073). This
is because the analytical solutions remain valid in thin EDL limit (§ < 1) for low surface potential
strength (Zy < 1), while the changes in the free-stream velocity first occurs at O (8 EOZ). Nevertheless,
the analytical solutions correctly explains the physics of the problem, wherein lies the significance
of the same. Later, when we focus solely on numerical solutions for larger potentials and thicker
EDLs, more significant variations in the free-stream velocity can will be witnessed.

We next move to Fig. 6, where the variations Au, in as a function of EDL thickness § has
been depicted, for three different values of Zo = 0.1, 0.2, and 0.3, while values of all other relevant
parameters are mentioned in the caption. Here, we have plotted the numerical solutions (markers)
for a wide range of EDL thickness, while the analytical solutions (lines) have been plotted only
for thin EDL limit. Again, reasonably good agreement is observed between the analytical and
numerical solutions, the agreement being better for lower values of potential strength. Note that for
the choice of 8 in this figure, the free-stream velocity actually increases in magnitude as denoted
by the negative values of the quantity Au.,. However, the most interesting point to note from
Fig. 6 is that Au,, varies nonmonotonically with § as well, for all three values of Zo. In fact, for
6 ~ 0.15, Auy goes through a maximum (magnitude-wise) and the effect of EDL thickness on
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B

FIG. 7. Plot (numerical only) of Au,, vs g for four different values of Z, = 0.5, 1, 2, and 3, while values
of other parameters have been chosen as n = 2, Pe = 0.5, § = 0.1.

free-stream velocity diminishes for larger values of §. This indicates that the overall flow dynamics
is most effected by a particular EDL thickness (i.e., for a particular salt concentration), while for
larger EDL thickness the influence slowly fades away, owing to dilution of the solution (note that
larger EDL thickness denotes more dilute solutions). Although such intriguing behavior cannot
be properly explained by the analytical solutions, it can nonetheless offer us some clues in this
regard. Note from the analysis of Secs. IV F and IV G that the O(8) and O(8?) contributions to the
free-stream velocity tend to oppose each other, at least for low to moderate values of S[~O(1)]. As
we increase the EDL thickness, the effect of the higher order terms in 6 become more prominent
and after the EDL thickness goes beyond a certain value, the higher order terms actually begin to
dominate as evidenced in Fig. 6. Of course, at this juncture the whole premise of the asymptotic
analysis breaks down and quantitative matching cannot be expected. However, from a qualitative
point of view, these solutions go some way towards explaining the nonmonotonic behavior under
consideration.

Figure 7 depicts the variations in Au, (numerical only) as a function of the applied field strength
(B), for different choices of ¢y, = 0.5, 1, 3, and 5, while values of all other relevant parameters are
mentioned in the caption. This figure is basically an augmented version of Fig. 5, where the same
variation was showcased for thinner EDL and lower surface potential. The same overall qualitative
features thus hold for the present figure as well. For example, we note that the free-stream velocity
(magnitude) first decreases for smaller values of applied field strength and upon further increasing
B the trend is reversed; the exact same variation in Au., was noted in Fig. 5. However, one unique
feature to be noted in the present figure is that the threshold value of 8, beyond which the free-stream
velocity starts increasing (i.e., the trend is reversed), seems to depend on magnitude of ;. In fact,
as the overall strength of the EDL potential is augmented, this threshold field strength increases, as
evident from the figure. This is nicely reflected in the variation for Zy = 3, wherein the threshold lies
beyond the range of 8 chosen for the present figure.

We end the discussion in this section with Fig. 8, where Au ., has been plotted (numerical solutions
only) as a function of &, for three different values of applied field strength (8) = 1, 2, and 5, while
the values of all other relevant parameters are mentioned in the caption. This figure is consistent with
the previous figures, since we note that for a fixed value of &y, Aus, changes sign from positive to
negative, as the value of g is increased. The reason for such behavior has already been discussed in
detail in relation to the earlier figures. However, one very interesting point to note is that the change
in the free-stream velocity (i.e., Aus,) goes through an extremum (magnitude-wise) when the value
of g is increased. This extremum is particularly clear for 8 = 5 and is slightly visible for g = 2.
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FIG. 8. Plot (numerical only) of Aus, Vs Zo, for three different values of 8 = 1, 2, and 5, while values of
other relevant parameters have been chosen asn = 1, § = 0.1 and Pe = 0.5.

