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ABSTRACT

This paper presents a newly designed non-mechanical electro-conjugate fluid (ECF) micropump with a Venturi-shaped collector and
teardrop-shaped emitter (VD-ECF micropump). The numerical model using the finite element method was thoroughly validated by com-
paring it with both experimental data and numerical results. Consequently, the characteristic curves of the VD-ECF micropump are signif-
icantly affected by both the emitter angle (0;) and the collector angle (0,). The effects of these angles on the flow behaviors in a VD-ECF
micropump were first explained. Furthermore, the performance characteristic curves were elaborately constructed for various operating
conditions. The operating ranges of pressure difference and flow rate of the VD-ECF micropump are extended, and they peak at 0,
approximately from 25° to 30°. Additionally, the maximum efficiency reaches up to 10%, which is the highest figure recorded to date. The
obtained results for the new VD-ECF micropump would significantly contribute to the development of ECF micropumps with
precise control. Our work also gives valuable guidelines for designing and manufacturing processes of this type of micropump, which has
potential applications in microelectronic cooling systems, micro-actuators, and drug transport mechanisms in medical and biomedical
fields.
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NOMENCLATURE k, proportional constant at the
negative electrode (C/V-m?)
¢ concentration (mol/m®) k,  proportional constant at the positive electrode (C/V-m?)
¢y reference concentration (mol/m?) L. length of collector (m)
D, distance between anode and cathode (m) L. length of emitter (m)
De Debye number (-) Mc  mobility number (-)
Di  diffusion coefficient (m?/s) n  normal vector (N/m?)
E  electric field strength (V/m) Nu  Nusselt number (-)
E, electrostatic field strength (V/m) p  local pressure (Pa)
Einres  threshold electric field strength (V/m) Pe  Péclet number (-)
F  Faraday’s constant (C/mol) Q flow rate (m?/s)
f  normal stress (N/m?) R universal gas constant (kg-m*/K-mol-s®)
H  width of microchannel (m) Re  Reynolds number (-)
H. width between two collectors (m) T temperature (K)
H, width of emitter (m) U mean velocity (m/s)
I  electric current (A) u  local velocity (m/s)
J  current density (A/m?) Uy Einstein mobility (mol-s/kg)
k  thermal conductivity (W/m-K) z  charge number (-)
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Greek symbols

o correction factor (-)
¢  permittivity (F/m)
&  permittivity of free space (F/m)
& relative permittivity (-)
n  efficiency (%)
0, angle of anode (°)
0, angle of cathode (°)
K proportional constants for injected cation and anion density
)
Ap  Debye length (m)
W1 viscosity (Pas)
W;  ionic mobility (m?/(V-s))
Wi, ionic mobility determined by Walden’s rule (m*/(V-s))
7 PI number (-)
p  mass density (kg/m’)
pv  space charge density (C/m?)
¢ conductivity (S/m)
electric potential (V)
¢o reference electric potential (V)
V  nabla operator (-)

Subscripts and superscripts

¢ collector (...)
D  Debye(...)
e emitter (...)
E electric (...)
F fluid (...)
i index, 1,2, etc. (...)
in inlet (...)
M  mean (...)
N  negative (...)
out outlet (...)
P positive (...)
r relative (...)
s static (...)
t threshold (...)
0 reference index or constant (...)
%  dimensional form (...)

. INTRODUCTION

Micropumps have received considerable attention in recent years
due to their excellent mechanical properties, which offer great applica-
tions in areas such as microfluidic actuation on organ chips,’ micro-
fluidic cell culture,” drug delivery in the medical field,” biomedical
technology,’ and microelectronic cooling.” Based on the actuation
principle, micropumps can be classified into mechanical displacement
and dynamic. Mechanical displacement micropumps are typically
developed utilizing moving parts such as diaphragms (piezoelectric,
thermo-pneumatic, pneumatic, and bimetallic types), rotary mecha-
nisms (rotating gear and viscous force designs), and acoustic principles
(acoustic standing wave micropump), and fluid displacement (ferro-
fluid and gas boundary type micropump). Micropump is commonly
used in microfluidic systems for precise control and manipulation of
small volumes of liquid. Due to using a physical actuator or
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mechanism to perform the pumping function, noise and vibration are
unavoidable during pump operation. On the other hand, dynamic
micropumps (magnetohydrodynamic, electrohydrodynamic, electro-
osmotic, electrowetting, electrochemical, flexural planer wave, bubble,
evaporation, and electro-conjugate-fluid type micropump) utilize
external energy sources to induce fluid motion within microchannels
or chambers. Therefore, dynamic micropumps frequently provide
higher flow rates and more consistent discharge than mechanical dis-
placement micropumps. Some of the common operating principles,
fabricating methods, advantages, and disadvantages of dynamic micro-
pumps, can be found in the literature, ">’

Among the dynamic micropumps mentioned above, the micro-
pump using electro-conjugate fluid (ECF) is widely used and is consid-
ered a promising device. Because the energy is transferred directly to
hydraulic power without a moving part, the noise and vibration of the
micropump are low.” In addition, ECF micropump allows for the gen-
eration of stable and constant fluid flows over pumping time due to
the continuous energy supply. Therefore, it can be considered a micro-
pressure source for hydraulic control microsystems” and other poten-
tial applications.'”'" An ECF is known as one of the dielectric fluids
(or smart/structured fluids) that can generate jetting flow when the
applied voltage between two electrodes (order of a kilo voltage) is used,
owing to the influence of electrostatic forces on dielectric liquids. The
jetting flow can be generated actively and strongly under the influence
of non-uniform electric field forces and operating conditions, such as
ECF type, shape and size of electrodes, and electrode arrangement.
Therefore, the ECF is suitable for use as a hydraulic micromotor'” and
in many modern applications."”

