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Abstract: This paper develops a millimeter scale fully packaged device in which a vortex flow of high velocity is
generated inside a chamber. Under the actuation by a lead zirconate titanate (PZT) diaphragm, a flow circulates with
increasing velocity after each actuating circle to form a vortex in a cavity named as the vortex chamber. At each cycle,
the vibration of the PZT diaphragm creates a small net air flow through a rectifying nozzle, generates a synthetic jet
which propagates by a gradual circulation toward the vortex chamber and then backward the feedback chamber. The
design of such device is firstly conducted by a numerical analysis whose results are considered as the base of our
experimental set-up. A vortex flow generated in a chamber of the device (named as the votex chamber) was observed by
a high-speed camera. The present approach which was illustrated by both the simulation and experiment is potential in
various applications related to the inertial sensing, fluidic amplifier and micro/nano particle trapping and mixing.
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1. INTRODUCTION

Vortex flow is a potential technique to enhance the mixing and an efficient way for inertial sensing [1]-[4]. Several
promising techniques to create vortex flow have been reported and can be outlined as follows. Leo et al. utilized ion wind
generated between a needle and a transparent electrode to create micro vortices [5], [6]. Dunn-Rankin et al. [7] created
swirl flow in an earthed cylinder by circularly arraying four pin discharge electrodes around its center. Hayakawa and his co-
workers generated whirling flow by using PZT diaphragm to vibrate an array of micropillars for cell manipulation [8].
And a recent study by Zhao et al. [9] suggested the use of dual pins parallel to a grounded plate to generate vortices.

Apparently, the above configurations are designed for open systems. As we know, flow in a closed system possesses several
advantages, such as independence from the contamination by environmental variations [10]-[14]. With the introduction
of flow circulating in a confined space, the integration and miniaturization of measuring systems enhance the capability
and impact of microfluidic systems [15]-[17]. The flow in a confined space has been applied in the inertial sensing and
particularly the angular rate sensing where the presence of a self-contained valveless micro-pump reduces the risk of
damage to mechanical counterparts [18]-[27].

In this context, vortex based inertial fluidic systems have been described in several publications, for example, vortex
based inertial fluidic system and fluidic amplifier by NASA [28], [29], or vortex based inertial sensor found in several
intellectual properties [30]-[32]. However, there has not been any sufficient technical information disclosed. More
recently, Chang’s group studies on multi-axis inertial sensor using the movement of the vortex in a device, nevertheless
the mechanism of vortex generation was not presented [33]-[35].

From our understanding, except the use of an external pump (external source) to create vortex flows, which is bulky and
expensive, the other techniques have not been adequately presented and discussed [36]. Thus, a self-package device
which is capable of generating vortex flows is reported for the first time in this paper. The flow is synthesized by an
actuator that consists of a cavity sealed at one end and emitting nozzles at the other end. This technique is usually
mentioned as synthetic jet where the flow is rectified by means of train of vortices behind the edges of the nozzle [37]
[38]. A unique advantage of the synthetic jet compared with the conventional vortex approaches is that it can be entirely



generated and developed by the air flow inside a system. Hence, jets can transfer linear momentum to the flow without
any mass injection from outside over a broad range of length and timescale [39]. For the present approach, a conventional
PZT diaphragm is used to actuate a circulating flow inside a closed system. At each cycle, the vibration of the PZT
diaphragm creates a small net air flow through a rectifying nozzle, generates a synthetic jet which propagates by a gradual
circulation toward the vortex chamber and then backward the feedback chamber. A vortex flow generated in the system
by the circulating flow whose velocity can be controlled by the vibration magnitude of the PZT is investigated by both
the simulation and experiment. In the framework of this research, a model to evaluate the generated vortex in a confined
system is also proposed.

2. METHODOLOGY
2.1 Mechanism and design of device

The present device includes a disc-cylinder (1) with a pump chamber (6) in one side and the vortex chamber (3) on the
other side as described in Fig. 1. The pump chamber (6) is connected with the vortex chamber (3) by four driving channels
(2) with a diameter of 1.5 mm each at the outer most of the cylinders and through a rectifying nozzles (5). At the center
of disc-cylinder, a feedback chamber (7) with a diameter of 12.0 mm links with the vortex chamber (3) via a feedback
channel (4), diameter of 3.0 mm. The total size of the device is 20 mm diameter and 5.5 mm depth.

