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Abstract. This paper describes a numerical study of the electro-hydrodynamic behaviors
of the fluid flow in an electro-conjugate fluid (ECF) micro-pump under the effects of the
collector electrode width (L;) and its downstream angle (x7). The finite element method
was used to examine the characteristics of the ECF micro-pump with the applied voltage
ranging from 2 kV to 8 kV, L, ranging from 0.0 to 4.0, and &, ranging from 30° to 90°.
Consequently, the numerical results indicated that the ECF flow characteristics and the
operating ranges of this ECF micro-pump are affected significantly by ap and L. of the
negative electrode. Indeed, the operating range of the ECF micro-pump can be further
extended by reducing ay, particularly at higher flow rates. Moreover, the operating ranges
of both pressure difference (Ap) and flow rate of the ECF micro-pump can be extended
when L. varies in the optimum range, i.e., from 0.5 to 2.0. The maximum efficiency of
such an ECF micro-pump was 7.4% at ¢ = 8 kV and L. = 2.0. These results play a critical
role in understanding the electro-hydrodynamic behaviors of the fluid flow in an ECF
micro-pump, and they can be applied in mechanical and biomedical engineering fields.
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1. INTRODUCTION

Nowadays, the development of science and technology has contributed to the rapid
progress of microfluidic devices with many applications [1]. Micro-pumps are widely
applied to microfluidic devices. Based on the principle of creating fluid flow movement,
micro-pumps are divided into mechanical micro-pumps (with moving parts) and non-
mechanical micro-pumps (without moving parts). ECF (Electro-Conjugate Fluid) micro-
pumps are attracting much attention [2—4]. ECF is a type of functional fluid in which a
strong flow is generated between the gap of a pair of electrodes when a high DC voltage
is applied to the electrodes [5]. This strong flow is referred to as the electro-conjugate
effect (ECF jet flow), and the ECF flow is dominated by the Coulomb, dielectric, and
electrostriction forces [6]. ECF micro-pumps can operate with low vibration, smoothness,
low noise, and high power density because electrical energy is converted directly into
kinetic energy of ECF flow [7, 8]. Furthermore, the structure of ECF micro-pumps is
simple, without moving components and has low friction. ECF micro-pumps are widely
used in soft robots [9,10], cooling electronic microchips [11-13], and creating new drugs
[14].

Although ECF micro-pumps have many advantages and potential applications in
various fields, they often have very low efficiencies of only a few percent [10]. Their
performance depends on the electrode configuration [12,15]. Many studies have focused
on changing the electrode shape design to obtain the highest performance in ECF micro-
pumps. Initially, to study the ECF flow behavior in micro-pumps, three different types
of electrode pairs were proposed: thin planar electrode pairs [13], triangular prism elec-
trode pairs [16], and ring electrode pairs [17]. Research shows that the triangular prism
electrode pairs have outstanding advantages over the other types due to their high power
density and easy integration of MEMS technology in fabrication. Recently, studies have
proposed rectangular electrode configurations to investigate the effect of this electrode
configuration on the flow in ECF micro-pumps. The study showed that adjusting the
electrode configuration can control the flow [15]. The arrangement of parallel or series
electrode configurations has also been considered to affect the pressure and flow of the
micro-pump [12]. The research group of Han evaluated the effect of triangular prism
electrodes and slit electrodes on the performance of ECF micro-pumps. The study fo-
cused on the consideration of the slit electrode width, the tip angle of a triangular prism
electrode, and the gap between the triangular prism electrode and slit one on the perfor-
mance of ECF micro-pumps [18]. Most recently, our research team focused on evaluating
the influence of the emitter angle and collector angle on the flow behavior in ECF micro-
pumps [19]. However, no study has examined the influence of the downstream angle
and the collector electrode width on the fluid flow behavior in ECF micro-pumps.
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This paper investigates some electrohydrodynamic behaviors of fluid flow in electro-
conjugate fluid micro-pumps under the influence of the collector electrode width (L)
and its shape, which is adjusted by the downstream angle (). This problem is solved
by numerical simulation using the finite element method. Section 2 shows the numerical
method with the appropriate code validation. The numerical results are summarized,
analyzed, and discussed in Section 3. Section 3.1 focuses on considering the impact of the
downstream angle on the velocity, concentration, and micro-pump characteristic curves.
Section 3.2 examines the effects of the collector’s width. Finally, the conclusions obtained
from this study are shown in Section 4.

