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Abstract:

Electro-osmotic flow of a physiological fluid with prominent micropolar characteristics, flowing over a microchannel has been analyzed for a situation, where the system is subject to the action of an external AC
electric field. In order to account for the rotation of the micro-particles suspended in the physiological
fluid, the fluid has been treated as a micropolar fluid. The microchannel is considered to be bounded by
two porous plates executing oscillatory motion. Such motion of the plates will normally induce oscillatory
flow of the fluid. The governing equations of the fluid include a second-order partial differential equation
depicting Gauss’s law of electrical charge distributions and two other partial differential equations of second
order that arise out of the laws of conservation of linear and angular momenta. These equations have
been solved under the sole influence of electrokinetic forces, by using appropriate boundary conditions.
This enabled us to determine explicit analytical expressions for the electro-osmotic velocity of the fluid
and the microrotation of the suspended micro-particles. These expressions have been used to obtain
numerical estimates of important physical variables associated with the oscillatory electro-osmotic flow of
a blood sample inside a micro-bio-fluidic device. The numerical results presented in graphical form clearly
indicate that the formation of an electrical double layer near the vicinity of the wall causes linear momentum
to reduce. In contrast, the angular momentum increases with the enhancement of microrotation of the
suspended microparticles. The study will find important applications in the validation of results of further
experimental and numerical models pertaining to flow in micro-bio-fluidic devices. It will also be useful in
the improvement of the design and construction of various micro-bio-fluidic devices.
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1.

Introduction

Electro-osmotic flow (EOF) or electro-osmosis is the
motion of a fluid caused by a Coulomb force induced
by the application of an external electric potential
across a microchannel, a capillary or a porous structure.
Electro-osmotic velocity does not usually depend on the
size of the conduit. In narrow confinements, EOFs flows
are quite significant. It has been seen experimentally that
when a solid surface comes in contact with an aqueous
solution of an electrolyte, a structure is formed that
comprises a layer of electrical charges of one polarity on
the solid side and a layer of charges of opposite polarity
on the liquid side of the solid-liquid interface. Normally
in the vicinity of the solid surface, the concentration of
ions is higher than on the liquid side. The region is
referred to as the electric double layer (EDL). It may be
mentioned that for studies pertaining to EOFs, in most
cases a Poisson equation has been in use. EOFs have
been applied to the analysis of different problems of
biomedical sciences and engineering, including related
heat transfer problems. In recent years such EOFs have
found useful applications in the study of micro-fluidics.
Bio-micro-fluidics has emerged as a very important field
of research, because it can explore a variety of useful
information on different intricate issues for multiple
problems in biological sciences - in general - and
biomedical engineering and technology - in particular.
Even in structural biology, bio-sensors, protein synthesis,
cell biology and DNA analysis, bio-micro-fluidics has
found many important applications. It also bears the
potential to play an important role in the study of various
problems of tissue engineering. It may, however, be kept
in mind that one needs to have precise information of
various physical aspects of the flow of physiological fluids
and associated interfacial phenomena in order to design
the most suitable bio-micro-fluidic devices. Microfluidic
lab-on-a-chip systems can play important roles in
clinical diagnostics. To clinicians one major challenge
in diagnostics has been to handle different physiological
samples in a desired manner. An integrated digital
microfluidic lab-on-a-chip for clinical diagnostics on
human physiological fluids was suggested by Srinivasan
et al. [1]. With an aim to establish the compatibility of
some physiological fluids with an electrocuting platform,
they demonstrated high-speed transport of microdroplets
of several physiological fluids of humans, viz. whole
blood, serum, plasma, saliva, urine, sweat and tears.
Some other authors (cf. [2–5]) have discussed different
applications of micro-bio-fluidic-devices in medical and
pharmaceutical sciences in a similar manner. Murugan
et al. [6] dwelt on some industrial applications of