Indeed, ECFs are widely used in various fields, such as mechani-
cal engineering, chemical engineering, and biomedical engineering.
For example, ECF is used in the control of artificial micro muscle
cells,"* a novel flexible finger,"” a worm-shaped robot,'® a liquid rate
gyroscope,” the cooling system for electronic chips, ® new microparti-
cle translocation methods in microscopic integrated analysis systems
(1TAS),"” and biological systems in animal implantable drug deliv-
ery.”” In particular, ECF can also be used to create tube-type micro-
pumps, which are of interest to this study. Some flow characteristics in
this type of micropump with several types of electrodes have been
studied worldwide. For example, by using micro-electromechanical
systems (MEMS) technology to fabricate triangular prismatic and slit
electrodes, Kim et al® fabricated one of these micropumps that
achieves a certain performance at the applied voltage of 6 kV. Most
recently, another experimental study was conducted to optimize the
shape and size of the electrodes.”’ Abe et al.'’ simultaneously inte-
grated many ECF micropumps to control the movement of micropar-
ticles in a microchannel matrix that can be used for chemical synthesis
and cell analysis on a biochip. More recently, Kuroboshi et al.”" studied
the behavior of ECF current in micropumps with rectangular electro-
des and slits. A theoretical model has been proposed to design electro-
des of the same type with higher operating performance.

Nowadays, thanks to the strong development of computer tech-
nology, the computational fluid dynamics (CFD) method has been car-
ried out effectively and widely to study microfluid”> and ECF
micropumps. For instance, Mori et al.”’ used CFD to consider the
effect of the dominant factor in ECF flow. This study used four kinds
of ECFs: DBD, FF-1gpas FF-101gpas and FF-909g14,. Numerical
and experimental results of the flow field are in agreement with those
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obtained from the particle image velocimetry. The numerical simula-
tion combines the Poisson-Boltzmann equation and the Korteweg-
Helmholtz (KH) equation to develop an ECF flow model for
investigating an electric double layer.” Kim et al.”” used finite element
method (FEM) in COMSOL Multiphysics software to investigate the
Onsager effect of fluid flow in the ECF micropump.

For an ECF micropump, as mentioned above, the complex physi-
cal phenomenon of the interaction between fluid flow and electric field
still needs extensive research.”’ Additionally, ECF micropumps with
new designs, higher operating performance, and effective control are
also causing some issues in related fields. Based on the literature
review, the conventional electrode configurations were considered. For
example, needle—ring,20 square,27 rectangular (the most common),m’m
prism—'[riangu.lar,m’28 and bullet” were used for the emitter, and a slit
with an angle of 90° was always used for the collector. However, the
micropump efficiency obtained from these configurations is frequently
very low (only a few percentages). This means that extremely high
electric power is supplied (up to kilowatt), but the output hydraulic
power is very low, or the micropump losses are dramatically high.
Therefore, a primary innovation introduced in the design of the VD-
ECF micropump is to create a new electrode configuration for both
the emitter and collector in such a manner that the overall electro-
hydraulic efficiency can be improved. Additionally, the operating range
of pressure difference and flow rate can also be extended.

This study aims to develop the design and optimization of a new
VD-ECF micropump under the influence of many factors, especially
the configuration of the electrodes. The FEM was used to solve this
problem. Micropump characteristic curves, such as difference pres-
sure—flow rate and efficiency-flow rate, are built to control the ECF
micropump thoroughly and comprehensively. Moreover, the electric
and hydraulic behaviors in the ECF micropump are observed and fully
explained in this research. The numerical results are validated by com-
paring them with both experimental data and numerical results
reported in previous studies. The obtained results are very useful in
understanding and developing the ECF micropump.

II. METHODOLOGY
A. Mathematical model

The dynamic behaviors of ECF in the micropump were investi-
gated by using the FEM. Figure 1(a) shows the design of the new
micropump, including three pairs of emitter and collector electrodes
connected in series. The pressure difference increases, and the operat-
ing range of the micropump expands when applied to a series arrange-
ment.”” The electrode pairs were supplied with applied voltage
through two electrode pads (yellow) arranged on both sides. The
numerical model and boundary conditions used for the simulation
problem are shown in Fig. 1(b) for a pair of electrodes.

In this model, the teardrop-shaped emitter and narrow gap (col-
lector) with dimensions L.x H, are selected as the positive and negative
electrodes (grounded, GND), respectively. The sharp angle of the emit-
ter electrode as a function of its thickness is based on the following
relationship: H,~ L.tan(0,/2)/[0.5 4 0.5tan(0,/2)], where H. is the
thickness of the emitter electrode and L. is the length of the emitter.
When 6, # 90°, the channel has the shape of a Venturi duct. This term
forms the name of the new VD-ECF micropump. ECF flow is gener-
ated through adequately high voltage (order of a kilo voltage) applica-
tion across the anode and cathode and is concentrated mainly at the
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tail of the anode with 0,. The flow continues to move and is accelerated
through the narrow slit between the two cathodes, generating a jet
stream, as illustrated in Fig. 1(b) (yellow arrow). The voltage and elec-
tric current values are measured at point By, as shown in Fig. 1(b). The
ECF micropump characteristics, such as pressure difference-flow rate,
are expected to depend on the voltage, electrode configuration, and
ECF flow properties, as well as the temperature generated during
micropump operation.

