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Abstract

Purpose – Joule heating effect is a pervasive phenomenon in electro-osmotic flow because of the applied
electric field and fluid electrical resistivity across the microchannels. Its effect in electro-osmotic flow field is an
important mechanism to control the flow inside the microchannels and it includes numerous applications.
Design/methodology/approach –This research article details the numerical investigation on alterations in
the profile of stream wise velocity of simple Couette-electroosmotic flow and pressure driven electro-osmotic
Couette flow by the dynamic viscosity variations happened due to the Joule heating effect throughout the
dielectric fluid usually observed in various microfluidic devices.
Findings –The advantages of the Joule heating effect are not only to control the velocity in microchannels but
also to act as an active method to enhance the mixing efficiency. The results of numerical investigations reveal
that the thermal field due to Joule heating effect causes considerable variation of dynamic viscosity across the
microchannel to initiate a shear flow when EDL (Electrical Double Layer) thickness is increased and is being
varied across the channel.
Originality/value –This research work suggest how joule heating can be used as en effective mechanism for
flow control in microfluidic devices.
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Nomenclature
Cp Specific heat at constant pressure
D Dielectric constant

E Strength of the externally-applied
electric field
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H Channel Height
T Temperature
U velocity at the outer edge of EDL
V
!

Velocity vector
EDL Electrical Double Layer
FVM Finite volume method
PSOR Point Successive Over Relaxation
TDMA Tri-diagonal matrix algorithm
e Electron charge
kb Boltzmann constant
n0 Bulk flow ion density
p Pressure
t Time
z Valence of the electrolyte/fluid
α The ionic energy parameter

β Non-dimensional parameter relating
α, ω and H

γ The factor representing the change of
viscosity in the flow field with respect
to temperature

λ Debye length or EDL thickness
μ Dynamic viscosity
ε Permittivity of fluid
ρ Fluid density
ψ Electro-osmotic potential
ζ zeta potential
wj External electric potential
ρe Charge density
ω Debye-Huckel parameter (reciprocal

of EDL thickness, λ)

1. Introduction
1.1 Electro-osmotic flow
The chemical state of the dielectric solution present in most of the microfluidic devices
changes due to the presence of charged surfaces of the microchannel walls. The EDL consists
of a stationary inner layer and an outer diffuse layer (Probstein, 2005). Oppositely charged
ions in solution is attracted towards these charged surfaces in the EDL. A flow can be
initiated with the help of an externally applied electric field (Masliyah, 2021) and is tangential
to the microchannel wall surfaces due to the presence of viscous drag. The type of flow is
termed as “Electro-osmotic flow (EOF) or Electro-osmosis”was originally referred in the year
1809 by F.F. Reuss in his research manuscript published in the Proceedings of the Imperial
Society of Naturalists of Moscow (Reuss, 1809). Figure 1 illustrates the electro-osmotic flow.
The research related to the flow and the related transport mechanisms in microfluidics are
getting wide popularity among the researchers and numerous applications of the same have
been cited in recent review articles. Among different mechanisms to control flow in
microfluidic gadgets, the electro-osmotic effects are being developed as a promising method,
especially under the profoundly viscous situations for highly laminar flow regimes in which
the Reynolds number is less than the unity.
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Electro-osmotic flow
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Apart from electro-osmosis, the other electro-kinetic phenomena are (1) Electrophoresis, (2)
Streaming potential, and (3) Sedimentation potential. Right from its explanation by F.F.
Reuss, EOF has been employed for various applications: drying soil in civil engineering/soil
mechanics related applications, elimination of contaminants in the soil in land reclamation
projects (Probstein and Hicks, 1993) or in the desalination of salt water (Probstein, 1972). Due
to the significance of its modern applications in micro-fluidics, those early applications have
now been entirely phased out. EOF is the principal electro-kinetic phenomenon utilized in
micro-fluidic devices. This phenomenon can be efficiently used for fluid control and handling
by suitable application of electric fields. EOF control eliminates most of the moving
mechanical components thus mechanical failures due to fatigue and fabrication defects are
totally ruled out. Electro-osmotic pumps are widely used for drug delivery and biomedical
pumping applications.

