A new structure of Tesla coupled nozzle in synthetic jet micro-pump
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Abstract

Synthetic jet pump is a potential technique to improve the pumping performance by
introducing a smart structure which can enhance counter-rotating vortexes. Aligning with this
approach, a new structure of valveless micro-pump is developed in this work. The mechanism of
the present micro-pump is based on the combination of the nozzle and a tesla element to rectify
the synthetic jet. The new structure of “ace of spades” nozzle, named Tesla coupled nozzle, create
series of vortexes at the orifice of the pump chamber that allows to attenuate and/or block reversed
flows while fluid is drawn through the pump. The present micro-pump is simple but robust and can
perform at rather low voltages.

1. Introduction

Flow in a micro-pump can be rectified by either a valve or valveless structure. Valveless
pumps with simple structures in general, do not include any moving part. Valveless pumps
generate flow by either a non-mechanical or mechanical actuator [1]. This approach can be
classified in two categories. In the first category, micro-pumps are based on the mechanical
displacement and use rectifying diffuser-nozzle structures, where the converging and diverging
parts generate different flow resistances. For this approach, the flow rectification can be carried by
either adjusting several liquid properties (e.g. the viscosity) [2] or using different rectification
structures [3]. On the later technique, several structures have been developed, including the
diffuser-nozzle element [4-7], Tesla element [8-10], recirculation vortex channel [11] and
bifurcated channel [12]. The diffuser and nozzle are not directly connected each other, but they are
linked to a pump chamber at two separated positions. This category is popularly presented in the
literature. Numerous experimental and numerical studies on the flow in diffuser-nozzle structures
showed that the efficiency of such valveless micro-pumps depends on both the structural geometry
and the liquid properties. Singhal et al. [13] found that the rectification of gradually expanded
conical and planar diffusers is significantly improved with increasing the Reynolds number. In
addition, the Reynold number significantly affects the characteristics of fluid flows through a
nozzle [14]. Several numerical and experimental optimizations were carried out to improve the
efficiency of diffuser-nozzle structures by the geometrical tuning [15,16].
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On the other hand, the second category, the synthetic jet technique, has been used to rectify
fluid flow by a chain of vortexes [17][18]. In this technique, flow in a valveless pump is basically
generated by the interaction of the pairs of counter-rotating vortexes at the edge of an orifice. This
is created by an oscillating diaphragm which is installed in a sealed cavity [19-23]. Such system
includes a pump chamber which is sealed at one side and linked to an emitting nozzle at another
one. Thus, no diffuser is required. A modification of this technique using the Coanda effect was
recently reported by Song et al. [24] and He et al. [25]. Finally, based on the working principle of
a chain of vortexes, many design variants, for example, the combination of diffuser-nozzle or
fluidic diode with the synthetic jet [26] [27], batwing-junction [28], T-junction [29], internal vortex
membrane [30] were successfully applied in droplet forming, pinching, circulating or
simultaneously pumping and mixing.

Thus, it is reasonable to assume that the synthetic jet is a potential technique for improving
the pumping performance by a smart structure which can enhance counter-rotating vortexes. This
approach vyields stronger vortexes and consequently better flow rectification. In this spirit, this
work reports for the first time a structure of “ace of spades” nozzle which is implemented in a
valveless micro-pump. The present technique is based on the combination of the nozzle-diffuser
and a Tesla element to rectify the synthetic jet. The new structure called Tesla coupled nozzle
(TCN) enhances the rectifying effect owing to a created side channel that can attenuate and/or
block the reversed flow while the chamber draws liquid into the pump. The present micro-pump
is simple but mechanically robust, has quick response time and yields a significant improvement
of the pumping performance.

2. DESIGN OF PRESENT PUMP
2.1. MECHANISM OF PUMP

Fig. 1(a) describes a schema of the micro-pump with TCN structure and its 3D-planar prototype.
A piezoelectric lead zirconate titanate (PZT) diaphragm (ordered from Murata Ltd. and several
specifications are mention below), actuated by an external voltage, deforms with the voltage
polarity (1). Since the rim of the diaphragm is rigidly fixed, it primarily vibrates on the vertical
direction perpendicular to the radial direction of diaphragm. The vibrating diaphragm (1) introduces
liquid into the pump chamber (2) which is connected to the outlet (4) through a chamber-inlet
junction (5). The junction is a valveless structure consisting of a nozzle-diffuser coupled with an
element whose operation is inspired from Tesla principle to prevent the undesired backflow (see

Fig. 1(b)).
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Figure 1. (above) A schema of device with TCN of “ace of spades” structure of the 3D-planar
model: (1) diaphragm; (2) pump chamber; (3) inflow; (4) outflow and (5) TCN; and (below) the
outflow rectified by vortexes in two pairs of spades of the TCN when diaphragm vibrates to generate
synthetic jet.

