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Abstract: The objective of this research work is to propose a phase diagram that can be used to find
a proper operating condition for generating droplets of different types. It is found that the phase
diagram of Qg versus Cap can effectively classify the droplet generation into three vivid regimes:
dripping, jetting and tubing. For the dripping regime, its operating condition is in the range of either
f,T,edC:tf:sr Cap < 10~* and Qg < 50 or 1072 < Cap < 10~* and Qg < 1. For the jetting regime, its operating
condition is in the range of either Cap < 1.35 x 1072 and Qg > 100 or Cap > 1.35 x 1072 and Qg > 1.

For the tubing regime, its operating condition is in the range of Cap > 1.35 x 1072 and Qg < 1.
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Nowadays microfluidics plays a key role in a wide range of research in the field of
doi.org/10.3390/ colloids7010017

medicine, cosmetics, food and agriculture. Microfluidics is of generating monodispersed

Academic Editors: Marzieh Lotfi, droplets with the ability to control the size precisely. Therefore, it is widely used in biomed-
Reinhard Miller and ical applications such as drug delivery [1-3], cell biology [4-8], chemical reaction [9,10]
Mohammad Firoozzadeh and microparticle production [11-15]. For droplet generation, a dispersed-phase fluid

is injected into a continuous-phase fluid. At the interface, there are two types of shear
stresses involved: (1) the wall shear stress between the dispersed-phase fluid and the
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Micro-channels commonly used to generate droplets in microfluidics can be classified

av into 3 types: (1) the Tjunction micro-channel, (2) the flow-focusing micro-channel and
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of the fluid shear stresses is obtained. The co-flow micro-channel [37-44] has one dispersed-
phase inlet, which looks similar to a capillary tube, inside a continuous-phase micro-channel
through both of which the dispersed- and continuous-phase fluids flow in parallel to each
other. The efficiency of the flow-focusing micro-channel is equivalent to that of the co-flow
micro-channel. However, in design, there is a wide variety of flow-focusing micro-channels
available with more potential surface modification compared with the co-flow micro-
channel. Therefore, this research mainly focuses on the flow-focusing micro-channel.

For the design and optimization of a droplet-based microfluidic device to generate
droplets with high throughput and monodispersity, there are various parameters to be
considered: the geometry and surface property of a micro-channel, fluid properties of both
phases, and the interface interaction between a micro-channel and a fluid. For example, the
variations of the fluid viscosity and the channel aspect ratio can give rise to different droplet
generation regimes [45,46]. The varying surface property of a micro-channel significantly
affects droplet generation due to the changing contact angle at the channel wall [47,48].
The surface property of PDMS is normally hydrophobic, and it can be modified from a
hydrophobic to a hydrophilic surface by using chemical coating processes by altering the
contact angle [49,50]. There were some previous studies on the effects of surface wettability
on flow patterns at the cross-junction by varying the amount of surfactants to adjust the
contact angle, in which it was found that surfactants affected the droplet formation [51,52].

Since there are several parameters involved in the design of droplet-based microflu-
idics devices, some dimensionless parameters have been proposed for the identification
of various droplet generation regimes. Anna and Mayer (2006) [53] studied the effect
of surface tension on droplet generation in various droplet generation regimes using a
flow-focusing geometry where the surface tension is varied by adjusting the bulk concen-
tration of the CEg surfactant. After plotting the capillary number (Ca) over a range of
Ca = 0.1-1.0 versus the volume flow rate ratio (Qr), four droplet generation regimes were
found: geometry-controlled, thread formation, dripping and jetting. Utada et al. (2007) [54]
also investigated two droplet generation regimes (dripping and jetting) by mainly varying
the volume flow rate. It was found that the dripping droplet generation regime occurred at
a relatively lower flow rate whereas the jetting droplet generation regime was encountered
at a relatively higher flow rate. The experimental data were then plotted using the capillary
number of the continuous phase versus the Webber number of the dispersed phase, and
the two droplet generation regimes were obtained at different viscosity ratios. Cubaud and
Mason (2008) [55] studied the relationship between Ca of the dispersed phase and Ca of the
continuous phase for the classification of different droplet generation regimes by varying
the viscosity ratio and the interfacial tension (y). Derzsi et al. (2012) [56] categorized droplet
generation into three main droplet generation regimes: without satellites, single satellites
and multiple satellites, by using various fluids for the dispersed phase and the continuous
phase to vary Ca. Van Loo et al. (2016) [57] studied the effects of the interfacial tension
on droplet generation in different droplet generation regimes by adding the surfactant
(FC-40 fluorocarbon oil mixed with PFO surfactant) and adding no surfactant (silicone oil
only), where Ca of the continuous phase was adjusted by varying the flow rate ratios of
both phases. Palagan et al. (2020) [58] investigated the effects of surface modification on
droplet generation in different droplet generation regimes using chemical coating with
polyacrylic acid where the hydrophobic PDMS surface (CA = 100°) was modified to be
hydrophilic (CA = 55°). The phase diagram of droplet generation was created for both
water-in-oil droplets of the hydrophobic surface and oil-in-water droplets of the hydrophilic
surface using the relationship between the flow rate ratio and the capillary number of the
continuous phase. The previous related works concerning the phase diagram of droplet
generation are summarized in Table 1.
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Table 1. Previous related works concerning the phase diagram of droplet generation.
Reference Paper Droplet Type Di;ﬁ:;ied Corl;tlig:eous I;l-lla\sxeileagram Par;-r:itizr
Anna and Mayer (2006) [53] W/0O DI water Mineral oil Cap Qr
Utada et al. [54] W/0 DI water PDMS oil Cac Wep
Cubaud and Mason (2008) [55] W/0O Glycerol PDMS oil Cac Cap
Nie et al. (2008) [59] O/W TPGDA SDS Cap Vp/Ve
Fu et al. (2012) [60] O/W Silicone oil DI water Cac Wep
Derzsi et al. (2012) [56] O/W Silicone oil Glycerol Cap Cac
Van Loo et al. (2016) [57] W/0O DI water Silicone oil Cap Qr
Mastiani et al. (2017) [61] W/0 DEG PEG solution Pp Cac
Palagan et al. (2020) [58] W/0O DI water Silicone oil Cap Qr
Wu et al. (2020) [62] O/W Silicon oil PVA Cap Cac
Liu et al. (2021) [63] O/W Mineral oil Glycerol Qc Qp
Kalli and Angeli (2022) [64] W/0O Glycerol Silicone oil Cac Cap