2. METHODOLOGY

2.1. Mathematical model

Fig. 1 illustrates the schematic principle of the ECF micro-pumps with some basic
dimensions: L. and H, are the lengths of the slit electrode, a, is the downstream an-
gle, D; is the distance between the collector electrode and the emitter electrode, a4 is
the emitter electrode angle, and L, and H, are the length and width of the emitter elec-
trode. The upstream and downstream lengths are 12H, and 25H,, respectively. These
lengths guarantee that the inlet and outlet boundary conditions minimally impact the
flow profile. Additionally, the width of the main channels (H) was kept constant at 5H..
A teardrop-shaped positive electrode with a length of L, and an emitter tip angle of a;
has a thickness of H, ~ L, tan(aq/2)/(0.5+ 0.5tan(a1/2)). The downstream angle «; is
less than or equal to 90°. Moreover, the collector slit has dimensions of L. and H, and it
is placed at a distance of D; = H, from the emitter tip. In the present study, the behaviors
of ECF jets in the micro-pump are examined under the effects of the applied voltage on
the electrodes, a5, and L.

GEl/ u, cy=0, #py=0
T. - 0, > ) ) . . Dou
Usn L )L A% gCFjetting |
mp|cx=0 H. { . | H. [ H| cx=0 =
Px=0 =0
L.
[2H, 25H.

Fig. 1. Schematic of the numerical model and boundary conditions

Establishing continuity, momentum, electrostatics, and species transport equations is
necessary to simulate the generated ECF jets. These governing equations are formulated
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in non-dimensional forms using dimensionless variables shown in Eq. (1).

x Y u P c* ¢
=EoYTm otTtu, P—@, €= 47—%, )

where p* is the local pressure; u” is the local velocity of fluid flow; ¢* is the electric
potential;, H, is the characteristic length; ¢ is the characteristic applied voltage that is
defined as V," applied at the emitter, as shown in Fig. 1; U;, is the characteristic velocity
at the inlet; and cy is the bulk concentration of charges, i.e., co = kpEg, ..p/ F, Where kp
is a proportionality constant characterizing the densities of positive ions; Ej .p is the
threshold field strengths for the positive electrode; and F is Faraday’s constant. As a
result, the governing equations in their non-dimensional forms are presented in Egs. (2)-

).

* * * *

Continuity: V-u=0. (2)
Momentum: (u-Vu)=V- {—pI + % [Vu + (Vu)T] } + Mcp,E.  (3)
f
Electrostatics: -V (12ch> = Pyo. (4)
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Pe Pe™ RegDe?

The Coulomb, dielectric, and electrostriction forces governed the ECF jet, which was
described by the Korteweg—Helmholtz model [20,21]. However, ECF is a pure dielectric,
and the fluid flow is incompressible, so the dielectric and electrostriction forces can be
neglected for the ECF jet flow in the present study. Therefore, only the Coulomb force
drives an ECF flow when a high DC voltage is applied, and this force is the last term
on the right-hand side of Eq. (3). The electric field strength is generated by the DC volt-
age, E = —V¢, and the space charge density is p, = Zzici, where z; and c; are the
charge number and concentration, respectively. Consequently, important parameters are
formed in the governing equations, including Rey (fluid Reynolds number), Re, (electric
Reynolds number), Mc (mobility ratio), and Pe (the Péclet number). These parameters
are shown in Eq. (6).

wH ; F wH
Ref _ pU;, He  Re, = el;  Mc= COQEO . Pe= Uiy ¢
K ocHc puz’n D; (6)
H F
2= S, e=e¢og, = “fo

D= Fe’ “°T Ap’ RT,

In Eq. (6), p is the fluid density, and y is the dynamic viscosity. Additionally, De and
Ap are the Debye number and Debye length, respectively; D; is the diffusion coefficient;
g¢ is the permittivity constant; ¢, is the relative permittivity; R is the gas constant; and T},
is the average temperature under test conditions.
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The boundary condition for charge concentration is specified at the surfaces of the
emitter and collector, as shown in Egs. (7)—(9).