On the device mechanism, the pump chamber is actuated by a PZT diaphragm (8) (Murata Ltd.) consisting of 100-um-
thick ceramic PZT and 120-um-thick metal layers, which periodically vibrates under an applied voltage. The PZT
vibration makes the volume of pump chamber (6) shrinking and swelling, thus air/gas inside the pump chamber is
expelled and sucked alternatively. By the expelling and sucking processes, gas/air moves through a rectifying nozzle (5)
and a small net flow is formed in each driving channel (2) at each cycle [40]. The net flow propagates by a gradual
circulation toward the feedback chamber (7) and then backward the vortex chamber (3) through the rectifying nozzles
(5) as shown in Fig. 1a. In fact, the feedback flow which accumulates momentum dramatically amplifies the rectifying
effect of the nozzle [41], [42]. Therefore, the velocity of air flow increases and reaches a stably maximum value inside
the vortex chamber after several circulations.
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Figure 1. Mechanism of the present device: (a) flow actuated initially by the vibration of a PZT diaphragm and then
rectified by nozzle; and (b) Flow moves from the driving channel to the vortex chamber and make a new circulation.
(1) Disc-cylinder, (2) driving channel, (3) vortex chamber, (4) feedback channel, (5) rectifying nozzle, (6) pump
chamber, (7) feedback chamber and (8) PZT diagram. Arrows show the movement of air.

After moving through driving channels, air moves into a channel across four driving channels outlets where the velocities
of air flows are tangential with the chamber edges (Figs.1 and 2). If the kinetics of air flows accumulated during the
circulation is strong enough, a flow vortex is generated inside the chamber and the velocity contours of air flow are
surrounding the center of the feedback channel. The chamber is hence named as the vortex chamber.

In the case if the kinetics of air flows going out from driving channels is not enough, air flows are sucked into the center
of vortex chamber which is considered as the sink of air flow. In other works, flow will be directly drawn into the sink.



The velocity and then kinetics of flow which yields the flow characteristic in the vortex chamber, is ultimately controlled
by the vibration magnitude of the diaphragm and will be studied in the next sections.

In this work, since the outer edge of the vortex chamber is designed with a higher curvature compared with one of the
outlet gate, i.e., the edge of the vortex chamber is slightly concave, flows maintain the feedback while rotating as vortexes.

2.2 Governing equations and boundary conditions

Since air is trapped and circulates inside a closed device, the flow is self-generated by vibrating pump without any inlet
or outlet. The generated flow in the device is considered compressible and is governed by the following system of
conservation equations:
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where U, p, and T are the velocity vector, pressure, and temperature of the flow, respectively; 4 = 1.789 x 107> Pas,
p =1.2041kgm™3, A =242 x 107> Wm™'K™, and ¢, = 1006.43 Jkg~'K™* the dynamic viscosity, density, thermal
conductivity, and specific heat of air, respectively. The pressure and density satisfy the state equation of ideal gas asp =
pR,T/M,,, where R,, = 8.314 Jmol~1K™1 is the universal air constant and M,, = 28.96 gmol~! the molecular weight.

The boundary condition set up on a diaphragm is derived by its vibrating rate: v(#,t) = 2nfZ cos(2rft) o (1),
where @(r) is the shape function as ¢ (1) = (1 — (r/a)?)?, with a the diaphragm radius, Z the center deflection of the
PZT diaphragm and /' = 4.7 kHz the vibrating frequency taken from experiment (section 4)

A 3-dimension model of the designed device together with its meshing for the simulation are presented in Fig. 2. The
transient solution of Eqgs. (1) - (3) is achieved using our program code developed in OpenFOAM [43] and results are
discussed in section 3.
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Figure 2. Decomposing the present device into structured mesh.

2.3 Experimental setup

A transparent prototype made of polypropylene of the designed system described in section 2.2 is given in Fig. 3. Two
versions of the device are carried out to investigate the appearance of vortex flow using a high-speed camera and/or
hotwire anemometry.

