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Abstract: One of the key questions in the generation of monodisperse droplets is how to eliminate
satellite droplets. This paper investigates the formation and elimination of satellite droplets during the
generation of monodisperse deionized water droplets based on a piezoelectric method. We estimated
the effects of two crucial parameters—the pulse frequency for driving the piezoelectric transducer
(PZT) tube and the volume flow rate of the pumping liquid—on the generation of monodisperse
droplets of the expected size. It was found that by adjusting the pulse frequency to harmonize with
the volume flow rate, the satellite droplets can be eliminated through their coalescence with the
subsequent mother droplets. An increase in the tuning pulse frequency led to a decrease in the size
of the monodisperse droplets generated. Among three optimum conditions (OCs) (OC1: 20 mL/h,
20 kHz; OC2: 30 mL/h, 30 kHz; and OC3: 40 mL/h, 40 kHz), the sizes of the generated monodisperse
deionized water droplets followed a bimodal distribution in OC1 and OC2, whereas they followed
a Gaussian distribution in OC3. The average diameters were 87.8 um (OC1), 85.9 um (OC2), and
84.8 um (OC3), which were 8.46%, 6.14%, and 4.69% greater than the theoretical one (81.0 pm),
respectively. This monodisperse droplet generation technology is a promising step in the production
of monodisperse aerosols for engineering applications.

Keywords: monodisperse droplet generation; satellite droplets; piezoelectric method; droplet
coalescence

1. Introduction

In recent years, monodisperse droplet generation technology has been widely used in
the fields of additive manufacturing [1,2], inkjet printing [3,4], electronic packaging [5,6],
bioengineering [7-9], instrument calibration [10,11], etc. It has prompted many researchers
to become engaged in developing droplet generation techniques to meet new requirements
such as droplets that are highly uniform and monodisperse in terms of their size, shape,
density, and surface characteristics, with a variety of solutes and solvents.

Many attempts have been made to generate monodisperse droplets, such as hot bub-
ble [12], mechanical [13], pneumatic [14,15], piezoelectric [16], electromagnetic [17], and
droplet-based microfluidic [18-20] technologies. Among these, the piezoelectric droplet
generation method is one of the best choices to obtain monodisperse droplets. On the basis
of the piezoelectric method, the generation of droplets depends on the control of the pulse
waveform for the driving of the PZT tube. Li et al. [21] reported that monodisperse droplets
can be obtained through adjusting the frequency and amplitude of a rectangular pulse
waveform at a high operating pressure of 3.5 MPa. Fan et al. [22] reported that monodis-
perse droplets were generated by controlling the upper and lower limits of the pulse
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amplitude. However, during droplet generation, many satellite droplets were produced,
leading to a wide size distribution of the droplets. Shin et al. [23] also reported that, for
low viscosity liquid, satellites were generated when a single-pulse waveform was applied,
whereas when a double-pulse waveform was utilized, the satellites were eliminated. A
simple change in the time separation can precisely control the droplet size. If the time
separation is shortened, the droplets’ size becomes smaller, since the second pulse reduces
the mass and momentum of the ejected liquid. However, the double-pulse waveform can
possibly result in the coalescence of two adjacent mother droplets. Lin et al. [24] further
studied the influence of pulse frequency, positive voltage time, and voltage magnitude on
droplet ejection velocity using a double-pulse voltage pattern, but they estimated it to have
a scarce effect on droplet size.

Regardless of the control associated with the single-pulse waveform or the double-
pulse waveform, the breakup of fluid filaments ejected from the nozzle leads to an array of
uniformly spaced large droplets (called mother droplets) with smaller droplets (known as
satellite droplets) in between them. Therefore, to generate uniform mother droplets based
on piezoelectric method, the problem of eliminating a large number of satellite droplets
has to be solved. Otherwise, this situation would result in a nonuniform size distribution
of the breakup droplets. There is no doubt that one of the key steps involved in generating
uniform and monodisperse droplets is eliminating the satellite droplets and avoiding the
coalescence of two adjacent mother droplets.