Since the introduction of electro-kinetic effects by Reuss in 1809 (Reuss, 1809) many
scientists have been conducting researches in the field of microfluidics. The EDL theory was
proposed by Helmholtz in 1870 and it correlates the flow and the electrical parameters for
electrokinetically enabled transport phenomena.

Solution of combined pressure driven/electro-osmotic flows in two-dimensional slits or
microchannels (Ohshima, 1990; Dutta and Beskok, 2001a, b), as well as in thin cylindrical
capillaries (Rice, 1966; Lo and Chan, 1994) constitute the major theoretical developments.
Irrotationality of interior electro-osmotic flows for randomly shaped geometries are proposed
by Santiago (2001). Cummins et al. (2000) identified the ideal electroosmosis concept (i.e. EOF
in the absence of external pressure gradient) and showed the similarity between the velocity
and electric fields under specific outer field boundary conditions. Recent research works in
the field of electroosmotic flow are proposed by Santiago (2001) and Dutta and Beskok
(2001a, b).

1.2 Joule heating effect and its use in flow control
Pure EOF velocity is having a plug-shaped profile (Paul et al., 1998; Nithiarasu, 2005) with
little hydrodynamic dispersion which is needed for sample delivery and detection in
microfluidic devices. In practice, however, according to Rozing (2018), alterations to the plug
shape happens because of many reasons such as sample overloading, longitudinal diffusion,
adsorption of species on micro-channel walls, electric field and non-uniform zeta potential,
non-uniform geometry, and Joule heating effect. This research article is all about the Joule
heating effect and how it affects EOF velocity profiles in micro-fluidic devices/systems. Joule
heating effect is named after James Prescott Joule, who proposed this effect.

Joule heating effect is a pervasive phenomenon in electro-osmotic flow due to the applied
electric field across the microchannels. Its effect in electro-osmotic flow field is an important
mechanism to control the flow inside the microchannels and its applications include
separation techniques by means of electro kinetic effects such as electrochromatography,
transportation and manipulation of dielectric fluids, molecules and cells, various chemical
and biological processes in lab-on-chip devices. Even though the Joule heating effect is
desirable for efficient operating conditions of various microfluidic devices, effective
dissipation of the heat generated is crucial for efficient electro kinetic systems. The
disadvantages of Joule heating effect include an increase in the overall temperature inside the
microchannels along the transverse and longitudinal directions may cause denaturation of
proteins, DNA, and various biological samples. Therefore, Joule heating effect sets a
maximum limit for the usage of high electrical voltages for many applications (Evenhuis,
2007; Rathore, 2004). The research work with regard to Joule heating effect has to be given
due importance and its results are helpful for the optimal design and highly efficient
microfluidic devices apart from this effect’s exploitation as a flow control mechanism in
microfluidic devices.

FEBE
1,2

148



Three methods are usually used for flow control in microfluidic and nanofluidic devices:
(1) hydrostatic pressure difference, (2) syringe pumps, and (3) liquid pumps. Electroosmotic
pumps are the beat substitute for common liquid pumps in which joule heating effect may be
wisely used for flow control by varying the applied external electric field across the
microchannels. hydrostatic pressure difference is the easiest method for flow control in
microfluidic systems. Syringe pumps are first artificial flow control method used in
microfluidic and nanofluidic devices. Originally it was devised for perfusion systems in the
field of medical science and were later employed by microfluidic scientific community in its
initial developments. Themajor disadvantages include the progress of pulsatile flows at very
low flow rates and more span of time to stabilize the effective rate of flow when non-uniform
tubing is used in themicrofluidic devices. The third type, i.e. liquid pumps cannot bemodelled
as suitable flow control device as the developed back pressure decelerates the flow rate in
most of the microfluidic applications. Some liquid pumps used in microfluidic devices are
peristaltic pumps and piezo-electric pumps. The peristaltic pumps permit the usage of
interchangeable flexible tubes and are suitable for the devices with greater flow rates,
whereas the piezo-electric pumps are compact in size and is suitable for medium flow rates.
But, electro-osmotic pumps with the joule heating effect are far superior to aforementioned
flow control techniques. Its advantages include the absence of the fluctuation problems due to
the usage of electric field and support larger back pressures. The disadvantage includes the
requirements of low conductivity liquids.

