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In this article, a glass nozzle driven by piezoceramics is used to experimentally study
the continuous generation of a stream of monodisperse droplets from the breakup of a
liquid jet. The approach is demonstrated by examining the breakup dynamics of three
distinct liquids. The droplet formation process has been found to be highly controllable
and reproducible. The dependence of nozzle performance on liquid properties, flow rate,
and disturbance frequency has been investigated. The ratio between the actual disturb-
ance frequency and Reynolds number, o, is employed at first to represent the operating
range that facilitates monodisperse droplet formation. Then, the dimensionless quantity
w*, obtained by multiplying o by the viscous characteristic time, rf/( wp), has been
shown to collapse the data for the lower and higher bounds of the actual disturbance fre-
quency ranges that secure monodispersity of the droplets of all the samples tested. The
impacts of liquid flow rate and disturbance frequency on the monodisperse droplet size
and spacing between two neighboring droplets have been investigated and discussed.
© 2010 American Institute of Chemical Engineers AIChE J, 57: 1386-1392, 2011
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Introduction

The technology of producing fine and monodisperse drop-
lets was initially developed to improve the resolution of ink-
jet printing. Since then it has been expanded to broader
fields, such as chemical deposition, DNA arraying, polymer
electronics manufacture, production of functional particles
and microcapsules, etc. These applications all need to con-
trol droplet size and size distribution, and the common goal
is often to obtain as uniform, controllable, and reproducible
small droplets as possible. For instance, there is typically a
desirable particle size to maximize the efficacy of the drug
delivery or release kinetics. Micro-fluidic devices are the
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recent attemps for such purposes and the general introduc-
tions to developed micro-fluidic devices for producing uni-
form droplets can be found elsewhere.'™ Most of the current
microfluidic devices, however, suffer from a few drawbacks,
such as complicated manufacture procedures, poor controll-
ability, poor reproducibility, and limited yield, etc.

Droplet formation is governed by a delicate balance
between a number of forces which include gravitational
force, inertial force, electric force, mechanical force, aerody-
namic force, surface tension force, and viscous force. The
net effect of these forces imposed on the liquid make it drip,
or form a laminar, wavy or turbulent jet.6 Monodisperse
droplet generation can be obtained by dripping,7 drop-on-
demand type of drop formation,® and stable disintegration
of continuous laminar liquid jet.'® When studying the contin-
uous break-up of the laminar, non-viscous liquid jet influ-
enced by adequate surface tension, Rayleigh'® showed
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Figure 1. Schematic graph of the experimental set-up.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

mathematically that all disturbances on the jet with wave-
lengths greater than /ni, (Amin = 2 7rj) would propagate
down the jet and grow in amplitude, and deduced analyti-
cally that the disturbance with the optimum wavelength Ay
= 9.02 r; had the fastest growth rate and the spacing (So)
between two neighboring droplets equal to the disturbance
wavelength when monodisperse droplets were obtained (r; is
the radius of liquid jet). In other words, /A, guarantees drop-
let monodispersity. In addition, the volume of the monodis-
perse droplet formed with the radius (rp) must be equal to
the volume of the liquid column of the length )uopl, 1.€e.,

PZT
component

Glass tube

X 4
Aoptrcrjz = 3 m’S (1)

To take the viscosity of the liquid jet into account,
Weber'" extended the Rayleigh theory to be more general
for laminar jet break-up. The optimum disturbance wave-
length (Aop) based on a consideration of surface energy to
break up the jet into droplets was described as:

3p
Jopt = V8mri | 1 + —— 2
pt \/'nrj ( + ,———‘2po_rj> ( )

where p is the density of the liquid (kg m ), ¢ is the surface
tension of the liquid (N m™"), and y is the viscosity of the
liquid (Pa s).

In fact, besides the optimum wavelength, there is normally
a range of disturbance wavelength (/4;s) that can facilitate
monodisperse droplet formation for a certain liquid. This
was found in this sudy and shown in Figure 3. The disturb-
ance wavelength is equal to the ratio of the velocity of the
liquid jet (vj, m s 1) to the disturbance frequency (fy;s) as:

, Vj

s f dis

In this work, we report experiment results on a specially
designed piezoelectric glass nozzle to produce monodisperse
droplets and to present the investigations on the relationships
of droplet size, liquid properties (density, viscosity, and sur-
face tension), flow rate, and disturbance frequency.

