E coatings

Article

Mathematical Modeling and Analysis of the Steady
Electro-Osmotic Flow of Two Immiscible Fluids: A
Biomedical Application

Haifa A. Alyousef 1 Humaira Yasmin %*©, Rasool Shah 3, Nehad Ali Shah %, Lamiaa S. El-Sherif >

and Samir A. El-Tantawy &7

check for
updates

Citation: Alyousef, H.A.; Yasmin, H.;
Shah, R.; Shah, N.A.; El-Sherif, L.S.;
El-Tantawy, S.A. Mathematical
Modeling and Analysis of the Steady
Electro-Osmotic Flow of Two
Immiscible Fluids: A Biomedical
Application. Coatings 2023, 13, 115.
https://doi.org/10.3390/ coatings
13010115

Academic Editor: Jinyang Xu

Received: 7 November 2022
Revised: 1 January 2023
Accepted: 3 January 2023
Published: 8 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Physics, College of Science, Princess Nourah bint Abdulrahman University, P.O. Box 84428,
Riyadh 11671, Saudi Arabia

Department of Basic Sciences, Preparatory Year Deanship, King Faisal University, Al-Ahsa 31982, Saudi Arabia
Department of Mathematics, Abdul Wali Khan University Mardan, Mardan 23200, Pakistan

Department of Mechanical Engineering, Sejong University, Seoul 05006, Republic of Korea

Department of Physics, College of Arts and Science in Wadi Al-Dawaser, Prince Sattam Bin Abdulaziz
University, Wadi-Dawaser 11991, Saudi Arabia

Department of Physics, Faculty of Science, Port Said University, Port Said 42521, Egypt

7 Research Center for Physics (RCP), Department of Physics, Faculty of Science and Arts, Al-Mikhwah, Al-Baha
University, Al-Baha 1988, Saudi Arabia

Correspondence: hhassain@kfu.edu.sa

U W N

Abstract: The in vitro fabrication of big osteoarticular implants integrating biomaterials and cells is of
tremendous interest because these tissues have a limited ability to regenerate. However, the growth of
such cells in vitro is highly problematic, especially later in the culture, when the extracellular matrix
has almost filled the initial porous network. Thus, the fluid flow required to properly perfuse the
sample cannot be obtained by the hydraulic driving force alone. Fluid pumping is a central concern of a
microfluidic system and electro-osmotic pumps (EOPs) are commonly employed for this purpose. Using
electro-kinetic equations as a basis, this study analyzed the variations of a two-fluid electro-osmotic
flow of viscoelastic fluid flow through a channel. The behavior of the fluid was studied through the
Ellis equation. This is how the electro-osmotic pump functions, as demonstrated in the literature that it
electrically drags a conducting fluid across a non-conducting fluid through interfacial dragging force
along the channel. A steady-state analytical solution for the system in a conducting fluid channel was
studied by undertaking an interface planner for fluids exhibiting Newtonian rheological properties. The
pumping characteristics were studied in detail by using the Ellis model’s parameters. The fluid rheology
was studied, which showed the viability of this technique.

Keywords: mathematical modeling; electro-osmotic flow; two immiscible fluids; Ellis model