The operation of the micro-pump consists of the charge and discharge phases. In the charge
phase, liquid is sucked into the pump chamber by the up moving diaphragm while the down moving
diaphragm pushes liquid out of the chamber in the discharge phase.

In both phases, liquid moves through the TCN and the flow is then rectified. During the discharge
phase, the TCN ensures liquid leaves the pump chamber with a high velocity, then moves straight
into the outlet channel to form the first vortexes (1) in the pair of small spades/cavities of the TCN
due to its high speed. Meanwhile, a small portion of liquid that does not move into the outlet channel
creates the second vortexes (2) as the liquid flows along the curved wall of the pair of bigger spades
of the Tesla element, known as the Coanda effect [31], and then moves back to the central of nozzle
(see Fig. 1(b)). Thus, the Tesla element is set up at the downstream of the nozzle and the inlet
channel to enhance the rectification of the liquid flow.

After the first pumping cycle, the vortices (2) increase the velocity of liquid sucked into the
pump chamber from the inlet during the charge phase, whereas the vortices (1) block the backward
motion of liquid from the outlet during the discharge phase. In other words, the backflow from the
outlet of the charge phase slows down and is interrupted by the inflow from the inlet. The vortices
in spades of TCN become stronger due to the momentum accumulated by the diaphragm vibration,
which boosts the rectifying effect to create a jet flow in the outlet channel.

The above 3D-planar model has been expanded into the 3D-axisymmetric prototype, which is
easily fabricated using either the laser machining or the 3D printing technigue. In our experiments,



the 3D-planar model was designed with a depth of 1 mm at the nozzle, while the 3D-axisymmetric
prototype was a cylindrical structure with a radius of 0.6 mm. Other dimensions are detailed in Fig.
4). Furthermore, PZT diaphragm by Murata Ltd. of 20 mm diameter was used for both models and
the rim of PZT diaphragm is fixed using epoxy glue.

2.2. SIMULATION OF PRESENT PUMP’S OPERATION

In this work, ethanol was used as the working fluid and the operation of the present device is
numerically simulated. The transient flow is described by the Navier—Stokes equation for a laminar
and incompressible fluid as follows

V-i=0 (1)
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The boundary condition at time steps (t = 0 is for the initial condition) imposed on the diaphragm
is converted from its vibrating velocity v (7, t) into the shape function ¢ (r), which is applicable for
both the 2D and the axisymmetric models as:

v(7,t) = 2nfZ cos(2nft) (1), (3)

where @(r) = (1 — (r/a)?)? is the shape function of a circular diaphragm under an uniform load
[32] and a is the diaphragm radius of 10 mm in this work.

Solving Egs. (1)-(2) with the boundary condition given by Eq. (3) for each mesh grid in the
ANSYS/FLUENT environment results in the pressure and velocity fields in the device. We utilized
the hybrid of the Pressure-Implicit with Splitting (P1ISO) scheme and the Semi-Implicit Method
for Pressure Linked Equation (SIMPLE) as the velocity—pressure coupling algorithm.

By this numerical method, the calculation was advanced with time by the implicit second-order
scheme. The PZT diaphragm, whose boundary condition is described by Eq. (3), was considered
as the inlet condition. For the numerical stability, the time step was chosen as one-fortieth of the
vibration period of the PZT diaphragm. Fig. 2 (a)&(b) illustrates the geometry of two 3D models.
Figure 2a shows the representative mesh of the 3D-planar model together with the displacement
of the diaphragm. Figures 2(c)&(d) show the representative streamlines of the velocity fields in
the charge and discharge phases of the micro-pump, confirming the working principle of the TCN
where large vortices rectify the flow direction from the inlet to the outlet.

Similar to the description in section 2.1, the numerical simulation by Fig. 2 also shows that
vortexes are formed in both small and large spades of Tesla element by either high speed flow
through the TCN (vortex 1, Fig. 1(b) & Fig. 2(c,d)) or a partial liquid moving along the curved
wall (vortex 2, Fig. 1(b)& Fig. 2(c,d)). These vortexes rotate in the same CCW direction during
both charge and discharge phases, when liquid flows forth and back through the nozzle junction,
thus enhancing the rectification of flow.
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Figure 2: Simulation of the pumping device. () TCN structure in 3D-planar model: displacement
contours of the diaphragm (Fig. 2a-Upper figure) and meshing of the present device (Fig. 2a-Lower
figure); (b) TCN structure in 3D- axisymmetric model; and (c)&(d) streamlines of the velocity field
of flow at the TCN of the planar model for the charge and discharge phases of the device,
respectively: red arrows show the direction of vortexes to enhance the flow rectification.