From previous works mentioned above, there are three main parameter groups that
influence droplet formation in different droplet generation regimes: (1) fluid properties,
(2) flow rate and channel geometry and (3) surface properties and surfactant solution.
For fluid properties, the fluid viscosities of both phases are significant. For flow rate and
channel geometry, these two parameters can be replaced inclusively by the fluid velocity
(i.e., v = Q/A where v is the fluid velocity, Q is the volume flow rate, and A is the channel
cross-section area). For surface properties and surfactant solution, these two parameters
directly affect the interfacial tension, and therefore the capillary number Ca is used as the
dimensionless parameter to identify the different droplet generation regimes. To reduce the
number of parameters, these physical parameters are formulated into a few dimensionless
parameters, such as Ca, We and Qg. For double-emulsion droplet generation, a selection
of proper droplet generation regimes to be used and their suitable operating condition
can increase the encapsulation efficiency. However, double-emulsion droplet generation
consists of two separate parts: the water-in-oil part and the oil-in-water part. Comparing
both parts reveals that their capillary numbers are considerably different. Therefore, the
characteristics and identification of the water-in-oil part and oil-in-water parts are different.
Based on previous research works, almost all of them considered the identification and
classification of droplet generation regimes from the viewpoint of water-in-oil droplet
generation only. The main objective of this research is to construct the phase diagram
of water-in-oil and oil-in-water droplet generation regimes at various droplet generation
conditions depending on the type of droplet, geometry, fluid properties, flow rate and
surface properties. Experimental conditions used for droplet generation are collected from
previous works [22,24,31,33,34,36,57-60,62—-64] and the present work to cover a wide range
of Ca and to vividly classify various droplet generation regimes.

2. Materials and Methods
2.1. Materials

PDMS (Dow Corning, Sylgard 184 Elastomer Kit, Midland, MI, USA) is used to fabri-
cate the current microfluidic device. The micro-channel surface is modified by permanent
chemical coating for which the surfactant solution was a mixture of Pluronic F-127 (Sigma
Aldrich, St. Louis, MO, USA) and Ethanol (Sigma Aldrich). Each water-in-oil droplet
comprises (1) DIW mixed with the red-color dye at the ratio of 1.0% w/w for the dis-
persed phase (Qp) in order to enhance the flow visualization inside the micro-channel and
(2) mineral oil (SKYDD, AA-1086768) mixed with Span 80 (Sigma Aldrich) at the ratio of
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0.5% w/w for the continuous phase (Qc). Each oil-in-water droplet comprises (1) mineral
oil (SKYDD, AA-1086768) for the dispersed phase and (2) DIW mixed with Triton X-100
(Sigma Aldrich) at the ratio of 2.0% w/w for the continuous phase.

2.2. Equipment

The solutions of the dispersed and continuous phases are injected into the microfluidic
device through silicone tubes (Cole Parmer, 0.02” i.d., Vernon Hills, IL, USA) and disposable
syringes (NIPRO, 1.0 ML, Osaka, Japan) using three syringe pumps (NE-1000, New Era
Pump System, Inc., Farmingdale, NY, USA) at the flow rates is a range of 10-200 uL. h—1.
The image of generated droplets and the monitoring screens at two junctions inside the
micro-channels are captured by the optical microscope (OLYMPUS BX51M, Shinjuku City,
Tokyo, Japan) with a CCD camera (HAYEAR, 5.0MP CMOS, Futian, Shenzhen, China).

2.3. Microfluidic Device Design

The current droplet-based microfluidic device is designed by using the flow-focusing
micro-channel technique as shown in Figure 1. This single-emulsion droplet-based device
is used to form water-in-oil (W/O) and oil-in-water (O/W) droplets. There are two inlets
(dispersed-phase inlet and continuous-phase inlet) and one outlet. The channel width is
equal to 20, 25 and 50 um for the dispersed phase (Wp) and 20, 100, 125 and 150 um for the
continuous phase (W¢). At the dispersed-phase inlet, the channel width is reduced from
Wc to Wp over the length of 1 mm. The channel height is equal to 50 and 100 pm for the
entire device.

continuous phase

l oY aYa
dispersed phase
. _-) |

I 300 um
U —

continuous phase

outlet

—)

Figure 1. Schematic diagram of the microfluidic device for single-emulsion droplet generation with
the flow-focusing micro-channel.

2.4. Silicon Master Mold Fabrication

For the silicon master mold fabrication, a 6-inch silicon wafer (Si-wafer) is cleaned
by dipping in a piranha acid solution in order to remove organic contaminants from the
surfaces of the Si-wafer. Then, the dehydration bake is performed at 200 °C for 100 s. After
that, the Si-wafer is primed by using a vapor of hexamethylsilaxane (HMDS) at 80 °C
for 45 s to improve a photoresist (PR) adhesion. A commercially available PR, PFI34a
(Sumitomo Corporation, Chiyoda City, Tokyo, Japan), is spin-coated at 1000 rpm for 20 s
and softbake at 90 °C for 100 s to obtain a thickness of 2.0 um, and the channel patterns are
prepared by a conventional photolithography method using a mask aligner (EVG 620, EV
Group, Sankt Florian am Inn, Austria). The spin-coated wafer is exposed to a 365 nm UV
light through a plastic photomask. The UV-light intensity is 40 mW/cm?, and the exposure
time is 5 s. The feature size on the plastic mask ranges from 40 um to 120 um. The Si-wafer
is post-exposure baked (PEB) at 110 °C for 100 s to eliminate the standing wave effects
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on the sidewall of the PR patterns, then developed in SD-W, Sumitomo Corporation, for
75 s, and hard baked at 120 °C for 80 s. Afterwards, the photo-patterned Si-wafer is etched
via a deep-reactive ion etcher (DRIE, Oxford instruments, Abingdon, UK) with a Bosch
etching process using SFq/C4Fg gases. The remaining PR is stripped with oxygen plasma
and piranha acid solution for 10 min. Then the Si master mold is rinsed with DIW for
10 min and blown dry with pure N gas.

