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Effect of Joule heating on the electroosmotic microvortex
and dielectrophoretic particle separation
controlled by local electric field”
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Dielectrophoresis (DEP) technology has become important application of microfluidic technology to manipulate par-
ticles. By using a local modulating electric field to control the combination of electroosmotic microvortices and DEP, our
group proposed a device using a direct current (DC) electric field to achieve continuous particle separation. In this paper,
the influence of the Joule heating effect on the continuous separation of particles is analyzed. Results show that the Joule
heating effect is caused by the local electric field, and the Joule heating effect caused by adjusting the modulating voltage
is more significant than that by driving voltage. Moreover, a non-uniform temperature distribution exists in the channel due
to the Joule heating effect, and the temperature is the highest at the midpoint of the modulating electrodes. The channel
flux can be enhanced, and the enhancement of both the channel flux and temperature is more obvious for a stronger Joule
heating effect. In addition, the ability of the vortices to trap particles is enhanced since a larger DEP force is exerted on
the particles with the Joule heating effect; and the ability of the vortex to capture particles is stronger with a stronger Joule
heating effect. The separation efficiency can also be increased because perfect separation is achieved at a higher channel
flux. Parameter optimization of the separation device, such as the convective heat transfer coefficient of the channel wall,
the length of modulating electrode, and the width of the channel, is performed.

Keywords: dielectrophoresis, microvortices, Joule heating effect, particle separation

PACS: 47.57.jd, 47.61.-k, 47.15.Rq

1. Introduction

Microfluidic technologies have become a powerful tool in
a broad range of fields because of being small, portable, inex-
pensive, and easy to be used. In many applications, it is crucial
to separate particles. Currently, the methods of separating par-
ticles are divided into passive and active methods according
to the working principle. The passive methods mostly rely on
geometry and design of the microchannel which separate the
particles on the basis of shape, size, and deformability,!' such
as inertial displacement,!?) deterministic lateral displacement
(DLD),! and others.!*3 The active ways that employ exter-

nal fields to achieve separation include the centrifugation, 6!

[8] and so on. DEP is one of the most

magnetic,m acoustic,
effective techniques to separate particles in microfluidic chips
due to its controllable, label-free, and accurate manipulation
of targeted particles. (-]

The term DEP was first coined by Phol!'?! in 1951. DEP
refers to the movement of polarized particles relative to the
electrolyte solution in an uneven electric field. Traditionally,
arrays of microelectrodes are embedded into the microchan-
nel walls to build the non-uniform electric field.l'>~15] Elec-
trodes of various materials, such as AgPDMS,['® liquid metal
electrodes,!!”! and others, with different configurations and di-

DOI: 10.1088/1674-1056/abf108

mensions were integrated into microchannels to ensure the ef-
fective DEP regions. Composites of sliver (Ag) and PDMS
were used for the first time to construct microelectrodes to
create a non-uniform electric field by Nie ef al.['®! They em-
ployed the device to attain the continuous separation of 2-
um and 15-pum beads. Zhang et al.!'”! achieved the sepa-
ration of live and dead HeLa cells with high efficiency with
a three-dimensional (3D) electrode integrated within silver-
PMDS composites. Recently, researchers also used electrodes
of other materials to separate particles. For instance, Ha-
jari et al.!''! designed a DEP-based device with an oblique
gold electrode. Particles with different sizes were able to be
separated in operation and with no on/off electric field by em-
ploying their design. Moreover, liquid electrodes have also
been increasingly studied by researchers. Sun er al.!*%! sep-
arated MDA-MB-231 human breast cancer cells from human
adipose-derived stem cells with high purity by applying lig-
uid electrodes. With the progress of production technology,
some researchers attained particle separation with compos-
ite of electrodes-based DEP and irregular obstacles.?!=?4! Ya-

[25] ytilized an slanted electrodes to build the un-

sukawa et al.
even electric field, and achieved the continuous separation of
white and red blood cells based on negative dielectrophore-

sis (nDEP). Meanwhile, the low voltage was generally used to
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generate a non-uninform electric field within electrodes-based
DEDP, so the Joule heating effect was neglected.