Governing equations, which are continuity, momentum, electro-
static, and transport of species, were used to describe the motion of
ECF flow under the effects of electric field and advection of generated
charges. They are shown in the following equations:

V*-u" =0, (1)
plu* - Vu) = V*- {fp*l + H{V*u* + (V*u*)T]} — FplE",
(2)
—V* - (e0&:E*) = Fp?, (3)
\Y .(u Ci):v {DIV Ci+mDiZiCi+FV¢ }7 (4)

where p, i, u, and p are the fluid density, dynamic viscosity, velocity,
and pressure, respectively. I is an identity tensor. The last term on the
right-hand side of Eq. (2) is electrostatic force acting on the fluid flow
under the electric field strength E= —V ¢, where ¢ denotes the elec-
tric potential. Equation (3) was applied based on Gauss’s law, which
describes the relationship between charge density and electric field. &,
and ¢, in this equation are permittivity constant and relative permittiv-
ity, respectively. Space charge density can be defined as a function of
the sum of charge number and its concentration, p, = > zc;. Di, z,
Tm» R, and F in Eq. (4) stand for diffusion coefficient, charge number,
universal constant, mean temperature of testing condition, and
Faraday’s constant, respectively. These parameters characterize the
motion of charges in the fluid flow under the effects of the electric field.
The non-dimensional variables are used to solve this problem in a
non-dimensional fashion, as shown in the following equation:

* *

x y u* p*
N y = —’ u—= ; p — —2 ’
He H, U; Uz
« e (5)
G =—; 4) =
Co bo
In the above-mentioned equation, H., U, ¢o, and ¢ are the
width of the narrow slit, velocity, concentration, and electric potential,
respectively. In summary, Egs. (1)-(4) can be expressed in a non-
dimensional form, as follows:

Vou=0, ©)

u-Vu=V- {—pI + % [Vu -+ (Vu)T] } + Mcp,E, (7)
F

—-V-(V¢) =De’p,, ®)

Vqs} =0. (9

1 $c
V-q—=—=Ve&——zicV+ uc;, —
{ Pe ' Pe ¢ " RepDé?
In the above-mentioned equations, Rer. is the Reynolds number
defined as the ratio of inertial to viscous force. The flow in microchan-
nels is usually laminar; therefore, the value of Rey is often small or very
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ECF,
H
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c=0 =0
Gt we, 40 40
124, i 144,
Top view

Electrode
pads

FIG. 1. (a) 3D model of new ECF micropump and (b) schematic of the numerical model and boundary conditions (BC).

small. Mc is a dimensionless number that characterizes the relation-
ship between electric field forces and hydrodynamic forces. This num-
ber is expected to influence the flow in the micro-pump significantly.
Pe and De are the Peclet and Debye numbers, respectively, where Ap is
the Debye length (a physical quantity used to measure the electrostatic
impact of species moving in the solvent). Finally, Reg is also the
Reynolds number of the electric. The definitions of these important
parameters are shown in Eq. (10). The charge distribution around the
electrodes can be characterized by these parameters as presented in
previous studies,” "

UinH, Fc, UinH, F
ReF:m; Mc = 0d2)0; Pe = 2 C; (bczﬂ;

H, . £& eU; .
De =-—= whereﬂf):L%; Rep = —=2; Nug = P 0.
)vD FCO UHC FC()HC

The BC used for this problem is also shown in Fig. 1(b). To
model the emission of species from the electrodes, the BC as a function
of charge concentration is used, as shown in Eq. (10),” expressed in a
dimensionless form, where Eg and Ey,.s correspond to the electrostatic
and threshold field strength, respectively. When Eg > Eyjyy.s, the charge
is emitted or collected from the electrode, and vice versa when Eg
< Etpres- In addition, o in Eq. (11), the correction factor takes into
account measurement errors and discrepancies between experiment
and numerical simulation results. x=k,"/k," are proportional con-
stants for injected cation (positive) and anion (negative) density. These
parameters and Ey,.s are frequently determined by experiments and
influenced by testing temperature.””* Nug parameters were men-
tioned above in Eq. (10). Finally, the function sign(¢)) indicates the
sign of the expression according to the value of the electric potential
¢ corresponding to the case of emitting or collecting charge,

cg = oNug(Es — Egpyesp)sign(¢y)
and
N = KO(NUE (ES - EthresN)Sign(¢0)' (11)

B. Code validation

We validate the numerical model presented in Sec. IT A by com-
paring it with the experimental and simulational results obtained by

Tran et al.”' and Nishikawara et al.”” Figures 2(a) and 2(b) show the
results with the same operation conditions, ¢y = —10kV, the distance
between anode and cathode s = 5mm, and the temperature T,, =313
K. Figures 2(a) and 2(b) also show the vortex of an experiment by
Tran et al.”' and the simulation by the present work, respectively. The
location of the vortex center and the intensity are slightly different,
which may be due to the following reasons: (i) only one type of ion is
assumed to exist in this case, (ii) differences in determining the param-
eters kp, kn, and Eyes from experiments,”” (iii) the uneven distribu-
tion and residence of species when moving at the electrodes, and (iv)
the effect of temperature due to high voltage during experiments (in
the order of a kilo voltage).

However, both results are similar and suitable for the tendency of
vortex formation and development. Figure 2(c) shows the quantitative
demonstration, with the average velocity determined in a square region
with dimensions 1 mm X 1 mm. The applied voltage ¢, is changed
from 7 to 15kV. Figure 3(c) shows that the numerical simulation results
agree with the experimental results in both tendency and magnitude.
Furthermore, our study yields results that are closer to the experimental
data than previous numerical simulations, as shown in Fig. 2(c) (red
lines vs blue lines and square points). This is correct for all three correc-
tion factor values o =1, 1.1, and 1.2 considered. The maximum devia-
tion is less than 9% compared to the experimental data for «=1.1.
Therefore, o = 1.1 is used for further calculations in this study.

In addition, the study also conducted other validation results.
Notably, the results are comparable to those of Nishikawara et al.”’
Because the authors also aim to study the electro-hydraulic flow in a
micropump using ECF, the results are expected to be more reliable
and more suitable for practical application. Qualitative and quantita-
tive results are shown in Figs. 3 and 4, respectively. The distribution
field of the concentration [Fig. 3(b)] of the present work compared
with the results of Nishikawara et al.”” [Fig. 3(a)] shows that the con-
centration distribution from the two studies is similar in both tendency
and value range. However, there are still some differences; for example,
the region of the highest charge concentration directed from the posi-
tive electrode to the negative electrode is more concentrated in the pre-
sent work. This is due to errors in the choice of mesh model, adaptive
mesh (present work), and uniform mesh (Nishikawara et al.””). Both
results generally agree with each other, and this predicts matching
results, as shown quantitatively in Fig. 4.
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FIG. 2. Model evaluation results compared with experimental results by Tran et al.>": (a) and (b) velocity vector field, ¢po=—10kV, and (c) average velocity in the square

according to the applied voltage, with s=5mm and T,, = 313K.