cg = ANug (ES — Ethresp ) sign (4)()) ’ 7)
cny = kNug (ES — EthresN ) sign ((PO) ’ (8)
_ Ko _kn

where E; is the electrostatic field strength; Ey,esn is the threshold field strength for the
negative electrode; A is a correction factor to account for the effects of measurement errors
and discrepancies between simulation and experimental results; and ky is a proportion-
ality constant characterizing the densities of negative ions. The dimensional parameters
used as the reference data for computations are also provided in Table 1.

Table 1. A list of dimensional parameters

Parameter Value Unit Parameter Value Unit
F 9.65 x 10* C/mol ky 24 x10° V/m
€0 8.85 x 10712 F/m R 8.314 J/(mol.K)
& 4.7 - Tom 293 K
co 1.77x107%  mol/m? D; 2.74 %1078 m?/s
0 1690 kg/m? o 30 deg
I 8.67 x 1073 Pa.s D; 200 pm
o 33 %1077 S/m H. 200 pm

The boundary conditions (BCs) at the inlet include the inlet velocity Uj,, charge con-
centration cy—o, and inlet potential ¢,—o. The outlet boundary conditions include the
outlet pressure pout, cx=o, and ¢x—o. A no-slip BC was used for all channel walls; ¢,—¢
and ¢,—o were applied at the walls for species and electric fields, respectively. The charge
concentration cg and potential ¢y were applied at the emitter electrode; otherwise, these
parameters were set to zero at the collector electrode.

The initial conditions used in the laminar flow problem are defined as follows: Only
the velocity component in the x-direction was set to U;,. Otherwise, it was specified as
zero. For the electrostatics problem, the initial conditions were set as follows: the initial
electric potential ¢y was zero everywhere, and the potential at the positive electrode ¢
was ¢p. For the transport of diluted species problem, an initial concentration of ¢ was set
to zero everywhere.

The solver settings were configured to sequentially solve the multiphysical problems
(laminar, transport of diluted species, and electrostatics) under steady-state conditions.
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The solving strategy was implemented by the following three steps: (i) solving the lami-
nar flow and electrostatics problems; (ii) solving the laminar flow and transport of diluted
species; (iii) solving all three physical problems simultaneously.

2.2. Code validation

The mathematical model in Section 2.1 is validated by comparing our numerical sim-
ulation results with experimental data obtained by Tran et al. [22]. The results are shown
in Fig. 2. It was found that a slight difference is observed in the vortex center and vortex
intensity, mainly due to numerical errors; however, both results generally resemble each
other. Fig. 2(c) illustrates velocity variation, showing that our simulation has a slight de-
viation compared to the previous simulation from Tran’s study. The maximum deviation
obtained is less than 9%.

30
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| | —%— numerical, Tran (2009)
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Fig. 2. Model evaluation results compared with experimental results by Tran et al. [22], (a) and (b)
velocity vector field, ¢g = —10 kV, and (c) average velocity in the square according to the applied
voltage, with s = 5 mm and T;, = 313 K [19]

Additionally, the model’s reliability was consolidated by comparing the results with
those obtained by Nishikawara et al. [23], as shown in Fig. 3. The results indicated that
both match well, with a maximum deviation of less than 5%. In summary, this math-
ematical model was well validated and can be applied for further computations in the
present study.

The grid convergence was checked by calculating the pressure difference between
the outlet and inlet of the ECF micro-pump (Ap = pout — pin), Where p,y and p;, are the
outlet and inlet pressures, respectively. Eight mesh models (from #1 to #8) were consid-
ered, with the number of elements ranging from 1900 to 24880. COMSOL Multiphysics’
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Fig. 3. Pressure difference Ap as a function of the electrode length for ¢g = 5 kV [19]

adaptive mesh refinement algorithm was used for each mesh model. The next finer mesh
was used to compare the relative error of each model in the pressure difference (¢;). As a
result, ¢; gradually decreases and converges with mesh model #7, which has an error of
only 0.23% compared to the next finer mesh, as shown in Fig. 4. Therefore, model #7 was
used as the base mesh model for the whole computation.
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Fig. 4. Grid convergence test (Rey = 1.08, ¢p =4 kV, L. = 0.5 and ap = 30°)