Joule heating is a ubiquitous phenomenon of resis-
tive heat generation in electric field-driven fluid flows.[26->7]
The Joule heating effect results in a temperature gradi-
ent in the channel. This gradient consequently affects the
properties of the temperature-dependent electrolyte. More-
over, the electrokinetic mechanisms and associated processes
including biomedical and biochemical reactions are also

d.128-311 Xuyan er al. 3233 have done considerable

influence
work on the effect of Joule heating in microfluidics. They
studied the effect of Joule heating on electroosmotic flow in
theory, through experiments and numerical simulations, and
demonstrated that the Joule heating effects could disturb elec-
troosmotic velocity profiles. Yan et al.*®! demonstrated that
the Joule heating effect increased with an increasing of volt-
age, and the temperature in the microchannel increased. In
addition, other researchers have also studied the Joule heating
effect in electroosmotic flow.*”-38! Joule heating is easily ap-
pears in insulator-based DEP when high voltage is applied.
Xuan et al.3*#! showed that Joule heating could weaken
DEP focusing and trapping in insulator-based DEP microflu-
idics by experimental and numerical studies. The influence
of the Joule heating effect on the manipulation of particles by
the DEP force was studied by Hawkings et al.!*?! Aghiline-

jad et al.[*3

made use of mathematical modeling to study the
effect of Joule heating with iDEP, and proposed a separation
scenario for the selective trapping of circulating tumor cells.
They considered that the high electric field resulted in high
temperature gradients in iDEP, so that the Classius—Mossoti
factor was also altered due to the conductivity varying with
temperature. Furthermore, they also confirmed that the Joule
heating effect could enhance the positive DEP to trap cells.
Gallo-Villanueva et al.'**1 studied the temperature increase in-
side iDEP devices with seven distinct channel designs of dif-
ferent post array characteristics. They found that the effect of
the insulators made a difference in the temperature increase of
approximately 4 °C during the design studies.

Our team proposed a method for particle manipulation
by combing DEP and field-modulated electroosmotic vortex.
This method achieved the separation of particles with differ-
ent diameters at a low voltage.[*’! Results demonstrated that
the separating efficiency could be improved by increasing the
electric field. However, the Joule heating effect should be
taken into account when applying a high voltage, especially
for the high conductivity of the solution. The objective of this
paper is to study the effects of Joule heating on the particle
trapping capability of micro-vortex. The coupled equations
which include the electric field, flow field and temperature
field are numerically solved by COMSOL Multiphysics. In

addition, the effects of the driving voltage, modulating volt-
age, conductivity of the solution, convective heat transfer co-
efficient of channel wall, electrode length, and channel width
on the Joule heating along with the separation rate of small
particles are analyzed in detail, which provides a theoretical

reference for the application of continuous particle separation.

2. Mathematical model

In practical applications, the fluid flow in channel can
be approximately regarded as a two-dimensional (2D) flow
between parallel plates*“*7! since the ratios of the cross-
sectional aspect are large. In this paper, electroosmotic flow
(EQOF) appears in the channel after applying an external elec-
tric field along the channel, which is full of electrolyte solu-
tion. As the modulating electrodes are vertically embedded on
the channel wall, the vortices are generated due to the local
interference of the modulating field.[***?) The 2D geometri-
cal model is show in Fig. 1. The corresponding characteristic
constants are input as follows: the width of the channel is H =
100 pm, the length of the main channel is L. = 7H = 700 pm,
the length of the reservoir is Ly = 3H = 300 um, and the width
of the reservoir is H; = 4H =400 pm. A pairs of symmetrical
modulating electrodes (L, = 15 wm) are used to generate the
modulating field.

modulating

Y 1 electrodes ¢, f
L. T
]
1

x
P1 i, i /
T
)
T

L

— L, L, —

c

Fig. 1. Geometry of the 2D model.