reverse-osmosis membranes. The advantages of using
micro-fluidic devices are many-fold. Their cost is usually
at a lower level, the operation time is less, they are of
light weight and their sizes are small. However, owing
to the small sizes of microvalves and micropumps, it
is usually difficult to fabricate a mechanism to control
the dynamics of fluid flow inside these devices. A
promising approach to control the flow is the application
of electrokinetic forces, as it can meet several challenges
associated with the problem.
Chung et al. [7] proposed some electro-osmotic microfluidic devices for rapid, low power drug delivery, which are
suitable for autonomous microsystems. They mentioned
that insulin and other hormones are separated by the
body in a pulsatile manner.
The flow and heat transfer in microchannels were discussed by Nithiarasu et al. [8] by using experimental
and numerical procedures, while EOFs in microchannels
subject to inertial and pressure forces having finite
magnitude was studied by Santiago [9]. Some further
discussions on EOFs actuated by the application of
electrokinetic forces are available in [10–14].
Park and Lee [15] presented an analysis of the problem
of EOF of a viscoelastic fluid on a straight rectangular
microchannel with-/-without pressure gradient. They observed that the volumetric flow rate of a viscoelastic fluid
differs significantly from that of a Newtonian fluid under
the action of the same pressure gradient-/-externally
applied electric field. Analytical and numerical solutions
to a problem of EOF of a third grade fluid between
micro-parallel plates were presented by Akgul and
Pakdemirli [16]. For a power-law fluid, the problem of
EOF in a slit microchannel was analyzed by Zhao et al.
[17].
A series of intensive studies have been conducted by
Misra and his associates [18–28] to explore various
aspects of flow and heat transfer of different physiological
fluids (e.g. blood, urine etc.) in normal physiological /
pathological states, by considering Newtonian / nonNewtonian flows. Peristaltic flows of blood in small
vessels, urine, saliva, semen etc. have also been studied
extensively by Misra et al. [29–37].
Most of these studies have found wide applications in
the field of physiological fluid dynamics and biomedical
engineering. Many of their research studies have been
devoted to investigations of the effect of external magnetic
fields on the flow and heat transfer characteristics of
physiological fluids. However, no attempt has been
made in any of these studies to explore the effect of
electrokinetic forces generated due to the application of
an external electric field.
Of late, however the EOF of a viscoelastic fluid past a
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channel with stretching walls was investigated by Misra
and his co-workers [38], with the aim of examining the
effects of various rheological and electro-kinetic parameters on the kinematics of the fluid. As an illustrative
example, the analysis was applied to the dynamics of
physiological flows. Some pertinent numerical estimates
of EOF parameters were reported by them in graphical
form. The study made by Misra and his team was motivated by recent developments of the bio-sensing and high
throughput screening technologies for several important
applications, such as sample collection for detection
of viruses-such as adenovirus or Dengue Hemorrhagic
fever. The article is considered as a first step towards
understanding the role of electro-osmosis in blood flow
and is believed to be useful to meet the next generation
requirement in nano-scale bio-sensor technologies as
well as mechanical and electrical transducer mechanisms.
Some physiological fluids exhibit micropolar behaviour,
both in normal and pathological states. Under certain
situations, micropolar characteristics of blood have been
reported to be quite prominent. Since micropolar fluid
is a suspension of rigid or semi-rigid micro-particles,
the motion of such fluids has both translational and
rotational components. Blood-being a suspension of
platelets, erythrocytes and other micro-particles, can be
treated as a micropolar fluid. The micropolar behaviour
of blood was investigated by Misra and Ghosh [39] and
Misra et al. [40] following the proposition of Eringen
[41, 42] and Ariman et al. [43, 44]. Application of the
theory of micropolar fluids enables us to account for the
microscopic effects arising out of the local microstructure
and intrinsic motion of the fluid elements, so can give
an idea of the behaviour of suspended microparticles.
Moreover, in the study of some pathological conditions
as well as in various medical treatment methods, e.g. in
the hemodialysis procedures, studies of flows in porous
microchannels find significant applications. Siddiqui and
Lakhtakia [45, 46] studied two boundary-value problems
of one-dimensional EOFs on a channel. In their studies,
the flow was considered to be symmetric and the channel
to be non-porous. In the study of physiological fluid
flows, however, since most of physiological membranes
are prominently porous, it is important to consider the
porosity of the structures on which the flow takes place.
Keeping in view all the above, here we have undertaken
a study concerning the EOF of a physiological fluid
(to be more specific, blood) on a porous microchannel. The channel is considered to be bounded by two
micro-parallel porous plates, each of which is executing
oscillatory motion with a constant velocity in its own
plane. While most of the previous studies have been
made by assuming the application of an external DC
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electric field, in the present study, the externally applied
electric field has been considered to be a time-periodic
electric field. The reason behind this is that a DC electric
field requires extremely large voltages for the generation
of electrokinetic forces of the magnitude necessary for
initiating EOF. In order to avoid this limitation, we have
considered here the application of an external AC electric
field.
The electro-osmotic flow is regulated by the charge distribution inside the fluid and the regulation is controlled
by adjusting the frequency of the external electric field.
The fluid transport in the present study, is also controlled
by the frequency of oscillation of porous plates (i.e. the
micro-channel walls). In order to study the problem from
a more general platform, the frequency of oscillation of
the channel walls has been taken to be different from the
electric field frequency.
An appropriate mathematical model has been formulated
and analyzed to achieve the solution of the problem under the framework of Debye-Hückel approximation. The
derived expressions have been computed by considering
a particular situation, where EOF of blood takes place
in narrow confinements, by accounting for the rotation of
the micro-particles suspended in whole blood. The model
of the present study is also applicable to the flow of urine
in a pathological state, when micro-particles (stones) are
formed and pass along with urine through the urinary
tract.
The results of the present study will also be useful in
improving the design of micro-bio-fluidic systems that
are used to transport blood by means of electrokinetic
mechanisms.