"
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|, e—
0 0.05 0.1 0.15

Indeed, the quantitative results shown in Fig. 4 show a good
agreement between the two results. The flow range is selected from 0
to 0.15cm’/s. The pressure difference was determined at the micro-
pump’s inlet and outlet. When increasing the length of the electrode

0.8
O Q=0cm¥s, Nishikawara 2016 —M— Q=0 cm®/s, present
0.7 O ©Q=0.05cm¥s, Nishikawara 2016 —@— Q = 0.05 cm?/s, present
’ A Q=0.1 cm¥s, Nishikawara 2016 —A&A— Q =0.1 cm¥/s, present
o ¢ Q=0.15 cm’/s, Nishikawara 2016 —%— Q = 0.15 cm’/s, present
' § I
—
? 0.5
& o ¢ & — ¢
0.4
=
Ry
T A A A »
0.2
0.1
¥ *
w00 &
0.0 T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

L [mm]

FIG. 4. Pressure difference Ap as a function of the length of electrode™ for
Po=5kV.

FIG. 3. The distribution of concentration

field (a) Nishikawara et al.”* and (b) present

work for ¢ho=5kV and Q= 0.1cm’s.

[C/m?3]

(L), pressure difference (Ap) continues to increase when the flow rate
is at small values, flow rate Q = 0 and 0.05 cm’/s. However, this trend
changes for higher Q values. Specifically, Ap increases as L increases
from 0.15 to 0.3 mm; it reaches a maximum at L =0.3 mm and then
decreases with further L increase, as shown in Fig. 5 for Q=0.1 and
0.15 cm®/s. This trend is actual for both results. Additionally, the maxi-
mum deviation is shown to be less than 5%. Therefore, once again, the
numerical model has been evaluated extensively and can be widely
applied to calculate numerical simulations for investigated novel
micropumps.

The adaptive mesh refinement (AMR) has been used to guarantee
grid convergence and is a very sensitive aspect of this multi-physic
problem. This approach dynamically refines the mesh based on the
solution’s local error, allowing for a more accurate representation of
the physics within the computational domain. The AMR process starts
with an initial coarse mesh and iteratively refines it in regions where
the solution exhibits significant variations or gradients. This refine-
ment continues until the desired level of accuracy is achieved or a
specified stopping criterion is met. In particular, the maximum num-
ber of refinements and adaptions is 5 and 2, respectively. The critical
advantage of AMR is its ability to allocate computational resources
more efficiently by concentrating grid points in areas where they are
most needed, such as near boundaries, interfaces, or regions with sharp
gradients. This adaptive refinement strategy not only improves the
accuracy of the solution but also reduces computational costs by
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(a) Velocity = 90° (conventinal collector)
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=30° (new Venturi-shaped collector)

(b) Charge concentration

xl()’

(¢) Streamline

FIG. 5. Distribution of (a) velocity field, (b) charge concentration field, and (c) streamline for conventional and new Venturi-shaped collector, for 04 = 30°, ¢o=6kV, and Q=400 ml/h.

minimizing the number of grid points required to achieve the desired
level of accuracy. In addition, details about grid convergence in ECF
micropumps have been mentioned in a previous research work.™*

I1l. RESULTS AND DISCUSSIONS
A. Effects of Venturi-shaped collector

In previous studies, the design of ECF micropump primarily
focused on emitters, such as needle- rlng, © square,”” and rectangu-
lar.>"*> However, to the best of our knowledge, no research has consid-
ered the effect of collectors in the ECF micropump. Therefore, this
study proposes a new design with the innovative Venturi-shaped col-
lector and teardrop-shaped emitter of the ECF micropump. The design
of the Venturi duct is predicted to minimize hydraulic loss by generat-
ing a suction region in the narrow segment of the channel and mitigat-
ing vortex losses.””’® Traditional ECF micropumps control differential
pressure (Ap), flow rate (Q), and efficiency solely by adjusting the
applied voltage. However, the VD-ECF micropump introduces an
additional feature: the ability to adjust the angles of the emitter (0,)
and collector (6,). This allows for more precise control over these
parameters. Indeed, Fig. 5 shows the qualitative simulation results of
the ECF flow through the micropump under various values of 0,
for 0;=30°, applied voltage ¢o=6kV, and Q=400ml/h. The
velocity, charge concentration, and streamline distributions are shown
in Figs. 5(a)-5(c), respectively, for two particular cases, the conven-
tional collector (6, =90°, left), and the new Venturi-shaped (0; =
right). More information about the distribution of velocity, charge con-
centration, and streamline for Venturi-shaped collector shape
(6,=45° and 0, =60°) is included in Fig. 17. It was found that the
behavior of ECF flow in the micropump significantly depends on the
collector shape. The velocity distribution regions between the emitter
and collectors become narrow [Fig. 5(a)], and the regions with high
charge concentration are expanded [Fig. 5(b)] when decreasing 0,. It
may imply that a stronger flow can be generated with a smaller 0,
under the same operating conditions.

In addition, vortices can form when fluid flows through ECF
micropumps,”’ especially when there are changes in flow velocity,
direction, or obstacles (electrodes). These vortices are essentially swirl-
ing motions of the fluid that disrupt the smooth flow and can lead to
various issues: (i) energy loss, (ii) increased friction, and (iii) noise and

vibrations. Therefore, the decrease in 0, may reduce the vortex region
between the emitting and collecting electrodes;”* hence, hydraulic
losses can be reduced in the VD-ECF micropump. Indeed, as shown in
Fig. 5(c) (left), the vortices appear in both regions in front and behind
the collector. When decreasing 0,, the vortices in these regions tend to
shrink, and the front vortex region narrows faster, as shown in
Fig. 5(c) (right). This is a basic idea in this new micropump design.
Therefore, the new thermo-hydrodynamic characteristics of the VD-
ECF micropump are expected to be gained.