2.1. Governing equations of the EOF

The electrodes are located in reservoirs to create the dif-
ference of voltage and the external electric field, as shown in
Fig. 1. The voltages of the two electrodes are appointed to
@1 and 0, respectively. When the substrates are considered

as non-conducting substrates, the applied electric field is gov-

erned by the following equation: 34481
V- (oi(T)Ve) =0, (D
o¢(T) = op(1+0.02(T — Tp)), )

where o¢(T) is the temperature-dependent conductivity of so-
lution, oy is the conductivity of the solution at room temper-
ature Tp = 293 K, and T is the temperature within the solu-
tion. The corresponding boundary conditions are ¢ = ¢; and
d¢/dn =0, respectively.

114701-2
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The induced electric field y in the field-modulated EDL
is related to the net charge density p. by the Poisson equation

as follows: [27:49]
V- [&(T)y] = —pe, 3)
&‘f(T) = 8f0(1 — 0.0046(T — T())), 4)

where &(T) is the temperature-dependent permittivity of the
electrolyte, and &y is the permittivity of the solution at room
temperature 7y = 293 K. The net charge density p. is pro-
portional to the concentration difference between symmetric

cations and anions, which is given by!?7!

pe=ez(n" —n"), )
nt = l/loe(fzeu//ka)7

n = noe<ze"’/ka), (6)

where e and z are the elementary charge and the valence of
ions (|z1| = |z7| = z for a symmetric solution) respectively.
nt and n~ represent the concentrations of the positive and
negative ions, respectively. Furthermore, np = CNa denotes
the ion number concentration of the solution, where C is
the molar concentration of ions, and Avogadro’s number is
Nj = 6.022 x 1073,
kg = 1.380 x 10723 J/K. The corresponding boundary condi-

In addition, the Boltzmann constant is

tions are Y = y; for the modulating electrodes, but for the
remaining walls, the boundary conditions are dy/dn = 0.

In this study, the fluid inertia is ignorable due to the
vanishing Reynolds number of the fluid flow. Regarding
an incompressible viscous fluid, the continuity equation and

Navier-Stokes equation are as follows:>")
V.V =0, %
PV = Vpt VIN(T)VV] 1 pB.  (®)
ne(T) = 2.761exp(1713/T) x 107°, )

here V' and p are the velocity vector of the fluid flow and the
pressure, respectively. p is the density of fluid, and n¢(T) is
the temperature-dependent fluid viscosity. p.E is the electric
force exerted on the fluid, in which the electric field intensity
E consists of the driving and modulating fields. The govern-
ing equation is as follows:

E=-V(p+y). (10)
The boundary conditions are p = 0 for the inlet and outlet. For
those channel walls, the boundary conditions are V = 0.
2.2. Governing equations of temperature field

The steady temperature field with the induced Joule heat-
ing effect in the solution is governed by the following energy
equation: 3448

pey(V-VT) = V[ke(T)VT] + 6;(T)(E-E),  (11)

ke(T) = 0.61+0.0012(T — Tp), (12)

where c;, is the specific heat of the solution, and k¢(T) is the
temperature-dependent thermal conductivity of the solution.
The last term of the right side in Eq. (11), i.e., o¢(T)(E - E),
is the generating rate of local Joule heating as heat source.
The corresponding boundary conditions are specified as T =
Ty for the inlet and outlet, and the rest of the channel wall
is bounded by convection —n - (kVT) = h- (T} — Tp), where
h = 300 W/(m2-K) is the convective heat transfer coefficient

and T; is the ambient temperature. (48]

2.3. The governing equations of particle motion

The motion of the particles is governed by Newton’s sec-
ond law of motion, and the particles are only affected by the
hydrodynamic force Fy and DEP force Fyp,. They are repre-
sented respectively by[*]

Fy=6ra(V -V,), (13)
Faep =270 (T ) [fem] V| B, (14)

where a is the radius of particle, and V/, is the velocity of par-
ticle. fom is the Clausius—Mossotti factor, and it can be calcu-
lated in direct current (DC) electric field*>

O'p — Of (T())

me - 4613 —|—26f(T0) )

s)
where o, is the particles conductivity. For a solid homo-
geneous spherical particle, the conductivity can be written

as [51,52]

Op = Op,bulk 1 2K /a; (16)

where 0}, pulk is the bulk conductivity of the particle, which is
almost zero for polystyrene dielectric particles. K is the sur-

face conductance, and its value ranges from 0.2 nS to 2.1 nS.