The EOF velocity proposed by Helmholtz-Smoluchowski is given in the following
equation,

U ¼ Eεζ
μ

(1)

The induced electric potential at the shear plane is termed as the zeta potential, ζ. The
regulation of zeta potential is an excellent idea for the flow control in microfluidic devices
and was proposed by Schasfoort et al. (1999). Importance of Couette flow in microfluidics
are cited in Ali et al. (2007), Kaurangini and Jha (2011), Izquierdo et al. (2015), Chen and
Tian (2009).

It is understood that lots of difficulties are associated with the performance of
experimentation in microfluidic/nanofluidic devices. Hence, it is always advised to develop
steadfast numerical models and subsequent investigations in complex microfluidic
geometries. Inter related effects of the pressure, viscous and inertial forces, and
electroosmotic effects can be understood by the developed numerical models. Hence, the
numerical results are helpful in design of optimal microfluidic devices before the actual
fabrication and experimental verifications.

2. Governing equations
The Gou-Chapman model is used to study the electro-osmosis. This section provides the
governing equations that form the basis of the theoretical modelling of Joule heating in
electro-osmotic flow. The given equations administer the momentum (flow field), electricity
(electric field) and transport of heat (temperature field) involved in electro-osmotic flow.
They are

∇:V
!¼ 0 (2)

ρ

"
vV
!
vt

þ V
!
:∇V

!
#
¼ −∇pþ ∇:

�
μ∇V

!�
þ ρe E

!
(3)
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ρCp

�
vT

vt
þ V
!
:∇T

�
¼ ∇:ðk∇TÞ (4)

The governing equations are deduced for electro-osmosis based on the standard
approximations. In Eqn (3), the charge density, ρe follows the Boltzmann distribution:

ρe ¼ −2 zen0sinh

�
zeψ
kbT

�
(5)

The distribution of ions in the buffer solution is influenced by the static charge on the wall
surface and is governed by the Poisson–Boltzmann equation:

∇
2ðψÞ ¼ −

4πρe
D

(6)

The externally imposed electric field is governed by

E ¼ −∇f (7)

Where the external electric potential, f is governed by

∇:ðσ∇fÞ ¼ 0 (8)

2.1 Temperature dependent physical properties
It is understood that the physical properties present in the governing Eqns (2)–(8) depend on
temperature and the dynamic viscosity is the most sensitive to temperature. It can be
assumed that the dynamic viscosity of dielectric solution is almost equal to that of purewater.
The relation between the dynamic viscosity of dielectric solution and temperature is given as
follows and is known to decrease with temperature (Saleel et al., 2020).

μðTÞ ¼ 2:7613 10−6exp

�
1713

T

��
Ns

m2

�
(9)

Figure 2 shows the graphical form of Eqn (9) between zero and 100 degree Celsius. This
describes that variation of dynamic viscosity with respect to temperature is significant and
the profile is linear at usual temperature range wherein themicro-fluidic devices are operated.
It is understood that Joule heating effect is a viable method for flow control in microfluidic
devices.

To ease the study, the following assumptions are incorporated in the governing equations
and are being enumerated as follows. The flow can be treated as two dimensional, laminar,
and incompressible. The two-dimensional nature is justified because of the channel height is
much smaller than the channel width. Body forces are negligible; hence the flow is assumed to
be horizontal. All the walls follow no slip boundary conditions and the fluid follows Newton’s
law of viscosity. Since the plate and the walls of the channel are infinitely long, the stream
lines are considered to be parallel and the flow is fully developed (i.e. v5 0), or u5 u(y). The
electrical field strength applied across the flow direction in the micro-channels and is uniform
and constant. Channel is experienced a constant vertical temperature difference, ΔT; the
temperature boundary conditions are given as

TðxÞ ¼ T0 at y ¼ 0 (10)

TðxÞ ¼ T0 þ ΔT at y ¼ H (11)
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d

dy

�
k
dT

dy

�
¼ 0 (12)

The solution of Eqn (12) with given boundary conditions is

T � T0

ΔT
¼ y

H
(13)

Thus, the distribution of temperature is a linear function of y. The flow field governing
equations are reduced to

vu

vx
¼ 0 (14)

−
vp

vx
þ μ

ρ
v2u

vy2
þ ρe

ρ
Ex ¼ 0 (15)

1

ρ
vp

vy
¼ 0 (16)

In order to establish a relation between the dynamic viscosity and temperature, a simple
linear expression is assumed as shown below.