2.

Mathematical modelling

Using Cartesian co-ordinates (x, y, z), we assume that
there exist two porous plates y = ±h lying parallel to
each other, executing oscillatory motion, with ω being the
angular velocity of oscillation. Let us investigate the oscillatory laminar flow of a physiological fluid (blood, in
particular) in a micro-channel bounded by the plates. In
order to account for the rotation of the microparticles (e.g.
erythrocytes, platelets etc.), blood will be treated as a micropolar fluid. Moreover, as per experimental observation,
since blood behaves as an electrically conducting fluid,
this property will be taken care of in the study.
Further, the whole system is subjected to the action
of an externally applied alternating electric field (cf.
Fig. 1). Under these considerations, we intend to study
the ionized motion of the fluid. The effect of gravity
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Figure 1.

Equation (4) depicts the distribution of net electric charge
density in equilibrium near a charged surface, as in a fully
developed flow. N represents the microrotation, ωe is the
angular velocity of the externally applied electric field and
t denotes the time. Further, ψ indicates the induced potential field in the transverse direction, ε the dielectric
constant, ρ the density of the physiological fluid, ρe the
electric charge density, γs the spin gradient viscosity, k
the microrotation viscosity, p the pressure, e the charge
of an electron, z the absolute value of the ionic valance,
KB the Boltzmann constant, T the temperature in Kelvin
scale and n0 the ionic number concentration.
Since in a normal physiological state, EOFs of most physiological fluids are found to be an oscillating nature, let us
consider the velocity, microrotation and pressure gradient
in the form

Physical sketch of the problem.

and the Joule heating effect being quite small under the
purview of the present study, both these effects will be
disregarded in the analysis that follows. The height of
the channel is considered to be much smaller than its
length and breadth. The fluid is assumed to be sucked off
with the same velocity V on both the plates.

3.