3. Results and discussion
3.1. Model validation

The numerical model is validated in DC and alternating
current (AC) electric fields, respectively. The numerical re-
sults are compared with the experiment results of Yan et al.[33)
at different DC applied voltages. And the numerical results are
compared with those of Sridharan et al.3*! at different pure
AC applied voltages. The results of the temperature increases
within the channel due to the Joule heating effect are shown in
Figs. 2 and 3. The slight difference between the two profiles
could be the reason that the practical system measurement was
occurred in 3D case but the numerical results were obtained in
2D case.

114701-3



Chin. Phys. B Vol. 30, No. 11 (2021) 114701

310
----- Yan et al.

—— numerical

305

T (K)

300

295 1 1 1 1
200 300 400 500 600

2 (um)
Fig. 2. Comparison of the distribution of temperature along the channel
centerline obtained by Yan et al. (point) and our numerical results (line).

The results are at 25 V and 50 V with DC electric field from bottom to top,
respectively.
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Fig. 3. Comparison of the distribution of temperature along the chan-
nel centerline obtained by Sridharan (point) and our numerical results
(line).The results are at 400 V, 600 V, and 800 V from bottom to top,
respectively.

3.2. Joule heating effect in the microchannel

A potassium chloride (KCI) aqueous solution is used
as the working solution at an ambient temperature of 7o =
293 K.[*31 At ambient temperature, the electrolyte permit-
tivity is & = 80y, where g = 8.85 x 10712 F/m denotes
the vacuum permittivity. The density of the electrolyte is
p = 1000 kg/m?, and the viscosity of the electrolyte is g =
0.001 Pa-s. The conductivity and the thermal conductivity of
the electrolyte are ofp = 0.1 S/m and kg = 0.61 W/(m-K),
respectively. In this work, gravity is neglected, as the par-
ticle density is considered to be equal to the density of the
solution. The separation of differently sized particles can be
achieved. The same Clausius—Mossotti factors are designated
as fom = —0.5, so that all particles are nDEP particles. When
the particles move towards the modulating electrodes with
fluid flow, they are pushed away from the modulating elec-
trodes due to the nDEP force.

It is common that the Joule heating effect caused by the
local electric field leads to uneven temperature distribution in
the channel. The Joule heating effect is more significant when

T (K)
A [H
314
312
310
308
306
304
302
300
298
296
.
(b) 308
3
— T
306
3
~
304+
302F
1 1
400 600 800 1000
z (um)

Fig. 4. Distribution of temperature when the applied voltage and the conduc-
tivity of solution is designed (¢; =70V, y; = —0.425 V, of = 0.1 S/m).
(a) Profile of the temperature around the modulating electrodes; (b) the tem-
perature distribution along the centerline of the channel. The rectangular strip
represents the location of modulating electrode.

a
340 € )Mr/
—— = —05V
330 | —— = —0.425V
. —— = —0.2V
<
, 320r e
E'E
310
300 + ..—-————-—/"/’.
40 60 80 100 120 140 160
$1 (V)
(b)
340 i I Tmax
330}
3
£ 320t
g
N
310}
300}

0.20 0.25 0.30 0.35 0.40 0.45 0.50
b1 (V)

Fig. 5. Variation in the maximum temperature T,x with an applied voltage.
(a) Variation in the maximum temperature Tpax With the driving voltage ¢;
when the modulating voltage is —0.2 V, —0.425 V, and —0.5 V respectively;
(b) variation of the maximum temperature Tiax with the modulating voltage
vy when the driving voltage is constant.
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the applied voltage and conductivity of the solution are high.
As shown in Fig. 4(a), the non-uniform temperature distribu-
tion in the channel is caused by the Joule heating effect, and
the temperature around the modulating electrode is higher than
anywhere else, as shown in Fig. 4(b). The reason is that the
local electric field intensity around the modulating electrodes
achieves the maximum value, thus the Joule heating effect is
the strongest around the modulating electrode according to the
Eq. (11). The maximum temperature Tinax, Which is measured
at the midpoint of the modulating electrodes, increases with an
increasing voltage. The variation in the temperature is more
sensitive to the modulating voltage. For example, when the
modulating voltage is y; = —0.2 V, the variation in the tem-
perature is mild with the increasing driving voltage, as shown
in Fig. 5(a). However, the temperature clearly increases with
an promoting modulating voltage for a constant driving volt-
age ¢ =70V, as figure 5(b) shows. The difference can be
attributed to the local electric field, which is mainly influenced
by the modulating voltage.