Indeed, Fig. 6(a) shows quantitative results of the pressure differ-
ence (Ap)-flow rate (Q) characteristics for various values of 0, ranging
from 15° to 90°. Figure 6(a) indicates that Ap-Q curves tend to expand
the operating range of both pressure difference and flow rate when
decreasing 0, to around 30°. However, the operating range becomes
narrow when 0, decreases to 15°. Notably, 0, =30° is the smallest
opening angle achieved for the collector in the ECF micropump, as
reported in the literature,” but in this study, the range of 0, expanded
to 15°, as shown by the black dash-dot in Fig. 6(a). The trend of
Fig. 6(a) is also valid for other values of the applied voltages, as shown
in Fig. 6(b). To find more effects of the collector angle 0,, the flow rate
of ECF micropump is fixed Q =200 ml/h, and the pressure difference
is calculated at three applied voltage values of ¢ =4, 6, and 8KV, as
shown in Fig. 6(b). Consequently, the maximum deviation of the pres-
sure difference is 52.3%, 31.6%, and 26.2% at ¢o=4, 6, and 8kV,
respectively. Therefore, it is predicted that an optimal value of the col-
lector angle exists at which the maximum pressure difference of the
micropump reaches. This result is very useful in optimizing the actual
operating range of the pump and controlling the pump according to
design requirements.

In addition to the effects of collector angle and channel geometry
on the hydrodynamic aspect, 0, is also predicted to affect the distribu-
tion and electrokinetic behavior in the ECF micropump. Figure 7(a)
illustrates the quantitative relationship between the electric field and
variation along the centerline of the ECF micropump for various val-
ues of 0,, with 0, =30° and ¢, =4kV. Initially, the magnitude of the
electric field (E) is generally constant from the inlet to the emitter.
However, it tends to increase slightly at C;, where the maximum thick-
ness of the emitter exists. Then, E reaches its extreme value near the tip
of the emitter (point C,); this conclusion is consistent with the results
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from the literature.”® From point C, to Cs, the electric field intensity
decreases rapidly. The electric field is maximal at 0, = 15° and mini-
mal at 6,=90°. This is because when 0, decreases, the distance
between two electrodes becomes relatively shorter. The electric field is
inversely proportional to the square of the distance between the emit-
ter and collector, as described by Coulomb’s law for electrostatic.
Therefore, it implies that E will become larger as 0, becomes smaller.
However, the trend of the variation from point C; to the output of the
ECF micropump reversed. Specifically, the electric field of 0, =90° is
the highest, and 0, = 15° is the lowest, as shown in Fig. 7(a). In addi-
tion, Fig. 7(b) shows that the distribution of charge density (p,) is simi-
lar to the above-mentioned trend for E [Fig. 7(a)], even the variation in
magnitude at Cs. Indeed, the electric field is linearly proportional to
the charge density, as shown by Eq. (3).

To examine more effects of 0, on the performance of ECF micro-
pump, electric field and charge density values are measured averagely
on the domain, and electric current (I) is calculated on the collector
surface, as shown in Fig. 8(a). This figure shows that when 0,
decreases, all three values of p,, E, and I increase. In addition, when
the electric field increases, the current density (J) increases.
Furthermore, I is the integration of current density over the electrode
area yielding the total current. Therefore, I increase as E increases or 0,
decreases. The maximum deviations between 0, =15° and 0, =90°
are 233.3%, 157.7%, and 623.2% for the three values of p,, E, and I,
respectively. Figure 8(b) illustrates the electric power (N.), hydraulic
power (N,), and efficiency () for various values of 0, for 0; = 30°,
¢o=4kV, and Q=100 ml/h. Additionally, the increase in p, and E
may cause the increase in Nj,. This is because the dominant force in
the ECF micropump is the Coulomb force.”” This force interacts with
other forces to result in the existence of maximum hydraulic power, as
shown in Fig. 8(b) (Np-02 line). Moreover, it was found in previous lit-
erature’’ that when the distance between the emitter and collector
becomes shorter, the hydraulic power may increase. However, the
increase in N, (0.4%) is much smaller than the increase in N,
(623.3%). Therefore, it implies that the ECF micropump efficiency
decreases with decreasing 0, since the efficiency is a function of
hydraulic power (pressure difference and flow rate) per electric power
consumption (applied voltage and electric current), as shown in

Eq. (12). In summary, although the efficiency of the VD-ECF micro-
pump with smaller collector angle tentatively decreases compared to
the conventional micropump (0, =90°), the maximum hydraulic
power can be reached at an optimized 6,,

490
bl -

Figure 9 depicts a visualization of the conclusions mentioned
previously. The impact of 0, on the electrokinetic becomes evident,
especially in the region between two electrodes. At 0, =90°, E is
mainly concentrated at the emitter’s tip and the collector’s right-
angle apex because this point is closest to the emitter. Then, when
0, decreases, E becomes more concentrated (the red region) in the
narrow gap between the emitter and collector. The maximum elec-
tric field strength also increases accordingly, i.e., 29.19, 33.03,
40.06, and 46.25 for 0, = 90°, 60°, 30°, and 15°, respectively. This
means that the dynamic behavior of the electrokinetic flow in the
new design of the ECF micropump is remarkably affected by the
collector angle.

In addition, Fig. 10 shows the characteristic curves of the ECF
micropump under specific operating conditions (¢, =30, 0,=60°,
and ¢y = 6 kV). The pressure difference-flow characteristic curve typi-
cally takes the form of negative linearity, indicating a decrease in the
pressure difference of the micropump as the flow rate increases. The
relationship between hydraulic power and flow rate often resembles
that between efficiency and flow rate. The hydraulic power and effi-
ciency of the micropump typically increase with the flow rate and
reach a maximum value at the ideal operating point before decreasing
as the flow rate continues to increase.