3. RESULTS AND DISCUSSIONS

3.1. Effects of the downstream angle

Fig. 5 shows the qualitative results of the velocity field and charge concentration
distributions for various values of a; at the same flow rate of Q = 50 ml/h and ¢y = 4 kV.
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The results from Fig. 5(a) indicate that a strong ECF jet is generated through the gap of
the collector electrode. Specifically, the maximum velocity field is concentrated mainly
at the gap between the two electrodes, implying that a strong fluid flow passes through
this gap. When a; varies from 90° to 30°, the distribution of the velocity field changes
slightly, and the maximum velocity tends to increase gradually. ECF flow is generated
by the electric field force acting on the ions in the fluid, and the ECF flow rate highly
depends on the charge concentration, which is clearly shown in Fig. 5(b). Specifically,
the region in the gap between the two electrodes with the highest velocity field also has
the highest charge concentration. Furthermore, as the angle &, is decreased from 90° to
30°, the maximum charge concentration tends to increase gradually. This demonstrates
that a higher charge concentration increases the flow velocity. These results also predict
the changes in the dynamic behaviors of the fluid flow in the ECF micro-pump under the
downstream angle effects of the collector electrode.

Max 56.15 ,=90° 4 Max 13490

Max 56.27 o,=60° Max 13594

o,=30°

a)

| e
0 2 4 6 8 10 12 14 16 18 20

Fig. 5. Distribution of (a) velocity and (b) concentration for various values of a;
with Q =50ml/h, L, = 0.5and ¢g =4 kV

Fig. 6 shows the calculation results of the streamline distribution for various down-
stream angles (x2) at two specific values of the flow rate, Q = 50 ml/h (Fig. 6(a)) and
Q = 200 ml/h (Fig. 6(b)). The streamline distribution changes slightly at a low flow rate
when a; decreases from 90° to 30°, as shown in Fig. 6(a). However, the streamline is
greatly affected by a, at higher flow rates, as indicated in Fig. 6(b). For more detail, when
the a; decreases, the vortex formation in the ECF micro-pumps gradually decreases, and
the vortex area becomes smallest at a; = 30°. This result implies that the hydraulic losses
in such an ECF micro-pump can be reduced when a, decreases. Therefore, pump effi-
ciency and outlet flow rate are predicted to improve when the downstream angle of the
collector electrode decreases. The influence of the angle (x;) on the performance of the
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Fig. 6. Streamline distribution for various values of «y, (a) Q = 50 ml/h, and (b) Q = 200 ml/h.
L. = 1.0 and ¢y = 4 kV were used for both cases

ECF micro-pump can be explained as follows: For a smaller a, the cross-sectional area at
the channel downstream decreases, the flow can move along the channel surfaces, lead-
ing to an increase in hydrodynamic characteristics and a reduction in vortex formation,
as clearly shown in Fig. 6. This results in decreased energy losses or flow resistance, and
hence, the pump efficiency generally increases compared to the case of a large «».
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Fig. 7. (a) Characteristic curves for various values of a; with ¢ = 4 kV and (b) Ap—a; curves for
various values of ¢g with Q = 120 ml/h. L, = 1.0 was used for all cases