3.3. Definition of the separation rate

To study the particle separation, a group of large particles
with @; = 10 um and small particles with a; = 5 pum are re-
leased in the upstream channel, as shown in Fig. 6(a). These
particles are initially driven by the hydrodynamic force and
move downstream of the channel as the fluid flows. When they
are near the modulating electrodes, a strong nDEP force exerts
on the particles due to the existence of the local uneven fields.
The particles are pushed away from the modulating electrodes,
and move to the vortices in the center of the channel. Further-
more, according to Eq. (14), a stronger negative DEP force is
exerted on the large particles at the same condition, so these
large particles are more likely to be captured by the vortices.
The separation rate of the small particles {1, which denotes
the ratio of the number of small particles trapped downstream
of the channel to the total number of small particles released
upstream, is a measure of the separation efficiency. The sepa-
ration rate is {;, = 0, when all the small particles are also cap-
tured by the vortex or the large particles are also transported

Fig. 6. Schematic diagram of the motions of two types of differently sized
particles released upstream of the microchannel and the separation rate of
small particles. (a) Initial release of the particles, (b) {L. =0, (¢) 0 < § <
100%, (d) {L = 100%, and (e) {1 = 0. The red points denote particles with
a; = 10 pm, the blue points represent particles with a; =5 um.

downstream, as shown in Figs. 6(b) and 6(e). When small
particles are partially carried downstream and the large parti-
cles are all captured by the vortices, the corresponding separa-
tion rate is 0 < {;, < 100%, as shown in Fig. 6(c). As these
large particles are wholly captured by the vortices, and the
small particles are totally transported downstream, the sepa-
ration rate is i = 100%, as shown in Fig. 6(d).

3.4. Comparison of various driving voltages without and
with the Joule heating effect

In this subsection, the driving voltage is adjusted when
the other conditions remain unchanged. The result shows that
the channel flux Q increases with an increasing driving volt-
age, as shown in Fig. 7. The result is attributed to the increas-
ing axial electric force p E; with an increasing driving volt-
age. The hydrodynamic force Fy is proportional to the flow
velocity. According to Eq. (13), the axial hydrodynamic force
Fy, is proportional to the driving voltage. When the driving
voltage is low, the small particles are completely trapped by
the vortices as the hydrodynamic force is not able to carry the
small particles out the vortices. The axial hydrodynamic force
is enhanced by augmenting the driving voltage, so the small
particles are partially or totally carried downstream. It is no-
ticeable that the large particles can be carried downstream as
the driving voltage is high enough. All the above observations

are in agreement with Xie’s work.[*!

1.8

—— @ without Joule heating effect Q
—o— @ with Joule heating effect

1.5
100%

Q (1075 m?/s)

<

1
80 100
w1 (V)

Fig. 7. Variation in the channel flux Q and the separation rate { with the
driving voltage @; for the modulating voltage of y; = —0.425 V. The solid
rectangles denote those without the Joule heating effect, and the hollow cir-
cles represent the cases with the Joule heating effect. The number of points
along the dotted line indicates the separation rate { with the Joule heating
effect, and the number of points along the solid line indicates the separation
rate {1 with the Joule heating effect.