μ ¼ μ0

�
1� γ

T � T0

ΔT

�
¼ μ0

h
1� γ

y

H

i
(17)

Substituting Eqn (17) in to Eqn (15), we have

−
vp

vx
þ v

vy

�
μ0
h
1� γ

y

H

i vu
vy

�
� DEx

4π
v2ψ
vy2

¼ 0 (18)

2.2 Normalization
The spatial variables are normalized by the channel height,H; wall potential is normalized by
zeta potential, ζ; pressure is normalized by viscous forces, μ0uref

H
; velocity is normalized by
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Helmholtz-Smoluchowski velocity,−Exεζ
μ0
. Finally, Eqn (18) in non-dimensional form is

expressed as follows:

vp*

vx*
¼

�
1� γ

y

H

� v2u*

vy*2
� γ

vu*

vy*
þ v2ψ*

vy*2
(19)

The non-dimensional form of Eqn (6) is

v2ψ*

vy*2
¼ β sinhðαψ*Þ (20)

Here α is known as the ionic energy parameter which is termed as

α ¼ zeζ

kbT
(21)

And β is the non-dimensional parameter relating α, ω and H.

β ¼ ðωHÞ2
α

(22)

where ω is the reciprocal of EDL thickness, which is given by

ω ¼ 1

λ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πz2e2n0
DkbT

s
(23)

2.3 Physical significance of α and β
At 208 C, ζ ¼ 25:4 mVcorresponds to α5 1. When the value of ζ is doubled, the value of α is
equals 2 and so on. If the channel height is 100 μm, the EDL thickness corresponding to
different values of β is being depicted in Table 1.

It is obvious that the thickness of EDL is increased as the value of β is increased.

2.4 Solution methodology
FVM is used for the discretization of the prescribed governing equations with their suitable
boundary conditions with the integration of the spatial-temporal of the conservation
equations. Initially, Eqn (20) is being solved numerically and is quite challenging due to the
exponential nonlinearity associated with the hyperbolic-sine function. In order to eliminate

λ: EDL
thickness
(μm)

Debye-
Huckel

parameter
ω ¼ 1

λ

λ: EDL
thickness
(μm)

EDL
thickness as
a fraction of
channel
height

Ionic energy
parameter, α

Channel
height, H (μm) β ¼ ðωHÞ2

α

1.0 106 1.0 1/100 1 100 10000.0
3.125 320 3 103 3.125 1/32 1 100 1000.0
10.0 105 10.0 1/10 1 100 100.0
31.6 31.65 3 103 31.6 1/3.2 1 100 1.0

Table 1.
Significance of β
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these challenges, a Taylor series expansion of the right-hand side term is employed for
linearization of the nonlinear source term of Eqn (20), and the equation is then solved by using
point successive over-relaxation (PSOR) method, which is a variant of the Gauss–Seidel
method for solving a linear system of equations that results in faster convergence. The
numerically obtained electro-osmotic potential distribution is compared with the analytical
solution of Eqn (20) by eliminating the nonlinearity with Debye-Huckel guesstimate which is
effective only when ζ ≤ 25.4 mV (Saleel et al., 2013; Saleel et al., 2020). The numerically
obtained electro-osmotic potential is impregnated in Eqn (19) and is being solved by powerful
and accurate TDMA.

3. Results and discussions
The theoretical (analytical) and numerical solutions of the electro-osmotic potential
distribution across the channel as a function of various values of β for a constant value of
α5 1.0 are depicted in Figure 3. As it is understood from Figure 3, thickness of EDL increase
and covers the entire channel with the decrease in the value of β. When β 5 1.0, there is
disparity between analytical and numerical solutions. The reason for the same is explained as
follows. The analytical solution is only valid with Debye-Huckel assumption and is invalid
when the value of β decreases as well as when the value of α increases. For the high value of β,
the EDL is confined and restricted to the channel walls, results in sharp variations in the
distribution of electro-osmotic potential. It is obvious that for a constant value of β and for
different increased values of α, the curves show an abrupt decay of the electro-osmotic.
Figure 4 shows the theoretical (analytical) and numerical solutions of pure electroosmotic
flow velocity across the channel as a function of various values of β at a constant value
of α 5 1.0.
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It is clear that when the value of β is decreased, the profile deviates gradually from “plug
shape” which is the characteristic feature of pure electro-osmotic flow with thin EDL.