This operating point is called the design point, where the micro-
pump achieves maximum efficiency and power output. Notably, the
actual operating flow rate range may vary by up to *5% without
affecting the efficiency, as illustrated in Fig. 10. Additionally, Figs. 18
and 19 show the design points under varying operating conditions
with the various values of ¢,. This expands the possibilities for multi-
ple operating points to obtain the performance characteristic curves, as
shown in Fig. 11. Performance efficiency maps are constructed by
varying 0, from 15° to 90° and ¢, ranging from 2 to 10kV and

n (12)
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FIG. 7. (a) Electric field and (b) charge density variation along the centerline for various values of 0, for 0; = 30° and ¢po =4kV.

connecting the design points. Figure 11 illustrates the efficiency-flow
rate characteristics curve for various 0, and ¢, with 0;=30°
[Fig. 11(a)] and 0; = 60° [Fig. 11(b)].

In general, when maintaining the applied voltage constant, the
maximum efficiency increases when 0, increases. Moreover, the results
showed that the stronger applied voltages resulted in a higher maxi-
mum efficiency, thereby causing the ECF micropump’s higher flow
rates, meaning maximum efficiency increases within a larger flow rate
range. This was because high applied voltages could generate high vol-
ume force, which enhanced the efficiency. The maximum efficiency is
achieved at higher flow rate points when 0, is between 15° and 30°.
However, this trend changes, meaning the maximum efficiency is

a) E 1(x10%

45 0.14 7

40
r0.12

r0.10

r0.08

r0.06

r0.04

achieved at lower flow rate points when 0, is between 30° and 90°, as
shown in Fig. 11(a). This indicates that the maximum efficiency is
achieved within the widest flow rate range when the angle 0, has an
optimal value (e.g., 0, =30°). Additionally, both the maximum effi-
ciency and flow rate ranges decrease as 0, increases, which will be fur-
ther explained in Sec. I11 B, the effect of the teardrop-shaped emitter.
Therefore, it can be concluded that for applications requiring a wide
range of pressure and flow rates, 0, =30° is reccommended, whereas,
for efficiency considerations, 0, = 90° should be utilized.

Finally, this section presents a comprehensive study of the influ-
ence of the collectors and channel geometry through 0,. The results
regarding the hydrodynamic and electrokinetic behavior of the
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FIG. 8. (a) Charge density, electric field, and electric current for various values of 0,, and (b) electric power, hydraulic power, and efficiency for various values of 0, for

01=230°, po=4KkV, Q=100 ml/h.
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FIG. 9. Distribution of electric field for various values of 6, for 0, = 30° and ¢o =4 kV.

VD-ECF micropump have been thoroughly investigated, both qualita-
tively and quantitatively. Based on the results from Figs. 6(b), 11, and
18, the pressure difference and flow rate of the ECF micropump reach
the maximum at 0, approximately from 25° to 30°. This represents a
novel design point identified in this study.

B. Effects of teardrop-shaped emitter

The varying shapes of the emitter significantly impact the
dynamic behavior of the fluid flow in the ECF micropump.’’
Therefore, numerous studies on the geometric shapes of the emitter in
the ECF micropump, such as needle-ring,”® square,”” and rectangu-
lar,”"** (the most common) were studied extensively in the first phase.
Then, other shapes, such as prism-triangular' *** and bullet,” are con-
tinuously investigated and developed. In comparison with needle-ring
and square electrodes, prism-triangular and bullet electrodes are exten-
sively utilized owing to their elevated output power density and com-
patibility with MEMS processes.”” Because the charge is actively
emitted from the sharp tip of the positive electrode, it can affect the
operational characteristics.”” Thus, the acute angle of the emitter 0, is
necessary to examine. Therefore, this study proposes a novel teardrop-
shaped emitter that offers good hydrodynamic properties, promoting
smooth and uninterrupted ﬂow, uniformity and reduced resistance,
particularly in narrow channels.”* Additionally, it consistently main-
tains a sharp tail angle compared to other electrodes. Consequently,
the thickness and region of the teardrop-shaped emitter, bullet, and
prism-triangular electrode shapes were kept constant for comparison
purposes.

The characteristic curves Ap-Q and n-Q are shown in Figs. 12(a)
and 12(b), respectively, with operation conditions 0,=90° and
¢o=2kV. This figure indicates that Ap-Q generated by the tear drop-
let profile (red solid line) has the largest value among the three elec-
trode shapes outlined above. The increase in Ap for the tear droplet
profile is up to 37.1% and 56.1% compared with that of the bullet and
the prism-triangular for ¢o=2kV and 52.7% and 65.1% for
o= 4KV, respectively. With the results shown in Fig. 12(b), the utili-
zation of the tear droplet profile is anticipated to enhance the electro-
hydraulic efficiency of the ECF micropump. Indeed, when comparing
tear droplet profiles with other conventional electrodes, there is a sig-
nificant increase in efficiency #. Practically, ¢ =2KkV demonstrates a

rise in the efficiency of up to 20.1% and 29.9%, respectively. For
¢o=14KkV, the efficiency reaches up to 36.5% and 45.8%; all compari-
sons are measured at the design point shown in Fig. 10. Moreover, the
results obtained from Fig. 12 also indicated that the operating range of
pressure difference and flow rate is extended using the teardrop-
shaped electrode compared to conventional electrodes. The primary
empbhasis of this study lies in the novel design of the teardrop-shaped
emitter. These results demonstrated the potential efficacy of the new
teardrop-shaped emitter designed for the VD-ECF micropump.