After this point, the magnitude of Au,, decreases for § = 5, while the same increases for lower
values of $. In particular, for 8 = 1 and 2, the quantity Au, is positive, which indicates a decrease
in the magnitude of the free-stream velocity. For § = 5, the free-stream velocity always increases
for the range of £y chosen here. The reason for such behavior can be traced back to the previous
figure (Fig. 7), where we have already demonstrated that the threshold value of 8, for which the sign
change in the quantity Au, occurs (i.e., the contribution from finite EDL thickness reverses), keeps
on increasing as &, gets larger.

C. Streamline patterns

In this section, we would only focus on the numerical solutions to study the overall flow structure,
as indicated by the streamline patterns. To this end we first focus on Figs. 9(a)-9(d), where the
streamline patterns have been shown for four separate values of § = 1, 5, 10, and 20, while values
of all other relevant parameters are mentioned in the caption. We note sharp changes in the overall
flow patterns as the external field strength is increased. For low values of 8 (1 and 5), there are two
recirculation rolls located near the wall, which are the usual features for flows with patterned surface
charges [70]. However, as the strength of the externally applied field is augmented (to 10, 20),
the rolls tend to disappear and the streamlines straighten all over the flow domain. This intriguing
effect can in fact be related to Figs. 5 and 7, where we have depicted that the free-stream velocity
increases as the value of 8 goes beyond a certain threshold. This would naturally indicate increased
net throughput and smaller rolls, which is aptly reflected in Figs. 9(a)-9(d).

We next move on to our final figure, i.e., Figs. 10(a)-10(d), where the streamline patterns have
been shown for four different values of Zy = 0.2, 1, 5, and 10, while values of all other relevant
parameters are mentioned in the caption. We note that the overall streamline patterns are less
sensitive to the changes in potential magnitude as compared to the changes in the applied field
strength. Further note that, for the particular value of 8 chosen, increasing the potential leads to
increase in recirculation flow in the domain. This is clear from the fact that for ¢, = 0.2, only
one recirculation roll is present centrally in the domain. However, as & is gradually increased, the
streamlines around this recirculation roll get more and more distorted and finally give away to a
second recirculation roll, which becomes prominent for ¢, = 10. Therefore, one can conclude that
increases in the surface potential and applied field strength tend to influence the overall flow patterns
in opposite fashion. While, increased applied field strength tends to phase out recirculation rolls and
straightens the streamlines, an increased potential magnitude makes the streamlines more distorted
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FIG. 9. Evolution of streamline contours (numerical only) for increasing 8 as (a) 1, (b) 5, (c¢) 10, and
(d) 20. Values of other parameters have been chosen as n = 0.1, 8, Z, = 2, and Pe = 0.5.

. (a)
. |
4f//—§\
=N
2
| _
0 2 4 6
X

FIG. 10. Evolution of streamline contours (numerical only) with gradual increase in &, as (a) 0.2, (b) 1,
(c) 5, and (d) 10. Values of other relevant parameters are given by n = 0.1, Pe = 0.5, § = 1, and § = 0.1.
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and eventually leads to the formation of a second recirculation roll. We recall that although the
analytical solutions of Sec. IV is only valid in the limit Zy < 1, we can still have some qualitative
idea regarding the evolution of the streamlines from the perturbation solutions. We note from the
asymptotic solutions that the higher order terms of Z, contribute more periodic (or, sinusoidal terms)
terms to the overall stream functions, which naturally leads to increased recirculation in the flow.
This is ultimately manifested through the appearance of new recirculation rolls for larger values of
Zo, as noted in Fig. 10(d).

VI. CONCLUSIONS

We have solved the fully coupled Poisson-Nernst-Planck-Navier-Stokes model in the presence
of patterned surface charge, to bring out the effects of finite EDL thickness on the fluid and
charge dynamics in an electro-osmotically actuated flow. To this end, we have performed numerical
simulations for a wide range of applied field strengths, surface potentials and EDL thicknesses, while
assuming the ionic Peclet number to remain ~O(1). We have further derived asymptotic solutions
valid for thin EDL thickness and low surface potentials. We have used singular perturbation to
resolve the dynamics within the EDL, while a subsequent regular asymptotic analysis has been
applied to deduce the effect of small characteristic surface potential. While deriving the asymptotic
solutions, we have assumed both Pe and § to remain ~O(1). While representing the results, we
have used net change in the free-stream velocity owing to finite EDL thickness as one of the main
indicators of the overall flow. We show that reasonably good agreement between the asymptotic and
numerical solutions can be observed within an appropriate regime of validity of the former.