1. Introduction

Electro-osmotic flows have been subjected to recent investigation due to their applica-
tion in electro-osmotic pumps, micro-reactors, micro-energy systems and micro-electronic
cooling systems [1]. In these micro-channel networks, fluid pumps are used, in which
the fluid is transported by an ion-dragging effect known as electro-osmosis. The review
carried out by Wang et al. [2] on various studies regarding electro-kinetic pumps is related
to a single-phase fluid, which is transported by a high electrical potential, with the help
of a classical electro-osmotic pump. Therefore, the classical electro-osmotic flow pumping
mechanism cannot be used for low electrical conductivity fluids. A new mechanism was
suggested to overcome this limitation by Brask et al. [3]. They used a highly conducting
electrolyte fluid to drag the low conductivity fluid. The non-Newtonian fluids with the
highest electro-osmotic fluxes have also been the subject of recent investigations. In this
regard, the power-law model was recently utilized [4,5]. They were successful in obtaining
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the exact relationships for the distributions of velocity, temperature, and concentration.
The viscoelastic Phan-Thien and Tanner (PTT) and the finitely extendable nonlinear elastic-
Peterlin (FENE-P) models have been used recently by Afonso et al. [6] to investigate the
electro-osmotic flows in channel and pipe geometries. In addition, an earlier numerical
study by Park and Lee [7], which was based on the PTT model with EOF in a square cavity,
is also worth mentioning. These investigations were carried out by considering small EDL,
in which a microfluidic device’s walls are separated from one another by a distance that is
greater than the EDL [6,7]. Due to the combined electric and pressure effects, the velocity
profile exhibited an additional term (which also contributed to the total flow rate), which
could be observed in non-Newtonian cases. In contrast, for Newtonian fluids, there was no
such extra term and, thus, the superposition principle was applicable. Sousa et al. [8] further
extended the study of viscoelastic models for pushing the zeta potential asymmetrically.
Dhinakaran et al. [9] thought about a skimming layer that was low in polymer and located
close to the walls. Dhinakaran et al. conducted an investigation into the pure EOF, with
a non-zero second normal stress differential and a lack of a pressure difference. [10]. The
fully developed electro-osmosis-driven flow of the SPTT or FENE-P models in a Newto-
nian solvent was also addressed by Afonso et al. [11]. Most recently, Martinez et al. [12]
discussed the two-fluid electro-osmotic flow model via the simplify PTT model. The flow
fluid rheology and pump ability were studied in detail under the influence of various rele-
vant dimensionless parameters. An analysis of the two immiscible power—electro-osmotic
law’s flow by Deng et al. [13]. discussed fluids in a micro-channel [13]. Mustafa et al. [14]
investigated heat transfer and Eyring-Powell fluid flow through a circular pipe. Foreseeing
the effects of shear-thinning and yield stress, the Ellis fluid model is a generalized Newto-
nian fluid model. It is claimed that the power law and the Bingham model are subsets of
this overarching paradigm. [15]. At extremely high shear loads, this model’s results were
identical to those of the power law model, while at moderate shear stresses, its behavior was
similar to that of the Newtonian model. Therefore, the Ellis model is a helpful framework
for evaluating the characteristics of different bio-fluids, such as blood, respiratory mucus,
chime and cervical mucus, as it outperforms the Power law [16], the Newtonian law [17]
and the Bingham Law models. The purpose of this article was to provide supplementary
evidence to the findings of Afonso et al. [11], by including the Ellis model.

2. Flow Geometry

The governing flow equation is modeled using equations of mass and momentum. The
body force term is incorporated using the well-known Poisson equation for electric potential.
The analytical solution of the governing flow equation is presented in this paper, and graphical
results are displayed and discussed for several values of the involved parameters.

The time-independent flow of two layers of immiscible viscoelastic fluid was under
consideration in this study. A schematic of the flow configuration is introduced in Figure 1a.
Such a flow situation can be encountered in some EOP pumps, in which there are two layers
of conducting and non-conducting fluids. The electrically non-conducting liquid was in the
upper half (Fluid A), while the electrically conducting liquid occupied the lower half (Fluid
B) of the channel. This was because the electrically conducting liquid carries the electrically
non-conducting liquid. This situation is demonstrated in Figure 1b. The movement of ions
resulting in the development of electric double layers (EDLs) was, naturally, expected in
the presence of an electrically conducting liquid and a dielectric wall. The process of the
formation of EDLs is explained as follows: The lower charged channel wall attracts the
opposite ions, forming a thin layer of electrically conducting liquid in the vicinity of the
wall and pushing away the co-ions. This layer is called the stern layer. A more thickly
diffuse layer of moving opposite ions succeeds the stern layer. The two layers formed in
this way result in the EDLs. Next, when a DC and an external force are applied across
the channel, then an external electric field is created, and, thus, the opposite ions of the
EDLs accelerate near the bottom wall. As a result of the motion of these ions, the neutral
liquid in the core is also dragged along the wall by the viscous effect. In the same manner, a
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second EDL is formed due to the dielectric interaction of the fluids at their interface in the
charged fluid (near the interface). The external electric field is what causes the electrically
conducting liquid to move, and the electrically non-conducting liquid is dragged by the
conducting liquid as a result of the viscous effect at the interface. An external pressure
gradient can also be added at the ends of the channel. The direction of the action of pressure
can be either along the direction of the external body force or vice versa. We placed the
origin of the frame of reference at (x, y), when the two fluids meet at their interface. The
thickness of Fluid A and Fluid B is denoted by H; and Hj, respectively. It was further
assumed that width, W, was supposed tobe W >> H; + H, = H. Furthermore, the holdup
of the fluid in the lower half was given by the following:

Hy Hy
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(b)
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Figure 1. (a) Schematic diagram of flow geometry in a channel. (b) The diagram of EOF pump.
(©B=1T=0R=20;R; =0;R4 = 3;(d) p=LT =0;R =20;R; = 0; Ry = 3.
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This is, in fact, the ratio of the cross-sectional area of Fluid B to the total cross-sectional
area of the channel. In the same manner, the holdup of the fluid in the upper half was given
by the following:

Hy Hy
=2 2
Hi+ H> H’ @

The zeta potential of the EDL that formed near the bottom wall is denoted by (1, while

{; stands for the zeta potential of the EDL that formed at the interface. The equation [16-18],

Ry=1-Rp=

P+ vou 3)

is known as the continuity equation. In Equation (3), p is the density, u is the fluid velocity
and ¢ is the time. When flow is incompressible, the above equation becomes the following;:

Vu=0 4)

The equation of motion can be expressed as follows, in which b is the body force per
unit volume and ¢ is the Cauchy stress tensor [18]:

du
P = V.o + pb. ®)

2.1. Potential Field for Fluid B

The flow under consideration was steady and fully developed. The potential difference
inside the charged Fluid B was obtained using the Poisson equation. A potential field is
created by the charge, so, in this study, we could relate the potential field and charge density
by a divergence relationship. This relationship is a combination of Maxwell’s equation
and vector calculus operation, known as divergence [17]. The divergence of the electric
potential at some point is equal to the charge density divided by the dielectric constant of
the material, i.e., as follows:

Oe
VE="— 6
i ©®)
The expression of the electric potential in terms of voltage can be expressed in vector
form, as follows:
op. oJp. Iy
=35, En j &k (7)
E=-Vy ®)
By substituting Equation (8) into Equation (6), the following is obtained:
2 Pe
\Yall) = 9

Equation (9) is known as the Poisson equation for electric potential. The expression of p,
for the electrolyte solution in equilibrium in the neighborhood of a charged wall is as follows:

Qe = —2noezsinh<I;Zsz> (10)

where 1o, ¢,z,kp and T are the density of the ions, electric charge, active ions, Boltzmann
constant and temperature, respectively [11].

To obtain the velocity field inside Fluid B, the net charge density, p., had to be calculated
beforehand. Using a combination of Equations (9) and (10), under the assumption that the
flow was fully developed, we obtained the following:

d?y  2neez . ez
7 s1nh<kBT1p). (11)
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Equation (11) is a well-known Poisson-Boltzmann equation. The application of the
Debye-Huckel linearization principle gave us the following:
Py
Y _ 2y, 12
% is the Debye—Huckel coefficient. The parameter, k, is related to the

Debye thickness, Ap, as Ap = % The above approximation holds for a small Debye

thickness, i.e., for 10 < kH < 103. As an implication, the induced potential and its energy
remain small. Physically, the Deby—-Huckel principle means that electric potential energy
is small in comparison to the thermal energy of ions. Given the appropriate boundary
conditions, we can solve Equation (12).

where k2 =

l/J]/=—H,‘ =01, llJ]/IO =i

The solution of Equation (12) is as follows:

v(y) =0 (tlneky - lpze*ky), (13)

where
Reekfh —1 | T

= — = —— R = .
1= sinh(kHy) " Y2 = 2sinh(kER) ¢ T ¢
The case R; = 1, corresponding to the symmetric potential profile was examined by
Afonso et al. [5]. In another attempt, Afonso et al. [7] also discussed the case for vanishing

zeta potential.
In view of Equation (11), the charge density, p., becomes the following:

po=— € R (1 — g ) = — € RLOT() (14

where
0 (y) = ()" = (yoe ™),

is an exponential function that is dependent on both the zeta potential and the Debye layer’s
width. Both the potential and the related charge density were zero for the non-conducting
Fluid A.