Figure 13 shows the velocity and charge concentration distribu-
tion in the VD-ECF micropump for various values of 0, ranging from
15° to 75°. When 0; becomes smaller, the flow velocity when entering
the narrow gap region increases [Fig. 13(a)]. In addition, the charge
concentration behind the tip of the emitter is the same trend with
velocity. Indeed, when 0, is decreased, 0, becomes sharper, leading to
a higher electric field intensity that could generate more powerful ECF
jetting,”
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FIG. 10. Characteristic curves and design point of the VD-ECF micropump for
01=230°, 0,=160°, and ¢y =6 kV.
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For the influence of both emitter and collector angles, the
trailing-edge emitter and collector angles influence the flow dynamic
behaviors in the VD-ECF micropump, as shown in Figs. 5, 9, and 13.
Specifically, when the collector angle is changed from 90° to 30°, the
ECF jet flow becomes stronger, and the charge concentration region
becomes larger. Additionally, the vortices in the VD-ECF micropump
tend to decrease and disappear depending on the specific operating
conditions when the collector angle becomes smaller. The electroki-
netic behavior is also affected by the collector angle. The maximum
value of the electric field increases in the region between the emitter
and collector when 0, decreases. Similar to the trend of 0,, the velocity,
charge concentration region, and electric field increase when the emit-
ter angle 0; decreases.

Figure 14 shows the variation of the drag coefficient (Cp) with 0,
for various applied voltages [Fig. 14(a)] and various flow rates
[Fig. 14(b)]. The drag coefficient is calculated using the drag force
combining the pressure and viscous forces acting on the emitter. The
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results show that the drag coefficient increases with increasing 0;.
Indeed, it implies that the thickness of the emitter increases when 6,
increases, resulting in greater flow resistance and lower velocity. In
addition, when the applied voltage increases, the curve of the drag
coefficient Cp is lifted, as shown in Fig. 14(a). However, this trend
changes when the flow rate increases, as shown in Fig. 14(b). Notably,
an increase in the flow rate corresponds to an increase in the fluid
Reynolds number. This conclusion is consistent with the results from
the literature for turbulent flow.*’ This similarity highlights the com-
monality between the two flow regimes. Conversely, the relationship
between Cp and Rer develops in the opposite direction. This is also a
distinguishing feature between the two flow regimes. Furthermore, an
important result is the significant variation in the drag coefficient at
very low Rep ranges, which typically applies to flow in microchannels
in general and in micropumps in particular. The drag coefficient at the
largest emitter angle is nearly eight times greater than that at the small-
est emitter angle. Therefore, this result is valuable and is anticipated to
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FIG. 12. Comparing characteristic curves of three electrode shapes for (a) Ap-Q and (b) #-Q.
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FIG. 13. Distribution of (a) velocity field and (b) charge concentration for various 04, with 0, = 60°, o= 6kV, and Q =300 mi/h.

significantly impact the operation capability and overall performance
of the ECF micropump.

Figure 15 shows quantitative results regarding the impact of 0,
on Ap-Q of the ECF micropump. In Fig. 15(a), the operating range of
both pressure difference and flow rate is extended when decreasing 0,
from 90° to 15°, as shown in Fig. 15(a). The trend is also valid for
other applied voltage ranges, as shown in Fig. 15(b). To consider more
effects of the emitter angle 0,, the flow rate is fixed Q =100 ml/h, and
the pressure difference is calculated at three applied voltage values, as
shown in Fig. 15(b). The points of maximum and minimum pressure
difference along the curve for ¢y =4kV is 2.01 and 0.23, respectively,
with a maximum deviation of 226.8%. For ¢y = 6kV, the maximum
and minimum pressure difference points are 5.92 and 1.54, respec-
tively, with a maximum deviation of 282.5%. Finally, for ¢, =8KkV,
they are 11.53 and 3.52, respectively, with a maximum deviation of
752.6%. The points of maximum pressure difference are marked with
circles. In contrast, the points of minimum pressure are marked with
triangles, as shown in Fig. 15(b). In addition, the effects of 0; on the
electrokinetic behavior of the ECF micropump are demonstrated in
Fig. 20 (qualitative aspect). The maximum electric field strength
increases as 0; decreases. Specifically, the values are 14.26, 24.63, 33.03,
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and 47.79 for 0; = 90°, 60°, 30°, and 15°, respectively. From these
results, it can be predicted that the smaller the angle 0;, the micro-
pump may have a wide operating flow rate range and create a large
pressure difference, as explained above. However, from the previous
literature for emitter angle,z1 it was found that the deformation of the
micro molds and, after the long operating period, the sharp tip edge
becomes more severe as the emitter angle becomes smaller (0;<30°).
Therefore, to ensure the feasibility of fabrication and durability of the
micropump, 0, = 30° is proposed in this study.

Finally, the performance characteristic curves are depicted in
Fig. 16, encompassing maximum efficiency #yax. flow rate Q, applied
voltage ¢bo, and geometric parameters such as 6, and 0,. During design
and manufacturing as well as operation, the initial step in utilizing
these characteristic curves involves selecting predetermined configura-
tions, 0, and 0,, and the applied voltage range ¢,. Subsequently, the
flow rate range required for the ECF micropump is computed.
Utilizing the characteristic curves with the applied voltage range
ensures that the flow rate range is maximized or the efficiency is opti-
mized to achieve the most energy-efficient operation. Moreover, to
compute other points within the range of Q from 0 to 600 ml/h and
the applied voltage from 2 to 10KV, interpolation methods (both linear
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FIG. 14. Drag force coefficient as a function of 6, (a) for various values of ¢ with Q= 100 ml/h and (b) for various values of Q with 6, =30° and ¢o =4 kV.

Phys. Fluids 36, 092017 (2024); doi: 10.1063/5.0221203
Published under an exclusive license by AIP Publishing

36, 092017-11

£0:8€°80 ¥202 1890120 L0


pubs.aip.org/aip/phf

Physics of Fluids

8
a)
- 91 =i 900
71 —— g =75
—_ 91 =60°
- e = 61 :450
_ —eme 6,230
B Ta  wme || w0 s 6,=15°
=
&
N -\‘\. S '\\\
N, iy =
0 T T - T ~ T > T .
0 100 200 300 400 500 600
0 [ml/h]

ARTICLE pubs.aip.org/aip/pof

12 4 11.532

Ap [kPa]

FIG. 15. Effect of 0, on (a) pressure difference—flow rate characteristic, for ¢»o = 6kV, and (b) pressure difference as a function of 6,, for 6, = 60° and Q =100 ml/h.

and nonlinear) can be employed. Finally, the maximum efficiency
reaches up to 10%. Although this efficiency seems to still be low com-
pared with that of a traditional pump, it demonstrates that the VD-
ECF micropump can operate more effectively with lower losses com-
pared to any other ECF micropumps reported in previous studies.
Therefore, this is to help improve the electrode-hydraulic efficiency of
an ECF micropump, which is essentially very low. Moreover, the result
obtained is to help reduce energy consumption and increase the opera-
tional lifespan of a VD-ECF micropump.