3

Experimental

The schematic graph of the experimental set-up is shown
in Figure 1. The reservoir was filled with pre-filtered liquid
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Figure 2. Schematic graph of the specially designed nozzle structure.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 1. The Compositions and Properties of Three Testing Samples

Composition Property
Sample Na-alginate Vitamin B12 Lactose Viscosity Surface Tension Density

Number (#) (Wt %) (Wt %) (Wt %) (Kgm's™h (Nm™1 (Kg m™)

1 0.5 0.05 5 0.0402 0.6846 979.3

2 0.7 0.07 5 0.0544 0.6561 989.8

3 0.9 0.09 5 0.0948 0.6452 1010.3
(to avoid blockage of the nozzle) to be jetted using the noz- of Na-alginate, while the surface tension and density had lit-
zle system. Dehumidified instrument air was used to force tle difference for these three test samples.
the liquid to jet from the orifice. The ‘“‘specially designed” The formation mechanism of monodisperse droplets is
nozzle was manufactured by surrounding a glass capillary influenced by liquid properties, liquid flow rate, and actual
with a piezoelectric ceramic component (APC interna- disturbance frequency. The flow rate controlled by applying
tional).'* Figure 2 shows the schematic structure of the noz- different pressures to the liquid reservoir must meet the jet
zle. The orifice radius of the capillary utilized here is 60 velocity requirement to ensure the laminar flow. Within the
um. By adjusting the back pressure of the reservoir, it was velocity range that Sakai and Hoshino'® proposed to realize
possible to control the velocity of the liquid jet. The jet was laminar flow, three different flow rates were selected for
broken down by transferring a sinusoidal electrical signal of each testing liquid. The desirable disturbance frequencies
frequency (fi) from a pulse generator (Microfab Technolo- were found by tuning the set-up frequency of the sinusoidal

gies) to the piezoelectric component to regularly squeeze the electrical signal from 1 to 40 kHz. A series of photographs
glass capillary. The velocity of the liquid jet was calculated of jet break-up of the #2 sample in different disturbance fre-

as vj = vm/pm*jz, where v, is the mass flow rate (kg~sfl) quencies and at the constant mass flow rate of 1.3 g min~"
which was experimentally measured. To investigate the are shown in Figure 3. The droplet formation process was
droplet formation process (i.e., jet diameter, droplet spacing, precisely monitored. From the images, the range of the set-

size, and size distribution), photographs were taken using a up disturbance frequencies that facilitated monodisperse
digital SLR camera (Nikon, D40x) with a strobe (Nikon droplet formation had been identified. Furthermore, the spac-
SB-400) and a micro-lens (AF Micro-Nikkor 60 mm f/2.8D). ing between neighboring droplets and droplet size was meas-
A ruler was placed in each shot beside the liquid stream to ured with the relative error smaller than 2%, averaged
serve as an indicator for benchmarking the distance the drop- among three repeated measurements, and analyzed through
lets had travelled away from the nozzle orifice. Three test the image processing and analysis software, ImageJ™.

samples were composed with pharmaceutical materials as
various amounts of Na-alginate, Vitamin B12, and mono-
hydrate Alpha-D-lactose powders [Sigma (Australia)] dis-
solved in distilled water. Accordingly, the solutions had As shown in Figure 3, when the disturbance frequency is
different liquid properties, as listed in Table 1. The viscosity low (such as below 3 kHz), the liquid jet breaking-up pro-
was found to increase significantly at higher concentrations cess is irregular. The liquid jet breaks into droplets more

Results and Discussion

1K 2K 3K 4K 5K 6K 7K 8K 9K 10K 13K 16K

Figure 3. A series of photographs of the droplet formation processes of #2 sample in varied disturbance frequen-
cies (kHz) within the constant mass flow rate of 1.3 g min~". Scale bar: 1 mm.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. The photographs of the droplet formation and traveling process of #1 sample in varied disturbance fre-

quencies (kHz) at the constant mass flow rate of 1.69 g min™".

1

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

regularly at larger disturbance frequencies. However, if it is
too high (for example, above 16 kHz), the break-up process
becomes irregular again. It can be shown that monodisperse
droplets are produced among the medium range of disturb-
ance frequencies. Interestingly, there are disturbance fre-
quencies at which droplets are initially monodisperse, and
then they recoil together in pairs after traveling for a few
millimeters. The phenomenon may be called as *“semi-mono-
disperse droplet formation.” The qualitative difference
between monodisperse and semi-monodisperse droplet for-
mation is illuminated in Figure 4, which shows the sequen-
tial photographs of the droplet regime of #1 sample at the
constant mass flow rate of 1.69 g min~" and at, respectively,
the disturbance frequencies of 6, 7, 8, and 9 kHz. The dis-
turbance frequencies of 6 kHz and 7 kHz produced the