2.5. Microfluidic Device Fabrication and Surface Modification

Microfluidic devices are fabricated by conventional soft lithographic techniques. Poly-
dimethylsiloxane (PDMS) precursor and a curing agent are mixed at a ratio of 10:1 w/w.
The PDMS mixture is poured on top of the patterned silicon wafers, degassed and cured at
75 °C for 90 min. After curing for 12 h, the cured PDMS is peeled off from the Si-master, cut
and punched to connect silicone tubes. The microfluidic devices are assembled by directly
bonding to the flat sheet of cured PDMS stripped off a blank wafer after surface treatment.
The surface treatment is carried out with an oxygen plasma under 40 sccm of O, with
30 Watts for 90 s.

There are three types of surface properties of microfluidic devices used in the present
work: (1) hydrophobic micro-channel, (2) hydrophilic micro-channel and (3) partially
hydrophobic/hydrophilic micro-channel [65]. For the hydrophobic micro-channel, its
surface is not modified because PDMS is used to make the micro-channel and its surface
property is hydrophobic by nature. For the hydrophilic micro-channel, its surface is
modified by the chemical coating method using the surfactant solution obtained by mixing
Pluronic F-127 of 200 g and ethanol of 1.0 mL, flowing this surfactant solution into the
micro-channel and keeping the micro-channel and the solution together overnight. For
the partially hydrophobic/hydrophilic micro-channel, the microfluidic device is fabricated
with the surface modification using the permanent chemical coating method where the
same surfactant solution as in the chemical coating method is used to mix with PDMS
during the soft lithography process. The detail of the droplet-based microfluidic device
geometry (unit in pm) and surface properties is shown in Table 2.

Table 2. Detail of the droplet-based microfluidic device geometry (unit in um), surface property and
surface modification method.

Droplet Type Wp W¢ H Surface Property Surface Modification Method

25 100 100 hydrophobic not modified
50 125 100 hydrophobic not modified
W/0 50 150 100 hydrophobic not modified
25 100 100 partially permanent chemical coating
20 20 50 partially permanent chemical coating
25 100 100 hydrophilic chemical coating
50 125 100 hydrophilic chemical coating
o/W 50 150 100 hydrophilic chemical coating
25 100 100 partially permanent chemical coating
20 20 50 partially permanent chemical coating

2.6. Experimental Setup

The capillary number (Ca) is defined as the ratio of the viscous force to the interfacial
tension, which is an important dimensionless parameter for the classification of droplet
generation regimes. Ca can be determined by Equation (1).

vu
Ca=— 1
Y @

where v is the average velocity of droplets, y is the dynamic viscosity and -y is the interfacial
tension.
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The Weber number (We) is defined as the ratio of the inertia force to the interfacial
tension. We can be determined by Equation (2).

2
We = L’f’h @

where p is the fluid density and D), is the hydraulic diameter of the micro-channel cross-
section.

The volume flow rate ratio (Qr) is defined as the ratio of the continuous-phase flow
rate (Qc) to the dispersed-phase flow rate (Qp), which is a dimensionless parameter used
to describe the fluid flow rates of dispersed and continuous phases. Qg can be expressed
by Equation (3).

_Qc
Qb

The experiment of single-emulsion droplet generation for the study of droplet gen-
eration regime classification is conducted by two different microfluidic devices: (1) for
water-in-oil droplets without modified surface and (2) for oil-in-water droplets with modi-
fied surface. For water-in-oil single-emulsion droplet generation, Ca of the dispersed phase
(Cap) is in a range of 1.53 x 1075-3.39 x 1072, while Ca of the continuous phase (Cac)isina
range of 1.59 x 1078-9.06 x 10~2. For oil-in-water single-emulsion droplet generation, Cap
is in a range of 3.62 x 1074-1.19, whereas Cac is in a range of 4.51 x 10719-3.82 x 10~3. For
all considered experimental conditions, Ca is adjusted by varying the volume flow rates of
both phases for which the volume flow rate ratio is obtained over a range of 0.001-1000. For
each experiment, it begins with an initial run of at least 30 min before recording the data in
order to ensure that the equilibrium state is obtained in each micro-channel. However, after
several repeating experiments, some micro-channels can potentially be damaged and a new
microfluidic device is required. Therefore, in order to re-use the microfluidic device many
times, micro-channels need cleaning by flashing DI water into the microfluidic device and
then blowing air into it to dry micro-channels. For droplet generation in tubing, dripping
and jetting regimes, three experiments are typically conducted at each condition. However,
five experiments are performed instead for the two transition zones (dripping-jetting zone
and dripping-tubing zone) at each condition. The reproducibility of the results in tubing,
dripping and jetting regimes must be 100%, while that of the two transition zones must not
be less than 80%, i.e., the same results for 4 times out of 5 experiments.

Qr ®)

2.7. Experimental Data from Previous Works of Several Research Groups

The existing experimental data from previous works reported by several research
groups are also collected by considering only those related to droplet generation using
a flow-focusing junction. Pannacci et al. [20] generated oil-in-water droplets using the
fluorinated oil mixed with silicone oil for the oil phase and the water with SDS 1% w/w
for the water phase. The micro-channel was made with modified surface using an O,
plasma. Abate et al. [21] made oil-in-water-in-oil droplets using the fluorocarbon oil for
the inner phase and the DI-water with SDS 0.5% w/w for the outer phase. Bauer et al. [22]
generated water-in-oil-in-water droplets using the DI water, the fluorous oil with EA 2%
w/w and the DI water with SDS 0.5% w/w for the inner phase, the middle phase and
the outer phase, respectively. The micro-channel with modified surface was obtained
by chemical coating method. Li et al. [31] made water-in-oil-in-water droplets using the
millipore water, the sunflower oil and the millipore water with polysorbate 80 5% v/v
for the inner phase, the middle phase and the outer phase, respectively. The surface of
micro-channels was modified by the O, plasma method. It is worth noting that, in Section 3
Results and discussion, the experimental data of this research group [31] are deliberately
out of display because they are too remote from the majority of experimental data. Cai
et al. [33] generated water-in-oil-in-water droplets using the DI-water with PVA 0.5% w/w,
the silicone oil and the DI-water with PVA 0.5% w/w for the inner phase, the middle phase
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and the outer phase, respectively. The surface of micro-channels was also modified by the
chemical coating method. Liao et al. [34] made water-in-oil-in-water droplets using the
DI-water with SA 1% w/w, the mineral oil with Span80 0.5% w/w and the DI-water with
PVA 5% w/w for the inner phase, the middle phase and the outer phase, respectively. The
micro-channel a with modified surface was obtained the by chemical coating method. Nan
et al. [36] obtained water-in-water-in-oil droplets using the DEG-rich solution in DI-water,
the PEG-rich solution in DI-water and the HFE 7500 for the inner phase, the middle phase
and the outer phase, respectively.