Fig. 7(a) shows the results of calculating the pump characteristic curves Ap—Q and
7—Q with various values of ay. The efficiency of the ECF micro-pump is determined by
Eq. (10), where N, represents the hydraulic power (N, = Ap x Q) and N, denotes the
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electrical power (N, = ¢ x I, where I is the electric current measured at the electrodes).
N 4
T= N, (10)
Generally, these characteristic curves are similar to the distinctive curves of turbo-
pumps with moving blades, but with a lower value range. When the angle a, decreases
from 90° to 30°, the characteristic curves Ap—Q and 7-Q tend to lift, as shown in Fig. 7(a)
(from the black dashed line to the red solid line). This figure also indicates that the maxi-
mum efficiency increases by decreasing a,. Indeed, the maximum efficiency is 5.9%, 6.1%,
and 6.4% for a; = 90°, 60°, and 30°, respectively. Moreover, the maximum efficiency of
the ECF micro-pump exists at a larger flow rate when &, decreases. This resembles the
results shown in Fig. 7(a). This is because the decrease in downstream angle reduces the
vortex formation downstream of the micro-pump, reducing the hydraulic losses. Hence,
the ECF micro-pump efficiency generally increases. Fig. 7(b) presents the influence of «a»
on ECF micro-pumps’ pressure difference (Ap). The applied voltage varies from 2 kV to
8 kV within 2 kV increments. It was found from this figure that Ap tends to decrease
when a; increases, and the largest change occurs for the highest value of applied voltage.
The decrease in Ap with increasing w, from 30° to 90° is 1.6%, 15.5%, 11.3%, and 9.8%
for the four applied voltages of 2, 4, 6, and 8 kV, respectively, when comparing the Ap at
Ky — 30°.

3.2. Effects of the collector electrode width

Fig. 8 shows the velocity and concentration distributions of the ECF flow under the
effects of the collector width L.. L. varies from 0 to 4; the downstream angle, flow rate,
and applied voltage are kept constant at specific values of 30°, 50 ml/h, and 4 kV, re-
spectively. It was found that when L. increases, both velocity and concentration field
distributions change, particularly when L. varies from 0 to 1. Then, the high-velocity
region expands as the collector width increases, even though the maximum velocity de-
creases slightly from 56.62 to 56.39 when L. ranges from 1 to 4. For the concentration
field, the maximum concentration increases with L. ranging from 0 to 1; however, it de-
creases with a further increase of L. (from 13443 down to 10532), as shown in Fig. 8(b).
This result predicts the optimum value of L. at which the electro-hydraulic performance
reaches a maximum.

Fig. 9 describes the variation of the streamline distribution of the ECF flow in the
micro-pump for the four particular values of L. that correspond to those in Fig. 8 for
comparison purposes. It was found that at L. = 0 (upper left figure), the vortex gener-
ated from the upstream to the downstream of the ECF micro-pump near the collector slit.
This may cause higher hydrodynamic losses; hence, the efficiency is expected to be lower
than in other operating cases. As L. increases (greater than unity), the vortex areas form



Numerical investigation of electro-conjugate fluid micro-pump under the effects of downstream angle and . . . 269

[\S}

(=}
(=]

a)

Fig. 8. (a) Velocity field and (b) concentration distributions for various values of L.
with Q =50 ml/h and ¢9 = 4 kV

Fig. 9. Variation of streamline distributions for various values of L.
with Q =50 ml/h and ¢y = 4 kV

only at the upstream and the entrance of the collector slit. However, if L, is too large, the
friction and hydraulic losses due to the large slit may increase, resulting in the reduction
of the micro-pump efficiency. Therefore, again, it predicted that L. has an optimal value
at which the ECF micro-pumps obtained the highest efficiency due to the reduction of
vortex formation and other losses. The influence of L. on the performance of the ECF
micro-pump can be explained as follows: For small L., the surface area of the collector
electrode decreases, the charges emitted from the positive electrode tend to move back
after passing through the short slit, resulting in the larger vortex region (Fig. 9, L. = 0),
then the flow resistance increases or the hydraulic power decreases, hence the pump effi-
ciency reduces. On the other hand, for very large L., all the charges can be collected at the
negative electrode because the collector’s surface area is very large. The electric power
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slightly improves. However, the hydrodynamic losses increase overwhelmingly when
the ECF flow moves in a small channel with high kinetic energy. Hence, the efficiency is
also reduced in this case. This means that the optimal value of L. exists to maximize the
efficiency of an ECF micro-pump.