AIChE Journal June 2011 Vol. 57, No. 6
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“semi-monodisperse” droplet formation where every couple
of initially monodisperse, but smaller droplets get closer and
closer to each other as they travel down, and finally coalesce
into uniform but bigger droplets after traveling for 21.5 mm
and 13.1 mm, respectively, below the orifice. This phenom-
enon might be viewed as follows: the upper droplet in the
couple of coalescing droplets consistently breaks first at its
upstream end, and after breaking up with the lower droplet,
the forces acting between this couple of droplets make the
traveling velocity of upper droplet larger than that of lower
droplet until they rejoin. Genuine monodisperse droplets
were seen to form at the disturbance frequencies of 8 kHz and
9 kHz. The droplets were formed one by one, and the spacing
between neighboring droplets was uniform and equal to the
actual disturbance wavelength. By considering the influence
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Figure 5. The qualitative map of droplet formation pro-
cess with different conditions of flow rate
and disturbance frequency.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

of the jet velocity and disturbance frequency, the conditions
that produced random, semi-monodisperse, and monodisperse
droplets are qualitatively shown in the Figure 5.

To investigate the quantitative relationship between the
flow rate and the disturbance frequency, the dimensionless
wave number (k) is introduced:

_ 2mr; _ 277 if et
Aact Vj

k 4

where /.. and f,. are the actual disturbance wavelength and
frequency, respectively. f,. can be calculated by:

V
facl = 4m 3 (5)
p3Try

From operability point of view, it is desirable to predict,
or at least correlate, the corresponding range of disturbance
frequency to a given jet velocity which can facilitate mono-
disperse droplet formation. Sakai and Hoshino'? and Wilde-
boer et al."* proposed that the stability region for mono-sized
droplet formation (Figures 2 and 4 in Ref. 14) could be rec-
ognized based on the ratio between f,, and v;. It is interest-
ing to note that this (previous) analysis seems to have not
taken into account the direct proportionality (according to
Eq. 4) between the disturbance frequency and flow velocity.

It is noted that the relationship between the actual disturb-
ance frequency (f,.) and the set frequency for the piezoelec-
tric material (f), is straightforward (see Appendix) and
seems not affected much by the sample properties.

In this study, to consider the effect of liquid properties
(i.e., viscosity), disturbance frequency, and flow rate on
monodisperse droplet production, the plot of f,. against Re
(Re is the Reynolds number which is defined as pvri/u) was
found to yield a clear trend which is useful as an operability
guidance, as shown in Figure 6. The ratio between actual
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disturbance frequency and Reynolds number, denoted as w,
has a particular range for monodisperse droplet formation.

o =T _ ki
Re dpnr}

(6

Three different flow rates, corresponding to three values
of Re were applied to each of the three samples. The set-up
disturbance frequency was tuned to find the lower bound and
the higher bound that can realize monodisperse droplet for-
mation. For example as shown in Figure 6, under three dif-
ferent Re: 3.96, 4.99, and 7.18, the minimum f,. values to
produce monodisperse droplets for sample #2 are 1.43, 1.77,
and 2.6 kHz, respectively, while the maximum f,, values are
3.68, 4.49, and 6.1 kHz, respectively. The values of w for
the lower and higher bounds are roughly constant at 0.36
and 0.9, respectively. Based on this finding, in a rectangular
coordinate with Re and f,. as abscissa and ordinate, respec-
tively, two straight lines from the origin with the slope equal
to the lower and higher bounds of w, respectively, can be
worked out to contain the region of monodispersity. Given
Re for a certain liquid, the range of f,. to produce uniform
droplets can then be identified. Similar trend has been found
for the other two liquid samples. With increasing viscosity,
the value of w becomes larger while the range between the
lower and higher bounds becomes wider.

To generalize the above discussion to broader range of
fluids, w can be normalized. Here, the characteristic viscous
time, 72/(u/p) was multiplied to w, giving:

2
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Figure 6. The experiment results for the range of the
ratio (w) between actual disturbance fre-
quency (f.c) and Reynolds number (Re) to
facilitate monodisperse droplet formation for
three different liquid samples.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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For individual samples, every tested liquid velocity had
the corresponding lowest and highest actual disturbance fre-
quencies which can facilitate monodisperse droplet forma-
tion. The lower bound (wf,,) and the higher bound (wiigh)
of w*, for instance for #1 sample at three different velocities
of 1.47, 1.89, and 2.36 m s~ !, was 0.55 and 1.04, 0.55 and
1.06, 0.54 and 1.08, respectively. Interestingly, wf, and
ifign for all the three different samples averaged at various
velocities was found to be similar at ~0.47 and ~1.12,
respectively, as shown in Figure 7.