Analysis

With the assumptions-/-considerations made in the preceding section, the fluid flow is likely to be unidirectional,
that is, along the axis of the channel, which is taken as
the x-axis. Denoting the velocity by u, where u = u(y, t),
the equation of continuity reduces to ∂u
= 0. The
∂x
channel being symmetric about the plane y = 0, under
the conditions stated above, the flow may be considered
to be symmetric about the same plane. Hence, the study
can be limited to the region 0 ≤ y ≤ h,. Keeping in mind
the characteristics of the fluid described in the previous
section and using boundary layer approximations, the set
of equations that govern the time-dependent EOF of a
micropolar fluid may be put in the form (cf. [45, 46])
∂u
∂u
1 ∂p 
k  ∂2 u k ∂N ρe
+V
=−
+ ν+
+
+ (Eeiωe t ),
∂t
∂y
ρ ∂x
ρ ∂y2 ρ ∂y ρ
(1)
∂N
∂N
γs ∂ 2 N
k 
∂u 
+V
=
−
2N +
(2)
∂t
∂y
ρj ∂y2
ρj
∂y
and

where

d2 ψ
ρe
=− ,
dy2
ε
ez
ρe = −2n0 ez sinh(
ψ)
KB T

u = us eiωt ; N = Ns eiωt ;

−

∂p
= Beiωt
∂x

(5)

ω now being the angular velocity of the oscillatory flow of
the physiological fluid. It is worth mentioning here that,
for the sake of generality, in the following analysis, we
shall consider that the angular velocity of the oscillation
of the channel walls, and of the external electric field, are
unequal, i.e. ω 6= ωe .
While discussing the boundary layer flow of an incompressible micropolar fluid on a flat plate, Ahmadi
[47] assumed the following expression of spin gradient
viscosity:


k
K
γs = µ +
j =µ 1+
j,
2
2

(6)

where K represents the material parameter depicting the
micropolar behaviour of the fluid. It is the ratio between
the microrotation viscosity (k) and the dynamic viscosity
(µ) of the fluid. In the analysis that follows we shall use
(5) for the spin gradient viscosity, since this expression
is believed to reveal the behaviour of the fluid fairly well,
particularly when microrotation takes the form of angular
velocity.
If E stands for the amplitude of the externally applied
electric field and M represents the mobility of ions, ζ
the zeta potential, ε the dielectric constant, and µ(=ρν)
the dynamic viscosity, the Helmholtz-Smoluchowski
electro-osmotic velocity denoted by UHS is defined by

(3)

UHS = −M E

(4)

Since in our case the velocity is considered to vary with
eiωt as in equation (5), the time periodic HelmholtzSmoluchowski electro-osmotic velocity UUHS can be

(7)
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defined as
with

−ζεEeiωe t
µ

UUHS = UHS eiωt =

It is worth mentioning here that the scientific term ’zeta
potential’ is used to mean the electrokinetic potential in
colloidal systems. For a dispersive medium of similarly
charged particles, zeta potential is indicative of the
magnitude of the repulsion generated between adjacent
charged particles. A zeta potential of 2.5 millivolts is
usually necessary to separate low-charged surfaces from
highly charged surfaces. Colloids with low zeta potentials
result in coagulation, whereas colloids with high zeta
potentials ensure electrical stability.
Let S denote the ratio between the suction velocity, V,
and Helmholtz-Smoluchowski electro-osmotic velocity
UHS . Taking j = h2 as a characteristic length, we now
introduce the following set of dimensionless variables.
y
u
x
; N∗ =
x ∗ = ; y∗ = ; u∗ =
h
h
UHS
p
N
; p∗ = µ U ;
U
HS

h

ω

ω∗ =
V
UHS h
ψ
; S=
; ψ∗ = ;
ν
UHS
ζ

UHS
h

;

t∗ =

ωe∗ =
t

ωe
UHS
h

;

R =

h
UHS

(9)
With the use of these newly introduced variables, equations (1)-(3) read,

R

∂u∗
∂u∗
∂p∗
∂2 u∗
+ SR ∗ = −
+ (1 + K ) ∗2
∂t ∗
∂y
∂x ∗
∂y
∂N ∗
d2 ψ ∗
+ K
+ eiωt
,
∗
∂y
dy∗2

(14)

The quantity P defined by equation (14) is called the
Debye-Hückel parameter and the parameter λ is referred
to as the thickness of the Debye layer. It may be noted
that the Debye-Hückel parameter defined in (14) is a
non-dimensional quantity. Solving equation (12) subject
to the boundary conditions
ψ ∗ (±1) = 1 and

 dψ ∗ 
dy∗

y∗ =0

= 0,

(15)

we obtain
ψ ∗ (y∗ ) =

cosh(Py∗ )
.
cosh(P)