(a) > o b

n[%]

/ v d W
/ 20 5 %L D

040 T T T T T T T T
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450

Q [ml/h] Q [ml/h]

0L . '

Fig. 10. (a) Ap—Q and (b) #—Q characteristic curves for various values of L.
with ¢ =4 kV and ap = 30°

Fig. 10 shows the characteristic curves of the ECF micro-pump for various values
of L, with ¢9 = 4 kV and ap = 30°. In this study, L. ranges from 0 to 4 with a step
change of 0.5. The results in Fig. 10(a) indicate that the operating range of the ECF micro-
pump is generally extended with increasing L.. The Ap and the flow rate of the ECF
micro-pump tend to increase extensively. Particularly, the operating range of the ECF
micro-pump becomes largest at L. = 1 (the red solid curve in Fig. 10(a)). However,
when L, continued to increase from L, = 1, the operating range of the pump gradually
narrowed, which can be explained by the increase in friction and hydraulic losses when
the ECF flow moved in the collector slit. Fig. 10(b) also indicates a significant impact of
L. on the performance curve of the ECF micro-pump. Connecting the extreme efficiency
points (red arrows) to show the variation of the micro-pump efficiency with the change
of L. The ECF micro-pump’s performance curve peaked at L, = 1, as represented by the
red solid curve in Fig. 10(b), at which the maximum efficiency obtained was 6.4% and a
flow rate of 220 ml/h.

Fig. 11 shows the variation of Ap and 77max as a function of L.. ay was kept constant
at 30° for all computational cases. The applied voltages ¢y range from 2 to 8 kV. It was
found from Fig. 11(a) that Ap increases with increasing L., then it reaches a maximum
value at a specific L, and it decreases further. This trend is valid for all applied voltages
considered. The maximum Ap values obtained were 0.34, 1.6, 3.7, and 7.8 kPa for ¢ of 2,
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Fig. 11. Variation of (a) Ap and (b) #max as a function of L, for various values of ¢y,
ap = 30° was used for all cases

4,6, and 8 kV, respectively. All extreme points from Fig. 10(b), but for many other values
of applied voltages, are summarized in Fig. 11(b). The results indicate that, for a given
applied voltage ¢p, 7max depends significantly on L.. More clearly, the maximum efficien-
cies achieved were 4.1%, 6.4%, 7.1%, and 7.4% for L. of 0.5, 1, 1.5, and 2, respectively. The
maximum efficiency decreased with further increasing L., with the greatest reduction
in maximum efficiency observed at L. = 4. Furthermore, the results in Fig. 11(b) indi-
cate that higher applied voltages on the electrodes lead to higher achievable efficiencies.
Based on an extensive study, the L. ranging from 0.5 to 2.0 is the optimum range for max-
imal efficiency. It means the collector width and its slit gap should be designed in this
range to obtain the optimum operating point of this ECF micro-pump. The maximum
efficiency obtained for the ECF micro-pump was 7.4% at ¢9 = 8 kV and L. = 2.0. This
value is higher than any maximum efficiencies reported in previous studies, such as 3.2%
by Ueno et al. [10] and 5% by Yanada et al. [24]. This point indicates the performance
improvement in this ECF micro-pump design.

Although the micro-pump efficiency generally increases with increasing applied volt-
age (Figs. 7(b) and 11(b)), applying a high voltage may cause other problems. For exam-
ple, it causes an increase in the micro-pump temperature, a decrease in electrode durabil-
ity, and unfortunately, electrodes can be disrupted at sufficiently high values. Therefore,
the applied voltage is less than a threshold value, e.g., less than 10 kV.
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4. CONCLUSIONS

This study investigated the influence of the downstream angle a, and electrode
width L. on the fluid flow behavior in an ECF micro-pump. The finite element method
was used to solve the multiphysics problem of ECF flow. Consequently, the results ob-
tained from the present study can be drawn as follows:

- By increasing the electrode width L., the operating range of the ECF micro-pump
can be extended. There is an optimal L. value at which the efficiency of the micro-pump
is maximized. The optimum range of L. is from 0.5 to 2.0.

- Additionally, the operating range of the ECF micro-pump can be further extended
by reducing the downstream angle >, especially at higher flow rates. Moreover, a, sig-
nificantly impacts the formation of vortices within the ECF micro-pump, leading to an
increase in hydraulic losses or a reduction in efficiency.

- The maximum efficiency of the ECF micro-pump was up to 7.4% at ¢p = 8 kV and
L. =2.0.
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