2.2. Governing Equations and the Rheological Model

The equations governing the flow problem under investigation are Equations (4) and (5).
In the present scenario, the body force term was p,E, therefore, the momentum equation was
the following;:

d
pd—l: = —VP+ V.o +p.E. (15)
where E = —V¢ the applied electrostatic and p, is the net electrostatic charge density.

The term p.E in Equation (2) was zero for the electrically non-conducting liquid. The
constitutive model that was used in this study to represent the visco-elastic characteristics
of the fluid was the Ellis model, for which the T satisfies [18] the behavior of fluid in both
regions and is characterized by the constitutive equation of the Ellis model. For Ellis’s
model, the constitutive equation is as follows:

T=25(7)D, (16)

where,

1) = "y (7)
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and where T is the magnitude of the extra stress tensor given by

T=|1|= \/E(T 1T). (18)

. Vul +Vu) . .
T, and « are materials constant, D = (ufu) is the rate of deformation tensor and

7o is the zero-shear rate viscosity. The continuity of Equation (3) for the present flow
problem — for which u = [u(y), 0,0] — was satisfied identically, while the momentum in
Equation (5) for conducting Fluid B became the following;:

Tyy,B = Pry+ € k(EXQ () + 3. (19)

In the above equation the component of the extra stress tensor, Ty, satisfies the

following equation:
17 du aup
S LR (20)

Ty = - (ij)aq

By substituting Equation (19) into Equation (20) and rearranging, we obtained
the following:

duB

1 a—1
ay = (Pey+ € KCEXQ (y) + 18) + <T2> (Py+ € kKCELQf (y) + )", (21)

The integration of the above equation was performed for arbitrary, a. Therefore, we
shall give the results for some specific values of «.
For « = 1, Equation (21) can be integrated using the boundary condition ug = 0 at

y = —Hj to give the result in the dimensionless form
F—kH, 7= 275 = R b kg, T = ~(RgH)*Px
VI TP T gy T T € {1Ex

For brevity, we are defining ¢ = e, = 175, where

Qup(y) = (k)" ' QE) — (-1 (kly) TV QF (—Hy).

22
1~ Ty (7 — 1) + 225(7 + 1) — 207, (v). 22
Similarly, for « = 2,3, one can easily find the following:
U — 2K o (7 + 1) +TB(y+1) +T5ﬁ1(y+ 1) -0, (y)
*ZTBﬁlam( ) — (y) (y - 1) +pil'ts (yz - 1) (23)
2
+B-@ 1) + %OT (v) + $kB103, ()
s _ LB \iz.(7 3BITTE (o 223~ 1) _ -
0, 2 (P —1)+T@+1) + 5 (7 1) + BT +1) - 05, 0)
6B3T% _
+LE (05,4) - 05, (0) — 3805, — 357305, )
- _ —2__ _
+363 sk (7 — 1) + 683K Tayr o (7 + 1) (24)
382T _ O5(y) 38%kTp
+ ‘B; 2 <Q1,3(3/) - 1’; + ‘Blz 302,1 (v)
Bk

~PL 03, (1) - 33K 91920, (v)
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The volumetric flow rate of Fluid B for « = 1,2,3, was calculated by integrating
Equations (22)-(24). This gave us the following:

0
QB_/lu—de—TB—grB—FZQ (1) — %Qﬁ(o),a:l 5)
Qs = / 1u » dy 3 P11 — L + 514 B TzB 2,3123’(3
+
+'81%Q*(—1) n QL;((O) 2,T50 (—1)
+4'Bk12FB (Q7(0)+Q (-1)) — 4:811(FB aF(-1) 26)

1281130 (—1) — zﬁiTB (QF(0) + Q7 (-1))

+% (Q;(0) - Q;(*l))*iﬂﬂf(—l),a —2

= O ug _ Bt Ts
Qn= [ | ydg= 5 + 30 Braprga + D5~ K piTapg

+
BTy + 3,3%781% B ,B%l"% B QO7;(0)
(

—3kB3 Y121 (0) + 3K BT 22y (1)
2 2

+381m07 (1) + P80t 0) ~ gm0y (-1
12 gl _ _
ﬁlkz” x (01,1<o> - oi(—l)) 3307 (1)
2
18i1 BQ+ (0)+