1 1
120 140

When the Joule heating effect is considered, the viscosity
of electrolyte 1(T) decreases with increasing temperature as
shown in Eq. (9), so the flow velocity and the channel flux
Q increase, as shown in Fig. 7. Thus, when the Joule heat-
ing effect is considered, the particles can move closer to the

114701-5



Chin. Phys. B Vol. 30, No. 11 (2021) 114701

modulating electrodes along the flow than without Joule heat-
ing, as illustrated in Fig. 8. When the particles are closer to
the modulating electrodes, a more negative DEP force acts
on them. Accordingly, the particles tend to be captured by
the vortices. For instance, in the case without the Joule heat-
ing effect, the separation rate is {;, = 100% when the driving
voltage is 70 V, as shown in Fig. 9(a), and the channel flux is
Q0 =7.6826 x 1072 m3/s. However, the same separation rate
is attained at a higher driving voltage of ¢; = 120 V when the
Joule heating effect is considered, as figure 9(d) shows, and
the channel flux is Q = 1.128 x 1078 m3/s. It is noticeable that

1o =ty

----- motion trail
of small particle
without Joule

heating effect

q, (um)

motion trail

of small particle
with Joule

60 heating effect

50

1 1 1 1 1
660 680 700 720 740
q, (pm)

100

(b) |

----- motion trail
of small particle
without Joule

heating effect
90

q, (um)

—— motion trail
of small particle
with Joule
heating effect

80
680 700 720
q, (pm)

Fig. 8. Motion trail of a small particle is shown when the applied voltage and
other conditions remain constant (¢; =70V, y; = —0.425 V, o5 = 0.1 S/m),
(a) motion trail of a small particle and (b) motion trail of a small particle
around the modulating electrode. gy is the position of a small particle in
the axial direction, and g, is the position of a small particle in the vertical
direction.

Fig. 9. Schematic diagram of showing particle motion with different driv-
ing voltages ¢; for a constant modulating electric field (y; = —0.425 V)
and other conditions, (a) ¢; = 70 V without the Joule heating effect, (b)
@1 =70 V with the Joule heating effect, (c) ¢; = 120 V without the Joule
heating effect, and (d) ¢; = 120 V with the Joule heating effect.

the separation efficiency is better because perfect separation
is achieved with a larger channel flux, when the Joule heating
effect is considered.

3.5. Comparison of various modulating voltages without
and with the Joule heating effect

In this subsection, the modulating voltage y; is changed
from —0.4 V to —0.5 V while the other conditions remain un-
changed. The result shows that the channel flux Q increases
with an increasing modulating voltage, as shown in Fig. 10.
This result can be attributed to the stronger electric force be-
cause of the increasing modulating voltage. Both the DEP
force Fyep and hydrodynamic force Fy increase with the in-
crease in modulating voltage, so the variation of separation
rate {1 is complex. When the Joule heating effect is consid-
ered, the channel flux Q is greater than in the cases without the
Joule heating. Therefore, the increase in channel flux is more
significant with a stronger Joule heating effect. Moreover, the
ability of the vortex to trap the particles is also improved with
an increasing DEP force.

| —— Q without Joule heating effect

6.0 - —— Q with Joule heating effect 0
& 4s5f
o
g
i
2 3.0f
&

1.5

O -
L L
0.39 0.42 0.45 0.48 0.51
1] (V)

Fig. 10. Variation of the channel flux Q and the separation rate {; with the
modulating voltage y; when the driving voltage and other conditions remain
constant (¢; =70 V, 69 = 0.1 S/m, h = 300 W/(m?-K)).

3.6. Effect of the solution conductivity

It is well known that the conductivity of a solution has
a great influence on the Joule heating effect in electroki-
netic flow. When the applied voltages (¢; =70 V, y; =
—0.425 V) and the convective heat transfer coefficient (h =
300 W/(m?-K)) remain unchanged, the channel flux is Q =
7.6826 x 10~° m3/s and the separation rate is { = 100% with-
out considering the Joule heating effect. When the Joule heat-
ing effect is considered, the ability of the vortices to trap the
particles is enhanced, and small particles can be captured by
the vortices. The heating source oy (E - E) is proportional to
the initial conductivity of the fluid oy). Accordingly, the Joule
heating effect is stronger with a higher fluid conductivity. As
shown in Fig. 11(a), when the initial conductivity of fluid ofy
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increases, the maximum temperature 7j,,x increases. Accord-
ing to Eq. (9), since the solution viscosity decreases with an
increasing temperature, the channel flux slightly increases cor-
respondingly, as shown in Fig. 11(b). The modification of the
flow field is more significant as the Joule heating effect in-
creases; thus, the particles can get closer to the modulating
electrodes. The separation rate decreases because an increas-
ing number of small particles are trapped by the vortices with
an increasing conductivity, as shown in Fig. 11(a).