For visual evaluation, particles are introduced in the device. In order to observe the vortex appearance in the chamber, a
transparent cover of the chamber is used and a high-speed camera, triggered by the power source of PZT membrane, is
set up to capture the motion of particles (see Fig. 3). The PZT diaphragm is activated by sinusoidal signals from a function
generator 33522A (Agilent Ltd.,) and an amplifier HAS 4051 (NF Ltd.).
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Figure 3. A schema of the designed device. Inset is a photo of the real device. The PZT diaphragm is installed
underneath and the lead pin on the top of the device.

For the quantitative evaluation, a system of four tungsten hotwires (W-461057, Nillaco Ltd) with the length of 2.0 mm
and diameter of 20 pm each is set up inside the vortex chamber to characterize the particle flow. Lead pins (Preci-Dip)
installed on the cover of vortex chamber work as hotwire holders. A constant current is supplied to hotwires whose
voltage is monitored by a TEXIO DC power supplier (PW18-1.8AQ). The ambient environment is maintained at the
standard room conditions (22-25C, 60% RH). A schema of the experimental setup is represented in Fig. 3.

The average velocities of flow at four hotwire positions are measured and then compared with those by the numerical
simulation.

3. NUMERICAL RESULTS AND DISCUSSIONS

Figure 4 represents the velocity field of air flow in the middle plane of vortex chamber with different deflections of a
PZT diaphragm. The velocity contour of the flow by Fig. 4b depicts a vortex generated inside the chamber (red arrows)
with a PZT diaphragm deflection Z of 20 um. Meanwhile, if the PZT diaphragm deflection is not sufficient ( Fig. 4a with
deflection of 10 um), flow is sucked back to the feedback chamber (described by red arrows) and thus, no vortex is
created.

The above observations need to be quantitatively illustrated. Firstly, the averaging velocity was taken after the flow in
the device reached the quasi steady state and was recorded for 20 cycles. Since the flow is driven by four periodic inlets
from the driving channels (see Fig. 2) and then moves into the tube at the center (Fig. 4a), the flow is similar to a tornado-
like vortex pattern. However, as the flow eventually moves out of the vortex chamber to re-circulate through a rectifying
nozzle, it includes two components: vortex and sink. In order to analyze the flow characteristics, the flow is considered
as a superposition of a blob vortex and a sink potential flow.

In fact, while the vortex is requested being created in the chamber, the sink appears inevitably in a circulatory system.
Such a flow is generated and then circulates through a rectifying nozzle to complete a cycle of the flow.
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Figure 4. Numerical simulation: Observing vortex by velocity contours from top view in the vortex chamber. (a)
Unobservable vortex with PZT deflection of 10 um; and (b) Clear vortex (red arrows) caused by PZT deflection of 20

um.

Let U,, Uy be the components of the averaged velocity in a circulating cycle on the radial and azimuth directions. They
are given by

Ur(r) = 5= 3 uy (r, 0)d6, ©)

Up(r) = 5= J, " uo (r,0)d8, ©)

where u(r, ) and ug(7, 6) are the radial and azimuth components of the local time-averaged velocity, respectively. While
the radial component contributes to the sink flow, the azimuth component creates the vortex.

Since the flow is described by a vortex and a sink, the velocity profile of flow would be expressed by Lamb-Oseen vortex
model [44] where its components Ug (7"),ortex and U, (1) gink are for the vortex and for the sink, respectively
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where Ky and K, are constants and depict the strength of vortex and sink; respectively; and €5 and €, the core radii of
the blob vortex and the sink (sink width), respectively.

The simulated U, and Uy with respect to the radial distance (r) are presented in Figs. 5a & b. The fitting curves of U,, Uy
by Egs. (4) & (6) and Egs. (5) & (7), are respectively approximated by the least square method (LSM) for two different
cases of PZT deflections.

With the vibration amplitude of 20 um, the fitting by Eqgs. (4) - (7) using LSM as shown in Fig. 5b yields K,.= 59.4x10-
m?/s, Kg = 82.7x107 m?/s, €, = 1.63 mm, and € = 0.75 mm. Results by Fig. 5b show that the simulated U, matches the
fitting curve until » reaches 3 mm before they start diverging from each other. Meanwhile the simulated U, fits well with
its fitting curve in an area with » > 3 mm. In other words, the flow is considered as a vortex with a strength of Kg=
82.7x103 m?/s on an area of 3 mm radius from the center; but as a sink flow with the strength of K, = 59.4x10- m?/s
outside the vortex with » > 3 mm.