2.8. Droplet Generation Regime Identification and Classification

After a literature review regarding the classification of droplet generation regimes,
it was found that there were different terminologies proposed for identifying similar
droplet generation regimes from different research groups. For example, Cubaud and
Mason [55] and Van Loo et al. [57] proposed the same terminology for the droplet generation
regime named “dripping” but their droplet formations appear differently. Utada et al. [54]
and Palagan et al. [58] demonstrated similar droplet formations but proposed different
terminologies for this particular droplet generation regime, i.e., dripping and squeezing,
respectively. Therefore, in the present work, the terminology is given to each droplet
generation regime, which is clearly defined by its appearance and later will be used to
classify the droplet formation obtained from the present experiment into a proper droplet
generation regime.

The droplet formation can be classified into three different droplet generation regimes:
tubing, dripping and jetting as shown in Figure 2. In the droplet generation regime “tubing”,
the dispersed-phase fluid experiences a negligible fluid shear force from the continuous-
phase fluid at the junction so that the droplet formation cannot take place and possibly
the dispersed-phase fluid may slightly overflow into the continuous-phase channel at the
junction. “Dripping” is the most desirable droplet generation regime for droplet formation
where the wall shear force in the dispersed-phase channel and the fluid shear force in the
continuous-phase fluid are balanced at the junction so that the droplet breakup occurs with
a regular droplet size. In the droplet generation regime “jetting”, the droplet breakup takes
place rather late downstream of the junction or never happens. In case the droplets can
be formed in jetting, their sizes may possibly be irregular. For jetting, the dispersed-phase
fluid is physically surrounded by the continuous-phase fluid and hence its appearance is
like a jet.

| _1,__
; =J:

(a) Tubing
% S D L
|.(b) Dripping
S S
W

(c) Jetting
Figure 2. Droplet generation regimes: (a) Tubing, (b) Dripping and (c) Jetting.

3. Results and Discussion

For the experimental study in this work, it focuses on the occurrence and identification
of three droplet generation regimes: tubing (T), dripping (D) and jetting (J), when water-in-
oil and oil-in-water droplets are generated in microfluidic devices. The surface properties
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of micro-channels are hydrophobic and hydrophilic for the generation of water-in-oil and
oil-in-water droplets, respectively. In some cases, the generation of water-in-oil and oil-in-
water droplets is performed in the same microfluidic device where the surface property of
the micro-channel is partially hydrophobic/hydrophilic. Droplets are generated by using
the flow-focusing micro-channel where those three flow regimes are dependent on the
input flow rates at the cross-junction so that the identification of those three flow regimes
together with the specification of their corresponding operating conditions is essential.
Physically, the flow-focusing micro-channel is governed by the hydrodynamic effect at the
cross-junction due to the fluid shear stress of the continuous-phase flow and the wall shear
stress acting on the dispersed-phase flow through the micro-channels of different surface
properties. The dripping droplet generation regime is most effective for droplet break-up
because there is the stability of the shear-stress balance at the cross-junction.

3.1. Water-in-Oil Droplet Generation

The experimental data used for the identification of droplet generation regimes in
the case of water-in-oil droplets are collected from two different sources: (1) previous
works and (2) present work. The experimental data of previous works were obtained from
microfluidic devices in which the surface property of the micro-channel was hydrophobic
and the DI water was used as the dispersed phase while various oils were used as the
continuous phase. Table 3 is a summary of droplet generation regimes in the case of
water-in-oil droplets obtained from previous works. The experimental data of the present
work are obtained from two sets of microfluidic devices in which the surface properties
of micro-channels with different cross-section sizes are hydrophobic, as summarized in
Table 4, and partially hydrophobic/hydrophilic, as summarized in Table 5.

With various fluid properties and variations of micro-channel cross-section size and
flow rate ratio, the identification of droplet generation regimes is attempted by using
three different phase diagrams: (a) the flow-rate ratio (Qr) versus the capillary number
of the dispersed phase (Cap), (b) the capillary number of the continuous phase (Cac)
versus the capillary number of the dispersed phase (Cap) and (c) the Weber number of
the dispersed phase (Wep) versus the capillary number of the continuous phase (Cac),
as displayed in Figure 3. It can be observed from these three-phase diagrams that three
distinct droplet generation regimes (tubing, dripping and jetting) are clearly identified by
using Qg versus Cap, compared to other pairs of parameters (Cac versus Cap and Wep
versus Cac). Therefore, the phase diagram of Qg versus Cap is suitable for the specification
of the operation condition for droplet generation. A suitable range of Qr and Cap for the
dripping droplet generation regime is (1) Cap < 10~* and Qg < 10 or (2) 10~ < Cap < 1073
and Qg < 1. When Cap > 1073 and Qg < 1, the droplet generation regime becomes tubing.
When Qg > 60 together with Cap < 1074, the droplet generation regime becomes jetting
and, moreover, the droplet generation regime becomes jetting faster if Cap is increased.

The phase diagram of Qg versus Cap is viable for the identification of a zone where
droplets can be formed even though different oil properties are used in the micro-channel
with various cross-section sizes and different surface properties. However, this conclusion is
only valid for water-in-oil droplet generation so far since the majority of droplet generation
in the literature was in favor of water-in-oil droplets. To further validate the phase diagram
of Qr versus Cap for the identification of the dripping droplet generation regime, the
experiment of oil-in-water droplet generation is also performed in this work using the same
microfluidic device as that for water-in-oil droplet generation.
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Table 3. Summary of droplet generation regimes in the case of water-in-oil droplets obtained from
previous works.