Our results reveal that the applied field strength influences the free-stream velocity nonmono-
tonically, when finite EDL thickness is taken into account. For lower electric field strength, the
free-stream velocity tends to decrease, while beyond a critical field strength the far field velocity
increases with 8. Both asymptotic and numerical solutions reach this same conclusion. The
numerical simulations predict that the said threshold value of the applied electric field strength
increases with increasing &o. Our study further shows that the effect of finite EDL thickness on the
free-stream velocity is most prominent for a particular EDL thickness (around § ~ 0.15). We have
also demonstrated that increments in the potential strength (i.e., Zy) and the applied field strength
(B) tend to influence the flow patterns in the opposite ways. While increases in the field strength
tends to remove recirculation rolls from the flow domain, increases in &, leads to generation of
additional rolls and more distortions in the shape of the streamlines. These results can be potentially
consequential in designing micro-scale devices of modern scientific and technological relevance,
which employ electrokinetic flow actuation and mixing processes.

APPENDIX A: DETAILS OF NUMERICAL SIMULATIONS
A. Domain and grid distribution

Since we are considering a semi-infinite region in the present study, the height of the domain
(H) should be such that all the velocity gradients vanish as well as the potential reaches zero (i.e.,
the “far field” conditions in (7) are satisfied), when y = H. The best way to meet this criterion is
to choose the domain height based on the EDL thickness. Accordingly, for § < 1, we have taken
H = 10, while for larger values of §, the domain height was taken to be H = 20. The whole domain
was divided into rectangular grids of nonuniform density. The length along the x axis was divided
into 100 uniformly spaced grid points, while along the y axis the grid points were nonuniformly
placed. In an effort to capture the variation within the EDL properly, a larger number of grid points
were taken near the wall. To this end, the grid sizes were increased continuously from the wall, with
a specified ratio between the first and the last grid. COMSOL Multiphysics 4.4 allows us to take the
said ratio in geometric sequence, where the grid sizes are increased exponentially. In our simulations,
we have taken 1000 grid points along y axis, while the grid sizes were increased geometrically, the
element ratio being 0.0001. As an example of variations in the grid size (and their relative sizes to the

064203-23



GHOSH, MANDAL, AND CHAKRABORTY

(b)
Al ==, = 1000]
— N, = 1500

10

-1 -08 —-06 -04
u

FIG. 11. Grid independence test of the numerical simulations for « vs y data at x = 1.95, for (a) § = 0.025
and (b) 6 = 1.2, while other parameters have been chosen as Zo=1, B=1,n=1, Pe =0.5. The simulations
have been carried out for two different grid distributions along y directions, N, = 1000 and 1500, while the
number of grids in the x direction has been taken as 100. The successive element ration has been chosen as
0.0001.

domain), we note that for § = 0.025, the minimum grid size was 0.062 x 107 near the wall, inside
the EDL. In the same simulation, the largest grid size near the top of the domain was 0.062 x 0.092.

B. Grid independence

To ensure grid independence of the solutions, we have tested the results from our numerical
simulations for the following values of EDL thickness, (a) § = 0.025 (thin EDL) and (b) 6 = 1.2
(thick EDL). For case (a), the numerical simulations were carried out for H = 10 with Ny, = 1000
and 1500 grid points along the y direction (number of grid points along the x direction has been
kept the same). For case (b), the same number of grids were chosen, with H = 20. In both the cases,
the same successive ratio between the neighboring elements have been maintained. Figures 11(a)
and 11(b) depict the results of grid independence test for the variation in the X velocity (u) with
the y coordinate, at a location x = 1.95. The plots clearly indicate that grid independence is indeed
achieved at 1000 grid points along the y direction.

C. Domain size independence

To ensure that the results for the free-stream velocity are independent of the domain height
(H) along the y direction, we have carried out two sets of numerical simulations for the same
EDL thicknesses as mentioned in part (a). For § = 0.025, simulations were executed for H = 10
and 20, with 1000 and 2000 grid points along the y axis respectively. On the other hand, for
& = 1.2, simulations were executed for H = 20 and 30, with 1000 and 1500 grid points, respectively.
Figures 12(a) and 12(b) compare the corresponding results for the X velocity («) as a function of y
(same x location), for different domain sizes. Both the figures indicate that the velocity distributions
are indeed independent of H, for its lower values, i.e., for H = 10in(a) and H = 20in (b). Figures 11
and 12 thus ensure that the results from our numerical simulations are independent of the choice of
the domain height and grid size.
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FIG. 12. Domain independence test of the numerical simulations for u vs y data at location x = 1.95, for
(a) 6 = 0.025 and (b) § = 1.2, while other parameters have been chosen as o=1,B=1,n=1, Pe=0.5.
The simulations have been carried out for two different domain sizes along the y directions: (a) H = 10
(N, = 1000) and 20 (N, = 2000), and (b) H = 20 (N, = 1000) and 30 (N, = 1500). The successive element
ration has been chosen as 0.0001.