Over the range of the disturbance frequencies that allow
monodisperse droplet formation, the droplet size and the
spacing between neighboring droplets (equivalent to the
actual disturbance wavelength) were calculated (using Eq. 5)
and measured. Figure 8 illustrates the results of such calcula-
tion and measurement for each of the liquid samples at Re
of 4.5. For individual liquid samples, the monodisperse drop-
let size was reduced with increasing set-up disturbance fre-
quency, and the estimated droplet size according to the theo-
retical formula (i.e., Eq. 1) was slightly smaller than the
measured droplet size. This might be due to size measure-
ment errors resulted from blurred edges of photographed
droplets. At Re of 4.5, larger disturbance frequency was
required for the more viscous liquid sample to produce
monodisperse droplets. In addition, the range of appropriate
disturbance frequencies for the more viscous liquid samples
was wider, and there were some overlaps between the ranges
for each sample, which was in good agreement with the
results illustrated by Figure 6. With the same disturbance
frequency, the monodisperse droplet size was larger for the
more viscous liquid.

Conclusions

We have demonstrated that monodisperse droplets can be
produced by the piezoceramics-driven glass nozzles that are
specially constructed for this study. Three liquid samples
with different fluid properties were tested. The droplet for-
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Figure 7. The dimensionless representation of the gen-
eral operability region for monodisperse
droplet formation.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. The calculated droplet size and measured
spacing between neighboring droplets and
droplet size under respective disturbance fre-
quency range producing monodisperse drop-
lets for each of liquid sample under the same
Re of 4.5.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

mation process was monitored by the SLR digital camera
with the micro-lens and strobe, such that the ranges of dis-
turbance frequency that facilitate monodisperse droplet for-
mation are identified. A new regime called as ‘““semi-mono-
disperse droplet formation” has been identified. The qualita-
tive trend of varying disturbance frequency to obtain
random, semi-monodisperse, monodisperse droplets has been
demonstrated. In the case of producing monodisperse drop-
lets, from the operability point of view, the ratio between
the actual disturbance frequency and Reynolds number, o,
has been shown to represent the high and low limits of the
range of disturbance frequency that facilitates monodisperse
droplet formation. Moreover, » was normalized (w*) by
multiplying it with the characteristic viscous time, rjz/(u/p).
The normalized w* has been seen to have unique lower
bound and higher bound values. For a particular liquid, the
monodisperse droplet size can be reduced by increasing the
disturbance frequency. The more viscous liquid has a wider
range of disturbance frequencies that can produce monodis-
perse droplets while leading to larger monodisperse droplets
at the same Reynolds number and disturbance frequency.
The formation process has been seen to be highly controlla-
ble and reproducible. The full theoretical analysis of the de-
pendence of the liquid jet break-up on liquid properties is
beyond the scope of this study, and some have been treated
elsewhere.'>!¢ Though the nozzle was specially designed for
this study, the trends observed in this work may well be ap-
plicable to other types of nozzles generated through piezo-
electric technology with similar working mechanism, such as
commercially available nozzles manufactured by Microfab in
USA and Microdrop in Germany.' Since the trends are well
recognized, this specially designed nozzle with different
orifice sizes are expected to find applications in wider field.
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Notation

fact = actual disturbance wavelength (1s7™hH
fais = disturbance frequency (1s7h
k = wave number
Oh = Ohnesorge number
Re = Reynolds number
ri = liquid jet radius (m)
r. = circular orifice size (m)
ro = droplet radius (m)
Sy = droplet spacing (m)
v; = liquid jet velocity (m s
v = liquid jet mass flow rate (kg s7h

Greek letters

Amin = minimum disturbance wavelength (m)
Jopt = optical disturbance wavelength (m)
1 = viscosity of the liquid (Pa s)
p = density of the liquid (kg m~>)
o = surface tension coefficient of the liquid (N m Y
o = ratio between actual disturbance frequency and Reynolds number
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Appendix

For the three test fluids used in the current study and for
the mono-disperse droplet generation at three different veloc-
ity levels (refer to Figure 6), respectively, the data points of
Jact and fie, are plotted in Figure Al. There appears to be no
obvious dependency on the types of fluids and the velocities
in the range tested hence a unique correlation is established:

faet = 7.238741 x 107 - exp(1.229121 x 107* - i) (AD)

The correlation coefficient 7~ is 0.8538.

Although this correlation may be nozzle type dependent, it
serves the purpose to show the general trend. In future,
detailed mechanistic analysis of the system may be bench-
marked against the trend illustrated here.
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Figure A1. Relationship between the actual disturb-

ance frequency and the set frequency of the
piezoelectric material.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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