(16)

∗

d ψ
2n0 ezh
ezζ ∗
=
sinh(
ψ ).
dy∗2
ζε
KB T
2

The second of the conditions (15) for ψ ∗ follows from
the condition of symmetry of the electric potential about
the central line of the channel. Apart from satisfying the
two conditions given by (15), it may be noted that the
potential function ψ ∗ must also satisfy a third condition:
ψ ∗ (0) = 0 for all situations where h is much larger than
the Debye layer thickness λ (cf. [49], page 187). A typical
value of the Debye-Hückel parameter (P) is 500. Then
using (15), we have
1
2eP
ψ ∗ (0) = cosh(P)
= 1+e
2P ,
which approximates to zero for P=500.
The boundary conditions for our flow problem are
u∗ (1) = u∗0 eiω

(10)

 K  ∂2 N ∗

∗
∂N ∗
∂N ∗
∗ ∂u
−K
2N
+
(11)
R ∗ +SR ∗ = 1+
∂t
∂y
2 ∂y∗2
∂y∗

∗ t∗

and

∂u∗
∂y∗

y∗ =0

=0

(17)

and
N ∗ (0) = 0 and N ∗ (1) − β

∂u∗
∂y∗

y∗ =1

= 0,

(18)

2

(12)

The remaining analysis will be performed by using
Debye-Hückel approximation [48] for situations, where
the electrical energy is small in comparison with the
thermal energy. that is, when
|ezζψ ∗ | < |KB T |.
Under this approximation, equation (11) reduces to
d2 ψ ∗
= P 2ψ∗,
dy∗2
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h2
2n0 e2 z 2 h2
=
.
2
λ
KB T

HS

h

and

P2 =

(8)

(13)

where β ∈ [−1, 0] is a parametric constant and is
considered as boundary wall parameter. While studying
boundary layer flow of a micropolar fluid, it has been
argued by Chin and Chou [50], Rees and Basson [51] and
also by Hegab and Liu [52] that the value of β has to be
negative. In the ongoing analysis of the problem of EOF,
where electrical double layers are present, the value of
the parameter β will necessarily lie between −1 and 0.
For convenience, from now on the superscript ’ ? ’ in the
dimensionless variables, will be dropped.
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Use of (16) and (5) in (10) and (11) yields
and
iωRus + SR

dus
d 2 us
= B + (1 + K )
dy
dy2
dNs
cosh(Py)
+ K
+ P2
dy
cosh(P)

iωNs0 + S

(19)
Integrating equation (25) and applying boundary conditions (23) and (24), we have

and
iωRNs + SR



K  d 2 Ns
dus 
dNs
= 1+
− K 2Ns +
.
2
dy
2 dy
dy
(20)

Since the Reynolds number,R,in any narrow confinement
during microfluidic transport processes is very small, we
may develop a perturbation technique by considering expansions of the form
us = us0 + Rus1 + R 2 us2 + . . .

(21)

Ns = Ns0 + RNs1 + R 2 Ns2 + . . .

(22)

and

The boundary conditions for us0 , us1 , Ns0 , and Ns1 can
be considered as
dus0
dus1
= 0;
= 0;
dy
dy

Ns0 = 0;

Ns1 = 0 at y = 0
(23)

and
us0 = uo ;
Ns1 = β

us1 = 0;

dus1
dy

at

Ns0 = β

dus0
;
dy

y = 1.