In this work, we have aimed to investigate the formation and elimination of satellite
droplets during the generation of monodisperse deionized water droplets based on the
piezoelectric method. The emphasis of this study was on harmonizing the relationship
between the frequency of the square-pulse waveform and the volume flow rate in order
to obtain monodisperse droplets of the expected size. Therefore, this work involves:
(1) observing the formation and elimination processes of satellite droplets during the
generaton of monodisperse deionized water droplets through a high-resolution imaging
system; (2) estimating the effect of pulse frequency and volume flow rate parameters on the
droplet size and its distribution; (3) revealing the mechanisms involved in the generation
and elimination of satellite droplets related to these two crucial parameters.

2. Experimental Methods

A schematic of the experimental setup is shown in Figure 1a. It was mainly composed
of a micropump and syringe, filter, nozzle, controller, high-speed camera, and an LED lamp.
The micropump was used to feed the deionized water stored in the syringe and to control
the volume flow rate with an accuracy of & 2%. The deionized water (the properties of
which are listed in Table 1) was transported to the nozzle through the connecting pipe and
filter. The droplets were then extruded by means of the PZT tube in the nozzle, controlled
by the controller. The high-speed camera (Phantom M310, Vision Research Inc., Wayne,
NJ, USA) with a lens (AT-X M100 AF PRO, Tokina, Japan) was utilized to record the pinch-
off process of the liquid filaments, the formation of mother droplets, and the generation
of satellite droplets. The recording frame was set to 5000 fps. The LED lamp with an
adjustable luminance was used to illuminate the field of view for clear imaging using the
high-speed camera.

The nozzle (MDG100) was purchased from TSI Co. Ltd., USA, and was based on a
squeeze mode design. A PZT tube was wrapped outside a glass tubular reservoir, shown
in Figure 1b. The orifice diameter at the bottom of the nozzle was 50 um. The PZT tube
was driven by the controller using a transistor—transistor logic (TTL) signal to modulate the
width and frequency of periodic rectangle-wave pulse as shown in Figure 2. The period of
the pulse waveform is T, and its voltage amplitude is V. The duty ratio is T, /T, where T},
is the applied time of the pulse. The single-pulse waveform is a rectangle wave, which is
defined by a pulse width, a rising edge, and a falling edge. The applying time of the pulse
can be divided into three parts—the rising time (t;), dwelling time (¢;), and falling time
(t). When the rising (falling) edge of the waveform is applied to the PZT tube, a negative
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(positive) pressure wave is produced, expanding (contracting) the glass tubular reservoir,
so that the fluid filaments will be ejected and broken up. These parameters of the driving
pulse for the PZT tube are listed in Table 2.

Inlet
Micropump I l
Controller Piezoelectric
| transducer tube
S - _|— Package
1] Nozzle
T . Reservoir
Droplets — 1
LED lamp ’ ‘ O 7‘ _. I
High-speed = _— Orifice cap

camera

L = ; Outlet ~ —/ Orifice

(a) (b)

Figure 1. (a) Schematic of experimental setup; (b) schematic of nozzle.

Table 1. Physical properties of deionized water.

. Surface Tension  Viscosity (Pa-s) Acoustic

3
Ttems Density (kg/m”) (N/m) @25 °C @15°C Velocity (m/s)
Value 1.0 x 10° 0.072 114 x 1073 1435 [24]

—+—30kHz

t(s)

Figure 2. Schematic of periodic rectangle-wave pulse waveform.
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Table 2. Parameters of pulse waveform for driving the PZT tube.

Items Amplitude Frequency Duty Ratio
Value 42V 5~40 kHz 0.5

The measurement of droplet size is crucial to estimate performance in the generation
of monodisperse droplets. In this work, a digital image processing method was used. The
elaborate operation procedures have been presented in our previous work [25]. Briefly,
(1) a magnified image of the calibrating ruler was acquired; (2) pictures of the breakup
droplets were taken under the same imaging conditions; (3) a self-programming digital
imaging treatment program was then used to compare the images of the breakup droplets
with calibrated pixel pitches. If the droplets appeared ellipsoidal or non-spherical due to
deformation, a characteristic dimension d; (called the equivalent diameter) was calculated
by dy; =4S;/L;, where S; and L, represent the area and the perimeter of each droplet, re-
spectively. Finally, the statistical average diameter of multiple droplets (d) was determined

by the equation d = ZZL;;?’

3. Results and Discussion
3.1. Pinch-Off of Liquid Filament and Generation of Satellite Droplets

Figure 3 demonstrates a snapshot taken during the pinch-off process of the liquid
filament at a pulse frequency of 10 kHz and a volume flow rate of 30 mL/h. It can be
observed that surface waves cover the liquid filament, and a mother droplet has been
produced; another droplet is being generating at the liquid neck (the narrowest position
along the liquid filament). At the bottom of the picture, when a mother droplet is detached
from the liquid filament, a satellite droplet is simultaneously generated.