(a) —
340+ Tmax
330
€
s 320t
Hﬁ
310
300
0.06 0.08 0.10 0.12 0.14 0.16
og (S/m)
s b
(b) — (Q;—Qwy)/Qws

(Qs—Qwy)/Qwil (%)
I

0.06 0.08 0.10 012 0.14 0.16
g (S/m)

Fig. 11. (a) Variation in the maximum temperature Trax and separation rate
¢ with the initial conductivity of solution 6p and (b) increases in the chan-
nel flux rate (Qy — Qwr)/Qwir X 100% with the initial conductivity of solution
Ofo, While the other conditions remain unchanged. Here, Qy is the channel
flux with the Joule heating effect, and Qwj is the channel flux without the
Joule heating effect.

3.7. Effect of the convective heat transfer coefficient

It is well known that the convective heat transfer coeffi-
cient of the channel wall % has a great impact on the tempera-
ture distribution. When the applied voltages (¢; =70V, y; =
—0.425 V) and the convection of the solution (650 = 0.1 S/m)
remain unchanged, the channel flux is Q = 7.6826 x 10~ m3/s
and the separation rate is {i = 100% without the Joule heating
effect. According to the results of Subsection 3.4, the Joule
heating effect can improve the ability of the vortices to cap-
ture the particles. As the Joule heating effect is included, the
Joule heating effect is inversely proportional to the convec-

tive heat transfer coefficient of the channel wall. As shown in
Fig. 12(a), when h increases, the Joule heating effect reduced,
and the maximum temperature decreases. It is noticeable that
the ability of the vortices to capture particles decreases with
the reduced Joule heating effect. Consequently, more small
particles move downstream of the channel, and the separa-
tion rate increases. Moreover, the channel flux QO changes
slightly with an increasing convective heat transfer coefficient,
as shown in Fig. 12(b).

340

330

320

TII!&X (K)

300

1 1 1 1 1
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h (W/m?K)

(b)
- (QJiQVVJ)/Q\NJ

(Qy—Qwy)/Qwil (%)
S

1 1 1 1 1
100 200 300 400 500
h (W/m%K)

Fig. 12. (a) Variation in the maximum temperature Ty,ax and separation rate
{1 with the convective heat transfer coefficient of the channel wall /& and
(b) increasing rate of channel flux (Qy — Qwr)/Qws x 100% with the con-
vective heat transfer coefficient of the channel wall i, while the electric
field and other conditions remain unchanged (¢; =70 V, y; = —0.425 V,
o = 0.1 S/m). Here, Qj is the channel flux with the Joule heating effect,
and Qwy is the channel flux without the Joule heating effect.

3.8. Effect of modulating electrode length

It is clear that the length of the modulating electrode has
an influence on the local modulating electric field. When the
length of the modulating electrodes increase with other invari-
able conditions, the influence of the regulating range of the
local modulating field is studied in this subsection. As shown
in Fig. 14, the range of the affected flow field generated by the
modulating field is wider as the length of the modulating elec-
trode increases. Since the electric force p. E is also strength-
ened with an increasing length of modulating electrodes, the
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Fig. 13. (a) Variation in channel flux Q and separation rate { with the
length of the modulating voltage L., (b) variation in the maximum tempera-
ture Tryax With the length of the modulating voltage L., and (c) temperature
distribution along the channel centerline with different modulating electrode
lengths; the electric field and other conditions remain constant (¢; = 70 V,
y; = —0.425V, 659 = 0.1 S/m, h = 300 W/(m?-K)).
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Fig. 14. Schematic diagram showing the flow field with different lengths of
modulating electrodes L. when the electric field and other conditions keep
constant (¢; =70V, y; = —0.425V, oyp = 0.1 S/m, h =300 W/(m?-K)), (a)
Le =10 um, (b) Le = 17 pm, and (¢) Le = 30 pm.

