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Abstract: In this study, we have examined a Joule heating effect on a temperature of electroosmotic flow m
microchannels. We have performed a parametric study to investigate effects of ¢-potential (electric potential
of an electric double layer on walls of the microchannel), an external electric field and the microchannel height
on the temperature. Obtamed results reveal that the Joule heating effect has a major impact on the temperature;
it is also shown that increasing size of the microchannels intensifies the Joule heating effect. Energy dissipation
has negligible influence on the temperature of the flow field. If the applied external electric field is small, the ¢-
potential will have minor contribution on the temperature of the electroosmotic flow; however, by increasing
the microchannels dimension, the ¢-potential no longer influences the temperature. Intensifying the externally
applied electric field also increases the temperature of the flow field (Joule heating effect). An increase of the
microchannel height magnifies the temperature of the electroosmotic flow field in the microchannels (the Joule

heating effect).
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INTRODUCTION

By entering technology to the micro and nano
dimensions, design and fabrication of miniaturized
mstruments, such as microelectronics  devices,
microfluidic mstruments, MEMS, NEMS become very
desirable. These mimaturized devices have variety
of applications energy  [1-4]
biomedical studies [5-7]. In these microscale devices,
heating may
To mimmize

ranging from to
many undesired effects such as Joule
ruin the performance of these devices.
the harmful influences of these phenomena, it is so
important to optimize the design of those, such that the
undesired harmful effects become less and less. By
definition, electroosmosis is the motion of ionized liquid

relative to stationary charged surfaces in a presence of
applied external electric field; the generated flow due to
this effect is called electroosmotic flow, see Figure 1 [8, 5].
Microchannels are the channels with the smallest
dimension of wm--200 wm [2]. In our recent paper, we have
proposed an analytical approach to find the temperature
distribution of the electroosmotic flow in the planar
[9]. In that study, effects of the
microchammel height and the external electric field on the
temperature distribution of the flow field have been
examined. revealed that, the larger
microchannels, the effect of the external electric field can
be intensified on the temperature of the flow field.
However, in the small microchannels, its effect may be
negligible.

microchamnels

It was for

— wall —

—
+

+ 0+ + + O+

+ o+

External Electric Field

wall —

Fig. 1: Schematic of the electroosmotic flow in a planar microchannel channel with the finite EDIL.
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The electroosmotic flow has
compare with a pressure driven flow such as bemg
vibration free, not requiring any external mechanical

many advantages

pumps or moving parts, being compact and stable.
Few weak points also associate with this type of flow
field. The Joule heating 1s one of them. The external
electric field of the electroosmotic flow generates heat in
the system due to an electrical resistance. If F is an
electrical conductivity and E is the applied external electric
field, the produced heat of the Joule heating effect can be
calculated as q = FE*. The Joule heating may harm the
performance of the microfluidic devices; it may increase a
local temperature of fluid flow that decreases the fluid
viscosity by its turn and consequently mcreases the slip
velocity on  boundaries. Therefore, performing a
comprehensive study on the Joule heating effect in the
microfluidic systems seems to be essential.

In the present study, we have utilized the proposed
analytical method of Ref. [9] to study the Joule heating
effect in the electroosmotic flow of the planar
microchannel. Figure one shows the schematic diagram of
this type of flow field. We examine effects of the
microchannel dimension (height) and the external
electric field on the temperature distribution
investigate how the Joule heating effect contributes to

and

the temperature distribution In the next section, we
have briefly introduced the proposed analytical method
of Ref. [9]. Results and discussions have been explained
in section 3 and the concluding remarks have been
discussed at the end of the article.

Modeling: In the present study, we have assumed a uni-
directional, steady state, incompressible and fully
developed flow of the Newtonian fluid in the planar
microchannel (Figure 1). The flow field 15 generated
because of the electroosmotic effect. No-slip velocity and
constant temperature are assumed on the walls of the
microchannel. The ¢-potential is the considered potential
of the electric double layer (EDL) on the walls of the
microchannel. In this study, % 1s the half-height of the
planar- microchannel. # and p represent velocity and
pressure, respectively. 7' is temperature; F stands for
external electric field; @ denotes the electric potential of
the electric double layer (EDL). u and p are the viscosity
and density of the flud, ¢ and & are the specific heat
capacity and thermal conductivity of the assumed fluid. €
and g; are the relative and absolute permittivity. z 1s the
valence of the ion, e is the elementary charge, k, is
Boltzmann constant and #, is the ionic bulk number
concentration.
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The detail of the analytical approach of finding
temperature distribution of the electroosmotic flow can be
found in Ref. [9]. In the following, we have presented a
closed form equations of finding the temperature of the
electroosmotic flow in the planar microchannels:
O=y<h

L)=H(y)+Cy+C (1)

() =Hy(3)+C3p+Cy —h<y<O (2)
In the above equations, the constants ¢, to ¢, are

defined as:

_ GHi(y)
Ly o (3
o=1,-H (h)_clh (4)

o = G ()
Ty o (5)
o =T, —H,(-h) +ch (6)

In Eqns. (1-2), functions A, and H,are defined as:
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and

parameters are defined in the above equations:
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Fig. 2: Effects of Joule heating and dissipation energy on
temperature distribution, microchannel height is 1
um, (A) E=-10000V/m, (B) E=-50000 V/m.

RESULTS AND DISCUSSION

In this section, we aim to examine the Joule heating
effect on the temperature of the electroosmotic flow in the
planar microchannels. It is shown that how the Joule
heating is influenced by the geometrical and electrical
parameters. The assumed parameters of this study have
been provided in Table 1.