Numerical solution of streamwise velocity electro-osmotic Cuette flow is depicted inFigure 5
when β 5 10000.0, in Figure 6 when β 5 1000.0, in Figure 7 when β 5 100.0, in
Figure 8 when β5 10.0 and in Figure 9 when β5 1.0. Here the velocity profile is plotted across
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the channel height with joule heating effect when α 5 1.0. As the value of Gamma increases
from 0.1 to 0.7, it progressively accommodates the significance of temperature-dependent
dynamic viscosity in flow silhouette. Gamma 5 0.0 denotes the temperature independent
dynamic.AsGamma increases, the viscosity of the dielectric fluiddrops; this in sequence results
in an elevation of velocity. As an outcome, the flow gradually starts tilting towards the upper
plate as Gamma becomes larger and larger since the upper wall is hotter compared to the
bottom wall.

Numerical solution of streamwise velocity in pressure driven electro-osmotic Couette flow is
shown in Figure 10 when β 5 10000.0, in Figure 11 when β 5 1000.0, in
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Figure 12 when β 5 100.0, in Figure 13 when β 5 10.0 and in Figure 14 when β 5 1.0. Here
the velocity profile is plotted across the channel height with joule heating effect when α 5 1.0.

As the value of Gamma increases from 0.1 to 0.7, it progressively incorporates the
significance of temperature-dependent dynamic viscosity in flow profile. Gamma 5 0.0
denotes the temperature independent dynamic. As Gamma increases, the viscosity of the
dielectric fluid drops; this in turn results in an elevation of velocity. As an outcome, the flow
gradually starts tilting towards the upper plate as Gamma becomes larger and larger since
the upper wall is hotter compared to the bottom wall.

The results of the current numerical simulations reveal that the flow control in
microfluidic devices is possible with the increased non-uniform pure EOF-Couette/pressure
driven Couette-EOF velocity field. The normal “plug-like” shape is deviated and this
deviation may be helpful in flow control in electroosmotic pumps. The deviation from its
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normal shapes may be clarified in par with the effect of Joule heating. The mean temperature
of the dielectric solution is increased by means of Joule heating effect. The increase in
temperature affect the dynamic viscosity of the solution and alter the velocity profile in such a
way that it varies across the flow direction. This altered velocity profile helps in creating a
pumping effect and flow control in microfluidic devices. The inner pressure gradient induced
in the flow ensure the conservation of mass andwould establish a “suction” effect that results
in a fully developed flow.
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pressure driven electro-
osmotic Couette flow
across the channel
height with joule

heating effect when
β 5 10000 and α 5 1

Figure 11.
Numerical variation of
stream wise velocity in
pressure driven electro-
osmotic Couette flow
across the channel
height with joule

heating effect when
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4. Conclusion
The flow control mechanisms in microfluidic/ Nano fluidic devices in the absence of moving
components are highly appreciated by the microfluidic scientific community. Numerical
investigation on electro-osmotic Couette flow in the presence of Joule heating effect is carried
out. The results of the investigation establish that the electro-osmotic Couette flow can be
effectively employed as flow control mechanism in microfluidic devices. The effect of Joule
heating alter the profile of stream wise velocity from its usual “plug-shaped” nature and
assume a convex (parabolic) pattern when the flow is fully developed. The significant
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Numerical variation of
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osmotic Couette flow
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height with joule
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Figure 13.
Numerical variation of
stream wise velocity in
pressure driven electro-
osmotic Couette flow
across the channel
height with joule
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achievement of the present investigation is that it allows a lucid numerical solution to explain
the effect of Joule heating on electro-osmotic flow and the associated alterations in stream
wise velocity profiles. The developed flow control mechanism may be used for initiating
various fluid handling devices like electro-osmotic micro-pumps, micro-valves without any
moving components. These long-life microfluidic devices perform without encountering any
mechanical failures due to fatigue and much more helpful in biomedical applications, as the
damage and denaturation of living cells can be completely eliminated. In short, the current
research results may be helpful in efficient and optimum design of numerous microfluidic/
nanofluidic devices.
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