(24)

substituting the value of us and Ns from equations (21)
and (22) into equations (19) and (20), equating similar
powers of R, and ignoring quadratic and higher powers of
R, we obtain
B + (1 + K )

(1 +

d2 us0
dNs0
cosh(Py)
+K
+ P2
= 0, (25)
dy2
dy
cosh(P)


K d2 Ns0
dus0 
)
− K 2Ns0 +
= 0,
2
2 dy
dy

dus0
d2 us1
dNs1
iωus0 + S
= (1 + K )
+K
,
dy
dy2
dy



dNs0
K  d2 Ns1
dus1 
= 1+
− K 2Ns1 +
.
2
dy
2 dy
dy
(28)

1 h
sinh(Py) i
dus0
=
− By − K Ns0 − P
.
dy
1+K
cosh(P)

(29)

From (26) and (29), we obtain the expressions for Ns0 and
us0 in the form
Ns0 = 2∆1 sinh(α1 y) +

α12 P sinh(Py)
By
−
2 + K (2 + K )(P 2 − α12 ) cosh(P)
(30)

and
1 h By2
−
− 2K ∆1 α1 cosh(α1 y)
1+K
2
2
K By
K α12 cosh(Py)
−
+
2(2 + K ) (2 + K )(P 2 − α12 ) cosh(P)
cosh(Py) i
+ ∆2 .
(31)
−
cosh(P)

us0 =

From equations (27) and (29)-(31), one can obtain Ns1 in
the form
Ns1 = ∆3 eα1 y + ∆4 e−α1 y + ∆5 .
(32)
In a similar manner, the expression for us1 can be
calculated using equations (30)-(32).
For the sake of brevity, the derived expressions for
∆1 . ∆2 , ∆3 , ∆4 , ∆5 and us1 being very lengthy are not
being presented here. An outline of the derivation is
available in [53]. However, in the analysis presented in
[53], the frequency of the electric field was assumed to be
equal to the frequency of the oscillatory flow for the sake
of simplicity. In contrast, in the present study, in order
to make the problem more realistic, the two frequencies
have been considered to be different. In order to get a
better idea of the EOF physics, the diagrams presented
in the next section are of three-dimensional type, but
those presented in [53] are merely two-dimensional.

(26)

4. Results and discussion: a representative case study

(27)

In this section, we shall find numerical estimates of the
electro-osmotic velocity of blood in micro-bio-fluidic devices and also microrotation of erythrocytes, by using the
279

Electro-osmotically actuated oscillatory flow of a physiological fluid on a porous microchannel subject to an external AC electric field having
dissimilar frequencies

analytical expressions presented in Section 3. The computational work has been carried out by using the software
MATHEMATICA. Since for most physiological fluids (including blood), the Reynolds number is low, the value of
the Reynolds number (R) has been varied between 0.0001
and 0.01 and that of the Debye-Hückel parameter (P)
between 25 and 200. The ranges of variation for the parameters β. S and K have taken to be [-1, 0], [1, 200] and
[4, 12] respectively. Estimation of the physical variables
has been made by taking u0 =1.0 and B=10.
Fig. 2 illustrates the distribution of the velocity,u,with the
distances,y, in the case of steady flow where the suction
velocity V=0 and both the angular velocities ω and ωe are
zero. The result shows that our result is in good agreement
with those reported by Siddiqui and Lakhtakia [45] for a
steady case. The velocity profile drawn here is from the
results of Siddiqui and Lakhtakia using equation (3.17) of
[45]. A very small departure between the two results is
found near the vicinity of the wall, due to consideration of
different form of spin gradient viscosity in our paper where
equation (6) is invoked to predict the correct behavior of
microparticles near the wall when microrotation takes the
form of angular velocity (see [47]).
Figs. 3-6 illustrate that the values, as well as the amplitudes of oscillation, for both the velocity, u , and microrotation, N , are diminished with the enhancement of
micropolar parameter, K. Since K is measured as the ratio between microrotation viscosity (also called the vortex
viscosity) and the dynamic viscosity, it is revealed that as
long as the dynamic viscosity maintains a constant value,
a rise in microrotation viscosity brings about a reduction
in microrotational velocity of the erythrocytes. The rate
of reduction is higher in case of microrotation which is
believed to be dependent directly with the microrotation
viscosity.
One can notice, from Figs. 7-10 that both magnitudes and
amplitudes of oscillation of blood velocity,u, and the microrotation of the erythrocytes, N, are enhanced as the
Debye-Hückel parameter, P, increases. Since an increase
in the height of the channel gives rise to an increase in
the value of P, the results presented through these figures
imply that the velocity of blood in case of EOF increases
with the height of the channel. This observation is common for a simple Newtonian fluid.