channel flux Q increases, as shown in Fig. 13(a). The hydro-
dynamic force increases with a higher flow rate. However, the
inhomogeneity of the local electric field is not affected by the
change of the length of the modulating electrode, which means
that the nDEP force is unchanged. The trapping ability of the
vortices to particles is weakened when the modulating elec-
trode length increases, so the small particles are more easily
carried downstream of the channel. As the modulating elec-
trodes are longer, the large particles can be transported down-
stream of the channel; thus, the separation rate decreases up to
{1 = 0. When the Joule heating effect is considered, the chan-
nel flux also increases. The ability of the vortices to capture
particles is enhanced. However, when the length of the mod-
ulating electrodes exceeds L. = 20 pum, the separation rate is
{1 = 0 as the large particles can be carried downstream, as
shown in Fig. 13(a). The Joule heating effect is stronger as the
region of the local electric field is broader with longer modu-
lating electrodes, and the increase in the maximum tempera-
ture is slight, as shown in Fig. 13(b), because the maximum
temperature is measured at the midpoint of the modulating
electrodes. The variation in temperature in the channel is ob-
vious, as observed in Fig. 13(c), and the temperature is higher
with the increasing length of the modulating electrodes. The
Joule heating effect becomes important with the longer mod-
ulating electrodes; hence, short modulating electrodes should
be selected to avoid higher temperatures. However, consider-
ing the production difficulty and separation effect in practical
applications, a favorable length of the modulating electrode
canbe L, = 17 yum.

3.9. Effect of channel width

In this subsection, the influence of channel width is stud-
ied. When the width of the channel is increased as the electric
field and other conditions remain unchanged, the channel flux
Q increases, as shown in Fig. 15(a), and the hydrodynamic
force is also enhanced, but the nDEP force is constant for the
unchanging local electric field. When the channel becomes
wider, the trapping ability of the vortices for the particles de-
creases, and the separation rate increases as more small parti-
cles enter the channel downstream with the flow. As the width
of the channel increases further, the large particles are carried
downstream of the channel and the separation rate could re-
duce up to 0, as shown in Fig. 15(a). With the Joule heat-
ing effect, the capturing ability of the vortices to particles im-
proves, and the channel flux increases. Since the local electric
field does not unchanged with the channel width, the max-
imum temperature 7Tp,.x, Which is measured at the midpoint
of the modulating electrode, remains unchanged, as shown
in Fig. 15(b). It is noticeable that the temperature rises in
the channel when the channel becomes narrow, as shown in
Fig. 15(c).
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h =300 W/(m?-K), L, = 17 um).
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4. Concluding remarks

In this paper, the effect of Joule heating on the capability
of trapping particles with vortices is studied. Two symmetrical
vortices are created as a pair of regulating electrodes symmet-
rically embedded in the channel wall. The results demonstrate
that the Joule heating effect is caused by the local electric field,

and non-uniform temperature distribution exists in the chan-
nel because of the Joule heating effect. It is important that
the maximum temperature is at the midpoint of the modulat-
ing electrodes. When the Joule heating effect is considered,
the channel flux is slightly promoted with an increasing fluid
temperature. The particles can get closer to the modulating
electrode during its transport, thus the ability of the vortex to
trap the particles is improved as an increasing negative DEP
force is exerted on those particles. The separation efficiency
can also be increased and perfect separation can be achieved
at a higher channel flux. When the flow velocity is greater
due to a stronger Joule heating effect, the ability of the vor-
tices to capture particles is enhanced. Through the study of
corresponding parameters, the results show that the tempera-
ture changes with the adjusting voltage, and the temperature
variation is more sensitive to regulating the modulating field
than the driving voltage. Thus, it is easier to attain a better
separation effect by regulating the driving voltage. The Joule
heating effect is found to be reduced with the decreasing initial
conductivity of fluid or the increasing convective heat transfer
coefficient of the channel wall, and the particle separation rate
is promoted with the decreasing ability of the vortex to capture
particles. Finally, the modulating electrode length and channel
width can also affect the separation rate and the temperature of
fluids, but the both geometric factors have little impact on the
maximum temperature of fluids.
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