Liquid filament

Liquid neck

Satellite droplet

.

Mother droplet

Figure 3. Snapshot of the pinch-off of a deionized water filament and the generation of satellite droplets.

The Reynolds and Weber numbers can be expressed as Re = pvd/u and We = pv’d/o,
in which p, v, d, o and u represent the density, velocity, orifice diameter, surface tension,
and viscosity of the deionized water, respectively. In this case, the Reynolds number was
~186.2 and the Weber number was ~1.4. This suggests that the pinch-off of the deionized
water filament generally exhibited a laminar regime, and the surface tension played a key
role in the detachment.

The evolution of the liquid filament was considered as a function of the viscosity
ratio (p) of the fluids and the initial wavenumber of the interface perturbation, and the
satellite droplets were generated around the neck region of a highly deformed filament.
Tjahjadt et al. [26] numerically and experimentally explained that, in low-viscosity ratio
systems, p < O (0.1), the breakup mechanism depends on self-repetition in multiple breakup



Micromachines 2021, 12, 921

50f12

sequences in which every pinch-off is always associated with the formation of a neck; the
neck undergoes pinch-off, and the process repeats. In this case, unlike multiple breakup
sequences, at each period, we observed one breakup sequence and a generated satellite
droplet. This means that, at each corresponding period of the controlled rectangle-wave
pulse of PZT tube, the duty ratio, the frequency, and the sequence of time applied will be
crucial in order to affect the formation of mother and satellite droplets.

3.2. Elimination of Satellite Droplets

Theoretically, if the liquid filament breaks up into monodisperse mother droplets
without the generation of satellite droplets, the input volume per unit time should be
equal to the total volume of the monodisperse droplets (mother droplets) generated per
unit time:

L0
173600 ~

In which dy,, g, and f represent the theoretical average diameter of the generated
monodisperse droplets (um), the volume flow rate of the feeding liquid (mL/h), and the
pulse frequency for the driving of the PZT tube (kHz), respectively.

Thus, the theoretical average droplet diameter of the generated monodisperse droplets
in an ideal state can be calculated as follows:

_ /1 3
g, ,/600nf x 10 )

The volume flow rate of deionized water was still set to 30 mL/h. As the pulse
frequency was adjusted from 10 kHz to 30 kHz, we observed the coalescence of satellite
droplets and mother droplets, as shown in Figure 4. During the pinch-off process of the
liquid filament, a satellite droplet was generated (Figure 4a), but it immediately merged
with the subsequent mother droplet (Figure 4b,c). Finally, monodisperse droplets were
generated with a highly uniform size distribution (Figure 4d). The average diameter of the
generated monodisperse droplets was 85.9 um in this case, which is 6.14% larger than the
theoretical one. This suggests that the adjustment of the pulse frequency could eliminate
the satellite droplets by means of coalescence, validating the feasibility of this methodology.

(d) ‘

SR
o o :

%d?h % 10718 x f % 103 )

. . 100pm
| S|

Figure 4. Snapshots of the pinch-offs of liquid filaments and the elimination of satellite droplets.
(a) Formation of satellite droplets. (b,c) Satellite droplets merged by a subsequent mother droplet and
eliminated; (d) a highly uniform size distribution of monodisperse droplets were obtained (volume
flow rate of 30 mL/h; pulse frequencies of 30 kHz).
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It is worthy of notice that the number of monodisperse droplets is theoretically equal
to the pulse frequency, i.e., only a single droplet is generated as a pulse is applied to the
PZT tube. Thus, the pulse width and the duty ratio of each pulse need to be negotiated
for the detachment of each droplet from the liquid filament, as shown in Figure 5. The
generation time of monodisperse droplets (te.n) is equal to the theoretical pulse width,
or the applied time of the practical pulse, i.e., tgen=Tp=t, + t5 + tg in which t,, t;, and tr
are the rising time, dwelling time, and falling time, respectively. The flight time of the
monodisperse droplets (fg,) is the same as the vacant time of the pulse, i.e., tg,=T — T, in
which T and T}, are the period of the pulse waveform and the applied time of the pulse,
respectively. Lin et al. [24] suggested that a sufficient time of ¢, and #; is necessary to reach
the desired voltage amplitude and to make the PZT tube expand and contract enough.
The empirical expression of the voltage amplitude of the pulse waveform must meet the
following requirements [24]:

V/ty <15, V/ty <15 (©)]

Theoretical state
Tp ! !

i tgen | tf Ty '

Figure 5. Schematic of the theoretical and practical generation of monodisperse droplets.