Figs. 11-14 illustrate the variation in the velocity and
rotation of the micro-particles of blood with the change in
value of β. As mentioned earlier, β is a constant related
to the occurrence of electroosmosis. It is observed that an
enhancement in the magnitude of β causes an increase in
both the steady values and the amplitudes of oscillation
for velocity and microrotation. It is interesting to note
280

Figure 2.

Comparison between the velocity profiles obtained from
the final derivation of Siddiqui and Lakhtakia [45] which
is represented by a discrete line and the corresponding
result of our present study, shown by a continuous line.

Figure 3.

Variations of EOF velocity (u) of blood with y for different values of the micropolar parameter (K), when ω =
1.0, ωe = 2.0, S = 1.0, B = 10.0, P = 50, β =
−0.5, u0 = 1.0, t = 0.0, R = 0.001.

Figure 4.

Variations of EOF velocity (u) of blood with time (t) for
different values of the micropolar parameter (K), when
ω = 1.0, ωe = 2.0, S = 1.0, B = 0.0, P = 50, β =
−0.5, u0 = 1.0, y = 0.9, R = 0.001.

that, irrespective of the chosen value of β, the microrotational velocity of the erythrocytes suspended in blood
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Figure 5.

Variations of microrotation (N) of the suspended microparticles with y for different values of the micropolar parameter (K), when ω = 1.0, ωe = 2.0, S = 1.0, B = 10.0, P =
50, β = −0.5, u0 = 1.0, t − 0.0, R = 0.001.

Figure 6.

Variations of microrotation (N) of the suspended microparticles with t for different values of the micropolar parameter
(K), when ω = 1.0, ωe = 2.0, S = 1.0, B = 10.0, P =
50, β = −0.5, u0 = 1.0, y − 0.9, R = 0.001.

Figure 7.

Variations of EOF velocity (u) of blood with y for different
non-dimensional Debye-Hückel parameter (P), when ω =
1.0, ωe = 2.0, S = 1.0, K = 8.0, B = 10, β = −0.5, u0 =
1.0, t = 0, R = 0.001.

Figure 8.

Variations of EOF velocity (u) of blood with t for different
values of the Debye-Hückel parameter (P) in the particular
case, when ω = 1.0, ωe = 2.0, S = 1.0, B = 10.0, K =
8.0, β = −0.5, u0 = 1.0, y = 0.9, R = 0.001.

Figure 9.

Variations of microrotation (N) of the suspended microparticles with y for different values of the Debye-Hückel parameter (P), in case when ω = 1.0, ωe = 2.0, K =
8.0, B = 10.0, β = −0.5, u0 = 1.0, t = 0, S = 1, R =
0.001.

(when treated as a micropolar fluid) plays a dominating
role in the transport of blood near the regions close to the
channel walls. This may be attributed to the formation
of electrical double layers in the close proximity of the
walls. From the behavioral pattern of Figs. 11 and 13,
it is revealed that the electro-osmotic velocity gradually
reduces towards the wall and completely vanishes at
the wall, whereas we observe that the microrotation of
the suspended particles does not reduce to zero, rather
it increases as long as long as β 6= 0. This may be
reckoned as a bench-mark observations.
Figs. 15-18 indicate that with an increase in the value
of S, which is the ratio of the suction velocity to the
Helmholtz-Smoluchowski electro-osmotic velocity UHS ,
neither the steady state value nor the amplitude of
oscillation of velocity, u, suffer any significant change.
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Figure 10.

Variations of microrotation (N) of the suspended microparticles with t for different values of the DebyeHückel parameter (P), in case when ω = 1.0, ωe =
2.0, K = 8.0, B = 10.0, β = −0.5, u0 = 1.0, y =
0.9, S = 1, R = 0.001.

Figure 11.

Variations of EOF velocity (u) of blood with y for different
values of the boundary wall parameter (β), when ω =
1.0, ωe = 2.0, S = 1.0, B = 10.0, P = 50, K = 8, u0 =
1.0, t = 0, R = 0.001.