Figure 3 presents the simulated time-dependent flowrate at the outlet through the TCN during
two phases for both planar and axisymmetric models. It is worth noting that a positive average
flowrate at the outlet means a flow from the inlet moving into the device.

The results by Fig. 3 clearly show that the backflow of the 3D-planar model is eliminated during
the discharge phase after few operation cycles as the flowrate curve quickly shifts above the x-axis
(solid line in Fig. 3). That validates the working principle of the present device as elaborated in
Section 2.1. For the 3D-axisymmetric model, although the flowrate is always positive at both the
outlet and inlet for an operation cycle (red dot line in Fig.3), the net flow unidirectionally moves
through the pump. Furthermore, results also predict that the asymmetric model rectifies more
efficiently as its flowrate curve is much higher than that of the planar model in both charge and
discharge phases. This is from the different structures of two models. In fact, vortexes created within
larger and smooth cavities of the axisymmetric model based TCN are much stronger (in terms of



the velocity and momentum) than those by the planar model, yielding a higher efficiency of the

flow rectification.
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Figure 3: Simulating results of the 3D-planar and 3D-axisymmetric models: instantaneous
flowrate at the outlet of the present pumps in the 3D-planar and 3D-axisymmetric models. The
pumping frequency is f = 100 Hz.

3. EXPERIMENT

The prototypes of the present valveless micro-pump corresponding the 3D-planar and 3D-
axisymmetric models produced using the 3D printing system of Conex3 Objet500, Stratasys are
shown in Figures 4c and b, respectively. Figure 4c also shows a cross-section of the Tesla element.

A programmable generator (Hameg HM 8131-2) generates a sinusoidal voltage, which is then
amplified by an AC voltage amplifier for driving the PZT diaphragm. The flowrate at zero-
backpressure was calibrated by adjusting the liquid amount pumped through the outlet, while the
device is set up on the horizontal direction. The backpressure was measured by connecting the
outlet with a glass tube and observing the liquid height. The effect of backpressure on flow rate is
determined by monitoring the pumped liquid rate in this glass tube at each level of liquid height.

For the sake of our easy experiment, ethanol was used as the working liquid of micro-pump
because of its low surface tension, which allows to easily detect the liquid leakage and prevent air
bubble blocked at the internal wall of the device. The flowrate at the zero-backpressure is
investigated for a range of the driving frequencies of the diaphragm from 0 to 400 Hz; at peak-to-
peak driving voltages of Vpp = 250V and 150V for the 3D-planar and 3D-axisymmetric models,
respectively. The two prototypes were experimentally investigated to evaluate the effects of the
driving frequency and voltage on the pump head and flow rates.



Figure 4. Model and prototype of the present micro-pump: (a) Model and prototype of the pump
designed in 3D-planar model; (b) 3D-axisymmetric model and the corresponding prototype of the
present pump; and (c) Cross-section of the Tesla coupled nozzle structure.

3.1 Effect of the diaphragm frequency

Figure 5 shows the experimental results. Starting from a low driving frequency (nearly 0 Hz),
the pumping pressure increases with increasing frequency and reaches a maximum at around
3.95 kPa at a frequency of 310 Hz and a voltage of 250V as well as 4.25 kPa at 330Hz and a
voltage of 120V for the 3D-planar and 3D-axisymmetric prototypes, respectively. The pump head
then decreases as the frequency is beyond 350 Hz for both cases.

The pump frequency creating a maximum pump head are at the resonant frequency of
approximately 310-330 Hz, which are considerably offset from those of the PZT diagphram itself
or its air pumping application [33][34]. We discussed that the resonant frequency of a valveless
pump mainly depends on the material and geometry of the diaphragm, the pump chamber and the
liquid in our recent publication [35]. Through this work, experimental observations found that the
converting of Tesla couped nozzle structure from the planar model into the axisymmetric model
does not yield a significant change of the resonant frequency of the system. Interestingly, the two
peaks in Fig. 5 were reported in literature on the relationship between the formed synthetic jet flow
and the resonance jet amplification where the flow rate reaches its highest value [36]. Chiatto et
al.[37] stated while considering a single orifice device that the first mode of resonance frequencies
is the Helmhotz’s frequency, which represents the equivalent stiffness of liquid inside the pump
chamber and the effective mass of the liquid at the nozzle, and the second one is natural frequency
of the structural oscillator
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Figure 5. Experimental results — the effect of the diaphragm frequency on pump head: The liquid
level plotted versus the frequency using applied voltages of Vpx = 250Vp, and 120Vyp to activate
the diagraphm vibriation for the planar and axisymmetric models, respectively