Similarly, Fig. 5a presents the radial and azimuth velocities (U,,, Uy) plotted versus the radial distance by the numerical
simulation with a smaller PZT vibration of 10um. The approximated values of K- and Ky by the fitting method are
39.2x103 m?/s, 15.7x103 m?/s, respectively. Results depict that with a decrease of the PZT deflection, the size and
strength of vortex reduce (» =2 mm and Ky= 15.7x10" m?/s by Fig. 5a compared with » = 3 mm and Ky= 82.7x10 m?/s
in Fig. 5b). Furthermore, the sink strength (K, = 39.2x10- m?/s) is much stronger than the vortex one (Kg= 15.7x10"



m?/s). This indicates that the flow in this case with a small PZT vibration is mostly a sink (i.e., the flow is directly drifted
from the inlet to the outlet) and the formed vortex is not significant.

The impact of PZT vibration amplitude on the vortex and sink components in the chamber is presented in Fig. 6.
Numerical results by Fig. 6 demonstrate that while an increase of the vibration amplitude yields strongly increasing the
flow momentum and then the vortex strength (Kp) (from 15.7 to 127.7x10° m?/s) in the chamber, it does not affect
significantly on the vortex width €y (with an variation of around 8%, i.e, approximately 0.78 = 0.08) because of the
confined geometry of the vortex. Results also show that an increase of diaphragm vibration amplitude would bring the
vortex closer to the center of the feedback channel with a designed radius of 1.5mm (see Fig. 2) and a swirl is expected
in this channel. This characteristic is important for the development of vortex — sink angular rate sensor [36].

Hence, the flow in the present configuration consists of two components: vortex and sink. The sink is to create a
circulating flow going through the feedback channel. It can be found that (i) the radius of vortex ¢ is about 0.78 mm,
slightly longer than half-radius of feedback channel; and (i7) the central region of the feedback inlet acts as a sink but not
a vortex.
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Figure 5. The radial and azimuth velocities (U,, Ug) plotted versus the radial distance by the simulation and their
fitting curves for two PZT deflections of 10 um (Fig. 5a) and 20 um (Fig. 5b). The velocity components U,, Ug by the
simulation are denoted by square and circle symbols, respectively and the fitting curves of U,, Ue by the solid and
dashed lines, respectively.
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Figure 6. K, Kg, €, and €q of flow in vortex chamber plotted versus the vibration amplitude of PZT.



Furthermore, an amplitude increase of the diaphragm vibration yields the increasing of both sink strength K, (from 39.2
3 x 107 m%s to 62.3 x 103 m?/s, see Fig. 5) and sink width ¢, of 28% (from 1.23 mm to 1.88 mm, see Fig. 6). The finding
can be explained as follows. The higher amplitude of PZT vibration is, the higher flowrate moves in the vortex chamber
and thus, the higher flowrate (i.e., stronger K,) moves out through the feedback channel. Besides, the increase of sink
width ¢, can be caused by the geometry of the vortex chamber. Indeed, since the curvature of the outer edge of the
chamber is higher than the outlet gate, the sink flow is always formed to smooth feedback flow, yielding a stronger and
also earlier sink flow at the increase of the vibration amplitude of diaphragm. Finally, our numerical simulation also
shows that a magnitude of 20 pm of the PZT vibration for the present configuration is sufficient to generate a good vortex
in the chamber. On the other hand, if the PZT diaphragm vibrates with an amplitude less than 10 pm then no observable
vortex appears and hence the flow primary operates as a sink in the chamber.