However, Figs. 17-18 show that microrotation of the erythrocytes of blood diminishes with an equivalent increase
in suction velocity, both for steady flow and for oscillatory flow.

5.

Concluding remarks

A detailed theoretical study has been conducted here
with the aim of investigating the characteristics of electroosmotically actuated blood flow through microfluidic confinements bounded by two porous micro-parallel plates
that are oscillating. The frequency of oscillation of the
channel wall and that of the alternating electric field
are taken to be different from each other for the sake
282

Figure 12.

Variations of electro-osmotic flow velocity (u) of blood
with t for different values of the boundary wall parameter
(β), when ω = 1.0, ωe = 2.0, S = 1.0, B = 10.0, P =
50, K = 8, u0 = 1.0, y = 0.9, R = 0.001.

Figure 13.

Variations of microrotation (N) of suspended microparticles of blood for different values of the boundary wall
parameter (β), when ω = 1.0, ωe = 2.0, S = 1.0, B =
10.0, P = 50, K = 8, u0 = 1.0, t = 0, R = 0.001.

of a more realistic consideration. The electro-osmotic
flow dynamics of blood are investigated within the framework of Debye-Hückel approximation, which is valid when
the non-dimensional Debye-Hückel parameter P lies between 10 and 1000.
The micropolar parameter explores the effect of suspended
microparticles in blood. It reveals that owing to the micropolar effect, both the amplitudes of oscillation of velocity and microrotation are affected significantly. The
boundary-wall parameter has been incorporated in this
analysis. This parameter is useful to measure the effect of electrokinetic forces arising out of electrical double
layer formation at the wall. Significant variations in velocity and microrotation are observed with the change in
boundary wall parameter. This suggests that the velocity of blood can be controlled by applying electrokinetic
forces in an electro-osmotically actuated flow. Formation
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Figure 14.

Variations of microrotation (N) of suspended microparticles of blood with t for different values of the boundary wall parameter (β), when ω = 1.0, ωe = 2.0, S =
1.0, B = 10.0, P = 50, K = 8, u0 = 1.0, y = 0.9, R =
0.001.

Figure 16.

Variations of EOF velocity (u) of blood with t for different values of S (the ratio between the suction velocity and the Helmholtz-Smoluchowski velocity), when
ω = 1.0, ωe = 2.0, K = 8.0, B = 10.0, P = 50, β =
−0.5, u0 = 1.0, y = 0.9, R = 0.001.

Figure 15.

Variations of EOF velocity (u) of blood with y for different values of S (the ratio between the suction velocity and the Helmholtz-Smoluchowski velocity), when
ω = 1.0, ωe = 2.0, K = 8.0, B = 10.0, P = 50, β =
−0.5, u0 = 1.0, t = 0, R = 0.001.

Figure 17.

Variations of microrotation (N) with y for different values
of S, when ω = 1.0, ωe = 2.0, K = 8.0, B = 10.0, P =
50, β = −0.5, u0 = 1.0, t = 0, R = 0.001.

Figure 18.

Variations of microrotation (N) with t for different values
of S, when ω = 1.0, ωe = 2.0, K = 8.0, B = 10.0, P =
50, β = −0.5, u0 = 1.0, y = 0.9, R = 0.001.

of an electrical double layer near the vicinity of the walls
causes the blood velocity to diminish, or in other words it
can be concluded that the linear momentum decreases in
close proximity to the wall. But an enhancement of micropolarity is found to be observed in the region near the
walls, which leads us to conclude that near the wall the
angular momentum increases.
The results are well suited for application to biological
molecules. The values of the parameters used match well
with those of blood. Therefore the results reported here
will be considered valuable in the design and optimization
of lab-on-a-chip micro-fluidic devices where processing of
blood takes place in order that the emerging needs can be
met by way of medical and pharmaceutical applications.
Finally, it may be remarked that the model formulated and
analyzed in this paper is broad enough to be applicable to
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other physiological fluids in normal / pathological states.
The numerical estimate of any other industrial fluid can
also be determined by way of parametric variation considering appropriate values of the parameters.
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