This indicates that the slope of the voltage variation should be less than 15 V/us.
Additionally, the voltage amplitude should be high enough to ensure that the droplet is
ejected, but not so high that the ejection becomes chaotic and it becomes difficult to obtain
monodisperse droplets.

To generate monodisperse droplets, the rising time (t,) and the falling time (f7) should
also harmonize with the detaching time of each droplet. Under the same operating con-
ditions, the detaching time depends mainly on the viscosity of the liquid. The larger the
viscosity, the longer the detaching time becomes. The dwelling time (t;) has been given by
Bogy et al. [27], i.e., the optimum pulse width (t,y:), which can be calculated as follows:

tg = topt = L/vaco,liq (4)

in which L and v, 1i; are the length of nozzle and the velocity of acoustic wave propagation
in the liquid, respectively. In this work, the theoretical value of the optimum dwelling
time (t;) was ~12 us. In Figure 4d, the central spacing between two adjacent droplets was
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twice as large as the droplet diameter, since the duty ratio of the rectangular pulse was 0.5.
To avoid the coalescence of two spherical mother droplets without satellite droplets, the
central spacing must be greater than the droplet diameter. However, since the droplets
exhibited severe deformation after being detached from the liquid filament (Figure 4a—c),
the maximum ratio of droplet length to width reached 1.8, and the central spacing was
close to the droplet diameter. This suggests that the duty ratio should be below 0.8.

3.3. Effect of Pulse Frequency on the Elimination of Satellite Droplets

Figure 6 demonstrates the snapshots of droplet generation as the pulse frequency
ranged from 5 to 45 kHz at the volume flow rate of 30 mL/h. At the pulse frequencies
of 5 kHz, 10 kHz, and 15 kHz, it was observed that the satellite droplets were difficult to
eliminate (Figure 6b3,c2), and the two adjacent mother droplets coalesced (Figure 6a5).
When the pulse frequency was enhanced to 20 kHz or 25 kHz, satellite droplets with greater
size were generated (Figure 6d4,e3). At 30 kHz and 35 kHz, the satellite droplets were
almost eliminated (Figure 6£3,g3). However, as the pulse frequency exceeded 40 kHz, the
generated droplets were chaotic, and they had a wide size distribution.

EEREHIRENIEE

1 I
* e oot e e s ol e T
I -1 R T R
S E] I T B T DR A
a T efle T e = . el 2

Figure 6. Snapshots of droplet generation at the volume flow rate of 30 mL/h at different pulse
frequencies ((al-a5): 5 kHz; (b1-b3): 10 kHz; (c1-c2): 15 kHz; (d1-d4): 20 kHz; (e1-e3): 25 kHz;
(f1-£3): 30 kHz; (g1-g3): 35 kHz; (h1-h2): 40 kHz; (i1-i2): 45 kHz).

Experiments on the influence of pulse frequency on the formation and elimination of
satellite droplets were also carried out at the volume flow rates of 20 mL/h and 40 mL/h,
respectively. According to the results, it can be concluded that, at a certain volume flow
rate, the pulse frequency must be adjusted to an optimum range to generate monodisperse
droplets. At the volume flow rate of 20 mL/h, the optimum range of the pulse frequency
was 18-22 kHz. For the volume flow rates of 30 mL/h and 40 mL/h, the optimum ranges
of the pulse frequency were 25-35 kHz and 35-50 kHz, respectively.

3.4. Effect of Pulse Frequency on the Average Diameter of Droplets

According to Equation (2), the diameter of the generated droplets depends on the
volume flow rate and the pulse frequency. As the volume flow is fixed, the desired diameter
of the droplets can be obtained through adjusting the pulse frequency. Figure 7 shows
the average diameters of the generated droplets at the volume flow rate of 30 mL/h, at
different pulse frequencies of 25-40 kHz, with an interval of 5 kHz. The theoretical diameter
of the droplets was calculated using Equation (2), and these are also shown in Figure 7.
In general, the experimental result displayed a similar trend to the theoretical one. As
the pulse frequency for driving the PZT tube was enhanced, the average diameter of the
generated droplets decreased. The average droplet diameters based on the experiments
were 5-11% greater than those based on the theoretical calculation. This difference can be
attributed to the random error associated with dealing with the images and the systematic
calibration error.
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Figure 7. Average droplet diameters at the volume flow rate of 30 mL/h at different pulse frequencies
of 25 kHz—40 kHz.