APPENDIX B: CONTOUR PLOT OF CONCENTRATION POLARIZATION

For completeness, we will compare the contours of our concentration profile, from the analytical
solutions in Sec. IV with those reported by Khair and Squires [39] in Fig. 8 of their work. Since our
study is valid for low to O(1) values of Pe, we would only compare our contour plots to those in
the first row of the said figure. Figure 13 demonstrates the contours of ¢, /8 for two different values
of Pe, chosen based on the value of Pe, reported in Fig. 8 of Ref. [39]. The color scheme has been
chosen to be the same as in Ref. [39], while the values of all other relevant parameters are mentioned
in the caption. The contours of concentration perturbation as shown here are remarkably similar to
those of Ref. [39], thus establishing a strong link between the two studies.

(b)

N\ N\
0 2 4 6 0 2 4 6

T T

FIG. 13. Contour plot of concentration perturbation for comparison with Fig. 8 of Ref. [39]. We have plotted
the quantity ¢,/ for (a) Pe = 0.05 (Pe, = 0.01) and (b) Pe = 5 (Pe, = 1), while other parameters have been
chosen as, £y = 0.2, § = 0.025, 8 = 1. The white regions indicate a concentration-depleted region, while the
dark regions are salt-rich zones. These contours are very similar to those of Ref. [39].
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APPENDIX C: EXPRESSIONS FOR CONCENTRATION, POTENTIAL,
AND VELOCITIES AT 0(§?)

A. Concentration profile
The first correction to the concentration in the outer layer at O(8%) comes at 0(82,4:0) and reads

=82+ & = ho(y) + hi(y)cos (x) + ha(x) cos (2x); (C1)
here
Pef? 1 !
ho(y) = — 3’23 ezy{2ﬂ2<y2 +y+ 5) — 16y — 24}; hi(y) = Die?,
1 1 1
hy(y) = Kie ™ + ZPe,Bzye_zy(l - gﬁzy - Eﬁ2>; Dy = —np*(2Pe + 1),
Ky = —1[D ~Lpeg (1- '3—2)] Dy = —p*(Pe+1) (C2)
! LG 16 ‘
The inner layer concentration till 0(8%,z) is given by
(C3)

Cr=50CY +---; CV =2BsinX(Y +e7Y).

B. Solution for potential

The inner layer potential is given by [till O(5%,Z0)]
3

Z (Y)sin (i X) — Z A— cos (i X). (C4)
l

i=1

S5}

. 1
CD(ZO) = —5(1 +Y)e Ycos X;

The constants A;’s are given by A; = Pe B24n2 +1); Ay = 3Pe B%n; Az =
functions /,(Y) have very algebraically comphcated expressions. The MAPLE files contammg the
expressions can be made available upon request to the authors. The potentials in the outer layer are

Pe B2. The

given by
3

V(l) Z Ji(y)sin (ix) — Z IL:I e

i=I

cos (ix); Ji = —{%Dlﬁ(l )t Bl}e—y
5=k PV rpe IO 2(72 + 12Pey + 6Pe) — 96K, } e, (C5
) = 3—@{ ep’ + 5+ ) — B (72 + 12Pey + 6Pe) — e, (C5)

3p° Pep’  Pep’

=52+ 3 + 5 . By =28

The constants are given by K3

C. Solutions for velocities

The X velocities in the inner layer have the following functional form (at this order m = 1)

_ _ 3 1\ v
Uy =05 +505 +--; U5 = ﬂ[ Y1 -Y) - §<Y2 + 5) i +4)] cos X;

vy Z[G (Y) +m;Y + §,]sin (i X). (C6)
i=1

The constants are given by m; = £ Pe 8*n + np* my = (&5 — 1); Iy = np*(% + 3); and

b= %(% 4+ 1). The functions G;(Y) have very complicated expressions, which can be made
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available (through MAPLE files) upon request to the authors. The outer layer solutions to the
velocities are given by

1
Vo= Qi e+ V x (Sae)i S2= 8, +8Sy 8y = —5Bye cos (x),
—(1) 2 3 3 1
Sy =Y Liysin(ix); Li(y)= {Enﬁer <§nﬁ2+l1>y} =g DBy
i=1
3 3 i Kip> | 18> | Pep 1 B
L(y) — B+ (38° + )y +( Tt 4096) +Pe,34(—2 - ﬁ)ys ~2y
20y) = o e,
T 3072
@ p 233 N 1, g 5 b N 17 5 5 €D
= —pn\ —— —re )| —n —re¢ epn.
Hoo2 192 8 16 1152
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