Reference Paper Regime Cap Cac Or Wep
Bauer et al. (2010) [22] Dripping 285x 1077  1.45x107° 1.33 2.66 x 1077
Abate et al. (2011) [24] Dripping ~ 3.04 x 107® 340 x 107°>  0.21 1.89 x 107°

Li et al. (2016) [31] Dripping 233 x 10-1 121 x 107° 1.67 261 x 10712
Cai et al. (2019) [33] Dripping 950 x 1078 320 x 1077 1.00 591 x 10~8
Liao et al. (2018) [34] Dripping 542 x 1077 9.66 x 107° 1.33 8.09 x 10~8
Nan et al. (2020) [36] Dripping 157 x 107®  5.08 x 10~° 0.27 421 x 107°

Dripping ~ 5.00 x 10~* n/a 0.01 n/a

Dripping  5.00 x 10~* n/a 0.10 n/a

Dripping  5.00 x 10~* n/a 0.50 n/a

Van Loo et al. (2016) [57] Dripping 1.00 x 104 n/a 1.00 n/a
Jetting 1.00 x 1073 n/a 8.00 n/a

Jetting 5.00 x 1072 n/a 5.00 n/a

Jetting 1.00 x 1072 n/a 4.00 n/a

Jetting 5.00 x 1071 n/a 1.00 n/a

Dripping  1.00 x 1073 n/a 0.01 n/a

Dripping  1.00 x 1073 n/a 0.10 n/a

Palagan et al. (2020) [58] ~ Dripping ~ 5.00 x 107* n/a 1.00 n/a
Jetting 5.00 x 1072 n/a 10.00 n/a

Jetting 1.00 x 102 n/a 9.00 n/a

Jetting 1.00 x 1071 n/a 1.00 n/a

Dripping 286 x 107> 193 x 107% 400 358 x 10710

Dripping 572 x 1075 579 x 1074  6.00 143 x 1010

Dripping 859 x 1075 772 x10~* 533 3.22 x 10~°

. Dripping  1.14 x 107 579 x107*  3.00 572 x 107°
Liu et al. (2021) [63] Dripping 143 x 107% 3.86 x 10~* 1.60 8.94 x 1077
Jetting 114 x 1074 772 x 1074 4.00 5.72 x 107°

Jetting 1.14 x 107*  9.65 x 1074 5.00 5.72 x 107°

Jetting 143 x 107% 579 x 1074 2.40 8.94 x 10~

Jetting 143 x 107%  9.65 x 1074 4.00 8.94 x 1077

Jetting 1.72 x 1074 579 x 1074 2.00 1.29 x 1078

Tubing 1.02x 1073 251 x 1074 0.50 419 x 1078

Tubing 1.01 x 1073 496 x 107*  1.00 419 x 1078

Dripping  7.63 x 107*  1.00 x 103 2.00 419 x 108

Dripping  7.63 x 107%*  2.00 x 103 4.00 419 x 108

Dripping 763 x 1074 3.01 x 1073 6.00 419 x 108

Dripping 763 x 1074  4.01 x 1073 8.00 419 x 108

Kalli and Angeli Dripping 763 x107% 501 x10~%  10.00 419 x 108
(2022) [64] Dripping 229 x 1073 3.01 x 1073 2.00 3.77 x 1077
Dripping 229 x 1073  4.01 x 1073 2.67 3.77 x 1077

Dripping 229 x 1073 5.01 x 1073 3.33 3.77 x 1077

Jetting 229 x 1073 2.00 x 1073 1.33 3.77 x 107

Jetting 381 x1073 3.01 x 1073 1.20 1.05 x 1076

Jetting 381 x 1073 4.01x 1073 1.60 1.05 x 107¢

Jetting 381 x107% 501x1073 200 1.05 x 107°

Jetting 381 x 1073 7.02x 1073 2.80 1.05 x 10

Jetting 381 x 103 8.02x 103 3.20 1.05 x 107°

Jetting 381 x 1073 9.02 x 103 3.60 1.05 x 10~




Colloids Interfaces 2023, 7, 17

10 of 19

Table 4. Summary of droplet generation regimes in the case of water-in-oil droplets of present work
using hydrophobic micro-channels with three different cross-section sizes where WD, WC and H
are micro-channel width of the dispersed phase, micro-channel width of the continuous phase and
micro-channel height, respectively.

Device Regime Cap Cac Or Wep
Dripping ~ 1.63 x 107%  1.43 x 102 10.00 1.18 x 1077
Dripping 325 x107% 143 x 102 5.00 4.74 x 1077
Dripping 813 x 107* 143 x 102 2.00 2.96 x 1078
Dripping ~ 1.63 x 1073 1.43 x 1072 1.00 1.18 x 1077
WD25WC100H100 ~ Dripping 314 x 1073 143 x 1072 0.52 443 x 1077
Tubing 325 x 1073 143 x 1072 0.50 4.74 x 1077
Tubing 358 x 1073 1.43 x 1072 0.45 5.73 x 1073
Tubing 390 x 1073 1.43 x 1072 0.42 6.82 x 107
Tubing 488 x 1073 143 x 1072 0.33 1.07 x 10~
Tubing 813 x 1073 143 x 1072 0.20 2.96 x 107°
Tubing 163 x 1073 1.09 x 1073 0.05 1.97 x 1077
Tubing 163 x 1073 212x 1073 0.09 1.97 x 1077
Tubing 1.63 x 1073 3.19 x 1073 0.14 1.97 x 1077
WD50WC125H100  Dripping ~ 1.63 x 1073 428 x 1073 0.19 1.97 x 107
Dripping ~ 1.63 x 1073 854 x 1073 0.37 1.97 x 1077
Dripping ~ 1.63 x 1073 2.14 x 1072 0.93 1.97 x 107
Dripping ~ 1.63 x 1073 4.27 x 1072 1.86 1.97 x 1077
Tubing 1.63 x 1073 1.19 x 1073 0.06 1.97 x 1077
Tubing 163 x 1073 234x1073 0.12 1.97 x 1077
Tubing 1.63 x 1073 356 x 1073 0.19 1.97 x 107
WD50WC150H100  Dripping ~ 1.63 x 1073 473 x 1073 0.25 1.97 x 107
Dripping ~ 1.63 x 1073 9.46 x 1073 0.50 1.97 x 1077
Dripping ~ 1.63 x 1073 2.36 x 102 1.24 1.97 x 1077
Dripping 163 x 1073 472 x 1072 247 1.97 x 1077

Table 5. Summary of droplet generation regimes in the case of water-in-oil droplets of present
work using partially hydrophobic/hydrophilic micro-channels with two different cross-section sizes
where WD, WC and H are micro-channel widths of the dispersed phase, micro-channel width of the
continuous phase and micro-channel height respectively.