4. EXPERIMENTAL RESULTS, CHARACTERISATION AND DISCUSSIONS
4.1 Investigation of vortex flow using high-speed camera

The snapshots of particles’ tracks observed 500 ms after a start-up time To (To, To + 500 ms; To = 5s in this work) by a
high-speed camera are presented in Fig. 7 for a range of voltage (20, 30, 40 and 50 V) applied on the diaphragm. The
observation demonstrates that vortex flow only appears in the chamber of the device until the driving voltage applied on
the PZT diaphragm overcame 20 V. A vortex is initially formed when Vpzr reaches 30 V and becomes clear at Vpzr of
50 V. The experimental clips also depict, no observable vortex but a tracking of particles moves directly from the inlet
(driving channel) to the outlet (feedback channel) inside the vortex chamber when Vpzr = 20 V. It is worth noting that
this observation is in good agreement with simulated results in section 3. The higher voltage is applied on the diaphragm,
the stronger and clearer vortex appears in the chamber. Moreover, the vortex flow generated in the vortex chamber is
almost symmetric. Readers are politely encouraged to refer visual illustrations with a high resolution in attached
supplementary files which represent much clearer flows of particles from four driving channels.
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Figure 7. Images of flow inside the vortex chamber at several times (Ty, Ty + 500ms) with a range of voltages applied on
the PZT diaphragm (20, 30, 40 and 50V), Ty is the start-up time (Tp= 5 seconds in this work). Readers are politely
encouraged to watch corresponding video clips in supplementary files for clearer visualizations. “No vortex” indicates
the vortex is not observable during the current experimental setup.



4.2 Characterization of vortex flow using hotwire anemometry

In order to characterize the vortex flow, the velocity of flow at several positions in the vortex chamber is measured using
four hotwires which are installed as shown in Fig. 3. Hotwires are heated by a constant current (/) of 200 mA.

When the PZT diaphragm vibrates, an air flow is generated and hotwires are hence cooled by the forced convection. The
relative voltage on hotwires can be directly determined by Vi, = IARyy, = [aAT, with « the temperature coefficient of
resistance of the hotwire, ARy, and AT the variations of resistance and hotwires, respectively.

The relationship between the voltage on hotwires and the applied voltage frequency is presented in Fig. 8a with a given
voltage of Vpzr =50 V applied on the diaphragm and a hotwire heating current of 200 mA. Results show that the voltage
on hotwires increases and reaches a peak value of 4.20 mV at the frequency of 4.67 kHz and then decreases with the
increase of the frequency.

6_ T T T T T T T T T T T ] 5 L L B DL B B BN B
] Hotwire current =200 mA —O— Hotwire voltage ] Driving frequency = 4.67 kHz
5] Ve =50V ]
] o ]
~ 4.67 kHz 4] -
5/4-’ 4 E
o ] o
o ] (o)
L] 34 ] 8
o S 34 J
> ] >
o, ] Q
ERE 1 3 ]
o ] 0 9 i
I 14 ] T € ]
0 ]
T ! T ! T j T ) T ) 1+
4.0 42 4.4 4.6 4.8 5.0 5.2 0 10 20 30 40 50 60 70 80
Frequency (kHz) PZT driving voltage (V)
(a) (b)
6_ T T T J T T T T T T T ] 5_""|""|""|'1'00'| T T
. J o Hotwire 1
- Hotwire 1 o 11 o Hotwire2 s
-0- i - 11 & Hotwire 3 —
~5] 77O Hotwire 2 5-728 1 4] ¢ Howies S 1
E —&— Hotwire 3 e E ] 0 =
= ] v Hotwire 4 ' = B
4 - . 34 40 .
g 8]
[e) o
> 1 > 2 180 100 120 140 160 180 200 22%0
23] 1 227 | (mA) ]
2 ] £ 1 ]
I 24 _ T 14 a
1 T T T T T T T v T v T 04"'|""|"-|""|"'|""|"
15 30 45 60 75 80 100 120 140 160 180 200 220
PZT driving voltage (V) Hotwire current (mA)
(c) (d)

Figure 8. Hotwire voltage plotted versus (a) the vibration frequency on the PZT with the resonant frequency of 4.67
kHz; (b) the voltage applied on the PZT using a driving frequency of 4.67 kHz; (c) the voltage applied on the PZT for
four hotwires with a driving frequency of 4.67 kHz and a heating current of 200 mA and (d) the hotwire heating
current using a voltage of 70 V with driving frequency of 4.67 kHz applied on the PZT diaphragm (the inset shows
the I-V characteristic of 4 hotwires without pump (Vpzr = 0)).