3.2 Effect of the driving voltage Vpp

6_
£ 54 *
=
b]
=47
5 34
(=9
%” 2 —e— planar, f=310Hz
g 1 . -o- axisymmetric, f= 330Hz
"
0 T T T

T 1
50 100 150 200 250 300
Voltage (V)

Figure 6. Experimental results — the effect of the applied voltage on pump head: The liquid height
(in mm) plotted versus the driving voltage at the frequencies of 310Hz and 330Hz of diaphragm
for the planar and axisymmetric models, respectively.

Consider the pump head at the resonant frequency of the diaphragm as found in section 3.1
(310Hz and 330Hz for the axisymmetric and planar models, respectively) for a range of applied
voltages, results by Fig. 6 show that at a certain voltage, the pump head by the axisymmetric
prototype is higher than one by the planar counterpart. Furthermore, while the pump head linearly
increases with the increasing voltage for both cases, the axisymmetric prototype provides a higher
rate than that of the planar prototype as depicted by the red line in Fig. 6.



For the present valveless structure, experimental results depict that the pumping pressure
linearly increases with the driving voltage at a rate of 33.1 Pa/V and has reached 5.3 kPa. It is
worth noting that this performance is significantly higher than the commercialized counterparts
using PZT diaphragms of the similar size, which were working for a range of flowrates of 3 — 7
ml/min as recently published in [38,39].

The linear relationships of flow-rate and pumping pressure versus voltage were published in
several previous articles for the synthetic jet pumping where the synthetic jet is applied ina T-
junction geometry [40]. Although experiment results by the present TCN structure are in good
agreement with their finding, there exists a slight difference from some other reports for the
synthetic jet in free space [41-43]
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Figure 7. Experimental results: the flowrate plotted vs the applied voltage at the resonant
frequencies of 310Hz and 330Hz of diaphragm for the planar and axisymmetric models,
respectively.

At the resonant frequency (i.e. at the maximum flowrate), the flowrate plotted versus driving
voltage applied on the diaphragm Vpp (Fig. 7) shows that the higher driving voltage yields a larger
diaphragm displacement and consequently a higher flow rate. Specifically, the 3D-planar structure
achieves a significant enhancement (in terms of the flow-rate) over those reported in literature
using Coanda effect on the order of sub-milliliter per minute at the applied voltage of 360V using
PZT diaphragms of the same diameters [24][25] (see also table 1). This evaluation is relative
because several parameters of PZT diaphragms used in the citations such as the thickness, diameter
and materials which are not disclosed, could be bit different by manufacturers.

Table 1. Flow rate of several valveless pumps using the same class of PZT diaphragms

Valveless pumps Flow rate (ml/min)
Tesla effect [9] ~ 2.2 ml/min
Bifurcation geometry [12] ~0.15 ml/min
Coanda effect [24] ~0.22 (ml/min)




Commercial products [38,39] ~(3—=7) (ml/min)
This work ~ 15 ml/min

3.3. Effect of backpressure on the pump flowrate

Figure 8 shows the relationship between the flowrate (Q) and the backpressure (P) of our
valveless micropump at the resonant frequency and a relatively low voltage of 100V — 150V for
the two prototypes. The flowrate linearly decreases with the backpressure with the rate (dQ/dP)
of -4.1 (ml/min)kPa! and -0.58 (ml/min)kPa?® for the axisymmetric and planar models,
respectively. The result indicates that the axisymmetric models is seven times as efficient as the
planar. This can be explained as the vortex induced by in axisymmetric model are more intense
due to smaller flow restriction at the TCN, and as the back pressure rises up, the vortex was forced
against its rotation and hence reduces the flowrate of the fluid transported from outlet to inlet.
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Figure 8. Experimental results - Effect of backpressure on the flowrate/pump rate: The flowrate
plotted versus the backpressure at the resonant frequency for the axisymmetric and planar
structures.

4. Conclusion:

We reported numerical and experimental results of valveless piezoelectric micro-pumps with
Tesla element that works based on the principle of a synthetic jet. The 3D-planar and axisymmetric
prototypes were designed, modelled, and tested. Experimental results are in good agreement with
the numerical data. For the present approach, the device characterized by the linear relationship
between its backpressure and flowrate can achieve ~14 ml/min with an applied voltage as moderate
as ~100 Vpp corresponding to a backpressure of ~5kPa. Thus, for a desired performance, this
micro-pump using the present technique can be driven by an affordable applied voltage.
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