Device Regime Cap Cac Qr Wep

Dripping 135x107° 119 x 1074 1.00 3.37 x 1078

Dripping 135x107° 119 x 1073 10.00 3.37 x 1078

Jetting 135 x 107°  1.19 x 1072 100.00 3.37 x 1078

Jetting 135x107° 119 x 107! 1000.00 3.37 x 1078

Dripping 135 x107* 119 x 107* 0.10 3.37 x 107©

Dripping 135x107% 119 x 1073 1.00 3.37 x 107°

Dripping 135 x107%  1.19 x 102 10.00 3.37 x 107°

Jetting 135 x 107%  1.19 x 107! 100.00 3.37 x 107°
WD25WC100H100 Tyubing 135x 1073 119 x10°* 0.01 3.37 x 1074
Tubing 135 x107% 119 x 1073 0.10 3.37 x 1074

Dripping 135x 1073 1.19 x 102 1.00 3.37 x 1074

Jetting 135 x 1073 478 x 102 4.00 3.37 x 107*

Jetting 135 x 1073 1.19 x 107! 10.00 3.37 x 107*

Tubing 135x 1072 119 x 1074 0.00 3.37 x 1072

Tubing 135x 1072 119 x 1073 0.01 3.37 x 1072

Tubing 135x 1072 1.19 x 102 0.10 3.37 x 1072

Dripping 135x 1072 1.19 x 107! 1.00 3.37 x 1072
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Table 5. Cont.
Device Regime Cap Cac Or Wep
Dripping 339x107° 119 x 1073 1.00 1.51 x 1077
Dripping 339 x107° 119 x 1072 10.00 1.51 x 1077
Jetting 339 x107°  7.16 x 1072 60.00 1.51 x 107
Jetting 339x107° 119 x 107! 100.00 1.51 x 1077
Jetting 3.39 x 107 1.19 x 109 1000.00 151 x 1077
Dripping 339x107%  1.19 x 1073 0.10 1.51 x 107°
Dripping 339 x107* 119 x 1072 1.00 1.51 x 1072
Dripping 339 x 107 1.19 x 107! 10.00 1.51 x 1072
Jetting 3.39 x 107* 1.19 x 10° 100.00 1.51 x 1072
WD20WC20H50  Tybing 339x107%  1.19x1073 0.01 151 x 1073
Tubing 339x 1073 1.19 x 1072 0.10 1.51 x 1073
Dripping 339 %1073 119 x 107! 1.00 1.51 x 1073
Dripping 339 x 1073 478 x 107! 4.00 1.51 x 1073
Jetting 3.39 x 1073 7.16 x 1071 6.00 1.51 x 1073
Jetting 3.39 x 1073 1.19 x 10° 10.00 1.51 x 1073
Tubing 339x 1072 119 x 1073 0.001 1.51 x 107!
Tubing 339 x 1072 1.19 x 1072 0.01 1.51 x 1071
Tubing 339 x 1072 1.19 x 107! 0.10 1.51 x 107!
Tubing 3.39 x 1072 1.19 x 10° 1.00 1.51 x 107!
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Water-in-oil droplet: Wep vs Cac
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Figure 3. Phase diagrams of droplet generation regimes: (a) Qr vs. Cap, (b) Cac vs. Cap, and (c) Wep
vs. Cac where T, D and ] denote Tubing, Dripping and Jetting, respectively. (Concerning the data
plotted in this phase diagram, the legend “Ref. paper” is identified in Table 3 while “Experiment” is
identified in Tables 4 and 5).

3.2. Oil-in-Water Droplet Generation

Similar to water-in-oil droplet generation, the experimental data used for the classifi-
cation of oil-in-water droplet generation regimes are collected from two different sources:
(1) previous works and (2) present work. The experimental data of previous works were
obtained from microfluidic devices in which the surface property of the micro-channel was
hydrophilic and various oils were used as the dispersed phase while the DI water was
used as the continuous phase. Table 6 is a summary of droplet generation regimes in the
case of oil-in-water droplets obtained from previous works. The experimental data of the
present work are obtained from two sets of microfluidic devices: (1) the surface property
of the micro-channel is hydrophilic by using chemical coating as the surface modification
method, as summarized in Table 7, and (2) the surface property of micro-channel is partially
hydrophobic/hydrophilic by using permanent chemical coating as the surface modification
method, as summarized in Table 8.

The classification of droplet generation regimes in the case of oil-in-water droplets is
also attempted by using three different phase diagrams, such as the case of water-in-oil
droplets: (a) the flow-rate ratio (Qr) versus the capillary number of the dispersed phase
(Cap), (b) the capillary number of the continuous phase (Cac) versus the capillary number
of the dispersed phase (Cap) and (c) the Weber number of the dispersed phase (Wep)
versus the capillary number of the continuous phase (Cac), as displayed in Figure 4. It is
obvious that three-phase diagrams in Figure 4 can distinguish tubing, dripping and jetting
droplet generation regimes more separately than the case of water-in-oil droplets, especially
Wep versus Cac. However, these three-phase diagrams allocate different zoning and area
sizes for tubing, dripping and jetting droplet generation regimes in such a biased way that
Cap versus Cac and Wep versus Cac magnify only the fubing droplet generation regime.
Therefore, Qg versus Cap is a phase diagram of choice because comparable area sizes are
allocated to tubing, dripping and jetting droplet generation regimes where tubing occurs
when Qg is less than or equal to 1 and Cap is greater than 1073, jetting takes place when Qg
is greater than 10 and Cap is greater than 10~2, and dripping happens when Qg is less than
10 and Cap is less than 1073, The selection of Qg versus Cap as a phase diagram of oil-in-
water droplets can readily integrate the phase diagrams of oil-in-water and water-in-oil
droplets together.
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Table 6. Summary of droplet generation regimes in the case of oil-in-water droplets obtained from

previous works.