+9ﬁ?30+( 1)+ @ x (O (0) — Q5 (-1))

0()

32T 3BT 3k
+L02 (-1) - ﬁi% 0,;(0) + ﬁ

+5 (03 (-1) - 0§ (0) -

205 (-1)

3%13% TB
2

0, (-1

The momentum in Equation (5) for non-conducting fluid A was as follows:
Toy,A = Pry + T4 (28)

By substituting Equation (28) into Equation (20) and rearranging, we arrived at the
following equation:

duA

1 a—1 .
7’]@ = (ny+TA) + (1_%) (ny +TA) (29)
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Again, the integration of the above equation was performed for arbitrary, . Therefore,
we shall give the results for some specific values of a. For « = 1, Equation (29) was
integrated using the boundary condition u4 = 0 at y = Hj, to give the following:

”A_zTA(y—1)+r[;“(y —1) (30)

Similarly, the corresponding profiles for « = 2 and 3 were as follows:

_ Tl A /o 212
= =Tu[H 1)+ 5(1/ —1)+ﬁ1TA( 1)+ﬁl/‘3‘”‘(y2—1)+ﬁ31ﬁ2/* (y3—1) (31)
u = (= — 218 37 3B2T AT ,—
Mot G-D+ -+ G+ R E )+ -y,

+RTL(T - 1)

The volumetric flow rate of Fluid A for @ = 1,2, 3 was an expression of the following:

_ 1 Upg _ 2l 4
= 7d = — — T~ 5 33
Qu = [ sy = —ra— 33 )
— 1 UpA | ﬁlfi TA 2[311_'14?14 131?%4
= _ = —-_———— = — — — — 4
Q=) wa™= "3 a2 2 3P 2 (4)

. = = =2 = 3
QA:/l uiAdyziTiAiﬁlllAiriAi %TArAisﬁlTilri%»:B%rA' (35)
0 g, 2 2 3% P TR
It should be noted that the expressions of Equations (22)—(24) and Equations (30)—(32)
still involve unknown constants. To determine these constants, we used interfacial conditions
aty =0, Tyy,A = Tay,p and Uiy = up. The application of these conditions yielded algebraic
equations in Tp, which were solved analytically. Once Tp was known, T4 was computed
through the following equation:
_ Ral k
T —Tp— - (0 36
AT R,BE B (0). (36)

3. Results and Discussion

In this section, we analyze a special case in great depth to learn about the system’s fluid
dynamics. The generic solution applies to the classes of two-fluid systems consisting of
Newtonian and non-Newtonian fluids; viscoelastic and non-Newtonian fluids; Newtonian
and viscoelastic fluids; and viscoelastic and viscoelastic fluids. We will only discuss
Case (c). In Case (c), the viscoelastic electrically conducting liquid dragged the electrically
non-conducting Newtonian liquid behind it. The Deborah number, zero, describes the non-
conducting fluid. The present finding is compatible with the analytical solution reported in
the literature for the motion of Newtonian fluids. The dimensionless velocity for « = 3,2 is
shown in Figure 1c,d. Here, we can see that if the conducting fluid’s flexibility is increased,
then the velocities multiply more as a result of activities that shear down the thickness
of the EDL layer, which increases the bulk transport velocity value at the channel’s core.
This boosts the shear rates near the bottom wall, which increased as a result of the drag
force exerted by the non-conducting fluid, which was brought about by hydrodynamic
viscous forces at the interface. Figure 2a,b show the impact of I'. WhenI' < 0, then the
flow rate increased and, thus, the velocity increased. To further boost the flow rate, the
pressure force can be used to act directly on the two fluids. The dramatic improvement of
this investigation is the evidence of the shear-thinning effect, which can be seen in the flow
rate. The impact of the viscosity ratio on the dimensionless velocity profile is shown in
Figure 3. Accordingly, we can see that the dimensionless velocity increased as the viscosity
ratio decreased. Therefore, an increase in the dimensionless velocity can be predicted if
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the conducting fluid has a viscosity that is significantly higher than the electrically non-
conducting liquid, as shown in this figure. However, a lower Helmholtz-Smoluchowski
electro-osmotic velocity is implied by a larger viscosity, and, as a result, it is possible that
the dimensional flow rate will go down. As we can observe in Figure 4’s profiles, a non-zero
interfacial zeta potential caused a significant difference in the surface charge, a favorable
additional Columbic forcing term occurred, and, when R; > 0, a significant rise in the
dimensionless velocity profile occurred. For small values of R;, the pumping action and the
associated dimensionless velocity were dampened by a detrimental, localized electrostatic
force. The accumulation of electrically non-conducting liquid was another factor that
had a considerable impact. As can be seen in Figure 5, the normalized velocities of both
fluids increased when the electrically non-conducting liquid had a greater height than the
conducting fluid (R4 > Rp). The Helmholtz-Smoluchowski velocity does not dependent
on Fluid B’s holdup, and the regions with greater velocities tended to coincide with the fluid
interface plane, as R4 — 1. This analysis further implies that the best configuration for an
EOF pump is a fluid flow with three layers in which the conducting fluid contacts only one
of the other layers, where the motion of the smallest layers of conducting fluid can serve
as a lubricant at the ends of the walls, and the non-conducting fluid is pulled, as a solid
body. Figure 6 displays the variation of the volumetric flow rate and the velocity profile
for the different values of the Ellis fluid parameters: « and 1. It was observed that the
effect of « was to decrease the velocity profile in both the conducting and non-conducting
regions. Due to this decrease, the volumetric flow rate also followed a decreasing trend,
with an increase in . However, this decreasing trend prevailed up to a certain critical
value of B1 and, thereafter, the flow rate increased with an increasing in a. The viscosity