3.5. Size Distribution of Monodisperse Droplets under Optimum Operating Conditions

If the ratio of the volume flow rate and the optimum pulse frequency are kept con-
stant, based on Equation (2), the diameter of the generated droplet would be theoretically
the same. This was also supported by the experimental results. Figure 8 illustrates the
snapshots of the generated monodisperse droplets under three optimum conditions (OCs)
(OC1: 20 mL/h, 20 kHz; OC2: 30 mL/h, 30 kHz; and OC3: 40 mL/h, 40 kHz). In the
optimum pulse frequency range, no satellite droplets were observed.

. 100pm
| S

] 1
0oC2 0oC3

o)
g

Figure 8. Snapshots of monodisperse droplets generated under three optimum conditions (OC1: 20 mL/h,
20 kHz; OC2: 30 mL/h, 30 kHz; and OC3: 40 mL/h, 40 kHz).

The size distributions of the monodisperse droplets generated under the three opti-
mum conditions were further extracted and analyzed in detail, as shown in Figures 9-11.
Under OCl1, the size of generated monodisperse droplets were mainly distributed in the
range of 80-95 um, with a small number of droplets of 95-110 um (Figure 9). As for
OC2, the size distribution of generated monodisperse droplets ranged from 80 to 93 pm
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(Figure 10). In OC3, the droplet size was mainly distributed in the range of 75-95 pm
(Figure 11). We observed two-peak profiles for both OC1 and OC2. Compared with the bi-
modal size distribution in OC1 and OC2, under OC3, the generated monodisperse droplets
had a better dispersion uniformity, and the droplet size followed a Gaussian distribution.

30

241

18 1

/
\

Number density (%)

80 90 100 110
Diameter of generated droplets (pm)

Figure 9. Size distribution of generated monodisperse droplets under OC1 (g = 20 mL/h, f = 20 kHz).

15

Number density (%)

. N
0 /K&

75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95
Diameter of generated droplets (um)

Figure 10. Size distribution of generated monodisperse droplets under OC2 (g = 30 mL/h, f = 30 kHz).
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Figure 11. Size distribution of generated monodisperse droplets under OC3 (g = 40 mL/h, f = 40 kHz).

The droplets generated under the three optimum conditions were generally well dis-
persed and had a good uniformity of dispersion. The average diameters of the generated
monodisperse droplets were 87.8 um (OC1), 85.9 pm (OC2), and 84.8 um (OC3), respec-
tively, as shown in Figure 12. Compared to the theoretical diameter (81.0 pm), the experi-
mental results were 8.46%, 6.14%, and 4.69% greater than the theoretical one, respectively.

140

120

100

80

60

Average droplet diameter (pum)

40

—m— Experimental
® Theoretical

OCl1

0C2 0C3

Figure 12. Average diameters of theoretically and experimentally generated monodisperse droplets.

4. Conclusions

Experiments on the generation of monodisperse deionized water droplets based on
the piezoelectric method were conducted. Our observations demonstrated that satellite
droplets were generated because the mother droplets detached from the liquid filament
with surface waveform perturbations. As the frequency of the square-wave pulse was tuned
to match the volume flow rate of the pumping liquid, the satellite droplets merged with the
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subsequent mother droplets, and we were thus able to generate monodisperse droplets with
a uniform size distribution. If the pulse frequency is relatively low, the satellite droplets
cannot merge with the subsequent mother droplets. It is also possible that the two adjacent
mother droplets can coalesce if the pulse frequency is so high that the generated droplets
are chaotic. This results in a wide size distribution. Under different volume flow rates, the
optimal ranges of pulse frequency required to generate monodisperse droplets are different.
The size of the monodisperse droplets decreases with the increase in the pulse frequency,
as the volume flow rate is given. The sizes of the monodisperse droplets generated follow
bimodal and Gaussian distributions under optimum operating conditions.
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