Reference Paper Regime Cap Cac Qr Wep
Bauer et al. (2010) [22] ~ Dripping ~ 9.60 x 1077 142x 1077 200  6.05x 1077
Abateetal. (2011) [24]  Dripping 254 x107®  712x 1077 023  3.09 x 10~/

Li et al. (2016) [31] Dripping ~ 4.35x107%®  1.90 x 107 167  3.63 x 107°

Cai et al. (2019) [33] Dripping ~ 1.69 x 107> 294 x107® 011 471 x 1078
Liaoetal. (2018) [34]  Dripping ~ 1.90 x 107°  1.30 x 10719 016 261 x 10712
Nan et al. (2020) [36] Dripping 6.40 x 1077 237 x 107 0.08  2.02x 1077
Dripping 278 x 1078 794 x10°% 5000 138 x10°1°
Nie et al. (2008) [59] Dripping 347 x 1077 992 x 1077  50.00 2.15 x 10713
Jetting 833 x107® 238 x107°  50.00 124 x 10710
Tubing n/a 200x107* n/a  1.00 x 1077
Tubing n/a 2.00 x 10~* n/a 1.00 x 10~
Tubing n/a 200x10™*  n/a  1.00 x 107°
Tubing n/a 200x 107  n/a  1.00 x 1074
Tubing n/a 200x10*  n/a 100 x 1073
Dripping n/a 1.00x107%  n/a 100 x 1077
Fu et al. (2012) [60] Dripping n/a 1.00 x 1073 n/a 1.00 x 10-5
Dripping n/a 1.00x 107> n/a  1.00 x 1073
Dripping n/a 100 x 1072 n/a  1.00 x 107*
Dripping n/a 100 x 1072 n/a  1.00 x 1072
Jetting n/a 400x1072 n/a  1.00x 1073
Jetting n/a 4.00 x 1072 n/a 1.00 x 102
Jetting n/a 400 x 1072  n/a  1.00 x 1071

Tubing 2.00 x 10~* 1.00 x 1073 n/a n/a

Tubing 1.00 x 10~ 5.00 x 10~4 n/a n/a

Tubing 7.00 x 10~%  3.00 x 10~* n/a n/a

Tubing 5.00 x 1074 2.00 x 1074 n/a n/a

; —4 —4

Dripping 1.00 x 10~ 2.00 x 1073 n/a n/a

Dripping ~ 2.00 x 107°  4.00 x 1073 n/a n/a

Dripping 3.00 x 107° 5.00 x 1073 n/a n/a

Dripping 5.00 x 107> 7.00 x 1073 n/a n/a

Dripping 1.00 x 107 7.00 x 1073 n/a n/a

Table 7. Summary of droplet generation regimes in the case of oil-in-water droplets of present work
using hydrophilic micro-channels with two different cross-section sizes where WD, WC and H are
micro-channel widths of the dispersed phase, micro-channel width of the continuous phase and

micro-channel height, respectively.

Device Regime Cap Cac Or Wep
Tubing 478 x 1073 542 x 107° 1.00 412 x 1078
Dripping 478 x 1073 1.14 x 107* 2.10 412 x 1078
WDS0WCI25H100 Dripping 478 x 1073 2.82 x 107* 5.20 412 x 1078
Dripping 478 x 1073 5.69 x 10~* 10.50 412 x 1078
Tubing 478 x 1073 632 x107° 1.40 412 x 1078
Dripping 478 x 1073 1.26 x 107* 2.80 412 x 1078
WDSOWCISOHIO0  pyping 478 x 103 316x 104 700 412 x 1078
Dripping 478 x 1073 6.28 x 107* 13.90 412 x 1078
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Table 8. Summary of droplet generation regimes in the case of oil-in-water droplets of present
work using partially hydrophobic/hydrophilic micro-channels with two different cross-section sizes
where WD, WC and H are micro-channel widths of the dispersed phase, micro-channel width of the
continuous phase and micro-channel height respectively.

Device Regime Cap Cac Or Wep

Tubing 3.65 x 1074 2.16 x 1075 1.00 3.01 x 108
Dripping 3.65 x 107* 2.16 x 1074 10.00 3.01 x 1078
Dripping 3.65 x 1074 2.16 x 1073 100.00 3.01 x 1078
Jetting 3.65 x 1074 1.29 x 1072 600.00 3.01 x 1078
Jetting 3.65 x 107* 2.16 x 1072 1000.00 3.01 x 1078
Tubing 3.65 x 1073 216 x 107° 0.10 3.01 x 107°
Tubing 3.65 x 1073 2.16 x 10~* 1.00 3.01 x 107°
WD25WC100H100  Dripping 3.65 x 103 2.16 x 1073 10.00 3.01 x 107°
Jetting 3.65 x 1073 2.16 x 1072 100.00 3.01 x 107°
Tubing 3.65 x 1072 2.16 x 107° 0.01 3.01 x 107*
Tubing 3.65 x 1072 2.16 x 1074 0.10 3.01 x 107*
Tubing 3.65 x 1072 2.16 x 1073 1.00 3.01 x 107*
Jetting 3.65 x 1072 2.16 x 1072 10.00 3.01 x 107*
Tubing 3.65 x 107! 2.16 x 107° 0.00 3.01 x 1072
Tubing 3.65 x 107! 2.16 x 107* 0.01 3.01 x 1072
Tubing 3.65 x 107! 2.16 x 1073 0.10 3.01 x 1072
Tubing 3.65 x 107! 2.16 x 1072 1.00 3.01 x 1072
Tubing 9.13 x 1074 2.16 x 1074 1.00 1.34 x 1077
Dripping 9.13 x 10~* 2.16 x 1073 10.00 1.34 x 1077
Dripping 9.13 x 1074 2.16 x 1072 100.00 1.34 x 1077
Jetting 9.13 x 1074 1.08 x 1071 500.00 1.34 x 1077
Jetting 9.13 x 104 2.16 x 107! 1000.00 1.34 x 1077
Tubing 9.13 x 1073 2.16 x 107* 0.10 1.34 x 107°
WD20WC20H50 Tubing 9.13 x 1073 2.16 x 1073 1.00 1.34 x 107°
Jetting 9.13 x 1073 2.16 x 102 10.00 1.34 x 107°
Jetting 9.13 x 1073 2.16 x 107! 100.00 1.34 x 107°
Tubing 9.13 x 1072 2.16 x 107* 0.01 1.34 x 1073
Tubing 9.13 x 1072 2.16 x 1073 0.10 1.34 x 1073
Tubing 9.13 x 1072 2.16 x 1072 1.00 1.34 x 1073
Jetting 9.13 x 1072 2.16 x 107! 10.00 1.34 x 1073
Tubing 9.13 x 107! 2.16 x 107* 0.001 1.34 x 107!
Tubing 9.13 x 107! 2.16 x 1073 0.01 1.34 x 107!
Tubing 9.13 x 107! 2.16 x 1072 0.10 1.34 x 107!