Z—;‘) , affected the volumetric flow rate, as shown in Figure 7. Viscosity ratios
decrease when the dimensionless volumetric flow rate increases, if the conducting fluid
has a substantially higher viscosity than the non-conducting fluid. A decrease in the
Helmholtz-Smoluchowski electro-osmotic velocity, however, can be predicted by increased
viscosity and could result in a decrease in the dimensional flow rate. The dimensionless
flow rate is clearly affected by the pressure gradient to the electro-osmotic driving force
ratio, Figure 8, specifically, for flows where the pressure gradient is decreasing or where
it is increasing. Since Fluid B was also being propelled by electro-osmosis at the same
fluid height, its flow rate was obviously greater than that of Fluid A. As seen in Figure 9,
in situations where the height of the conducting fluid was greater than that of the non-
conducting fluid, keeping the holdup of the conducting fluid (Fluid B) to be a minimum,
which it is necessary in order to increase the volumetric flow rates in Fluid A. As shown

in the profiles of Figure 10, the interfacial zeta potential had a significant impact on the

volumetric flow rate, which significantly increased when (% > 0) . The pumping action

ratio, = (

and the accompanying dimensionless flow rate were decreased due to the unfavorable,
localized electrostatic force.
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Figure 2. (a) p = 1;R =20;R; = 0;R4 = 3; (b) p = 1;R = 20;R; = 0; Ry = 3.
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Figure 3. (a) p = ;T = 0;R =20;R; = 0;Ry = 3; (b) p=1;T = O;R =20;R; = O; R4 = 3.
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Figure4. (a) f=1;T =0;R=20;R4 = 4; (b) B =1LT = 0;R =20; R4 = 3.
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Figure 6. (a) B=1,T =0,R4 =02k = 20;R; =0; b)p=1LT=0,Ry =02k = 20;R; = 0.
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4. Conclusions

The electro-osmotic flow of two immiscible fluids, which satisfied the Ellis constitutive
laws, has been analyzed. Analytical expressions of the velocity and the flow rate for specific
values of Ellis’ fluid parameter, « , were reported. Within the limit of infinitesimally small
shear stresses, the Ellis model characterizes the apparent viscosity of a shear-thinning
fluid without a singularity. In particular, when shear loads are extremely low, this model
agrees with Newtonian behavior. It was noted that, in contrast to the PTT equation, the
Ellis constitutive equation involves two material constants: « and ;. In this study, for the
specific values of &, both velocity and flow rate are increased with an increase in 81, in the
range 31 < 0.08. For the case of fixed 1, the velocity followed a decreasing trend, with an
increase in «. This was also true for the flow rate. However, an opposite trend prevailed for
B1 > 0.08, and the flow rate significantly increased, with an increase in «.
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