Based on the results obtained above, it was concluded that the
applied voltage and channel configuration, including the trailing-edge
emitter angle (0;) and the collector angle (0,), significantly affect the
characteristics curves of the VD-ECF micropump. When the applied
voltage increases, pressure difference (Ap), flow rate (Q), and maxi-
mum efficiency (1) rise dramatically.z” Additionally, the Ap-Q and
Nmax-Q characteristic curves increase as 0; decreases from 90° to 15°.
The maximum deviation obtained for the three values of Ap, Q, and
Nmax 18 752.6%, 125.1%, and 200%, respectively (Figs. 15 and 16).

Similarly, the Ap-Q characteristic curves lift when 0, decreases from
90° to 30°. The maximum deviations of Ap and Q for 0, of 90° and
15° are 52.3% and 26.7%, respectively (Fig. 6). Moreover, the overall
electro-hydraulic efficiency was also affected by changing 0,, as shown
in Fig. 11.

Compared to previous ECF micropumps, the VD-ECF micro-
pump demonstrates significantly superior performance. Specifically for
the emitter, the pressure difference and efficiency increased by 65.1%
and 45.8%, respectively, compared to conventional ones (Fig. 12).
Moreover, this study achieved a maximum efficiency of up to 10%, as
mentioned previously. On the other hand, previous studies frequently
reported lower maximum efficiencies, for instance, 3.2% from Ueon’s
study'® and 5% from Yanada’s study."' For the collector, although the
Venturi-shaped electrode with the 0, reduction seems not to improve
overall efficiency, it enables the micropump to operate effectively
across a broader range of pressure differences and flow rates at the
same applied voltage. These results indicate that the VD-ECF micro-
pump offers several advantages over previous designs, including a
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FIG. 16. The performance characteristic curves of VD-ECF micropump for various 64 and ¢, (a) 6, = 30° and (b) 0, =60°.
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flexible design with customizable teardrop and Venturi-shaped config-
urations for extending the operating performance. It also demonstrates
high efficiency or lower energy consumption compared to the previous

ECF micropumps.
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Moreover, some guidelines for the design and manufacturing
of ECF micropumps can be provided. In more detail, the overall
electro-hydraulic efficiency is enhanced significantly by using the
teardrop-shaped emitters instead of the conventional ones. Notably,
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the trailing-edge emitter angle should be designed to be sufficiently
small to ensure a feasible fabrication process. Moreover, the operating
range of pressure difference and flow rate can be extended remarkably
by designing the collector angles of less than 90°. The optimum value
of this angle ranges from 25° to 30°, as mentioned previously.
Additionally, since the electrode sizes are frequently very small, fabri-
cation materials of electrodes with good electrical conductivity and less
susceptible deformation should be used in high-applied voltage envi-
ronments. This ensures that the electrodes maintain high performance
and durability during micropump operation.

In summary, the VD-ECF micropump can be used or integrated
into potential applications in microelectronics and biomedicine fields.
Due to its precise control over fluid dynamics and enhanced efficiency,
the VD-ECF micropump can be integrated into a micro-liquid cooling
system for effective thermal management.” Its small size makes it ideal
for micro-electronic devices where traditional cooling components are
impractical. In laboratory-on-a-chip applications,” it can be used as a
micro-hydraulic source.'” Moreover, in microdialysis applications, the
VD-ECF micropump can facilitate dialysate movement through
microdialysis probes, enhancing the accuracy of sampling interstitial
fluid for biochemical analysis. Other biomedical applications,

including cell culturing, blood transport, and drug delivery, can be
found in Wang and Fu’s review study.’

IV. CONCLUSIONS

The dynamic behavior and electro-hydraulic performance of a
new design ECF micropump with the Venturi-shaped collector and
teardrop-shaped emitter have been investigated. The finite element
method (FEM), in combination with the electrostatic and transport of
species and Navier-Stokes equations, was used to model the electroki-
netic flow in this study. The effect of various geometry parameters has
been considered. Consequently, the majority results of this study are as
follows:

(1) The numerical model is first proposed, and the numerical
results show good agreement with both experimental data and
numerical results reported in previous studies. Furthermore, the
new design of the VD-ECF micropump with the Venturi-
shaped collector and teardrop-shaped emitter has been first
proposed.

(2) The effect of 0; and 0, on the flow behaviors in an ECF micro-
pump is first explained from a physical viewpoint. This provides
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a clear insight into the mechanism of the ECF micropump,

which is challenging to find experimentally.

The performance characteristic curves are elaborately con-

structed for various operating conditions of applied voltage and

electrode angles. These diagrams play an important role in giv-
ing data on designing parameters for engineers.

(4) The operating ranges of pressure difference and flow rate of the
VD-ECF micropump are extended remarkably, and they reach
the maximum at 0, approximately from 25° to 30°. Since each
operating condition requires a different output pressure and
flow rate, it is useful to utilize a general-purpose micropump to
meet all objectives.

(5) The maximum efficiency reaches nearly 10%, which is the high-
est efficiency value for various practical operating conditions.
This ECF micropump can work as a micro-hydraulic power
source for various fields of micro-actuation, cooling, and other
potential engineering applications.

@3

=

The results obtained from this study provide good guidelines and
suggestions for the operation processes of the ECF micropump. In
addition, this new micropump’s design development and optimization
could be utilized to enhance the performance applicability and accu-
rate control of the ECF micropump that can be applied to microelec-
tronics and biomedicine fields.
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