3.3. Droplet Generation Regimes

The phase diagram of Qg versus Cap displayed in Figure 5 is used to classify the
experimental data obtained from both water-in-oil droplet generation in Section 3.1 and
oil-in-water droplet generation in Section 3.2 into three different droplet generation regimes:
tubing (green zone), dripping (blue zone) and jetting (red zone). The classification by the
phase diagram of Qg versus Cap is quite vivid even though these experimental data from
Sections 3.1 and 3.2 are conducted in the micro-channels that have different surface proper-
ties. However, there are two noticeable overlapping zones that experience the transition
from one droplet generation regime to another as well as mix the experimental data from
both droplet generation regimes. The first overlapping zone is the transition between
dripping and jetting. The second overlapping zone is the transition between dripping and
tubing. There is no transition between tubing and jetting from our experimental point of
view. If one aims to transition the droplet generation regime from tubing to jetting, while
the flow rate of the dispersed phase is fixed, the flow rate of the continuous phase must
be increased in order to transition from tubing to dripping as the first stage, and then the
flow rate of the continuous phase must be increased further in order to finally transition
from dripping to jetting. For the same result, the flow rate of the dispersed phase can be
decreased while the flow rate of the continuous phase is fixed. The reverse transition from
jetting to tubing can be achieved by decreasing the flow rate of the continuous phase (with
a fixed flow rate of the dispersed phase) so that jetting is transitioned to dripping first and
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then dripping to tubing later. For the same result of the reverse transition, the flow rate of
the dispersed phase can be increased while the flow rate of the continuous phase is fixed.
Therefore, dripping seems to be an intermediate stage between tubing and jetting.

Oil-in-water droplet: Qy vs Cap
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Figure 4. Phase diagrams of oil-in-water droplet generation regimes: (a) Qg vs. Cap, (b) Cac vs.
Cap, and (c) Wep vs. Cac where T, D and ] denote Tubing, Dripping and Jetting, respectively.
(Concerning the data plotted in this phase diagram, the legend “Ref. paper” is identified in Table 6
while “Experiment” is identified in Tables 7 and 8).
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Qg vs Cap
1000 A—hk A—k
A,
100 A : A8 @ A A
- - - O Ref. paper (T)
[
< 10 O Ref. paper (D)
g
= 00? © A Ref. paper (J)
o 1 o
= E i t (T
E oa W Experiment (T)
5 01 o ® Experiment (D)
o
A Experiment (])
0.01 oOnl EEE BN
0.001 L 1

10-= 10+ 10 105 10+ 10 10 100 100
Capillary number of dispersed phase (Cap)

Figure 5. Phase diagram of water-in-oil and oil-in-water droplet generation regimes using Qg versus
Cap where T, D and ] denote Tubing, Dripping and Jetting, respectively (Concerning the data plotted
in this phase diagram, the legend “Ref. paper” is identified in Tables 3 and 6 while “Experiment” is
identified in Tables 4, 5, 7 and 8).

Using the phase diagram in Figure 5, the operating condition for successfully gen-
erating micro-droplets is a set of Qg and Cap in the dripping zone (no matter if the
micro-droplets needed are water-in-oil or oil-in-water). In addition, when the experimental
data of the present work are plotted in this phase diagram, it is found that geometry, flow
rate, type of droplet (W /O or O/W) and surface properties (hydrophobic, hydrophilic or
partially hydrophobic/hydrophilic) have no effect on the droplet generation regimes. That
means the micro-channel surface can be either hydrophobic or hydrophilic when one set
of Qg and Cap in the dripping zone is chosen to generate micro-droplets. At Cap = 1073,
the dripping zone is clearly separated from the tubing zones. Therefore, the dripping
micro-droplets can be surely generated when (1) Cap < 10~* and Qg <50 or (2) 1073 < Cap
<10~* and Qg < 1. However, if Cap > 1.35 x 1072 and Qg < 1, micro-droplets disappear
and tubing takes place. Furthermore, micro-droplets can be replaced by jetting at two
operating conditions: (1) Cap < 1.35 x 10~2 and Qg > 100 or (2) Cap > 1.35 x 1072 and
Qr > 1. Droplet generation is possible in the transition zone but unstable and unpredictable,
so this zone should be avoided. The transition zone between dripping and jetting covers
two areas: (1) the horizontal area where Cap < 10~# and 50 < Qg < 100 or (2) the vertical
area where 107* < Cap < 1.35 x 1072 and 1 < Qg < 100. The transition zone between
dripping and tubing occupies an area of 1073 < Cap < 1.35 x 1072 and Qg < 1.

From the result of this study, it is found that the phase diagram of droplet generation
regimes can be constructed using only two dimensionless parameters, i.e., Qg and Cap,
that will be used later to select the proper condition to generate droplets. Once the type
of droplet is specified at one proper condition, the values of Qr and Cap are obtained.
The fluid properties must be specified at this point. The geometry of the device can then
be calculated with the required flow rate. Finally, the micro-channel is designed in order
to generate both water-in-oil and oil-in-water droplets using the flow structures of the
flow-focusing channel with and without surface modification.

4. Conclusions

This research work proposes the phase diagram of Qg versus Cap for the selection
of a proper operating condition that can surely produce droplets. This phase diagram
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consists of three droplet generation regimes: tubing, dripping and jetting. Droplets cannot
be formed in the tubing regime. It is clear from all of the considered phase diagrams
that the parameters Qr and Cap are the most suitable for classification compared to
other parameters. In the phase diagram of Qg versus Cap, the most appropriate oper-
ating condition for successfully generating micro-droplets is located in the dripping zone:
(1) Cap <104 and Qg <50 or (2) 1073 < Cap < 10~* and Qg < 1.
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