Figures 2 and 3 show the temperature distribution
across the microchannel. From these figures, one can
conclude that:

When the applied electric field is 10000 V/m, for the
smaller microchannels (h=1 um), ¢-potential has a small
effect on the temperature. However, as the height of the
microchannel increases (h=10 um), this effect become
negligible. By increasing the applied electric field from
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Fig. 3: Effects of Joule heating and dissipation energy on
temperature distribution, microchannel height is
10 um, (A) E=-10000V/m, (B) E=-50000 V/m.

Table 1: The values for constants and parameters used in the simulations

Parameter Value/range Unit

& 80 -

& 8.85x10712 F/m
p(liquid density) 1000 Kem3

u 1x1073 Pass

F 96 485.3415 Aes / mol
kg 1.381x10% J/.K

h (microchannel height) 1~50 um

E, (external electric field) -10_~ -100 kV/m
¢-potential 0.05 4

e (elementary charge) 1.602x10" C

z (valence) 1 -

¢, (specific heat capacity) 4.1813 kJ/ kgeK
k (Thermal conductivity) 0.6 W/ meK
T, (Temperature at the walls) 300 K
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10000 V/m to 50000V/m, the effect of ¢-potential becomes
negligible for all microchannels. This can be explained by
considering the Joule heating effect. As the applied
electric field increases, the Joule heating effect becomes
stronger and dominates the other parameters affecting the
temperature of the electroosmotic flow. Physically, it can
be explained by considering the energy equation:

ar. o

_ 2
Pcp[ug] = knyO'Ex + O

(35)

When the external electric field is small, the Joule
heating effect does not dominate the other ones
(convection, conduction and dissipation energy). For the
smaller microchannels, the EDL thickness is not negligible
compare with the microchannel height. Here, changing the
¢-potential alters the EDL thickness which affects the
convective term of the energy equations; thus, variation
of the ¢-potential impacts the temperature of the flow field.
By increasing the microchannel height, the EDL thickness
is negligible compare with the microchannel height and no
longer influences the flow field. By increasing the external
electric field, the convective term of the energy equations
is dominated by the Joule heating term and thus velocity
field do not considerably affect the temperature anymore.
Therefore, the variation of the g¢-potential does not
influence the temperature anymore.

The microchannel dimension has a great influence on
the temperature of the flow field. If the ¢-potential and the
applied electric field are kept constant, the difference of
temperature at the center and the wall of the microchannel
is intensified by enlarging the microchannel height. It can
physically be explained by considering the Joule heating
effect. The Joule heating is defined as Q = IV, where I and
V are electric current and electric potential, respectively.
The electric current (I) can be calculated as follows:

I= HF:,.c,.U””’de+ ”Fzz,zv,.c,.EdA (36)

Here, F is Faraday’s constant, z, v, and ¢, are the
valence, mobility and concentration of the ion type i,
respectively; U"" is the bulk velocity and E is the external
electric field. From this equation, it is clear that for the
same applied electric field, the smaller microchannels have
lower electric current. Thus, the effect of Joule heating
decreases by reduction in size. By decreasing the effect of
Joule heating, the generated heat and consequently
temperature decreases in the microchannel.
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External electric field has a great influence on the
temperature distribution. It can also be explained by
considering the Joule heating effect. As the external
electric field strengthens, the generated heat due to the
Joule heating intensified. Therefore, the
temperatiwre of the flow field buwlds up in the
microchannel.

is also

Figures 2 and 3 also show that energy dissipation
has negligible mfluence on the temperature of the
electroosmotic flow in microchannels. The heat energy
dissipation 1s the energy lost due to deformation and
turbulence. For the incompressible flow, it can be express
as follows [10]; in microfluidic devices, Reynolds number
15 low and the flow field 1s Laminar. Thus, the dissipated
energy due to the turbulence is substantially diminished.

2 2 2 2 2 2
Gie. = ZH(D" + Doa” + Dg3™ + 201" + 2037 + 2D23(3)

5)
1 8w, Ou
D =2 h
¥ 2(8xj, i Ox; ) (36)
CONCLUSION

In this study, an analytical and closed form solution
was utilized to examine Joule heating effect on
temperature of an electroosmotic flow m planar
microchannels. A parametric study was performed to
mvestigate effects of the ¢-potential (electric potential of
the electric double layer on the walls of the microchannel),
an external electric field and a microchannel height on the
temperature. Obtained results revealed that the Joule
heating effect has major impact on the temperature; it was
also shown that increasing the size of the microchannels
Joule effect. The
dissipation has negligible mfluence on the temperature of
the flow field. If the applied external electric field was
small, the ¢-potential had minor contribution on the

intensified the heating energy

temperature of the electroosmotic flow; however, by
increasing the microchannels dimension, the ¢-potential
no longer influences the temperature. Intensifying the
externally applied electric field also increases the
temperature of the flow field (the Joule heating effect).
Increase of the microchannel height magmfies the
temperature of the electroosmotic flow field in the
microchannels (the Joule heating effect). The results of
this study show that the Joule heating effect has
considerable mfluence on the temperature of the
electroosmotic flow in the microchannels. Therefore, its
effect should be carefully considered to avoid its harmful
impact on the performance of the microfluidic devices.
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Nomenclature:

Velocity

Pressure

Dynamic viscosity

Liquid density

Relative permeability

Absolute permeability

External electric field

Potential of electric double layer

mH Rw R

by

)

Potential of electric double layer at the walls
Valance

Elementary charge

Ionic bulk number concentration

®

Boltzmann constant
Temperature
Temperature at the walls
Thermal conductivity
Specific heat capacity
Electric conductivity
Half channel height

RS BRS¢ s B I
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