Moreover, experimental results in Fig. 8b depict a general increase of Vuy with the increase of voltage applied on the
PZT diaphragm. Indeed, the higher voltage applied on PZT diaphragm yields the larger deflection and then the stronger



flow. Furthermore, the experiment also shows that hotwires cannot capture signal from the flow with voltages less than
20 V (see Fig. 8b) and thus, a minimum voltage of 20 V is necessary to circulate the flow throughout the device at a
considerable flow rate. In addition, the voltages measured on the four hotwires with respect to PZT driving voltage using
a pump vibration of 4.67 kHz and heating current of 200 mA are almost the same as presented in Fig. 8c. This indicates
that flows through four hotwires are relatively similar.

Finally, the experiment also depicts that the voltages measured on hotwires sharply increase with the increasing of heating
current as shown in Fig. 8d. As the current-voltage characteristic of hotwires described in the inset of Fig. 8d expresses
a constant resistance (0.446 +/- 0.026 Q) of four hotwires during the heating process, this strong increase of the hotwire
voltage with respect to the heating current can be explained by Ohm’s law and the heat transfer. For the present system,
the heating current is considered as a governing parameter to adjust the working condition of the device [39].

The voltage of hotwires is used to determine the average velocity of flow at local areas around hotwire positions by
comparing the heat transfer coefficient of forced convection(0.24 + 0.56Re 45 1/D) with one by the natural convection
(1.02Ra®1 /D) of air with A, Ra and d the thermal conductivity, Rayleigh number, effective diameter of the hotwire,
respectively; and Re the Reynolds number of air flow. The calculation is carried out using our subroutine C-code whose
details can be found in our recent publications [45], [46].

By the procedure mentioned above, the average velocity of flow calculated from hotwire voltages in Fig. 8b yields the
relationship of the velocity of flow with respect to the PZT driving voltage as presented in Fig. 9. Experimental results
by Fig. 9 show a linear increase of flow velocity with the increase of PZT driving voltage (presented by the line of square
symbols).
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Figure 9. Average velocity of flow at hotwire areas in the vortex chamber converted from hotwire voltage recorded by
experimental work which is presented in Fig. 8b. “No vortex” indicates the vortex is not observable during the current
experimental setup.

Similarly, in coupling with the relation of the amplitude of PZT to the voltage applied on the PZT diaphragm which was
established by our recent work [12][15], the simulated velocity of flow is also plotted versus the PZT driving voltage in
Fig. 9 (line of star symbols).

It can be seen that although the relationship between the flow velocity measured at hotwire positions and the PZT driving
voltage by the experiment is in good agreement with one by the simulation as presented in Fig. 9, the vortex appearances
by experimental observation are slightly slower than those in the numerical simulation. Indeed, results depict that the
PZT driving voltage measured by the experiment seems to be higher than one by the simulation for the vortex evolution.
For example, meanwhile the experiment found that a vortex will not appear until the PZT driving voltage is stronger than
20V and it becomes fully clear at a PZT driving voltage of around 40 V, the corresponding values of PZT driving voltage
by the simulation are 17 V and 34 V, respectively.



This difference can be explained as follows. Vortex appeared in the chamber is followed up by the track of particles
suspended in air. Since the velocity of particles is slower than the air velocity, the vortex is found at a higher velocity of
air and then at a higher driving voltage applied on the PZT diagram as shown in Fig. 9.

It is worth noting that the relationship of the average velocity of flow to the PZT driving voltage by Fig. 9 yields the
determination of a relevant PZT driving voltage for a vortex appearance in the device. For example, a PZT driving voltage
of 40 V would create a good vortex (see Fig. 7) with velocity of around 5 m/s as shown in Fig. 9.

5. CONCLUSIONS

A millimeter scale fully packaged device which generates a vortex flow of high velocity is reported. The synthetic jet
flow actuated by a PZT diaphragm whose velocity increases after each circulation forms a vortex in a desired chamber.
The design of the device is firstly conducted by a numerical analysis whose results are referred as the base of our
experiment. Experimental results are in good agreement with our numerical prediction and a flow vortex is observed by
a high-speed camera. Both the numerical and experimental results demonstrate the potential of the device in various
applications related to inertial sensing, fluidic amplifier and micro/nano particle trapping and mixing.
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